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Abstract Rare earth (RE) and manganese-modified lead
titanate ceramics were studied concerning the presence of
two peaks in the temperature dependence of the dielectric
permittivity. An eventual incorporation of the RE into
A-site and/or B-site in the perovskite structure and the
oxygen migration were considered as causes of the
observed phenomenon. The structural analysis showed that
at least a small amount of Ti*" could be substituted by the
RE ions. It was considered from the pyroelectric and
electrical conductivity results that, even when an eventual
incorporation of the RE into the A-site and/or B-site of the
structure could be possible, both peaks could not be asso-
ciated with paraelectric—ferroelectric (PE-FE) phase
transitions. The observed peak at lower temperatures has
been associated with the PE-FE phase transitions, whereas
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the hopping of oxygen vacancies has been considered as
the cause for the dielectric anomaly observed at higher
temperatures.

Introduction

Lead titanate (PT) is a potential useful ferroelectric (FE)
material with a highly polar perovskite structure [1],
showing a high electromechanical anisotropy in the pie-
zoelectric response. Therefore, it becomes very attractive
for many practical applications, such as surface acoustic
wave devices, infrared sensors, and high frequency trans-
ducers [2, 3]. The sintering process of pure PT ceramics is
very difficult because of the large tetragonality. During the
cooling process, a strong crystalline anisotropy creates
internal stress at the cubic-tetragonal symmetry change and
the ceramics become brittle. Its fragility can be greatly
reduced by the partial substitution of Pb** or Ti**" ions [1].
Special attentions have been given to the rare earth (RE)
ions modification, which conserves the high electrome-
chanical anisotropy in the piezoelectric response of the
sample, providing excellent materials to be used for high
frequency applications [4, 5].

Previous studies carried out in RE-modified PT ceramics
[6] have shown that a strong distortion of the titanium
octahedron takes place after the small-radius-size ions
substitution (Dy, Ho, and Er) in the lattice B-site of the
perovskite structure. The substitution of Ti*' (B-site) by
ions showing larger ionic radius provides an increment of
the tetragonality, which was observed for Er’™, Ho*™, and
Dy3+. On the other hand, two peaks were observed in the
differential thermal analysis and dielectric properties of
the studied ceramics. This behavior was associated with
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paraelectric—ferroelectric (PE-FE) phase transitions con-
cerning two different contributions to the total dielectric
behavior of the samples, one where the RE ions occupy the
A-sites, and the other where the ions occupy the B-sites of
the perovskite structure [6].

Other reported results have shown dielectric anomalies
in perovskite structures containing titanium [7-10], which
are not related to PE-FE phase transition, but have been
closely related to some conduction mechanisms. For RE
doping, some authors have attributed this phenomenon to
the existence of A-site vacancies in the crystalline lattice
promoted by the distortion of the oxygen octahedron
caused by the RE substitution [8]. On the other hand, a
space-charge polarization has been also considered as the
main cause for this behavior [9, 10]. As observed, PT-
based FE systems present from the fundamental point of
view the intriguing physical properties at high temperatures
(around and above the temperature of the PE-FE phase
transition), which are reflected in the dielectric response.
However, there are conflicting reports concerning the
existence and origin of the phase transition in these
systems. Therefore, a careful investigation of the high
temperature dielectric response of PT-based FE ceramics
can be very interesting to contribute to the explanation for
the origin of the nature of the observed anomalies. This
paper presents the study carried out on (Pbggglngog)
(Tip.0gMng 0»)O3 FE ceramics, where Ln = La, Nd, Sm,
and Gd, concerning the presence of two peaks in the
temperature dependence of the real dielectric permittivity.
The macroscopic effects of the eventual incorporation of
the RE ions into the A-site and/or B-site of the perovskite
structure are evaluated. The pyroelectric measurement
results and electrical conductivity analysis suggest that the
oxygen migration may be an additional cause for the
obtained dielectric behavior.

Experimental procedure

Ceramic samples were prepared by the traditional ceramic
method from nominal composition (Pbggglngog)(Tig.og
Mng (,)O3, where Ln = La, Nd, Sm, Gd. The stoichiome-
tric mixture of powders (PbO, TiO,, MnO,, Ln,0O3) was
prefired at 900 °C in air for 2 h. The calcined powders
were conformed as thick disks by cold-pressing and sin-
tered in air at 1220 °C for 2 h, in a well-covered platinum
crucible. Ceramic disks of around 18 mm of diameter and
1 mm of thickness were obtained. The samples will be
hereafter labeled as PT-La, PT-Nd, PT-Sm, and PT-Gd,
according to the RE ions. X-ray diffraction analysis at
room temperature was performed using a Rigaku Rotaflex
RU200B diffractometer and CuK, radiation. Electrodes
were fabricated on the parallel faces using Au strips and

an organogold paste by a heat treatment at 590 °C. The
dielectric properties were measured using a HP4194A
impedance analyzer in the temperature and frequency
range of 27 to 550 °C and 100 Hz to 10 MHz, respectively.
For the pyroelectric measurements, the samples were poled
at 2 kV/mm and 80 °C for 1 h. The temperature depen-
dence of the pyroelectric current was obtained using a
Keithley 617 programmable electrometer.

Results and discussion
Dielectric behavior

Results obtained for the dielectric properties are shown in
Fig. la and b, for the real and imaginary part of the
dielectric permittivity, respectively. Figure la shows the
temperature dependence of the real part of the dielectric
permittivity (¢') at 1 kHz for the studied ceramic samples,
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Fig. 1 a Temperature dependence of the real part of the dielectric
permittivity (&) at 1 kHz; the inset shows the RE ionic radii
dependence of the temperature of the maximum real dielectric
permittivity (77 and T,, T; < T,). b Temperature dependence of the
imaginary part of the dielectric permittivity (¢”) for the PT-La sample,
at 1 MHz
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as example of the investigated behavior for the whole
frequency range. The results on dielectric study have been
shown for the heating and cooling stages. The presence of
two peaks, which were obtained for all the analyzed fre-
quency range, can be observed. For all the cases, the
temperatures of both peaks (7} and 75) did not show any
frequency dependence, which is typical of ‘normal’ PE-FE
phase transitions. Figure 1a also shows (inset Fig. 1a) the
RE ionic radii dependence of the temperatures 77 and T,
for the studied samples. On the other hand, the ‘normal’
characteristic of the phase transition has been confirmed by
the temperature dependence of the imaginary part of the
dielectric permittivity (¢”) as a function of the frequency,
not shown here, whereas no frequency dispersion of the
temperature of the maximum imaginary dielectric permit-
tivity was observed.

Figure 1b shows the temperature dependence of &’ at
1 MHz, as example of the observed behavior for the
studied materials at high frequencies region (above
500 kHz). The presence of two peaks was observed for
frequencies higher than 500 kHz. In the low frequency
region (below 500 kHz), only the first peak (at 77) was
observed. This result was related to the rapid increase in
the imaginary part of the dielectric permittivity, which was
observed for temperatures above 400 °C. With the increase
of measurement frequency, the observed behavior gradu-
ally decreases, and eventually disappears in the studied
temperature range for frequencies above 500 kHz, i.e.,
both peaks were observed.

It is well known that in perovskite FEs, oxygen vacan-
cies could be formed during the sintering process of the
samples due to the volatilization and/or charger compen-
sation processes [11]; the electro-migration of oxygen
vacancies is usually suggested as the main cause of con-
ductivity in these materials [12]. In previous results, where
the same behavior for &’ was observed at low frequencies,
the oxygen vacancy hopping processes, due to relaxations
in oxygen vacancy-related dipoles, has been suggested as
the main reason for the conduction behavior of perovskite
FEs [12]. Thus, the rapid increase in ¢’ above 400 °C for
the lower frequency range (below 500 kHz) could be cor-
related with conductivity losses due to oxygen vacancies.
On the other hand, estimated values of the electrical con-
ductivity from ¢&”, between 400 and 550 °C below 500 kHz,
have shown results associated with semiconductor materi-
als [1074 to 1072 «Q cm)fl]. A rapid increase of the
conductivity values with temperature could promote an
abrupt increase of ¢”, which could prevent the occurence of
the second peak observed in the temperature dependence of
¢ above 400 °C (at T»).

The temperature corresponding to the first peak (77;)
agrees with previous reports for these materials and is
associated with the PE-FE phase transition [13, 14]. It is
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important to point out, by direct inspection of Fig. 1a, the
presence of a slight thermal hysteresis-like behavior for
temperatures around 77, characterized by a small difference
between the temperatures of the heating (77,) and the
cooling (T).) stages. This behavior has been extensively
studied in the literature, and it has been associated with
intrinsic mechanisms related to the structural and elastic
properties of the FE materials [15]. In this way, an
observed difference between the Curie temperature (7¢) on
heating and the 7- on cooling, referred to as “thermal
hysteresis” of the PE-FE phase transition, as previously
observed in BaTiOj3, has shown to be a consequence of
several factors, such as impurities, grain sizes, and defects,
promoted by the doping amount added to the above-men-
tioned system [16]. The Curie temperature on heating is
always larger than that observed on cooling stage. Conse-
quently, the thermal hysteresis is found to be strongly
dependent on the grain size of the FE materials [17]. The
influence of these factors on the observed dielectric
anomalies has been extensively investigated in the last
years in materials not only in ceramic form, but also as
single crystals. As for explaining and modeling the effect
of such factors in the thermal hysteresis, several hypotheses
have been proposed. Therefore, the occurrence of such
common thermal hysteresis in ceramics and/or single
crystal FE systems, and its dependence with the previously
mentioned factors, has encouraged the development of
several mutually excluding explanations and models to
explain this physical phenomenon [17-19]. However, it can
be seen from the current literature that this topic has not yet
been clarified.

The usual, and most accepted, method for a theoretical
description of the PE-FE phase transition is the one pro-
vided by the Landau-Devonshire theory [20], which was
first used for modeling the phase transitions in FE single
crystals, and has been validated nowadays for ceramics.
According to this theory, FEs undergoing a first-order
phase transition are characterized by a set of temperatures
limiting the meta-stable regions of both FE and PE phases
in such a way that the first-order PE-FE phase transition
proceeds in a domain of temperatures and not at a fixed
temperature, as in the case of the second-order phase
transition.

However, a direct inspection of the differences between
Ty, and T}, for all the studied samples (see Table 1) shows
smaller values for the thermal hysteresis than those
observed for some other classical FE systems, which are
found to be around 10-15 °C, as reported in the literature
[16]. As observed, with the increase of the ionic radius the
thermal hysteresis clearly decreases, which shows clear
evidences that the observed behavior becomes largely
dependent on the intrinsic factors associated with structural
and elastic characteristics, related to the doping element.
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Table 1 Thermal hysteresis, structural parameters, and activation
energy values associated with the dc conductivity for the studied
ceramic samples

Samples  Tip — Tic (°C)  E, (eV) cA ad) ca

PT-La 3.8 0.90 £ 0.05 4.041 3910 1.03
PT-Nd 24 0.94 £ 0.05 4.056 3.905 1.04
PT-Sm 08 0.96 £ 0.05 4.091 3.899 1.05
PT-Gd - 1.09 £0.05 4.125 3.894 1.06

Such dependence of the differences between PE and FE
states with the RE ion implies that internal stress can be
directly affected by the increase of the ionic radii of the RE
ions, since internal stresses do not grow in the cubic phase
but develop when samples are cooled below T¢. This result
may be an indication that the nature of the PE-FE phase
transition in the studied samples could be related to a
second-order [21] rather than a first-order phase transition.
In order to better clarify this issue, the dielectric properties
have now been investigated by the analysis of the tem-
perature dependence of 1/¢’ for all the studied samples. In
this way, the slope of data for temperatures below and
above T has been determined taking into account a linear
fitting, as shown in Fig. 2 for the PT-La and PT-Nd sam-
ples, as representative curves. Results revealed that the
slopes of the curves below T are about twice higher than
those obtained for temperatures above 77, being 2.2 and 2.1
for the PT-La and PT-Nd samples, respectively. This
obtained result, which is typical of second-order phase
transitions [21], shows strong evidences that the nature
of the PE-FE phase transition for the studied samples
corresponds to a true second-order phase transition, in
agreement with previous results reported for pure PT
materials [22].
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Fig. 2 Temperature dependence of 1/¢' for temperatures below and
above T (on cooling stage), for the PT-La and PT-Nd samples, at
1 kHz

By considering that 7', has been associated with the PE-
FE phase transition, the first intriguing question is, what is
the phenomenon associated with the higher temperature
second peak, related to 7,. Usually, the temperature
dependence of ¢ for FE materials show peaks associated
with PE-FE as FE-FE phase transitions, similar to the
successive obtained phase transitions in the BaTiO5; [22].
Taking into account the observed behavior for the studied
samples, results can be discussed concerning the previously
observed phenomenon for the REs-modified PT ceramics
with Dy, Ho, and Er in the B-site [6]. Considering this
analysis, at least a small amount of Ti** could be substi-
tuted by the REs. Thus, the obtained peak observed around
T, and T, could be associated with different contributions,
taking into account the occupation ratios of A- and B-sites,
respectively, by the RE ions. The question is whether an
eventual incorporation of the REs ions in the B-sites
considering their high ionic radii could be possible.

Structural analysis

Figure 3 shows the X-ray diffraction patterns at room
temperature for the studied samples. Results on structural
analysis of the studied ceramic compositions revealed pure
tetragonal perovskite structures for all the cases. Results on
the variation of lattice parameters (c, @) and the tetrago-
nality (c/a) with the RE ionic radius, obtained from the
structural analysis, are shown in Table 1. As can be
observed, the tetragonality increases as the RE ionic radius
decreases.

On the other hand, considering the nominal composi-
tion, it should be analyzed for two modification types
concerning the pure PT system. Table 2 shows the ionic
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Fig. 3 X-ray diffraction patterns at room temperature for the studied
samples
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Table 2 Ionic radius corresponding to hexa- and dodeca-coordinated
sites

Tons Tonic radii (10\)

Hexa-coordinated site Dodeca-coordinated site

Pb>* - 1.63
Ti*+ 0.74 -
Mn*t 0.67 -
La** 1.17 1.50
Na** 1.12 1.41
Sm** 1.09 1.38
Gd** 1.08 -

radius and coordination numbers of the hexa- and dodeca-
coordinated site elements, obtained from the previously
reported results in reference [23]. The partial substitution
of Ti** (B site, hexa-coordinated site) by small amounts of
manganese ions provides a lower tetragonality when
compared to that for the pure PT system [4, 22]. For the
REs substitutions, three possible situations should be con-
sidered. The first one is the substitution of Pb>" (A-site,
dodeca-coordinate site) by small amounts of RE ions,
which should provide a decrement of the tetragonality. The
second one is the substitution of Ti*" by small amounts of
RE ions, which should provide an increment of the
tetragonality. The last one is the substitution in both A- and
B-sites, which could provide either an increment or a
decrement of the tetragonality. Therefore, the tetragonality
results observed in Table 1 suggest that at least a small
amount of Ti*" could be substituted by the REs. For
instance, in the present case, the RE could occupy both
A- and B-sites of the perovskite structure.

It can be noted that the ceramic samples have been
prepared considering vacancies in A-site. In general, it
could be written as (Pbl_3x/2LIlXVx/2)(Tio_ggMHO.oz)O:;,
where x = 0.08 and V means vacancies. However, previ-
ous results have shown that at least the small-radius-size
substitution (Dy, Ho, and Er) could occupy the B-sites of
the perovskite structure [6]. Thus, it could be interesting to
evaluate the possibility of an eventual incorporation of any
amount of RE ion in the A-site and/or B-site. Taking into
account that the RE ions could now occupy any site, the
formula (Pb; 3¢/, LnyVy2)(Tig.ogMng 02Lny)Os 5,0 V0,0
can be obtained. As can be seen, in this new expression
x' + y =0.08, because in the new analysis the initial
nominal composition has been considered (i.e., the ceramic
samples have been prepared considering an 8 at.% RE).

From this new expression, the stability of the perovskite
structure was evaluated considering an eventual incorpo-
ration of some part of REs in the B-sites. This analysis was
carried out taking into account the tolerance factor values
in the range of 0.77 <t <1 for a stable perovskite
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Fig. 4 Tolerance factor values considering an eventual incorporation
of small concentration of REs ions in the B-sites (y)

structure [24]. Figure 4 shows the tolerance factor values
as a function of y (possible concentration of REs in the
B-sites). The analysis was carried out considering the
change in the y values from 0 to 0.08, which shows several
situations [(i) y = 0, the REs could occupy only A-sites;
(i) 0 <y < 0.08, the REs could occupy both A- and
B-sites; (iii) y = 0.08, the REs could occupy only B-sites).
Figure 4 shows only the y-range values for a stable
perovskite structure. As can be seen, some part of the RE
ions (below the fourth part of the 8 at.% RE) could occupy
the B-sites, providing a stable perovskite structure.

From these results, it could be concluded that an even-
tual incorporation of the REs into B-sites of the perovskite
structure could be possible. Thus, the above-mentioned
discussion suggests that obtained dielectric results could be
associated with the two different A- and B-sites occupation
situations, one where the RE ions occupy the A-sites and
other one where they occupy the B-sites of the structure.

Pyroelectric behavior and oxygen migration

The RE-modified PTs are known as donor doped ceramics,
which show a conduction mechanism due to a low con-
centration of oxygen vacancies [24]. This analysis can be
carried out considering the incorporation of the RE ions
into the A-site of the perovskite structure, providing lead
vacancies in order to compensate the charge imbalance. If
an eventual incorporation of the REs into the B-sites of the
perovskite structure is possible to occur, oxygen vacancies
have to be created to compensate for the charge imbalance
[22]. Therefore, the oxygen vacancies concentration in the
studied samples might have an important contribution in
the obtained dielectric response. On the other hand, elec-
tronic paramagnetic resonance investigations carried out in
the studied ceramic system have shown a valence change
from 4+ to 2+ in the Mn ion during the sintering process
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[25]. As a consequence, oxygen vacancies have to be
created in order to compensate for the charge imbalance.

Computational simulations of the ionic transport in
perovskite oxides [26] indicate that the activation energy
for the oxygen migration is around 1 eV. On the other
hand, the activation energies for the A- and B-sites cation
transport are around 4 and 12 eV, respectively. Thus,
oxygen ions are known to show a certain motion in
perovskite ceramics [26, 27]. Figure 5 shows the temper-
ature dependence of the pyroelectric current (i,) for the
PT-Nd, which has been selected as the representative
curve. Similar behavior was obtained for all the other
samples. The pyroelectric effect, whereby a change in
temperature in a material engenders a release of electric
charge, has been known as a physically observable phe-
nomenon for many years [28]. From the microscopic
viewpoint, the pyroelectric effect occurs because of the
asymmetric environment experienced by electrically
charged species within the crystal structure of the material.
In this way, the ions within the crystalline lattice are dis-
placed relative to the unit cells (charges center) to give rise
to an electrical dipole moment (or spontaneous polariza-
tion) along the displacement direction. The electrical
dipole is created by the charge of the cations located at the
unit cell of the crystalline lattice and the surrounding
oxygen elements. Thus, positive and negative charges
centers, placed asymmetrically, constitute the FE dipole.
Any excitation caused by an increase in lattice temperature
(thermal fluctuations) will change its quantized energy
level and, consequently, leads to a change in its mean
equilibrium position in the lattice along the displacement
direction. This gives a change in the overall electrical
dipole moment, which appears as the macroscopic pyro-
electric effect. Therefore, the pyroelectric effect manifests
itself as a release of charge at the surface of the material

250 T T T
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Fig. 5 Temperature dependence of the pyroelectric current (i,) for

the PT-Nd sample

when its temperature is changed. These changes can be
detected as a current (ip,), frequently termed as pyroelectric
current, flowing in an external circuit. In most of cases the
largest pyroelectric effects are observed in FE materials
[29, 30], in which the direction of the dipole moment can
be switched by the application of an electric field. In these
materials, the polar low symmetry pyroelectric phase is
related to a higher symmetry phase by means of a revers-
ible structural displacement occurring at a transition
temperature, known as the Curie temperature (7¢) [20].

Usually, the high temperature structure is non-polar
(termed as PE phase) and thus the spontaneous polarization
tends to decrease with the increase of the temperature,
tending to zero at Tc. Hence, with the increase of the
temperature the pyroelectric current shows a maximum for
temperatures below T, and tends to zero at the Curie
temperature. Thus, as can be seen in Fig. 6 for the studied
samples, the pyroelectric current vanishes at 7, indicating
that the polarization of the system disappears at this tem-
perature. Therefore, this temperature can be associated
with the temperature of the PE-FE phase transition (where
the polarization disappears), in correspondence with the
observed results for the real and imaginary dielectric
permittivity (Fig. la, b).

On the other hand, for temperatures higher than 7, the
i, shows negative values, which in turn continuously
decrease reaching very large negative values, even above
T,. The pyroelectric current data for temperatures above
400 °C have not been shown in Fig. 5, because of the high
negative magnitude values obtained for i,, which might
mask the scale for the pyroelectric peak in the FE phase.
This anomalous behavior, obtained during heating of poled
FE samples, has been previously associated with additional
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6 PT-Sm 7
PT-Gd
< -8r — fitting
£ I
> 10| J
<} I
b 12| ]
E [ ay
14 - EiiOAO 4
-16 | XXXX .
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1/(k,T) (eV-K)"

Fig. 6 Temperature dependence of the electrical conductivity at
1 kHz. The region between the dashed lines shows the temperature
region where the first peak (7)) appears
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dielectric absorption effects, which mask the real pyro-
electric effect and are commonly observed for temperatures
higher that the PE-FE phase transition temperature (7¢)
[31]. Indeed, at temperatures above the Curie point, addi-
tional discharges of very substantial magnitude occur [31,
32], far exceeding the actual FE polarization, leading to
extremely large negative values of the pyroelectric current.
This anomalous polarization, which has not been associ-
ated with the ferroelectricity phenomenon, has been
explained as the release of energy stored in a form of
secondary cell activity involving oxygen vacancies [33],
which act as charge carriers and interact with the metal
electrodes. Thus, the anomalous effect frequently observed
in the temperature dependence of the pyroelectric current
for some FE materials can be ascribed to electrolytic
activity involving oxygen vacancies. Therefore, consider-
ing the observed results in Fig. 5, the obtained behavior for
ip at temperatures above T could be associated with the
oxygen motions by a vacancy mechanism, which has been
in turn supported by previous studies in perovskite struc-
ture-type systems [31, 32].

In order to evaluate the oxygen migration by a vacancies
mechanism, the electrical conductivity (o) has been
obtained from the imaginary part of the dielectric permit-
tivity. Figure 6 shows the temperature dependence of the
electrical conductivity for the studied samples at 1 kHz, as
an example of the behavior observed for the analyzed
frequency range. For temperatures higher than 7 a linear
behavior is identified as dc conductivity component (g4c).
It can be noted that the temperature region between the
dashed lines denotes the temperature region where the first
peak (7)) appears. From the fitting of the experimental data
taking into account an Arrhenius-type dependence, which
has been shown in Fig. 6 for the PT-Gd sample, the cor-
responding activation energy values were obtained (see
Table 1). The results confirm that above 77 the conduction
process can be associated with oxygen migration, as
reported in the literature [27, 32, 33] and previously dis-
cussed in the pyroelectric response results. Thus, from the
pyroelectric analysis and the electrical conductivity
behavior it can be concluded that the observed peak around
T, and the anomalous behavior for temperatures higher
than T, in the dielectric response, can be associated with
the PE-FE phase transition and an oxygen migration by a
vacancies mechanism, respectively.

Therefore, even when an eventual incorporation of the
RE into the A-site and/or B-site of the perovskite structure
could be possible, the peaks observed in the temperature
dependence of the real dielectric permittivity could not be
associated with the existence of two PE-FE phase transi-
tions. In fact, the first one (observed at 7)) can be
associated with the PE-FE phase transition. Above T there
is a significant contribution of the oxygen vacancies to the
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dielectric response. The oxygen vacancies hopping mech-
anism, which is similar to the reorientation of the FE
dipoles, leads to the dielectric anomaly observed at 75.

Conclusions

A detailed investigation of the dielectric and electric
properties has been carried out on (Pbggglngog)(Tig.og
Mng ()O3 FE ceramics (where Ln = La, Nd, Sm, and Gd),
in order to evaluate the macroscopic effects of the eventual
incorporation of the REs into the A-site and/or B-site of the
perovskite structure and the oxygen migration processes.
Two peaks were observed in the temperature dependence
of the real dielectric permittivity, for all the studied fre-
quency range. The pyroelectric analysis showed that the
spontaneous polarization of the FE system disappears at the
temperature corresponding to the first peak (7), which has
been in turn considered to be related to the PE-FE phase
transition temperature. On the other hand, the electrical
conductivity behavior confirmed that the observed anom-
alies for temperatures above T can be associated with an
oxygen migration by a vacancies mechanism, as previously
revealed by the pyroelectric response features in the PE
region.
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