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Abstract—Ways to sense electric field using PZT capacitors are
investigated. Duality rules a priori apply to material physics,
linking polarization to magnetization properties, i.e. D(E) - B(H)
curves, but no real electrical flux gate or charge gate does exist
which would be the dual of common flux gate magnetometer.
The Landau — Khalatnikov equations are applied to ferroelectric
materials subjected to both a DC and AC pumping signal. They
are solved to get model of the PZT capacitors dynamics. They
are experimentally investigated using the Sawyer Tower
method. A second harmonic detection is a way to extract the DC
excitation.

1. INTRODUCTION

Using theMany measuring principles are currently used to
manufacture various magnetic sensors, among which the
Magnetic Flux Gates (MFG) are considered as reference
sensors for room temperature magnetic field H (or flux density
B). Besides, the conjugated physical quantity of H, i.e. the
electrical field E, is far from being easily measured, especially
if E include a DC component. There are many origins to the
quasi lack of E field measuring system. As discussed here,
they are one of our motivations. A better understanding of the
deep reasons of this unbalance between E and H fields
measuring processes, while they are so strongly linked, should
then help to get new E field sensors. A methodology based on
duality rules applied both to the physical quantities of the used
measuring principles as well as to their electronic conditioning
units is used. Because search coils, built around magnetic
cores, are the basic component of MFG, then search
capacitors, built around a ferroelectric (FE) body, should be
the basic component of the MFG dual. Such a concept of
“Electrical Charges Gate” (ECG) is not similar to the one
proposed earlier [1], that was limited to a functional duality,
expressed only at the level of Thévenin—Norton
representations. Our contribution starts with a modified
concept of the capacitive electrometer. Just based on the dual
of the Lenz’s law, the measuring principle of search coil
magnetometers, we call them search capacitors electrometer.
Introducing a FE material Pb(Zr0.6Ti0.4)O3 (PZT) [2] in the
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previous search capacitor allows us to investigate, both
numerically and experimentally, the main features of their
signal dynamics when subjected to a voltage having AC and
DC components. Understanding such a signals is the
necessary step to design ECG using dual analogy with MFG.

The paper is ordered as follow: section II details our
motivation and introduces section III, in which we go back to
fundamental electric and magnetic induction laws with a
balanced formal presentation and finally obtain the search
capacitor electrometer. Section IV and V are devoted to PZT
capacitors measurements and dynamical modeling. The last
section discusses and proposes openings to the present work.

II.  MoTIVATIONS

At the very beginning of our work was a questioning in the
domain of science learning at the college level: why is it so
easy to apply and measure magnetic fields, whereas the same
is not true for the electric ones, especially when DC values are
involved? That question concerns most of physics teachers in
charge of lectures on electricity, electromagnetism and
vector's algebra fundamentals, especially when they want to
illustrates these fundamentals with experiments. Such a
questioning was at the center of [3], a paper dedicated to about
15 pedagogical experiments around Maxwell equations. That
questioning can also be appreciated after reading [4]. An
equivalent paper devoted to electrical induction laws is still
missing : we were unable to find one in literature excepted in
the last chapter of [5]. In the framework of an industrial
development, a directional, wide bandwidth and wide dynamic
range capacitive electrometer [6] was built. Besides science
learning many other applications exist : electrostatic discharge
(ESD) sources localization, high field, systems control and
monitoring, non destructive evaluation (NDE) of insulating
and composite materials, non invasive medical instruments
(EEG & ECQ), electromagnetic interferences (EMI), storms
and lightning’s activity, etc. Most of these applications would
benefit from a low noise instrument working in the DC mode
and with an extended bandwidth and dynamic range.
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III.  BACK TO FUNDAMENTALS OF THE SEARCH CAPACITOR
ELECTROMETER

One key missing point when developing electrometers or
charge amplifiers is a Norton circuit accounting for the
electrical influence of an external E field upon free charges of
highly conductive metallic electrodes. The Thévenin equi-
valent circuit of magnetic capture using a search coil is
associated to the mesh equation:

et L9y pis B g
di dt

where @ = Sy Bex 1s the link to the field measured from the
voltage drop e across the coil terminals, once the capture area
Seqp 18 known. The circuit current 7 is set to 0 if a high
impedance amplifier is used. The dual equation of Eq (1) is
easily written as the node equation of Kirshhoff's circuit laws:

i+ ey G %z 0, 2

dt

but the physical meaning of the variables in (2), especially Q..
is still unclear, even to men of the Art. Chapter IV of [5]
proposes a detailed explanation of this meaning, on which we
focus here with the help of Fig. 1. It shows a conducting ring
together with its physical dual. The former is the basic search
coil, with a slot to generate a voltage drop caused by magnetic
induction variations. The latter is a pair of conducting discs
with a short between them. The electric influence phenomena
creates a current —dQ../dt where Q... = S.qp D.x 18 associated to
the flux of the classical electrical induction field through a
surface S.,,. The latter can be defined from a contour line [5].
The dual of the slotted ring looks like a conducting Yo-Yo, the
bulky discs of which are two electrical charges reservoirs. The
short allows charges exchange between them. Subjected to an
external E field drive, the surface charge density adapt itself to
produce the induced field that cancels the external one both
inside the bulky conducting electrodes and in the thin
dielectric that surrounds the short between the electrodes. The
amplifier to measure that short-circuit current should be a
transimpedance amplifier that exhibits an input admittance
much higher than those associated to C and G introduced in
Eq (2) so that they can be neglected in the operating frequency
range. Once the short is connected to the high admittance
input amplifier (using properly guarded cables), that E field
capturing device no longer appears as a Yo-Yo, but returns to
the basic plan capacitor, justifying the search capacitor's name.
Introducing a dielectric material in between the electrode pair,
especially those exhibiting non linear properties like PZT's,
then benefits from the Yo-Yo picture (except the spatial shift
of the short): the externally induced charges exchange
between the bulky Yo-Yo electrodes is modulated, thanks to
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Figure 1. Idealized search coil magnetometer and sear capacitor
electrometer. The sensors physical outputs is conveyed by a line to the high
impedance or high admittance inputs amplifiers.

the saturation process that is included in these non linear
materials. That picture highlights a mechanism for the
proposed Electrical Charge Gate, the dual device of the MFG.
The necessary step to get ECG is the accurate modeling of the
signal dynamics in PZT based capacitors. A way is proposed
in the next section.

Iv.

To understand which features of the dynamics are needed,
let us remind the measuring principle of MFGs. In Fig. 2a, a
typical magnetization curve B(H) of a soft magnetic material
is plotted, together with a pumping AC signal. Clearly, the DC
value, which is just superimposed to the AC one at the input,
is mixed with the AC in the induced signal, the harmonics
content of which being then linked to the DC value.

PZT CAPACITRORS DYNAMICS
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Figure 2. Idealized search coil magnetometer and sear capacitor
electrometer. The sensors physical outputs is conveyed by a line to the high
impedance or high admittance inputs amplifiers.
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Figure 3. Sawyer-Tower circuit including the ferroelectric capacitor (FE)
equivalent circuit. C, represents the vaccum capacitor linked to €, Rs the
dissipation component and Cg, the ferroelectric contribution. Csr=22nF
was used as the ST (Sawyer-Tower) capacitor to measure the charge on the
FE capacitor Cge

This modulation principle is used in MFG to be sensitive
to DC fields in magnetic cores coils. That measuring principle
is thought to be usable for DC electric field as well, using the
polarization curve P(E) (ex. Fig. 2), although the modulation
should be modified, due to hysteresis behavior of the P(E) in
FE. Lead zirconate titanate or PZTis a perovskite material that
has been extensively investigated since [7]. For this work
Pb(Zry6Ti04)O5 thin film capacitors were prepared on
Pt/TiO,/SiO, buffered Si substrates using a multitarget
sputtering system. Detailed description of the preparation and
characterization of these films are in [8], but they are
subjected to fatigue degradations [9]. New fabrication routes
are possible using oxide SrRuO; conductive electrodes to
overcome that critical issue for sensors operations [10].

250 pm x 250 um Pt top electrodes and 180 nm thick PZT
films were used to study the ferroelectric polarization
dynamics and analyze different ways of extracting the DC
field from the measurements.The equivalent circuit (Fig. 3)
proposed in [11] and [12] was used as the Landau-
Khalatnikov dynamical ferroelectric model: to separate the
geometric contribution of the equivalent vacuum capacitor
parallel, C, is used. Computed polarization loops were
obtained using MATLAB Simulink, as presented in [13]. In
order to advance towards actual sensors circuit design, the
modeling was then transferred to SPICE. The
phenomenological model developed by Miller [14], which
uses two hyperbolic tangent branches and an intrinsic multi-
parameters fitting optimization, was tested but, as it does not
use or give any dynamical information, it is not of practical
interest for our purpose. The classical Sawyer-Tower test
circuit (Fig. 3) [15] was used to measure the D(E) polarization
loops. Note that P(E) is plotted as the &E contribution is
negligible in high permittivity dielectric such as PZT. P
represents the total polarization of the ferroelectric film. It
includes that part of the polarization related to the
polarizability of the material assumed linear, and the
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Figure 4.  Set of polarization loops obtained with increasing driving

amplitude on one FE capacitor.

ferroelectric part of the polarization related to the switching
domains, essentially non linear.The following expressions (3)
and (4) are used for plotting the hysteresis loops:

E(t) - Vin (t) - Vout (t) 3)

tPZT

D(t)= P(t)= Qre - Qsr - Cor ¥ Vou

(4
A 4

FE A FE

where tpzr is the PZT film thickness (180 nm), Qr: and Qsr
the charge stored by the FE and ST capacitors and Arg, the FE
capacitor area (250 pm x 250 pm). Qe and Qsr are considered
equal since we neglect all the conduction currents. The
obtained polarization loops showed the usual behavior with
increasing Vi, sine wave amplitude Fig. 4 [16]. From the high
field part of these curves, we are able to extract the
spontaneous polarization and the contribution of the linear
permittivity €.

Dynamic modeling, as proposed in [12], has been very
easily implemented wusing the graphical programming
language Simulink of the MATLAB environment [13]. An
implementation using SPICE is now carried out, producing a
FE capacitor dipole. Both dynamic simulations results are
shown in Fig. 5, which surrounds the experimental ones. It is
worth to note that it is not a mathematical fitting with
optimized parameters like in the Miller [14] type of modeling.
Here, two physical constants are extracted from the
experimental loop: the capacitance at E=0 (Cg- from the slope
at E=0) and the resistance Rs from the dissipative area of the
hysteresis. From there, the two constants of the dimensionless
equation [11] are calculated and implemented in the model.
The Curves presented in Fig. 5 are directly computed from the
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Figure 5. Measured and simulated hysteresis loop at 500 Hz and with 10
Vpp sin wave excitation. Green simulated curves are obtained with a
constants arbitrary shift.

chosen Rg and Cg- values. Nevertheless, these two quantities
extracted from the data did not allow a satisfying fit with
experimental data. As a comparison, another arbitrary set of
these two values is shown Fig. 5. Rs and Cg were changed
from respectively 8.5 kQ and 6.5 nF to 5.4 kQ and 3.1 nF.
Apart from a slightly better fit of the effective coercive field
and loop surface, an a posteriori tailoring of the two
parameters does not enhance the match between simulated and
measured loops. In fact, that agreement is satisfactory, and,
most important, simulated and measured temporal responses
are very close to each other.

V.  EiectricaL DC FieLp EXTRACTION AND CONCLUSION

As presented earlier on time plots of the voltage V.. (Fig.
3) and on its spectrum [13], the second harmonic component
of Vo is similar to that used in MFG. Here we present lock-in
measurements of V., and simulation performed with Vi, = 10
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Figure 6. 2™ harmonic amplitude vs. external applied static field E. ¢ is
the phase difference with the AC applied Vi,.

Vppr at 500 Hz. They are presented Fig 6. in which the same
two constants extracted from the experimental data are used
for the simulation. The conversion coefficient between the DC
input field and the AC voltage output is about 0.7 mV/kVem'™
for experimental plots and about 1.2 mV/kVcem™ for the
simulated ones using the Landau- Khalatnikov modeling. At
this level, we consider this disagreement not so large,
associated to the modeled characteristics that are less rounded
than the experimental ones. Most of the behavior of the
needed parametric signal transfer are clearly obtained, they
will help the design of the Electric Charge Gate to be
investigated in a next step, both with regards to the input
coupling and to other outputs conditioning.
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