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The dielectric and piezoelectric properties of (00 1)-oriented Pb(Mg;3Nb,/3)0s-PbTiO3 (PMN-PT) fibers
and fiber-Kapton core composites were improved by controlling their poling process. An improved poling
procedure was identified for the Metglas/PMN-PT sensors, by which sensors exhibited a 1.4x enhance-
ment in the ME coefficient, a 1.6x times reduction in the equivalent magnetic noise floor and a 1.6x
times increase in magnetic field sensitivity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Multiferroics represent an appealing class of multifunctional
materials that simultaneously exhibit at least two ferroic orders,
such as ferroelectricity and (anti-)ferromagnetism [1,2]. The coex-
istence of several order parameters brings about novel physical
phenomena and offers possibilities for new device functions. Of
particular interest is the existence of a cross-coupling between the
magnetic and electric orders, termed magnetoelectric (ME) cou-
pling [2,3]. Since the coupling in single-phase ME materials is too
low for practical device applications, intensive experimental and
theoretical studies have focused on ME composites combining fer-
roelectric and ferromagnetic phases in two phase systems [3-7].
To date, laminated composites of magnetostrictive Metglas alloys
and piezoelectric 0.7Pb(Mg1;3Nby3)03-0.3PbTiO3 (PMN-PT) fibers
operated in a multi-push-pull mode possess the largest ME effects
and highest sensitivity to magnetic field variations due to their
giant piezomagnetic and piezoelectric effects, respectively [8].

However, the reduction of equivalent magnetic noise and
enhancement of magnetic field sensitivity is a continuous key
challenge to the practical implementation of ME sensors. One strat-
egy that might potentially address this problem is enhancing the
respective individual piezomagnetic and/or piezoelectric effects in
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the composites [5,6]. For piezoelectric single crystals, the mate-
rial properties are quite sensitive to the poling conditions. In order
to gain a more comprehensive understanding on the effect of pol-
ing conditions on ME properties in Metglas/PMN-PT laminates, we
explored the effects of poling procedure both on PMN-PT stand
alone fibers and on PMN-PT/Metglas composite ME structures.
Optimal poling conditions result in an effective improvement in
the ME coefficient, a significant reduction in equivalent magnetic
noise, and a notable enhancement in magnetic field sensitivity.

2. Experimental details

Commercially supplied (Ceracomp, Korea) PMN-PT fibers grown by a
solid-state crystal growth method with dimensions and orientations of
40[100] x2[010]x0.2[001]mm> were used for the present work. In order
to minimize the effects of property variations owing to solute segregation during
the crystal growth process, a single piece of PMN-PT fiber was chosen. After
deposition of gold electrodes on the thickness surfaces, the PMN-PT was medially
cut into four pieces. Each of the four samples was poled at a electric field of
E1 =1000 V/mm, but at various temperatures and with different E-field ramp rates,
as detailed in Table 1. For poling procedures (a) and (b), the PMN-PT samples were
poled at room temperature under a maximum E; for 15min, with voltage ramp
rates of +100V/min and —20V/min. For procedures (c) and (d), the samples were
poled at 120°C under the maximum E; for 15 min, then maintained at half of E;
with E; =500 V/mm during the cool down cycle. Ramp rates for procedures (c) and
(d) were +100 V/min and —20 V/min for ramp-up and ramp-down, respectively. For
each sample, the dielectric constant &;, dielectric loss tan §, and electromechanical
coupling factor k33 were measured or determined by an impedance analyzer (Agilent
4294 A), and the piezoelectric coefficient d33 was measured by a Berlincount-type
meter. The parameters of the PMN-PT samples and the corresponding poling
procedures are listed in Table 1. The dielectric constant of the PMN-PT fiber was
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Table 1

Poling procedures for PMN-PT fibers and their properties poled under various procedures.

Poling procedures T(°C) E1 (V/mm) E; (V/mm) Ramp up/down (V/min) &r? tan 82 (%) d33® (pC/N) k33 € (%)
a 25 1000 0 100 3850 2.1 920 0.74
b 25 1000 0 20 3890 1.7 980 0.76
C 120 1000 500 100 3980 1.6 1140 0.83
d 120 1000 500 20 3950 1.1 1280 0.85
2 16-times average method (experimental error<1%).
b 5_Point average method (experimental error ~ 2%).
¢ Resonance-antiresonance method (experimental error < 1%).

insensitive to voltage ramp rate and exhibited negligible enhancement when 40 | I H H l |

poled at higher temperatures. Values of d33 and k33 for PMN-PT were significantly r

enhanced when poled at an elevated temperature of T=120°C [9], due to smaller — Sensor 1

domain sizes and more neutral domain wall configurations [10,11]. However, the
values of tan § decreased both with reduced voltage ramp rate and with increasing
poling temperature. This might be because during the poling process, the domain
walls in PMN-PT crystals are forced to align parallel to the poling field direction:
mechanical stresses will develop, which may result in microcracks within the
crystals. Thus, we poled the crystal at higher temperatures and/or using slower
voltage rampings: as under these conditions poling is easier thus resulting in fewer
microcracks [12], and consequently lower tan § values.

After optimizing the poling condition, two core composites were made of Kap-
ton interdigitated copper electrodes with 300 wm wide digits spaced at 0.85mm
center-to-center (Smart Materials, USA) attached to the top and bottom sides of
five 40 x 2 x 0.2 mm3 PMN-PT fibers using epoxy resin (Stycast 1264, USA). The
two Kapton/PMN-PT core composites were then poled following poling proce-
dures (a) and (d). Commercially supplied 25 wm thick Metglas (VITROVAC7600F,
nominal composition: Fe;44C0216Sip5B33Mng1Co1, annealed at 300°C) from Vac-
uumscheltze (Germany) was then cut to 80 x 10 mm? ribbons. Three such Metglas
layers were then symmetrically stacked and bonded to both the top and the bot-
tom of the two Kapton/PMN-PT fiber core composites with epoxy resin using a
vacuum bag pressure method for more than 24 h at room temperature to form the
Metglas/PMN-PT laminate composites [8].

3. Results and discussion

The capacitance (C=670 pF, 685 pF) and dielectric loss factors
(tan$§=0.022, 0.012) of the two laminates were then measured
using an impedance analyzer. The DC resistance was determined
to Rpc =61 G2 and 59 GS2 for the two laminates, based on Ohm’s
law using the current-to-voltage data from a pA Meter/DC voltage
source (HP 4140B).

The ME voltage coefficients ag of the two Metglas/PMN-PT lami-
nates, derivative values determined from ME charge coefficient crg,
the capacitance (Cp) of the sensor and the length of an interdigi-
tated unit (i.e. o =aq/Cp x I) were characterized as a function of
DC magnetic bias field Hpc at room temperature under zero stress
bias using an in-house automated measurement system. A 1kHz
AC excitation field of Hyc =0.1 Oe was generated by a custom-built
Helmbholtz coil (whose dimension is @80 x 45 mm?3) driven using
a lock-in amplifier (SR 785). This system was calibrated by a com-
mercial Fluxgate (FLC3-70, USA). A 5 mHz quasi-static AC voltage
was applied to an electromagnet to produce the Hpc bias field. The
Hpc and the induced charge/voltage synchronization signals were
automatically stored in a computer. For both sensors, ok increased
with increasing Hpc up to about Hpc =8 Oe, where a maximum
value was reached. Above 8 Oe, g subsequently decreased with
increase of Hpc as shown in Fig. 1. The maximum values of «g for
the two sensors poled using procedures (a)and (d) were 31 V/cm Oe
and 42 V/cm Oe, respectively. These results demonstrate that opti-
mal poling conditions result in an increase of ag by a factor of
1.4x. Corresponding maximum values of ag were 1760 pC/Oe and
2450 pC/Oe respectively. This enhancement is a direct consequence
of the increase in the piezoelectric properties originating from the
optimal poling conditions.

After measuring the ME properties, the two Metglas/PMN-PT
sensors were individually assembled in plastic boxes, magnetically
biased using a pair of NdFeB permanent magnets, and wrapped
with an EMI shielding foil. The equivalent magnetic noise floor
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Fig. 1. ME voltage coefficient as a function of magnetic bias field for the
Metglas/PMN-PT fiber heterostructures poled by different procedures: denoted as
sensor #1 and sensor #2, respectively.

of the two ME laminate sensor units (sensor packages and low-
noise SAIC JFET charge amplifier) was first predicted based on
Eq. (1) by considering the constituent noise sources of dielectric
loss (Npg) and DC leakage resistance (Ng) [13], and then mea-
sured inside a high-mu-metal magnetic shielding chamber in the
frequency range of 0.125 <f< 100 Hz as shown in Fig. 2. The exper-
imental equivalent magnetic noises of the two sensor units were
deduced from the noise power spectrum in V2 /Hz directly obtained
from a Dynamic Signal Analyzer (Stanford Research, SR-785), the
experimental values of o (in C/T), and the charge amplifier transfer
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Fig. 2. Theoretical and experimental equivalent magnetic noise spectra for the two
Sensor units.
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Fig. 3. ME output signals of the two sensor units in response toa 1 Hz, 10 nT incident
AC magnetic field and the corresponding background noise voltage spectra observed
in a zero-Gauss vibration isolation chamber in the absence of intentional excitation.

function (5.18 V/pC) [8]

equivalent magnetic noise (T/vHz) =

2 2
v/ Noe + Ng
aq

V/(4KTCp tan 8/27f) + (1/(27f )2 )(4KT/Rpc)

(076} ’
where kis Boltzmann’s constant (1.38 x 10~23 J/K); Tis temperature
in Kelvin; Cp, tané and Rpc are the capacitance, dielectric loss and
DC resistance of the ME sensors, respectively.

In Fig. 2, it can be seen that except at frequencies where exter-
nal vibration sources are present, the trend of the modeled and
measured equivalent magnetic noise for each of the two sensor
units shows good agreement. The experimental values are slightly
higher than the theoretical values, which might be due to an over-
simplification of the theoretical model in terms of electrical charge
amplifier and external thermal noise sources. In particular, the
experimental equivalent magnetic noises at f= 1 Hz for the two sen-
sors units poled following procedures (a) and (d) were 12.9 pT/vHz
and 8.0 pT/+/Hz, respectively. A significant reduction of 1.6x in the
equivalent magnetic noise was achieved solely through optimiza-
tion of the poling conditions.

Finally, the magnetic field sensitivities of the two sensor units
at f=1Hz were characterized in the zero-Gauss chamber through
the response of the sensor to a 10 nT incident magnetic field, noise
voltage V),oise directly obtained from the noise power spectrum,
ME output voltage Vy in response to the drive field, and the

(1)

minimal acceptable signal-to-noise ratio (here SNR=2) following
Eq.(2)[8,13]

Hpc_
magnetic field sensitivity = VAC f

ME—f

x SNR x Vigise_f- (2)

Fig. 3 shows the output signals and the voltage noise spectra
for both sensor units over the frequency range of 0.125 <f< 100 Hz.
Sharp Ve peaks with values of 0.92V and 1.27V were observed
at 1Hz in response to the incident magnetic field. From the peak
voltage values, the magnetic field sensitivities can be determined
to be 25.2 pT and 16.1 pT, respectively. The 1.6x enhancement of
magnetic field sensitivity originates from the reduction of noise
voltage and improvement of the ME coefficient, resulting from the
lower dielectric loss and higher piezoelectric properties by poling
condition optimization.

4. Conclusions

Significant variations of the dielectric and piezoelectric prop-
erties were introduced in PMN-PT fibers and Metglas/PMN-PT
sensors by adopting different poling procedures. An optimal pol-
ing procedure was employed and resulted in a 1.4x enhancement
in ag at 1kHz, a 1.6x reduction in the equivalent magnetic noise
floorand a 1.6 x increase in the magnetic field sensitivity, compared
with previous poling methods.
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