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A B S T R A C T

Dielectric relaxation and phase transition behaviors in (1–x)Pb(Zn1/3Nb2/3)O3-xBaTiO3 (PZN-BT) binary solid
solutions have been systematically studied in this paper. All the compositions display a pure pseudo-cubic
perovskite structure. As the BT contents increase from 10mol% to 70mol%, the phase transition peak becomes
broader and broader, accompanying with decreases of ɛm (the maximum dielectric permittivity) and Tm (the
temperature corresponds to the ɛm). Nevertheless, an abnormal increase of ɛm and Tm occurs when the BT
contents exceeds 70mol%, forming a “U” shaped curve of the compositional dependence of ɛm and Tm. Moreover,
it is indicated from the new glass model fitting results that the characteristic parameter p, which represents the
degree of relaxation, also shows a similar “U” shaped variation curve. Similarly, as shown in polarization-electric
field loops, both remnant polarizations (Pr) and coercive fields (Ec) display the “U” shaped curve as the BT
content changes from 10mol% to 80mol%. Finally, according to the similar variation of these key parameters
mentioned above, a polarization mismatched model, which describes the destruction and reestablishment of the
long range order arrangement in solid solutions composed of two kinds of ferroelectrics, is proposed to illustrate
the underlying mechanism. In this PZN-BT system or other similar ABO3-type perovskite relaxors, the compe-
tition between the A-O and B-O coupling plays an important role to form the “U” shaped evolution of these key
parameters.

1. Introduction

Relaxor ferroelectrics always exhibit outstanding electrical proper-
ties and have been extensively studied since their advent in 1950s
[1–4]. Moreover, some of them with superior performances have been
technically applied in a variety of industrial areas including energy
storage capacitors, piezoelectric actuators, electrostrictive devices, and
so on [5–9]. Physics underlying the relaxor ferroelectrics has long been
a controversial topic in the study of ferroelectric materials. Generally,
the characteristics which distinguish the relaxor ferroelectrics from
normal ferroelectrics are the diffusive phase transition (DFT) and fre-
quency dispersion. Many different theories have been proposed to ex-
plain the special dielectric property of the relaxor ferroelectrics, such as
local compositional fluctuation, micro-macro domain, random field,

and so on [10–13]. As the developing of high resolution structural
analysis methods, polar nano regions are observed and generally ac-
cepted as the structural origin of the excellent electrical performance of
relaxor ferroelectrics [14–16].

Typical ′ ′′B BA O3 type relaxor ferroelectrics, like PMN and PSN, have
two different kinds of ions at the B-site of the perovskite structure
[17,18]. Thus, the B-site long range order structure is destructed due to
the different valences and ionic radius between B-site ions, resulting in
the formation of polar nano regions [19]. With the developing of re-
search, many novel relaxor ferroelectric solid solutions are discovered,
and their constitution can be described as ′ ′ ′ ′′ ′AA B B O3. Thus, both the A
and B-site long range order structure are destructed simultaneously,
leading to a stronger relaxation which means that the diffusive phase
transition takes place in a broader temperature range. These materials
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also have shown great potential in temperature stable dielectric and
energy storage capacitors [20–22].

Among the ′ ′ ′ ′′ ′AA B B O3 relaxor ferroelectrics, one class with special
dielectric behavior is focused here. In this kind of relaxor ferroelectric,
the compositional dependence of the Curie point (TC) changes in a “U”-
shaped curve. Reported solid solutions with such a unique behavior
include BaTiO3-Bi(Mg,Ti)O3, BaTiO3-BiFeO3 and BaTiO3-Pb(Mg1/3Nb2/
3)O3 [23–25]. Generally, TC is the temperature at which the long range
order structure disappears. When the A and B- site of the perovskite
structure are occupied by two or more different kinds of ions, the long
range order area shrinks, which results in a lower TC. However, the “U”-
shaped variation of TC in these special systems has not been discussed
thoroughly.

In addition, it worth noting that these relaxor ferroelectrics are
generally solid solutions of two different ferroelectrics or one ferro-
electric and one relaxor ferroelectric. Hence that, the Pb(Zn1/3Nb2/3)
O3-BaTiO3 solid solution is also expected to show a similar dielectric
behavior. Pb(Zn1/3Nb2/3)O3 is a typical relaxor ferroelectric with
rhombohedral perovskite structure at room temperature [26,27]. Single
perovskite structure can also be obtained in PZN-based solid solutions,
such as Pb(Zn1/3Nb2/3)O3-BaTiO3 (PZN-BT), Pb(Zn1/3Nb2/3)O3-SrTiO3

(PZN-ST), and Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT), and so on. BT, PT
and ST in these solid solutions are used to stabilize the phase structure.
Among these additives, BT is the most effective one to suppress the
formation of the pyrochlore phase [28–30]. It is also reported that the
PZN-BT system shows strong DPT behaviors [31]. Nevertheless, com-
positional dependence of the phase structure and dielectric property
has not been reported in the (1− x)PZN-xBT system.

In this work, we performed detailed investigation on the composi-
tional dependence of phase transition and polarization behaviors in the
PZN-BT system. On basis of the obtained results, we proposed a po-
larization mismatched model to explain the evolution of the relaxor and
ferroelectric state in the PZN-BT system.

2. Experimental procedure

The compositions selected for this study were (1–x)Pb(Zn1/3Nb2/3)
O3-xBaTiO3 (x=0.1–0.8). PbO (99.9%), ZnO (99.9%), Nb2O5 (99.9%),
TiO2 (99.9%) and BaCO3 (99.9%) were used as starting raw materials
(Sinopharm Chemical Reagent Co. Ltd, Shanghai, China). Ceramics
were prepared by means of a two-step columbite reaction method.
Firstly, ZnO and Nb2O5 mixed in 1:1 stoichiometric ratio were ball-
milled for 12 h. After drying, the mixtures were calcined at 1000 °C for
6 h. Then, the precursor was mixed with PbO, TiO2 and BaCO3 in
stoichiometric ratio and milled for 12 h. After drying, the powders were
pre-sintered at 900 °C for 2 h in a sealed Al2O3 crucible. The pre-sin-
tered powders were ball milled again and dried. The dried powders
were well mixed with a 5 wt% PVA binder, pressed into 12mm in
diameter and 1mm in thickness pellets under a pressure of 150MPa.
The binder was burnt out at 600 °C for 2 h in air. Finally, the samples
were sintered at temperature range from 1190 °C to 1350 °C in a sealed
Al2O3 crucible in case PbO evaporation from the pellets.

Phase structure of the ceramics samples was examined by X-ray
diffractometer (XRD, Rigaku D/Max-2400, Tokyo, Japan) using CuKα
radiation (λ=0.15406 nm) operating at 40 kV and 100mA. The mi-
crostructures of the ceramics samples were observed by using scanning
electron microscopy (SEM, FEI Quanta 250 FEG, Hillsboro, OR, USA).
Temperature-dependent dielectric spectra were measured by a LCR
meter (Agilent HP4284A, Santa Clara, CA, USA) with a frequency range
from 100 Hz to 100 kHz. Ferroelectric polarization-electric field (P-E)
hysteresis loops were measured at 1 Hz using a ferroelectric test system
(TF Analyzer 2000E, aixACCT, Aachen, Germany). The linear thermal
expansion has been measured in the temperature range 100–650 K
using the induction pushrod dilatometer Netzsch DIL-402C calibrated
with a silica glass as a standard. Measurements were performed in a

dynamical mode with heating and cooling rates of 2–3 °C/min in a flow
of dry helium (O2 concentration is about 0.05% of volume). The sample
loading was 30 cN.

3. Results and discussion

XRD patterns of the (1–x)PZN-xBT (x=0.1–0.8) with a scanning
angle from 20° to 70° are shown in Fig. 1(a). Pure perovskite structure
without any detectable pyrochlore phase can be seen in the XRD pat-
terns. In addition, no splitting of the (200) peak, corresponding to a
tetragonal symmetry, can be observed in Fig. 1(b). Therefore, the phase
structure should be pseudo-cubic perovskite structure. With the in-
creasing BT contents, diffraction peaks gradually shift toward higher
degree, indicating that the inter-planar spacing becomes wider and
wider.

Fig. 2 shows the SEM micrographs from the thermally etched sur-
face of PZN-BT ceramics. The etching condition is generally 200 °C
lower than the sintering temperature and for 15mins. It is found that
the samples exhibit dense microstructure and clear grain boundaries.
With the increasing BT contents, the average grain size decreases ob-
viously.

Fig. 3 shows the temperature dependence of the dielectric constant
(ɛ′(T)) and loss tangent (tanδ(Τ)) measured at 0.1, 1, 10, 50 and
100 kHz, respectively. It can be seen that all the PZN-BT compositions
exhibit obvious DPT. Meanwhile, the frequency dispersions in ɛ′(T) and
tanδ(Τ) are also observed, indicating the dielectric relaxation behaviors
in this system. Temperature dependence of ɛ′ (at 1 kHz) for composi-
tions with x=0.2–0.8 is shown in Fig. 4(a). For compositions with
0.5≤ x≤ 0.7, dielectric peaks are relatively broader. Correspondingly,
the maximum permittivity (ɛm) and Tm (at which the ɛmax is observed)
are also smaller. Fig. 4(b) shows the Tm and ɛm as a function of BT
contents in the (1–x)PZN-xBT system. Tm firstly decreases from 140 °C
at x=0 to − 117 °C at x=0.7, and then increases from − 117 °C at
x=0.7–120 °C at x=1.0. In another way, Tm changes in the form of a
“U” shaped curve. Generally, the dielectric relaxation behavior caused
by the addition of PZN in BT ceramics can be explained in terms of the
assumption proposed by Bokov et al. [14] According to their assump-
tion, a large difference in valence between B′ and B″ ions and small size
of A-site cation would increase the elastic drive toward ordering on B-
site in A(B′B″)O3 system, and the DPT becomes sharper by increasing
the B-site cation ordering. In this work, Pb2+ ion radii is smaller than
that of Ba2+ ion at the A-site, whereas both Zn2+ and Nb5+ ions radius
are smaller than that of Ti4+ ion at the B-site, resulting in the observed

Fig. 1. (a) XRD patterns of (1−x)PZN-xBT (x=0.1–0.8) ceramic samples with
a scanning angle from 20° to 70°. (b) Enlarged XRD patterns from 45.0° to 46.0°
of (1− x)PZN-xBT ceramics.

Q. Gao et al. Ceramics International 44 (2018) 18491–18498

18492



relaxation behavior.
For relaxor ferroelectrics, the relaxor nature is usually analyzed by a

modified Curie-Weiss law [32,33], which can be written as:

− = −
ε ε
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γ
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where ɛm is the maximum value of the dielectric permittivity, Tm is the
temperature corresponding to the ɛm, C is the Curie-like constant, and γ
is the degree of diffuseness. For γ=1, Eq. (1) is equivalent to the Curie-
Weiss law, indicating a normal ferroelectric. The fitting results by Eq.
(1) are shown in Fig. 5. Values of γ for (1− x)PZN-xBT (x=0.1–0.8)
are shown in Table 1. The γ value shows a small variation from 1.64 to
1.83, indicating that these compositions exhibit similar relaxation de-
gree. To further characterize the variation of relaxation degree in this
PZN-BT system, the new glass model is also used and can be described
as [34] (Fig. 6).
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where T0 is the ratio of the activation energy to the Boltzmann constant
κB, Tm is the temperature corresponding to the ɛm, ω0 is the character-
istic frequency, which is equal to 2πf. The value of parameter p can be
used to describe the dielectric relaxation strength (DRS) and relation
among normal ferroelectrics, relaxor ferroelectrics, the Debye medium
and glass. For relaxor ferroelectrics, p is always larger than 1, and in-
creases with the decreasing DRS. Logarithm of frequency (Inω) as a
function of reciprocal of temperature (1/T) and the fitting results by Eq.
(2) are shown in Fig. 7(a). All of the data show excellent fittings
(R2> 0.998 for all compositions). Fitting parameters p, Ea and ω0 ob-
tained from the fitting to the new glass model are summarized in
Table 2. It should be noted that all the parameters obtained for x=0.3
compositions are anomalous and unreasonable, although repeated ex-
periments were performed. Generally, the activation energy Ea de-
creases with the increasing BT concentration. Ea of studied composi-
tions are higher than that of 0.9PMN-0.1PT relaxor ferroelectrics
(Ea–0.046 eV) [35] and smaller than that of BaTiO3-BiSnO3

(Ea–0.25 eV) [19]. It is clear that the addition of PZN induces a shift
toward relaxor ferroelectrics on basis of the physical meaning of p. This
phenomenon is also in accordance with reports in other relaxor systems
[24,36].

ΔTm, which is used to characterize the degree of frequency disper-
sion in the frequency range from 100 Hz to 100 kHz, is defined as fol-
lows [37]:

= −ΔT T Tm m m(100 kHz) (100 Hz) (3)

where Tm (100kHz) and Tm (100Hz) are the temperature of dielectric peak
measured at 100 kHz and 100 Hz, respectively. Values of p and ΔTm as a
function of BT contents are shown in Fig. 7(a) and (b). It is indicated
that ΔTm changes in a similar way as that of parameter p. Thus, the new
glass model characterizes relaxor behavior of the PZN-BT system
properly.

Temperature dependence of thermal expansion coefficient (α) and
strain (ΔL/L), for samples with x=0.5–0.7, are presented in Fig. 8
(solid line). No clear characteristic of phase transition can be observed
for all the samples in the testing temperature range. In general, the
temperature-independent α (corresponding to a linear thermal expan-
sion) or weakly temperature-dependence α is expected in pure para-
electric states [38–40]. Burns temperature (TB) is defined as the tem-
perature at which remarkable deviation from such character of
behavior begins. To separate the regular and anomalous contributions
to the thermal expansion, two methods are usually used. Firstly, the
general approach is to approximate ΔL/L(T) data at high temperatures
(T > Tm) by a straight line [39,41]. However, this approximation is
poorly defined, especially for some cases where deviations from the
linear temperature-dependence ΔL/L(T) and variation of α(T) are de-
tected. The parameter α should approach zero as the temperature de-
creases. The relation between α and heat capacity within the Debye
model should also be considered. As weakly temperature-dependence α
is expected in a cubic phase (T > Tm ≈ Debye temperature θD), and it
is almost impossible to define θD by approximating the experimental
data. The average value of θD ≈ 432 K is adopted [45]. And the data
were approximated by the relation below [43].

= +α T aT bC T( ) ( ),L D (4)

where CD(T) is Debye model heat capacity, θD is Debye temperature, t is
the vibration frequency.
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Fig. 8(a) and (b) (dot line) indicate that the fitting is suitable in our
case. Values of θD were about 187 °C, 157 °C and 248 °C for x=0.5, 0.6

Fig. 2. SEM images of thermally etched surfaces of the (1− x)PZN-xBT ceramics sample with x=0.1–0.8, corresponding to (a)–(h). Thermal etching was performed
at 100 °C below the sintering temperature of PZN-BT ceramics for 30min.
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and 0.7 samples. Temperature dependence of anomalous Δα and Δ(ΔL/
L), for samples with x=0.5–0.7, are shown in Fig. 9(a) and (b). The
depletion point TB can be estimated from temperature dependency of
anomalous strain. And Tm can be defined from anomalous Δα(T). At the
temperature blow TB, temperature dependence of ΔL/L deviates from
linear behavior (characteristic of high temperature), which is con-
sidered as the onset of polar nanoregions (PNRs). Moreover, the

deviation of strain from classical theory also comes from the local
electrostriction effect of PNRs [42,44]. For all the compositions, TB
≈ 130 ± 50 °C, Tmax ≈ 270 K for x=0.5, and Tmax ≈ 220 K for
x=0.6. As for the x=0.7 sample, it is difficult to define the position of
Tm. In spite of their composition difference, samples (x=0.5–0.7)
possess similar TB value. This kind of composition independence of TB
value have been reported in other BT-based solid solutions, such as

Fig. 3. The dielectric constant and loss tangent as a function of temperature measured at 0.1, 1, 10, 50 and 100 kHzfor (1− x)PZN-xBT ceramic samples with
x=0.1–0.8, corresponding to (a)–(h).
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BaTiO3-BiSnO3, BaTiO3-BiScO3 [44,45].
Ferroelectric P-E hysteresis loops measured at room temperature

and 1 Hz for (1− x)PZN-xBT are shown in Fig. 10(a) and (b). The slim
hysteresis loop, which is a typical feature of relaxor ferroelectrics, can
be observed. Note that, only in the composition with x=0.1, the P-E
hysteresis loop shows a tendency towards saturation at a relatively low
field (~ 20 kV/cm). To better interpret the P-E hysteresis loops, I-E
loops of representative PZN-BT ceramics are provided and shown in
Fig. 10(c). The current peak corresponding to domain switching can be
clear seen in the I-E loop of 0.9PZN-0.1BT ceramic. As the BT content
increases, the current peak becomes weaker and weaker and cannot be
observed in the I-E loop of 0.4PZN-0.6BT ceramic. However, the current
peak appears again in 0.2PZN-0.8BT ceramic, although the peak is not
that clear and sharp. As discussed in Yan et al.'s work, the current has
contributions from the dielectric permittivity and domain switching.
Thus, the variation of I-E loops can also describe the change of domains
structures (or polar regions) in the PZN-BT system [46,47]. Fig. 10(d)
shows the Pr and Ec as a function of the BT content summarized at room
temperature and at 1 Hz. With the increasing BT contents, the Pr and Ec
also change in the form of “U” curve. This phenomenon may be related
to the variation of ΔTm, which is used to characterize the degree of
frequency dispersion, as shown in Fig. 7(b). It is reasonable to infer that
the variation of hysteresis behavior derives from the disorder in the

structure due to the substitution of the Ba2+ by Pb2+ and Ti4+ by Zn2+

and Nb5+.
In general, the PZN-BT ceramics show interesting dielectric re-

laxation and phase transition behaviors, where the Tm, Pr, and Ec
change in the form of a “U” shaped curve with the increasing BT con-
tents. As is known, the ferroelectricity of PZN mainly comes from the
ordering of electronic and ionic coupling between A-site and O-site (A-
O coupling), while that of BT mainly comes from the B-O coupling
[48,49]. As BT is introduced to PZN, the A-O ordering may be disrupted
by the A-site Ba2+ ions doping, leading to the decreased Tm. On the
other hand, the B-O ordering is also affected by the B-site zinc and
niobium ions doping. Thus, neither A-O ordering nor B-O ordering can
be established in the intermediate compositions. Or in another words,
the polarization mismatch happens. This explanation on the relaxation
behaviors has similarity with the previous concept “nano phase se-
paration” proposed in the same material system by Wang et al. [32,33].
The main difference is that the fluctuation of polarization and

Fig. 4. Variation of dielectric constant (1 kHz) with temperature in the (a) for (1–x)PZN-xBT compositions, x=0.2–0.8. Tm and ɛm vs. composition in the (b) for (1–x)
PZN-xBT, x=0.1–0.8, at 1 kHz, where the data for pure PZN and BT are from Ref. [28].

Fig. 5. (Dot lines) Processed dielectric constant [ln(1/ɛ− 1/ɛm)] as a function of logarithm of temperature [ln(T− Tm)] at 1 kHz for (1− x)PZN-xBT, where
x=0.1–0.8, corresponding to (a)–(h). Solid lines are the fittings to the Eq. (1), for (1− x)PZN-xBT: x=0.1–0.8, corresponding to (a)–(h).

Table 1
The value of γ obtained from the fit to the Eq. (1) for (1− x)PZN-xBT system.

x 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
γ 1.81 1.64 1.89 1.65 1.79 1.82 1.71 1.83
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Fig. 6. (Scatter dots) Logarithm of frequency (lnω) as a function of reciprocal of temperature (1/T) for (1− x)PZN-xBT, where x=0.1–0.8, corresponding to (a)–(h).
Solid lines are the fittings to the Eq. (2), for (1− x)PZN-xBT ceramic samples with x=0.1–0.8, corresponding to (a)–(h).

Fig. 7. Variation of p in the (a) and ΔTm, where ΔTm = ΔTm (100kHz)-ΔTm (100Hz), in the (b) vs. composition in PZN-BT system.

Table 2
P, Ea and ω0 obtained from the fit to the new glass model for (1− x)PZN-xBT system.

x 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
p 9.77 5.66 8.20 2.20 2.26 1.81 2.43 4.03
Ea (eV) 0.31 0.238 0.0427 0.14 0.11 0.11 0.12 0.076
ω0 (Hz) 1.79× 1010 4.6× 109 6.3× 106 2.9× 1013 2.4× 1012 1.9×1013 1.9× 1012 1.5×1011

Fig. 8. Temperature dependence of thermal expansion coefficient α (a) and strain ΔL/L (b) for (1-x)PZN-xBT ceramics, (0.5≤ x≤ 0.7). Solid lines are experimental
data and dot lines are approximated by Eq. (4).
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ferroelectric order, rather than chemical composition, is emphasized
here. The polarization mismatches frustrate the long range ferroelectric
order by cross occupying in both A-site and B-sites. On microscopic
scale, local regions at nanometer scale fluctuate in composition and
consequently, in polarization. This structural feature leads to peculiar
characteristics, such as low Tm, broadened dielectric peak and slim
hysteresis loop. Similar phenomena can also be observed in bismuth
based solid solution systems, including BMT-BT [20,21], BMN-BT [24]
and BS-BT [18,19]. The common features of these material systems may
also arise from polarization mismatches. A sharp contrast can be ob-
served for the above materials systems if replace BT with PT, where
normal ferroelectric such as PMN-PT and PZN-PT, BF-PT, BS-PT appear.
The disappearance of the“U”shape curve is due to the A-O coupling in
PT where polarization mismatches cannot be established. This phe-
nomenon also proves our theory of polarization mismatches.

In fact, there are also other mechanisms that explain the enhance-
ment of the relaxor properties when Pb2+ is replaced by Ba2+ reported
by many researchers [50–53]. Generally, these literatures focus on the
effect of Ba2+ on the destruction of the long range order structure in
ferroelectric ceramics. With the increasing Ba2+ concentration,

transition from normal ferroelectric phase to relaxor ferroelectric phase
and paraelectric phase is shown in the Pb(1–x)Bax(Mg1/3Nb2/3)m(Zn1/
3Nb2/3)y(Ni1/3Nb2/3)nTizO3(x=0–0.15,m,n,y) ceramics. In the PZN-BT
system discussed in this paper, such variation can also be obtained in
compositions with BT content lower than 0.6. While, the re-establish-
ment of the long range order is visualized when higher BT is added,
which is not discussed in these literatures. Actually, the proposed po-
larization mismatched model stress on the destruction of long range
order caused by the ionic substitutions on A- and B- site of the per-
ovskite structure. As far as we know, solid solutions with such a po-
larization mismatched behavior are quite common, while explicit ex-
planations are not given yet.

4. Conclusions

In this work, the composition dependence of the properties of (1–x)
PZN-xBT solid solutions (x= 0.1–0.8), including the dielectric constant
and loss tangent, thermal expansion coefficient, and P-E hysteresis
loops were studied systematically. The ɛm, Tm, p, Pr, and Ec all change in
form of “U” shape curves with respect to the increasing BT contents.

Fig. 9. Temperature dependence of anomalous thermal expansion coefficient Δα in the (a) and strain ΔL/L in the (b) for (1-x)PZN-xBT ceramics, (0.5≤ x≤ 0.7).

Fig. 10. (a) and (b) P-E hysteresis loops
of PZN-BT ceramics measured at am-
bient temperature with a triangular
wave form at 1 Hz. (c) I-E loops of re-
presentative PZN-BT ceramics (d) the
remnant polarization (Pr) and coercive
field (Ec) summarized at room tem-
perature and 1 Hz as a function of BT
content for (1-x)PZN-xBT ceramics,
(0.2≤ x≤ 0.8).
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Normal B-O coupling ferroelectric BT is doped into the A-O coupling
relaxor ferroelectric PZN, leading to an existing relaxor ferroelectric
(1–x)PZN-xBT with complex local coupling conditions. A polarization
mismatch model is proposed to illustrate the underlying mechanism,
which ascribes the “U” shape curve to the frustration and re-estab-
lishment of polarization.
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