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ABSTRACT

The avalanche dynamics of ferroelectric switching in lead zirconate titanate ceramics was investigated using acoustic emission. Two distinct
power-law regimes for ferroelectric switching events were identified by an anomaly in the histogram of probability density, in contrast to the
single power-law behavior observed in BaTiO; single crystals. Such an anomaly is ascribed to the different minimum cut-offs of two power-
law distributions. The critical energy exponents were determined to be 1.25 +0.10 for energies <10°aJ and 1.51 +0.14 for energies >10° aJ.
The events in both regimes can be attributed to the depinning of domain walls from two distinct types of defects. The events in the lower
energy regime are associated with domain wall junctions due to long-range electric and elastic interactions, whereas the latter is related to
extrinsic defects, such as vacancies and dislocations. Moreover, for both regions, the rate of aftershocks follows the Omori power-law, indi-

cating the same critical temporal correlations between the avalanches.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0126308

I. INTRODUCTION

Ferroelectric materials possess a large and switchable sponta-
neous polarization and have found numerous applications ranging
from ultrasonic transducers and precision actuators to nonvolatile
memories.'~ Spontaneous polarization is formed after a ferroelec-
tric phase transition, which can produce complex domain patterns
as a result of long-range electric and elastic interactions."* The
polarizations can be switched to align along the field direction
under large electric fields or mechanical stress. This is generally
achieved via domain wall motion.”™”

The domain wall motion can be pinned by domain wall junc-
tions (i.e., intersections of two domain walls) or point defects and
then depinned after accumulation of adequate energy.'’”"” As a
result, the continuous and smooth motion of domain walls is hin-
dered, giving rise to “jerky” movements. Moreover, such domain
wall motions always involve a large number of domains responding

to the external field simultaneously.'”'*~"” The collective behavior
of the “jerky” switching follows avalanche dynamics.'”'*""” That is,
the size (e.g., energy and amplitude) of individual switching events
obeys a power-law, P(S) ~ S °F(S), where P(S) is the probability
density distribution (PDF) for the size and F(S) is an exponential
damping function.'”"*™** Such a collective switching phenomenon
has been incrementally studied in ferroelectric materials.” For
example, Salje et al. have shown that the acoustic emission signals
generated during ferroelectric switching in the BaTiOj; single crystal
follow a power-law distribution with an exponent & of about 1.65."
Xu et al. have reported crystallographic anisotropy in the critical
exponents for BaTiO; single crystals.'” Casals et al. have analyzed
the spatial distribution of avalanches in BaTiO; single crystals during
the polarization switching process and showed that the energies,
areas, and perimeters of the switched regions are all power-law dis-
tributed with exponents close to predicted mean field values.*
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In practical applications, polycrystalline ceramics composed of
a large number of differently oriented grains are more widely used
due to their low cost and easy fabrication.”” Many domains appear
in each grain, and polarization within each domain orientates
among the crystallographically allowable directions of the grain.”
Upon application of an external field, the domains in one grain
attempt to switch, similar to single crystals. However, the con-
straints from the neighboring grains and more abundant crystal
defects will affect the collective process of polarization switching,
resulting in different avalanche dynamics from that observed in fer-
roelectric single crystals.” Flannigan et al. measured electric cur-
rents during polarization switching of lead zirconate titanate (PZT)
ceramics and reported critical exponents different from the results
of single crystals.””*” Although the values of the exponents were
obtained from electric signals for ceramics, they were determined
from elastic signals of single crystals. The latter involves primarily
90° domains and a priori is not identical to the former ceram-
ics. 9172425 Therefore, an acoustic emission (AE) measurement
on a ceramic sample is needed to uncover the differences in ava-
lanche dynamics of polarization switching between the ceramic and
single crystal.

In the present study, we employed AE to monitor the polari-
zation switching process in PZT ceramics, the current workhorse of
ferroelectric materials. The AE technique is able to collect the
acoustic waves due to sudden local strain changes within the
sample.”® The key advantage of AE is that it carries the whole tem-
poral and spatial information of the acoustic source mechanism.
This enables us to determine the energy and duration of avalanches
and the waiting time between successive events.”” In the histogram
of probability density, an anomaly was observed around the energy
of 10% aJ. The anomaly allows us to identify two distinct power-law
regions for the ferroelectric switching of PZT, which is in contrast
to the single power-law behavior observed in BaTiO; single crystals.
The occurrence of the anomaly is ascribed to the different
minimum cut-offs of two power-law distributions. The avalanche
critical energy exponents were determined to be 1.25+0.10 for
energies less than 10’ aJ and 1.51 +0.14 for energies greater than
10° aJ. For both regions, the rate of aftershocks follows the Omori
power-law, indicating the same critical temporal correlations
between the avalanches. The pinning effect of two distinct types of
defects including domain wall junctions and extrinsic defects, such
as vacancies and dislocations, is considered to be the origin of two
distinct exponents.

Il. EXPERIMENTAL DETAILS

The PZT ceramic sample with composition at the morpho-
tropic phase boundary, Pb(Zrgs,Tip45)O3, was prepared by hot
press sintering technology. A thin plate of the sample was polished
and both surfaces of the sample were covered with silver to
measure the ferroelectric hysteresis loops at 10 Hz. The experimen-
tal setup for the AE measurement is schematically shown in Fig. 1.
The electric field was applied to the sample by a precision voltage
source at a rate of ~0.4kV/cms. Experimental trials have shown
that there are few acoustic signals under slow rates of applying an
electric field, including 0.02, 0.1, and 0.2kV/cm's. The AE device
was supplied by Vallen company (Germany). The piezoelectric
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FIG. 1. Experimental setup for AE measurement.

sensor is encapsulated in stainless steel to reduce electrical noise
and is acoustically coupled with the sample plates by a thin layer of
vaseline. The acoustic signals were amplified by 34 dB, band filtered
(between 95 and 850 kHz), and transferred to an acquisition system
with a sampling frequency of 20 MHz. For suppressing the AE
signals caused by sample vibration due to electrical coupling
between the power supply and the piezoelectric sample, we inserted
two resistors of 10 MQ in the test circuit.”® A threshold of 24.5 dB
was set to identify jerky signals. An event begins when the signal
intersects with the threshold and terminates when it is smaller than
the threshold for more than 50 us. The jerk amplitude is defined as
the maximum voltage during the jerk signal. The energy was calcu-
lated by numerical integration of the squared voltage of signals
during the interval, which gives the unit of 107'* V-s>. A resistance
of 10kQ is used to scale the units of Vs® to Joule, so that
107 "ve? corresponds to laJ. In order to exclude the possible
influence from external noises, we measured the environmental
noise without applying an electric field and in the presence of an
electric field, which is achieved by replacing our sample with a non-
ferroelectric insulator. The magnitude of the environmental noise
is lower than 24.5 dB of our threshold, and thus, the environmental
noises were filtered. Moreover, the upper limit of amplitude is
100 dB during the test as shown in Fig. S1 in the supplementary
material, which is higher than all of our signals and indicates no
truncation from the amplifier.

I1l. RESULTS AND DISCUSSION
A. Acoustic emission test

Figure 2(a) shows the polarization-electric field (P-E) hystere-
sis loop for PZT under an electric field of 21 kV/cm. The saturation
polarization is about 30uC/cm® and the coercive field value is
about 7.59kV/cm, consistent with values in literature.”” The P-E
hysteresis loop in Fig. 2(a) involves both 180° (ferroelectric) and
90° (ferroelastic) switching. Our AE measurements only detect
signals from ferroelastic switching. Figure 2(b) shows the recon-
structed hysteresis loop from the AE signals generated during a
hysteresis loop. The loop (blue points) was obtained by integrating
the energy of each avalanche signal (red points) over the applied
electric field. It can be seen that the integrated avalanche energy
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FIG. 2. (a) Polarization—electric field hysteresis. (b) AE energy (left axis) and the integrated energy (right axis) as a function of the electric field. (c) Spectrum of acoustic
noise with a linear scale (red signal for positive loading and blue signal for negative loading). The electric field is ramped between —21 and 21 kV/cm with a rate of 20 V/s.
(d) The AE activity (left axis) and the accumulated event number (right axis) as a function of time. The size of the circles depends on the AE energy (circle size ~Exg).

reproduces the shape of hysteresis for PZT ceramic quite well and
gives an approximative, consistent coercive field value. This sug-
gests that the ferroelastic contribution plays an essential role in the
electric field-driven switching process for PZT ceramics. Moreover,
step-wise or jerky changes can be found in the reconstructed hys-
teresis loop, which is an electric analogy of Barkhausen noise in
ferromagnetic materials.”’ The Barkhausen noise in ferroelectric
materials contains the contribution from the elastic effect.

The AE signals generated during polarization switching over
five periods of a triangular AC electric field were collected for the
statistical analysis, and the spectrum is shown in Fig. 2(c). Figure 2
(d) shows the accumulated number of signals, and the signal activ-
ity is defined as the number of acoustic signals per unit time. The
size of the bubbles is proportional to the energy of the acoustic
signals within each switching process. The peak of the acoustic
signal activity appears near the coercive field of +7.59kV/cm. A
decrease in both the energy of AE signals and the AE activity with
the switching cycle number is noted, and the reason may be the
reduction in the number of non-90° domains and degradation of
the sample during cycling.

B. Statistical characteristics of AE signals

The PDFs of energy and amplitude of the AE signals during
the switching process are shown in Figs. 3(a) and 3(c), respectively.
On a log-log scale, the histogram of probability density should be a
straight line for systems with a single power-law distribution.
However, in our histograms of both energy and amplitude, a dis-
continuity or bump can be observed at an energy of 10> aJ and an
amplitude of 10> 4V. Such an anomaly separates the histogram into
two linear regimes, suggesting that there presumably exist two
exponents as shown by the triangles in Figs. 3(a) and 3(c). We then
utilized the least squares method (LSM) to fit the histograms for
the two regimes in Figs. 3(a) and 3(c). The avalanche critical
energy exponents were determined to be 1.25+0.10 for energies
less than 10® aJ and 1.51 + 0.14 for energies greater than 10° aJ. The
former exponent 1.25 is the lower bound with error margins
around 0.10. The exponent 1.25 is close to the critical value of
1.33 in the mean field theory and may be suppressed by the super-
position with mild fluctuations which reduces the effective expo-
nent."! Similarly, the two exponents obtained with the LSM
method for amplitude distribution p(A) ~A™" are 7=1.49+0.11
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FIG. 3. (a) and (c) The probability distribution function of AE energy and amplitude. (b) and (d) The maximum likelihood method estimates for AE energy and amplitude.

and 1.64 + 0.08. The exponent for the power-law distributions for p
(E) ~ E"€ was usually estimated by the maximum likelihood (ML)
method,””" in which the likelihood function is the probability of a

N
set of measurements {E;}, defined as L (€) = [[ p(E;). The esti-
i=1

1=
mate of € = € and 7 = 7 that maximizes the likelihood function is
shown as a function of the lower limit of the energy E,.;, and the
amplitude A, in Figs. 3(b) and 3(d). The plateau in the ML esti-
mation curve at the lower energy side corresponds to the lower
exponent, whereas no obvious plateau appears for the higher
energy side, which may be due to the existence of exponential
damping.”

In the case of a mixture of two power-laws, one should expect
a high exponent in the low energy region and a low exponent in
the high energy region,”* which is, however, in contrary to our
experimental observations. Moreover, the existence of a discontinu-
ity or bump in the histogram is unusual and of interest, as the
reasons from the external environmental noise and the truncation
of the amplifier can be excluded. In Sec. III C, we will discuss the
reasons for the above anomalies.

C. Mixture of two power-law distributions with
different minimum cut-offs

In some cases, the signals from two power-laws with different
critical exponents may exhibit the same minimum cut-off, which
gives a mixture of two power-laws and has been well modeled.”
Here, we considered the situation that the minimum cutoff is

different for two power-law distributions. The true probability
density p(S) for such a mixture is given by

(%) 7, §< Smin.ﬁ;
P(S) = e R S8
x(a — I)SIT+ I=x)B-=D g5 S Sminps
min.a min.p
1)

where Syinq and S, p are the two different minimum cutoffs of
power-law distributions with critical exponents o and S, respec-
tively. With the assumption that S, is less than S, the
signals with a size smaller than S, 3 all come from the power-law
distribution having exponent o. Thus, at a low energy range
(S < Spinp), a pure power-law can be observed. For the signals
with a size larger than S, s, the fraction x comes from the power-
law with an exponent o and the remaining fraction 1—x corre-
sponds to a power-law with exponent B. Thereby, the high energy
range (S > S,,in ) of signals follows a mixture of power-law. Such a
model may explain the anomalies observed in our experiment.
Based on the model, we performed a study on different sets of
synthetic data generated according to two power-law distributions
with one of S,yin.q = 0.1 and o = 1.25 and the other of S,;, 5 = 1000
and B = 1.51. The exponents were selected according to our experi-
mental determined values, while the reason for S, = 1000 is
that the bump takes place at 10> aJ in our data. All the numerical
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FIG. 4. PDFs and ML estimations of three typical sets of synthetic data, which possess a different ratio of numbers of signals, including (a) and (d) 75%-25%, (b) and
(e) 50%-50%, and (c) and (f) 25%-75%. The data are generated according to two power-law distributions with one of Spn, = 0.1 and a = 1.25 and the other of

Sming = 1000 and g = 1.51.

samples were obtained by using the R package “poweRlaw”
proposed by Gillespie et al.”"”

Figure 4 shows the PDFs and ML estimations of three typical
sets of data, which possess a different ratio of numbers of signals,
including 75%-25%, 50%-50%, and 25%-75% mixtures. In all
three cases, an anomaly can be observed around 1000 in the histo-
gram of probability density. It agrees with the minimum cutoff
Sminpg of a power-law distribution with an exponent of 1.51.
Therefore, an anomaly can be observed for a system with two
power law regimes with different exponents when the minimum
cutoff Sy, of the two power-law distributions is different. At which
size the anomaly occurs is determined by the value of the
minimum cutoff S, . It is also observed that a larger portion of
the signals from the power-law with a larger exponent results in a
more obvious bump. Our experimental observation is similar to the
situation shown in Fig. 4(a), indicating that the signals from the
power-law distribution with a low exponent are dominant in our
case. Though the high exponent part is actually a mixture of two
power laws, the contribution from the other power-law distribution
is quite small in our experimental signals so that a high exponent
can be roughly determined.

D. Physical mechanism for the two different
power-law distributions

The next question is what is the physical mechanism for the
two different power-law distributions. We considered that both
power-law distributions are due to the pinning-depinning of the
domain wall to the pinning centers. Besides the intrinsic domain

wall junctions due to long-range elastic and electric interactions,
extrinsic defects, such as oxygen vacancies and dislocations, are
also present in the PZT ceramic sample.”**>"* The two regions
with different exponents likely correspond to the pinning effect of
domain walls by the two types of disorder. Compared to intrinsic
disorder, extrinsic defects cause larger local lattice distortions and
local stress fields and, thus, produce a stronger pinning effect. More
large events, thereby, could occur for the pinning-depinning to the
point defects compared to the situation of domain wall junctions.'”
Therefore, a higher minimum cutoff S,,,;,, for the extrinsic defects is
expected, while depinning from the domain wall junctions creates
weaker AE signals and, thus, possesses a lower minimum cutoff
Smin- Therefore, the lower energy exponent of 1.25 may be ascribed
to the weaker pinning effect by the intrinsic disorder. The larger

TABLE I. Comparison of energy exponents for PZT ceramics and BaTiO; single
crystals generated from electrical and acoustic signal sources.

Region I Region II
intrinsic extrinsic
Signal Sample disorder disorder Ref.
Electrical PZT ceramic 1.79 £0.08" 2.04 +0.19" 25
Acoustic PZT ceramic 1.25+0.10 1.51+0.14 Present work
Acoustic  BTO single  1.65+0.10 17
crystal

#Although the authors did not identify, our model suggests that 1.79 is for
intrinsic disorder and 2.04 is for extrinsic disorder.
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energy exponent 1.51 is due to the stronger pinning centers associ-
ated with extrinsic defects. A similar phenomenon was reported in
a previous study by Flannigan et al,”” who also found a low expo-
nent in the low energy region and a high exponent in the high
energy region for the electric signals of PZT ceramics. As shown in
Table I, the exponents from electric signals are larger than those
obtained from AE measurements, which indicate that the former
signals originate from both 90° and non-90° domain switching.
The single power-law distribution of avalanche events in single
crystal BaTiOj is primarily due to intrinsic disorder.'”
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E. Scaling relationship

During ferroelectric polarization switching, the energy (E),
amplitude (A), and duration (D) are statistically related through
E ~ A*and A ~ DX. Figure 5(a) shows the correlation between E
and A, which yields x=1.97 £0.01 estimated by the least squares
method. Figure 5(b) gives A vs density D of the AE signals. In the
log-log plot, D is approximately linear with the amplitude A when
D > 50 us. The exponent ) was estimated to be 2.55+0.09. We
note that the scale invariant relationship (€ — 1)x = (z — 1) is sat-
isfied by those exponents. For the lower value region with
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\ 1.383
2.393
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A =D* 4138
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FIG. 5. The correlation (a) between the energy and the amplitude and (b) between the amplitude and the duration. (c) Rate of aftershocks per unit time, r, as a function of
the time lapse to the main shock. (d) Scaled waiting time for events between adjacent events for small and large waiting times.
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7=149+0.11 and £=1.25+0.10, (¢ —1)x = (r — 1) = 0.5. For
larger values of the two segments, 7— 1 =0.64 and (e — 1)x = 1.00,
which suggests that they are roughly equal within experimental
uncertainties. The power-law distribution of energies and ampli-
tudes and the scaling relationship between exponents indicate that
the evolution of ferroelectric domains driven by an electric field
takes place in the absence of a characteristic size, which is a typical
feature of criticality.”

F. Temporal correlation of AE signals

Finally, we performed an aftershock analysis to investigate the
temporal correlations between avalanche events during polarization
switching. That is, the subsequent small signals are induced by the
main-shocks (MSs, i.e., large signals). MSs are defined as signals
whose energies are within a predefined energy range. The signals
whose energy is lower than a MS and occur after the MS are
defined as aftershocks (ASs). The time is normalized through a
time lag from each AS to its MS, defined as t — tjs. A sequence of
energy ranges is employed to define MS and corresponding AS. A
rescaled rate of AS (r,s) defined by the number of AS within a unit
time for all the MS is known to follow the Omori law,”*™*

ras (t — tws) = (¢ — £ — ts) %, (2)

where ¢ is the constant independent of time, p is the critical expo-
nent near 1 for earthquakes and other materials.”®*' Figure 5(c)
shows that the Omori law is satisfied by the present AE signals for
times shorter than 0.01s and deviations occur for longer times.
This indicates that the events occurring shortly after a mainshock
are strongly correlated, whereas later events are not.

The distribution of waiting times between adjacent signals
(6n = tus1—t,) further supports the presence of temporal correla-
tions of polarization switching events. The PDF of waiting times, p

(6), can be expressed as p(§) = é@(%), where (8) is the mean

value of waiting time, and the analytical expression for the scaling

function @ is assumed to follow’*"’

5~ (1)

. x < 1,

Different threshold values in energy were selected to filter the data
with lower energies. Although the scaled waiting time should
follow double power-law distributions as shown in Eq. (3), the PZT
ceramic possesses one region for times longer than 1s with expo-
nent (2 +'¥)=2.3 as shown in Fig. 5(d). For times shorter than 1,
the waiting time follows a Poisson distribution. The reason for the
absence of the lower time branch is that the loading rate in the
present study is too high so that signals may overlap.

IV. SUMMARY

In summary, we have studied the avalanche dynamics of ferro-
electric switching in lead zirconate titanate (PZT) ceramics by AE
measurements. Our results show that ferroelectric switching in
PZT ceramics follows a power-law distribution in different energy
regimes with exponent £ = 1.25 +0.10 for energies less than 10° aJ

ARTICLE scitation.org/journalljap

and £=1.51 % 0.14 for energies greater than 10> aJ. The superposi-
tion of power-laws is consistent with the results measured electri-
cally.”” We suggest that the two energy exponents can be attributed
to the pinning effect of the domain walls by the extrinsic disorder
of point defects and dislocations as well as the intrinsic disorder of
domain wall junctions. We also find that the rate of aftershocks
decays as a function of the time interval to the main shock as per
the Omori-like power-law distribution, suggesting that critical tem-
poral correlations exist between avalanches during ferroelectric
switching in PZT.

SUPPLEMENTARY MATERIAL

See the supplementary material for the relationship between
amplitude and time of the signal around the observed bump
(10°-10° aj).
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