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Abstract Lanthanum modified lead zirconate titanate
ceramics with lanthanum content changing from 2 to 6 at%
La and a Zr/Ti ratio of 90/10 (PLZT x/90/10) have been
analyzed by using X-ray diffraction, dielectric response,
differential scanning calorimetry, and ferroelectric hystere-
sis. An antiferroelectric state was found to be stabilized,
whereas the long-range ferroelectric state was disrupted by
lanthanum substitution on the lead sites. A ferroelectric state
is shown to be stable over an antiferroelectric state for low
lanthanum contents in a wide temperature range, where both
phases coexist. With the increase of the lanthanum concen-
tration, the long-range coherency of the ferroelectric state is
suppressed, i.e., the temperature range of the ferroelectric
state stability decreased, disappearing for x > 3 at% La.
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Introduction

Materials with promissory characteristics for energy storage
applications are those exhibiting antiferroelectric (AFE)
behavior [1-3]. The AFE materials are commonly charac-
terized by either a low dielectric permittivity with a field
induced transition to a ferroelectric (FE) state at a criti-
cal electric field (named as threshold field), as in the case of
the PbZrO; system [4, 5], or a relatively high dielectric
permittivity, with a decreased electric field strength
dependence, as in the case of the lanthanum modified lead
zirconate titanate (PLZT) system [6, 7]. The phase transi-
tions between the AFE and FE states have been traditionally
considered as an object of intensive studies [7-9]. Recent
investigations have led to the increasing interest in the study
of such transitions and related phenomena because of the
observed coexistence between the AFE and FE phases in
perovskite structure-type materials [10—12]. The antiferro-
electric-ferroelectric (AFE-FE) phase transition could occur
spontaneously due to several factors, such as, a change in
the stress configuration promoted by external mechanical
driving fields, an increase in the amplitude of the applied ac
electric field and/or by thermal changes. It is known that in
ferroelectric systems the ferroelectric domains structure is
characterized by a large spontaneous electrical polarization,
whereas classical antiferroelectrics are frequently centro-
symmetrics materials. Thus, a ferroelectric state can be
induced in antiferroelectric systems with compositions near
to the AFE-FE phase boundary (where both phases coexist)
by applying high electric field levels. Otherwise, taking into
account that antiferroelectric systems are more compact
(from the atomic arrangement point of view), ferroelectric
compositions close to the AFE-FE phase boundary can be
transformed into antiferroelectric state by applying a
hydrostatic pressure.
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Lanthanum modified lead zirconate titanate (PLZT) has
been found to show a dispersive behavior for both rhom-
bohedral and tetragonal phases, as well as to increase the
stability range of the antiferroelectric orthorhombic phase
in the Zr-rich side of the phase diagram [13-15]. The
corresponding phase diagram at room temperature shows
regions where ferroelectric and antiferroelectric phases
coexist, and thus both AFE and FE states must be similar
free energy values. PLZT compositions close to the AFE-
FE phase boundary are well-known systems because of the
phase switching characteristic, that is to say, the electric
field induced AFE-FE phase transformation takes place.
The ability to switch between these two phases is related to
the free energy of the crystal, whose value for AFE
materials is comparable to that for the FE one because the
free energy of the AFE crystal is comparable to that of the
FE. The phase transformation is accompanied by a volume
expansion and, therefore, the crystal structure is changed.
The coexistence of the antiferroelectric and ferroelectric
phases has been observed for the PLZT x/95/5 composi-
tional sequence [16]. However, the antiferroelectric phase
region of the PLZT compositional series has not yet been
systematically investigated.

The aim of the present work is to study the effect of
lanthanum modification on the antiferroelectric state of
Pb(Zrg 90, Tig.10)O5 ferroelectric ceramics. The structural
analysis by using X-ray diffraction shows that FE and AFE
ordering coexist. The dielectric behavior and the hysteresis
loops show the enhanced antiferroelectricity stability when
the lanthanum content increases.

Experimental procedure

Ceramic samples were prepared by the traditional ceramic
method [13] from nominal composition (Pb,_[La,)
(ZI'()AQ()Ti()Al())]_xMOg,, where x = 2, 3, 4, 5, and 6 at% La.
The stoichiometric mixture of powders (PbO, ZrO,, TiO,,
La,03) was prefired at 800 °C in air for 1 h. The calcined
powders were milled and conformed as thick disks by cold-
pressing and sintering in air at 1250 °C for 1 h, in a well-
covered platinum crucible in order to minimize the evap-
oration of reagents. The samples are hereafter labeled as
PLZT x/90/10. X-ray diffraction analysis at room temper-
ature was performed on powder samples by using a Rigaku
Rotaflex RU200B diffractometer and CuK, radiation.
Electrodes were fabricated on the parallel faces by using
Ag paste by a heat treatment at 590 °C. The dielectric
properties were measured by using a HP4194A impedance
analyzer in the temperature and frequency range of 40-
300 °C and 100-10 MHz, respectively. The modulated
differential scanning calorimetry (MDSC) analysis was
made by using a MDSC 2920 TA instrument from room
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temperature up to 350 °C and a temperature rate of 2.5 °C/
min, with modulated amplitude of 1.5 °C during 50 s.
Ferroelectric hysteresis loops were obtained by using a
Sawyer-Tower circuit at 1 Hz and several temperatures.

Results

X-ray diffraction spectra results of the sintered PLZT x/90/
10 ceramics are shown in Fig. 1. As can be seen, a pure
PLZT perovskite phase structure with no additional sec-
ondary phases was observed for all the studied samples. A
coexistence of the ferroelectric-rombohedral phase (R3m)
and antiferroelectric-orthorhombic phases (Pbam) was
obtained, which is in agreement with the phase diagram for
the PLZT system [13]. As observed in Fig. 1 for the PLZT
2/90/10 composition, two additional rombohedral reflec-
tions [R (112), R (320)] appeared in the 20 range of
36-55°, whereas the O (220) orthorhombic reflection was
suppressed. The figure insets show the obtained behavior
for the PLZT 2/90/10 and PLZT 3/90/10. The behavior
observed around 55° in 26 has not been shown because it is
similar to that observed in the 260 range of 37-38°. The
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Fig. 1 X-ray diffraction pattern at room temperature for the PLZT
x/90/10 studied compositions
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PLZT 2/90/10 composition shows two reflections (R (320)
and O (311)), while for PLZT compositions above 2 at%
La only the O (311) reflection can be observed. Thus, the
structural analysis has showed the contribution of two
phases in the studied compositions, a ferroelectric-rombo-
hedral phase and an antiferroelectric-orthorhombic phase.
The PLZT 2/90/10 shows a higher contribution of the
ferroelectric-rombohedral phase than that for the PLZT
compositions above 2 at% La.

The temperature dependence of the real dielectric per-
mittivity (¢') for the PLZT x/90/10 compositional series is
shown in Fig. 2, at several frequencies. As observed, no
frequency dependence was observed for all the studied
compositions within the investigated temperature range.

The obtained value for the paraelectric-ferroelectric phase
transition temperature (7;,,) for the PLZT 2/90/10 compo-
sition was found to be around 201 °C, lower than that
reported for the pure PZT 90/10 system [17]. On the other
hand, an additional secondary dielectric anomaly was
found for temperatures around 90 °C. The lower inset
exhibits similar results for an expanded scale of tempera-
tures (50-125 °C), and clearly shows a small anomalous
behavior near 90 °C.

A further increment in the La content resulted in a
continued suppression of the main dielectric peak (related
to the PE-FE phase transition) and a decrement of Ty,. As
can be observed in the inserted figure (60—100 °C), the
second anomaly still remains for the PLZT 3/90/10
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composition. For PLZT compositions above 3 at% La, this
anomalous behavior completely disappeared (see the inset
figures). On the other hand, the temperature-dependent
dielectric response broadened in the compositional range
between 4/90/10 and 6/90/10. For these samples the broad
peaks for all the analyzed frequencies could suggests the
existence of more than one contribution.

Figure 3 shows the temperature dependence of the
imaginary part of the dielectric permittivity or losses factor
(¢”) for the studied compositions at three selected fre-
quencies. No frequency dependence was observed for the
temperature corresponding to the maximum value of the
losses factor (7/max) Within the investigated frequency
range, showing similar values to that observed for the real

Table 1 Dielectric parameters for the studied PLZT x/90/10

compositions

Composition T, (°C) &l ax Tormax (°C)
PLZT 2/90/10 201 18779 200

PLZT 3/90/10 192 9408 191

PLZT 4/90/10 190 3508 186

PLZT 5/90/10 189 2316 186

PLZT 6/90/10 185 1854 179

part of the dielectric permittivity (7,,). Table 1 shows some
of the obtained dielectric parameters for the studied sam-
ples. As observed, the difference between T}, and T, pax, in
the dielectric response, increase for PLZT compositions
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above 3 at% La, which could be associated to the broad-
diffuse behavior observed for these compositions.

Thus, no evidence of relaxor-like dielectric response
characteristics was observed in the PLZT x/90/10 samples.
The PLZT 2/90/10 and PLZT 3/90/10 showed a secondary
dielectric anomaly around 90 °C, as was observed in the
temperature dependence of &'.

Figure 4 shows the MDSC results for PLZT 2/90/10 and
3/90/10 compositions from room temperature up to 250 °C.
The most pronounced dielectric anomaly for both samples
occurs for temperatures around 7, where Cp shows a
sudden change. A small peak around 90 °C is observed for
the PLZT 2/90/10 composition, corresponding to the
anomalous behavior observed in the dielectric analysis
results. For the PLZT 3/90/10 composition, even when only
the peak associated to T}, is observed, a broad behavior was
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Fig. 4 MDSC results for the PLZT 2/90/10 and 3/90/10 composi-
tions, from room temperature up to 250 °C

obtained in the temperature range where the second
anomaly in the dielectric analysis (inset of Fig. 2) was
observed. The derivative of the reversal Cp shows a clear
inflexion around this temperature. However, for PLZT
compositions above 3 at% La, only the peak associated to
T, was observed. Taking into account the structural,
dielectric, and MDSC results, the observed second anomaly
could be associated to either antiferroelectric-ferroelectric
or ferroelectric-antiferroelectric phases transition.

In order to better identify the phases sequences, ferro-
electric hysteresis loops were obtained at room temperature
and 1 Hz, for the PLZT x/90/10 compositional series, as
shown in Fig. 5. As can be seen, both the saturation and
remanent polarizations (Ps and Pg, respectively) decrease
with the increase of the lanthanum content. The decrease of
the Pr parameter may reflect a decrease in the volume
fraction of the ferroelectric state with the increase of the
lanthanum content. For PLZT compositions above 3 at%
La, slim loops were observed. For higher electric fields,
typical characteristics of a field induced AFE-FE transition
were obtained (see the inset figure for the PLZT 4/9010),
although the saturation state could not be reached in the
analyzed electric field range.

Figure 6 shows the temperature dependence of the fer-
roelectric properties for the studied PLZT x/90/10
compositions. Similar results were observed for PLZT
5/90/10 (not shown here) and PLZT 6/90/10 compositions.
For the PLZT 2/90/10 composition, the values of Pg, Ps,
and the coercive field (Ec) decrease with the increase of the
temperature. These results suggest that the sample behave
as typical ferroelectric system in the studied temperature
range. It is interesting to note that the ferroelectric hys-
teresis loops did not show any anomalous behavior for
temperatures around 90 °C, where a secondary dielectric
anomaly was previously observed by the dielectric mea-
surements. A small volume fraction of antiferroelectric
phase coexists with the ferroelectric state as revealed by the
X-ray analysis, although its contribution is lower than that
for the ferroelectric phase. For the PLZT 3/90/10 compo-
sition, typical features of a field-induced AFE-FE transition
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Fig. 5 Hysteresis loops obtained at room temperature for the PLZT
x/90/10 studied compositions
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can be observed with the increase of the temperature,
which indeed becomes more intense for temperatures
above 90 °C. For PLZT composition above 3 at% La, the
switching field for the AFE-FE phase transition is deter-
mined to be temperature dependent. Furthermore, no
evidence or relaxor-like dielectric response characteristics
were observed in the PLZT x/90/10 compositional
sequence. Thus, rather than establishing a polar nanodo-
main state, the lanthanum modification resulted in the
destabilization of the rombohebral ferroelectric state,
leading to the stabilization of an antiferroelectric state.
From the dielectric, calorimetric, ferroelectric, and
structural studies it could be concluded that the phase
sequence with the increase of the temperature, for the
PLZT 2/90/10 composition, can be considered as (i) a
coexistence of the AFE and FE states at room temperature
with no stabilization of the AFE phase, (ii) an AFE-FE
phase transition around 90 °C, and (iii) a transition to the
paraelectric phase at T,,,. At the same time, for the PLZT
3/90/10 composition, these phase sequences can be con-
sidered as (i) a coexistence of the AFE and FE states at
room temperature with no stabilization of the AFE phase,
(ii) a stabilization of the AFE state for temperatures around

@ Springer
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90 °C, and (iii) the transition to the paraelectric state at T},,.
Otherwise, for PLZT compositions above 3 at% La, a
coexistence between the AFE and FE states at room tem-
perature can be observed with the stabilization of the AFE
phase over the FE phase. The transition from the antifer-
roelectric to the paraelectric phase prevails at T;,,, which is
very far from room temperature.

Discussion

It is known that in lanthanum modified PZT materials,
most of the lanthanum ions locate into the A-sites of the
perovskite structure, replacing the lead cations [13]. The
perovskite structure (ABOs) can be considered as a net-
work of BOg octahedron, where the B- and the A-site
cations are located inside and in the neighboring of the
octahedral, respectively [13]. The stability of the long-
range ferroelectric state is believed to be suppressed by
decoupling effects caused by the incorporation of lantha-
num ions into the A-sites, which is revealed by the
decreasing of the ferroelectric-paraelectric transition tem-
perature, when the lanthanum concentration increases. The
obtained results in the present work have clearly shown the
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suppression of the stability of the ferroelectric state with a
further enhancement of the antiferroelectric state with the
increase of the lanthanum content.

It is known that the ferroelectricity phenomenon results
from long-range Coulomb interactions between dipole
moments, which can be described by the condensation of a
transverse optical phonon mode at the center of Brillouin
zone following lattice dynamics [13]. On the other hand, the
antiferroelectric state results from a condensing of a trans-
verse optical phonon mode at the boundary of the Brillouin
zone, resulting from short-range interactions between atomic
dipole moments. By considering that the addition of small
lanthanum concentrations leads to decrease in the long-range
interactions, reducing the stability of the ferroelectric phase,
it is expected a reduction of the observed “average” T,
value. However, it would be very difficult for small con-
centration of the additive cation to suppress the short-range
nature of the interactions in the antiferroelectric state. Thus,
for the studied samples, lanthanum impurities may induce a
competition between the antiferroelectric and ferroelectric
ordering due to the disruption of long-range dipolar inter-
actions. A ferroelectric state is shown to be more stable for
low lanthanum contents at room temperature (as in the case
of the PLZT 2/90/10 and 3/90/10 compositions). Both phases
(AFE and FE) coexist over a relatively wide temperature
range (from room temperature up to around 90 °C), showing
a stable ferroelectric state, with low contribution of the AFE
one. The disruption of the long-range dipolar interactions by
2 at% lanthanum doping is not enough to destabilize the
ferroelectric state with respect to the antiferroelectric in the
studied temperature range. For PLZT 3/90/10 composition,
for temperatures around 90 °C, the long-range ordering of
the ferroelectric state is suppressed by an excess of the lan-
thanum content in the perovskite structure. With the increase
of the lanthanum concentration, the temperature range of the
ferroelectric state stability decreased, disappearing for x > 3
at% La, that is to say, the antiferroelectric state becomes a
more stable phase than the ferroelectric one, for temperatures
above the room temperature. The rhombohedral ferroelectric
PZT ceramics, which are close to the antiferroelectric-fer-
roelectric (AFE-FE) phase boundary, show that the FE phase
is only marginally stable with respect to the AFE state. When
the FE state is disrupted by lanthanum modification, the AFE
state is stabilized.

Conclusions

In summary, the investigations of PLZT ceramics with the
x/90/10 (x =2, 3, 4, 5, and 6 at% La) using X-ray

diffraction, dielectric behavior, differential scanning calo-
rimetry, and ferroelectric measurements have clearly
shown that the lanthanum modification of the PZT (Zr/
Ti = 90/10) system disrupts the long-range dipolar order
of the ferroelectric state, stabilizing an antiferroelectric
state. For lower lanthanum contents (2 at% La), a ferro-
electric state is shown to be stable with respect to the
antiferroelectric state, for a wide temperature range. With
the increase of the lanthanum concentration, the tempera-
ture range for the stability of the ferroelectric state
decreased, disappearing for PLZT compositions above 3
at% La.
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