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Abstract
The nonlinear dielectric response of a lead titanate-doped lead magnesium
niobate relaxor ferroelectric was studied using pseudo-stochastic binary
electrical field excitation. The polarization was recorded for various pulse
spacings and electrical field amplitudes. The decay of the field-polarization
cross-correlation function could be accelerated by increasing the amplitude
of the pulse fields. The extension of these experiments in order to record
multidimensional dielectric spectra is illustrated.

1. Introduction

Noise is often annoying when trying to acquire experimental data. On the other hand,
fluctuations arising from thermally agitated molecular or ionic motions in condensed matter,
sometimes also referred to as noise, can be exploited to characterize the dynamics of liquids
and solids. Spectroscopy based on this type of intrinsic ‘noise’ enjoys widespread application,
e.g. in correlation spectroscopy [1] as well as for the monitoring of the spectral densities
in magnetic [2] and dielectric materials [3]. Another way to employ noise is to subject the
system under study to a pseudo-random perturbation and to record its response. This type
of extrinsic noise is used quite successfully in the field of magnetic resonance [4], e.g. in
order to enhance the experimentally accessible excitation bandwidth sometimes necessary in
the context of solid-state NMR [5]. In the field of relaxation spectroscopy the application of
stochastic excitation is however quite scarce [6].

White noise excitation is particularly useful for nonlinearly responding systems, since it
allows one to characterize their response

y(t) =
∞∑

i=0

yi(t) (1)
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in a systematic manner. For increasing powers of the excitation x(t), the response can be
written via the Wiener–Volterra series [4]

y0(t) = h0

y1(t) =
∫ ∞

0
h1(τ )x(t − τ ) dτ

y2(t) =
∫ ∞

0

∫ ∞

0
h2(τ1, τ2)x(t − τ1)x(t − τ2) dτ2 dτ1

....

(2)

Here the τi are time shift arguments and the hi designate i th-order Volterra kernels, also called
multidimensional response functions. In linear systems all hi (for i � 2) vanish. Other ways
to characterize nonlinear systems are the generation of higher harmonics as driven by periodic
fields [7].

Nonlinear relaxation spectroscopies are still not in widespread use. This is probably
due to the fact that a general theoretical framework, analogous to linear response theory [8],
simply does not exist for the nonlinear case, despite various attempts that have been made [9].
Notwithstanding the fact that the problem can be formulated in general terms,solutions relevant
for nonlinear spectroscopy can obviously only be given for specific models [10, 11].

In the present paper we investigate the nonlinear response of the relaxor ferroelectric
PbMg1/3Nb2/3O3 (PMN) doped with 10% PbTiO3 (PMN–10PT). From previous ageing studies
we have argued that the nanopolar domain structure existing in this material can be manipulated
by temperature jumps and by temperature cycles [12]. Also large electrical field perturbations
were employed for this purpose, e.g. using nonresonant hole-burning (NHB) studies carried
out for temperatures between 275 and 295 K [13, 14]. Lower temperatures were not accessible
via the NHB technique due to the increasingly long recycle times necessary to carry out such
experiments. One of the motivations of the current work was to see whether modification of
the polarization response can be achieved for large field excitations at lower temperatures also.
In this paper we show that this is indeed the case.

2. Pseudo-white noise and cross-correlation functions

In order to excite a system uniformly with an external perturbation x(t) (e.g. an electrical field
E(t)) it should be exposed to white noise, i.e., the power spectrum of the perturbation x(t) as
given by S(ω) = limθ→∞ 2

θ
{(∫ ∞

0 x(t) sin(ωt) dt)2 + (
∫ ∞

0 x(t) cos(ωt) dt)2} has to be constant
over the relevant frequency range. In other words, the normalized autocorrelation function
should obey

a(τ ) = 〈x(t)x(t + τ )〉/〈x(t)2〉 = δ(τ ). (3)

Here the 〈· · ·〉 brackets indicate a time average over all times t and δ(τ ) is a delta distribution.
For a finite time series, which is unavoidable in the experimental situation, this requirement
can of course only be fulfilled approximately. There are several possibilities for achieving
this goal. We have used irreducible polynomials in binary (i.e., n = 2) Galois fields,
GF(n) [15]. This means that only n = 2 different electrical field amplitudes are used in
a given experiment, e.g. +E and −E . Usually it may be necessary to employ irreducible
polynomials of relatively high orders r in order to generate long binary sequences with 2r − 1
elements. This is because for finite values of τ the autocorrelation function then is relatively
small, aGF(2)(τ �= 0) = −E2/(2r − 1), while for τ = 0 one has aGF(2)(τ = 0) = E2. The
negative value is due to the fact that a Galois series contains 2r/2 negative (e.g., −E) and
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2r/2 − 1 positive (e.g., +E) values. However, the negative sign does not have an impact on
the experiments.

The simplest way to extract information under these conditions is to calculate the cross-
correlation function

c(τ ) = 〈P(t)E(t − τ )〉θ . (4)

Here the index θ is introduced in order to emphasize that the averaging is carried out for a finite
time interval. Furthermore, P(t) denotes the polarization response to the perturbing field E(t).
In the linear regime, c(τ ) can be identified with the impulse response function, corresponding
to y0 + y1(t) in equation (2) [4]. We briefly sketch how this comes about: starting from
Boltzmann’s superposition principle P(t) = ε0χs

∫ t
−∞ ϕ(t − t ′)E(t ′) dt ′ and with t ′ → t − σ ,

one obtains c(τ ) = ε0χs〈
∫ ∞

0 ϕ(σ)E(t − σ) dσ E(t − τ )〉T . Here ϕ(τ) denotes the impulse

response function. When carrying out the time average ε0χs
∫ t+T

t

∫ ∞
0 ϕ(σ)E(t − σ) dσ E(t −

τ ) dt = ε0χs
∫ ∞

0 ϕ(σ)
∫ t+T

t E(t − σ)E(t − τ ) dt dσ via equation (3), the inner integral for a
binary sequence reduces to E2

0δ(σ − τ ). Here E0 designates the field amplitude. This finally
shows that c(τ ) = ε0χs E2

0

∫ ∞
0 ϕ(σ)δ(σ − τ ) dσ = ε0χs E2

0ϕ(τ).
If one does not operate in the linear response regime, then ϕ(τ) cannot be identified with

the impulse response but in general denotes a memory function.

3. Experimental details

For the experimental implementation of a binary pseudo-random excitation, a relatively high
order r of the Galois polynomials is desired. By using pulse widths tp of about 1 ms or less the
length of a single cycle of an experiment could be kept below 30 min, even with, e.g., r = 20
(roughly corresponding to 106 pulses). It should be mentioned that due to the excitation with a
finite pulse train, a broad but nevertheless spectrally limited time or frequency range is covered
(for tp = 300 µs and r = 20, one has 3.3 mHz � ν � 1.67 kHz). To generate voltage pulses
of up to 200 V with rise times of less than 10 µs, we used commercial voltage modules (CPS
series from ISEG Spezialelektronik) that were triggered by a computer-controlled DA/AD
converter [16]. A fragment of a pulse train is sketched in figure 1(a). Polarization readings are
taken in the middle of each pulse plateau. The experimental set-up is shown schematically in
figure 1(b).

In order to evaluate the maximum dynamic range of our apparatus we measured the
autocorrelation function for r = 20. For this purpose the sample capacitor shown in figure 1(b)
was replaced by a short. The magnitude of a(τ �= 0) turned out to be ≈10−5 which is about
one order of magnitude larger than for ideal conditions.

For the measurements, trains of 220 − 1 pulses were applied at least three times. No
significant differences could be found when comparing the results from the first with those
from the third cycle, implying that transient effects do not play a major role.

We used the PMN–10PT samples previously investigated using nonlinear dielectric
spectroscopy [14]. The thickness of our samples was 0.8 mm. We checked that the cross-
correlation functions ctp(τ ) did not depend on the pulse width in the range 100 µs �
tp � 3 ms, i.e. the normalized functions ctp(τ )/c0.1µs(tp) were found to be identical within
experimental error.

4. Results and discussion

In figure 2 we present the cross-correlation function as measured for PMN–10PT at T = 250 K
using different pulse field amplitudes. At the lowest fields, c(τ ) roughly follows a power law,
t−0.72. An important result of our investigation is that when increasing the amplitude of the
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Figure 1. (a) A sketch of the electrical field sequence used for the binary excitation experiments
using pulses of width tp . The dots indicate the times at which the polarization was recorded using
the circuit depicted in (b). Here the reference capacitance (Cre f ) was chosen much larger than that
of the sample (Csample). The voltage across the reference capacitor, which is proportional to the
polarization of the sample, was monitored using a high-impedance amplifier.
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Figure 2. Normalized cross-correlation functions of PMN–10PT for different pulse field
amplitudes. The pulse width was 300 µs.

pulse field, the decay of the cross-correlation functions becomes faster. This shows the presence
of nonlinear effects.

In order to understand these measurements, let us note that there is increasing evidence that
the polarization response of relaxor ferroelectrics is not only due to the on-site reorientation
of dipolar moments but also involves an important contribution from the growth and
reconformation of domain walls. It has been suggested that the typical size R of a domain after
a temperature perturbation should evolve in time roughly as R(t) = RC(1 + a

R0



kB T ln t

τC
) [17].

Here a denotes the lattice constant, RC the characteristic domain size at time τC , and 
 an
effective energy barrier. Similarly, growth and reconformation processes will be initiated
by electrical field perturbations. The latter can be inferred from field-induced ageing
measurements on relaxor ferroelectrics [18] and is also consistent with results from NHB [14].
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Figure 3. A cut along τ1 through the three-dimensional correlation function c(τ1, τ2, τ3) of PMN–
10PT. The data were recorded at 250 K with τ2 = 9 ms and τ3 = 30 ms and an electrical pulse field
strength of ±375 V cm−1. The line connects the data points. The inset gives a double-logarithmic
representation.

We interpret the accelerated decay of the correlation function as seen in figure 2 as a
consequence of an electrical field-assisted depinning of domain walls. This is in harmony
with results that we obtained for this sample using NHB at higher temperatures [14]. Thus the
current data support this conclusion also for lower temperatures.

However, the main advantages of experiments using pseudo-stochastic excitation arise
from their potential to yield multidimensional cross-correlation functions of the type implicit
in equation (2). This fact has been exploited in the generation of multidimensional NMR
spectra [19]. Recently, a host of other two-dimensional (2D) correlation techniques have been
developed, such as 2D Raman [20] or 2D electrical birefringence spectroscopy [21]. In the
present context, a 2D dielectric experiment can be based on the third-order function

c(τ1, τ2, τ3) = 〈P(t)E(t − τ1)E(t − τ2)E(t − τ3)〉T . (5)

In order to obtain a 2D frequency domain spectrum, it has to be Fourier transformed, e.g. with
respect to the first and third time shift arguments. Similarly to what is done in 2D NMR
exchange spectroscopy, one can keep τ2 (then called the mixing time) fixed for each spectrum.

We have carried out some preliminary experiments in order to record such multiple-time
correlation functions. A cut through c(τ1, τ2, τ3) along τ1 with τ2 = 9 ms and τ3 = 30 ms
is shown in figure 3. For time shifts of τ1 = τ2 = 9 ms and τ1 = τ3 = 30 ms, prominent
peaks show up. Since E(t − τ )E(t − τ ) = E2

p (for all τ ), these intensities do not yield
additional information as compared to the one-dimensional cross-correlation function c(τ ). In
other words, for two equal time delays (e.g., τ1 = τ2) the correlation function over the third
time (then τ3) shows a decay which is equivalent to that of the one-dimensional function c(τ ).

Unfortunately our efforts to acquire more extensive sets of data were cut short by the
fatigue of our samples. This effect, which degrades the sample properties, is known to show
up after a sufficiently large number of switching cycles [22]. In our experiments, more than
108 pulses were applied. Fatigue was recognized in the course of our studies from a decreasing
polarization of the samples and from an increase in their electrical conductivity.
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5. Summary

In the present paper we have applied a binary pseudo-random electrical field sequence to the
relaxor ferroelectric PMN–10PT. This enabled us to record field-polarization cross-correlation
functions. We observed an accelerated decay of these response functions when the pulse field
amplitude increases. This observation is consistent with an electrical field-induced domain
wall depinning in PMN–10PT. In order to obtain further insights into the relaxation dynamics
of this material, we carried out some preliminary work aimed at recording higher-order cross-
correlation functions.
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Köhler W and Schäfer R 2000 Adv. Polym. Sci. 151 1

[7] For recent applications, see, e.g.,
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