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LETTER TO THE EDITOR

Dielectric and resonance frequency investigations of phase
transitions in Nb-doped PZT95/5 and 75/25 ceramics

X L Dong† and S Kojima
Institute of Applied Physics, University of Tsukuba, Tsukuba, Ibaraki, 305, Japan

Received 20 December 1996

Abstract. The low-temperature–high-temperature rhombohedral-ferroelectric phase transition
(FR(LT)–FR(HT)) and the rhombohedral-ferroelectric–cubic-paraelectric(FR(HT)–PE) phase
transition in Nb-doped Pb(Zr1−xTix)O3 ceramics (x = 0.05 and 0.25) were investigated using
dielectric and resonance frequency measurements. The dielectric behaviour in PZT(Nb)95/5 is
found to obey the Curie–Weiss law aboveTc, while that of PZT(Nb)75/25 deviates from the linear
Curie–Weiss law in a temperature range of∼50 K aboveTc, and can be described by the relation
1/ε ∼ (T−Tc)γ with the exponentγ in the range 1< γ < 2. Dielectric dispersions are observed
in the rhombohedral-ferroelectric region for both compositions. Dielectric anomalies and thermal
hysteresis are observed in PZT(Nb)95/5; in contrast, no anomaly appears in PZT(Nb)75/25.
Around the FR(LT)–FR(HT) phase boundary region, the temperature dependences of the
resonance frequencies for both compositions show remarkable anomalies. The piezoelectric
constantd31 of PZT(Nb)95/5 rapidly decreases, but that of PZT(Nb)75/25 gradually increases.
These results are discussed on the basis of the coupling of M-type and R-type oxygen octahedra
tilts to the polarization and strain.

In the Zr-rich compositional region(0.05 < x < 0.35) of the solid solutions of lead
zirconate titanate, Pb(Zr1−xTix)O3 (PZT) [1], there exist two phase transitions, namely the
low-temperature–high-temperature rhombohedral-ferroelectric transition(FR(LT)–FR(HT))
and the rhombohedral-ferroelectric–cubic-paraelectric transition (FR(HT)–PE). Both types
of phase transition have attracted much attention owing to the considerable interest in the
applications and theory. The FR(HT)–PE phase transition of the end member PbZrO3 has
a well defined first-order character [2, 3]. The degree of first-order character has been
shown to decrease in going from PbZrO3 to PZT94/6, whereupon a tricritical point occurs
and the transition changes to a second-order one [4, 5]. The second-order behaviour was
found to exist from PZT94/6 to at least PZT88/12. The compositions with Zr/Ti ratios of
65/35 or close to it show a strongly diffuse phase transition [6, 7], and a glassy polarization
model was recently proposed [8, 9]. However, in the composition range from Zr/Ti ratio
65/35 to 90/10, the experimental data have not been sufficient to clarify the character of the
FR(HT)–PE phase transition.

The FR(HT)–FR(LT) phase transition of the PZT system has been characterized by
different experimental methods. Barnett [10] first reported an anomaly in the dielectric loss,
a pyroelectric charge release, and a thermal expansion strain at the phase transition point in
1 wt% Nb2O5-doped PZT96/4 ceramics. Clarkeet al [11, 12] observed a discontinuity in
the spontaneous polarization(Ps), the oxygen octahedron tilt angle(θ), and the strain(ζ )
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for PZT90/10 near the FR(HT)–FR(LT) phase boundary via temperature-dependent neutron
powder diffraction. Considering the coupling between the spontaneous polarization and the
oxygen octahedon tilt angle, Halemaneet al [13] developed a phenomenological theory
to describe the FR(HT)–FR(LT) phase transition. On the other hand, pyroelectric devices
such as infrared detectors and Vidicons have been made of doped PZT ceramics with high
Zr content(z < 0.05), for which the pyroelectric coefficient of the FR(HT)–FR(LT) phase
transition is very large and the dielectric constant is low. However, most papers have been
on the compositions with Zr/Ti > 90/10. In the case where Zr/Ti < 90/10, no anomaly
in the dielectric, pyroelectric, and thermal properties was detected within experimental
accuracy. Only pronounced anomalies in the resonance frequency and longitudinal sound
velocity were observed through the FR(HT)–FR(LT) phase transition in PZSnT [14] and
PLZTx/65/35 ceramics [15], which suggested that the FR(HT)–FR(LT) phase transition
characteristics are significantly changed over the rhombohedral phase region.

In the present study, special attention was paid to the characteristics of the FR(HT)–PE
and FR(HT)–FR(LT) phase transitions of PZT ceramics with Zr/Ti < 90/10. To make a
comparison, investigations for the case where Zr/Ti > 90/10 were also performed.

The two typical 1 wt% Nb2O5-doped Pb(Zr1−xTix)O3 compositions withx = 0.05 and
x = 0.25 were chosen for study; these are denoted as PZT(Nb)95/5 and PZT(Nb)75/25,
respectively. The ceramic samples were prepared by a conventional mixed-oxide method
using high-purity oxide powders. The mixtures were calcined at 850◦C for 2 h; the green
bodies were then sintered at 1290–1330◦C for 1 h in acontrolled PbO atmosphere. Disc-
like specimens were cut and polished to dimensions of Ø 15× 1 mm. Silver electrodes
were painted onto the parallel surfaces. The samples were poled under a DC electric field
of 2 kV mm−1 at 120◦C in silicon oil for ten minutes.

Figure 1. The inverse dielectric constant as a function of temperature for PZT(Nb)95/5 ceramics
at frequencies of 1, 10, 100 and 800 kHz from bottom to top. The inset shows the thermal
hysteresis at low temperature.

The complex dielectric constant was measured in the frequency range from 1 kHz
to 1 MHz using HIOKI 3530 LCR HiTester; the data were automatically acquired using
a computer at heating and cooling rates of 1◦C min−1. The resonance frequencies were
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Figure 2. The inverse dielectric constant as a function of temperature for PZT(Nb)75/25
ceramics at frequencies of 1, 10, 100 and 800 kHZ from bottom to top. The inset shows
the deviation from Curie–Weiss behaviour aboveTc; the solid line is the result of a fitting to
equation (1), and the dashed line shows the Curie–Weiss behaviour determined in the higher-
temperature region.

measured using the resonance–antiresonance method with a Solartron 1260 Impedance Gain-
Phase Analyzer with a maximum frequency 32 MHz. To ensure thermal equilibrium, the
samples were kept for at least 20 min at each measuring temperature.

Figures 1 and 2 show the temperature dependences of the inverse dielectric constants
of PZT(Nb)95/5 and PZT(Nb)75/25 at frequencies of 1, 10, 100 and 800 kHz. The inverse
dielectric constants show minima at 476 K for PZT(Nb)95/5 and 543 K for PZT(Nb)75/25,
corresponding to the FR(HT)–PE phase transition. The dielectric response of PZT(Nb)95/5
exhibits Curie–Weiss behaviour aboveTc, and no frequency dispersion occurs in the vicinity
of Tc or in the paraelectric phase (PE). The ratio of the slope d(ε−1)/dT just belowTc to
that just aboveTc is about−2.5, which is a value intermediate between−4 (that for the
first-order phase transition) and−2 (that for the second-order phase transition). Thus it
is difficult to identify the order of the FR(HT)–PE phase transition. On the other hand,
on the basis of the discontinuity of the inverse dielectric constant immediately belowTc
and a small thermal hysteresis (data not shown), the FR(HT)–PE phase transition can be
considered to be a weakly first-order feature. The difference between the experimental and
theoretical ratios of the slopes of the inverse dielectric constant may be due to the imperfect
nature of the ceramic samples.

In PZT(Nb)75/25, the deviation from linear Curie–Weiss behaviour(1/ε ∼ T − Tc)
is clearly observed in a temperature interval of∼50 K aboveTc, as seen in the inset of
figure 2. At higher temperature, Curie–Weiss behaviour is observed. Compared with that
for classical ferroelectric materials, the extrapolated Curie temperature(T0) is higher than
the temperature at which the dielectric constant is at its maximum. These results are taken
to suggest the existence of relaxation in the temperature region.

From figure 3, which shows the frequency dependence of the dielectric constant of
PZT(Nb)75/25 nearTc, the relaxation character is further evident. Although sharp peaks
of the dielectric constant appear and the Curie temperatureTc does not obviously shift
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Figure 3. The dielectric constant as a function of temperature for PZT(Nb)75/25 nearTc at
frequencies of 1, 2, 4, 10 and 100 kHz from top to bottom.

with frequency within the measuring frequency range, a slight frequency dispersion occurs
near to and aboveTc, and the peak of the dielectric constant shows a broadening with
increasing frequency. This behaviour is very similar to that observed in low-La-content
doped PZT65/35 ceramic [16, 17], which is a well known relaxor material. Though at
present there is not sufficient evidence to suggest that PZT(Nb)75/25 is itself a relaxor,
recently high-frequency dielectric relaxation was observed in the PE phase of Zr-rich PZT
single crystals and ceramics, even with Zr/Ti ratios up to 97/3 [18, 19]; this means that
some kinds of relaxation do occur in Zr-rich PZT materials.

Several models have been proposed for interpreting the relaxation phenomenon [20–23].
Smolensky [24] modelled the deviation from Curie–Weiss behaviour using the compositional
heterogeneity model predicting aT − Tc relationship:

1

ε
= 1

εm
+ (T − Tc)

γ

C
(1)

whereTc is the temperature at whichε is at its maximum value,εm; alsoC is a constant,
andγ (1< γ < 2) is a composition-dependent parameter. The inset in figure 2 also shows
the result obtained by fitting the experimental data above Tc to equation (1) (as a solid
line). It is clear that equation (1) is valid over a temperature range of at least 80–100 K
aboveTc. In general,γ andC are dependent on the temperature range modelled and the
measurement frequency. In the case of a temperature interval of 100 K and a measuring
frequency of 10 kHz,C = 2.65× 106, and γ = 1.5; this latter is a value intermediate
betweenγ = 1 (that for normal Curie–Weiss behaviour) andγ = 2 (that for a classical
diffuse phase transition). Although ceramic materials are homogeneous on a macroscale,
the occurrence of compositional fluctuations on a microscopic scale is beyond any doubt for
solid solutions like PZT. Therefore it is reasonable to suppose that the relaxation behaviour
is related to microscopic compositional inhomogeneity. This heterogeneity is believed to
arise due to a positional disorder of the A- and/or B-site cations, and/or disorder of the tilts
of the oxygen octahedra.

At low temperature, an anomaly in the dielectric response is observed for PZT(Nb)95/5
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at 333 K, as seen in the inset of figure 1, which corresponds to the FR(LT)–FR(HT)
phase transition; and a significant thermal hysteresis indicates a first-order phase transition.
However, no dielectric anomaly occurs in PZT(Nb)75/25. Recently Daiet al [25]
characterized the presence of R-type and M-type oxygen octahedra tilts in the Zr-rich
PZT system by selected-area electron diffraction (SEAD) investigations. Various oxygen
octahedra tilts related to PZT(Nb)95/5 and 75/25 are shown in table 1.

Table 1. Oxygen octahedra tilts in different phase regions of PZT(Nb)95/5 and PZT(Nb)75/25.

Phases PZT(Nb)95/5 PZT(Nb)75/25

PE Disordered R-type Disordered R-type
Disordered M-type

FR(HT) Disordered R-type Disordered R-type
Ordered M-type

FR(LT) Ordered R-type Ordered R-type

Obviously, the FR(LT)–FR(HT) phase transition in PZT(Nb)95/5 is associated with two
kinds of transition, i.e. the transitions from ordered R-type to disordered R-type tilts and
from ordered R-type to ordered M-type tilts, while that in PZT(Nb)75/25 is only related to
the former transition. Because the dielectric anomaly in the ferroelectric phase transition
cannot be driven by pure nonpolar R mode and/or M modes, M-type tilts coupling to the
polarization probably play a dominant role in the dielectric response; consequently there is
a dielectric anomaly in PZT(Nb)95/5 and no change in PZT(Nb)75/25.

Figure 4. The temperature dependence of the resonance frequencyfr of PZT(Nb)95/5 and
PZT(Nb)75/25.

In the low- and high-temperature rhombohedral phase regions, remarkable dielectric
dispersions are observed for both compositions in figures 1 and 2. The degree of dielectric
dispersion does not change remarkably with the variation of the Zr/Ti ratio. Hassanet al
[19] attributed the dielectric dispersion to the influence of the silver electrodes. In the
present experiments, the dielectric dispersions also appear after annealing samples at 450◦C
for 4 h. A similar phenomenon was reported for pure PZT ceramics with sputtered gold
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electrodes. Therefore the influence of the silver electrodes is highly questionable. A possible
explanation is that the dielectric dispersion belowTc is due to the R-type tilts coupling to
the polarization.

Figure 5. The temperature dependences of the piezoelectric constantd31 of PZT(Nb)95/5 and
that of PZT(Nb)75/25.

Figure 4 shows the temperature dependence of the resonance frequencyfr of the radial-
extension vibration mode of PZT(Nb)95/5 and PZT(Nb)75/25 in the heating process. It
is found that the variations of the resonance frequencies with temperature are similar for
the two compositions.fr decreases gradually in the FR(LT) and FR(HT) phase regions
and increases greatly through the FR(LT)–FR(HT) phase transition region. This indicates
that for this transition the elastic property is more sensitive to an order–disorder R-type-tilt
transition than the dielectric property. PZT(Nb)95/5 exhibits an abrupt increase offr at
the phase transition point, while the change offr for PZT(Nb)75/25 occurs gradually over
a relatively wide temperature range of∼24 K; thus it is difficult to accurately determine
the phase transition temperature. And it is revealed that PZT(Nb)75/25 exhibits a diffuse
FR(LT)–FR(HT) phase transition, which is probably associated with the transition between
ordered R-type and disordered R-type tilts.

Figure 5 shows the temperature dependences of the piezoelectric constantd31 of
PZT(Nb)95/5 and that of PZT(Nb)75/25.d31 is expressed as follows:

d31 = kp
√
εT33S

E
11

/√ 2

1− σ (2)

where εT33 is the dielectric constant, and the electromechanical coupling factor of the
radial modekp, the elastic constantSE11, and Poisson’s ratioσ can be derived from the
resonance frequency,fr, fa, andfs1. Around the FR(LT)–FR(HT) phase transition region,
PZT(Nb)95/5 exhibits a remarkable decrease(∼40%) in d31—whereas no obvious anomaly
is observed for PZT(Nb)75/25, andd31 increases gradually with the increase of temperature.
This indicates that the temperature-induced strain shows an abruptness in PZT(Nb)95/5 and
a gradual change in PZT(Nb)75/25 through the phase transition. As the strain is related to
the tilt angle and deformation of the oxygen octahedra, our results are consistent with those
obtained by neutron powder diffraction for pure PZT90/10 and 75/25 [11, 26], and further
reveal that the FR(LT)–FR(HT) phase transition is a first-order feature for PZT(Nb)95/5 and
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diffuse for PZT(Nb)75/25.
In conclusion, investigations on the structural phase transitions of Zr-rich PZT ceramics

have been performed via dielectric and resonance frequency measurements. Differences
between PZT(Nb)95/5 and PZT(Nb)75/25 as regards the nature of the phase transitions
were observed. The FR(HT)–PE phase transition of PZT(Nb)95/5 was confirmed to be
a weakly first-order feature, whereas for PZT(Nb)75/25 a weak dielectric relaxation was
observed aboveTc which obeys the extended Curie–Weiss law. This relaxation is related
to microscopic compositional inhomogeneity and/or the disorder of the oxygen octahedra
tilts in the PE phase. A dielectric anomaly and thermal hysteresis in the FR(LT)–FR(HT)
phase transition were detected for PZT(Nb)95/5, but no dielectric anomaly was detected for
PZT(Nb)75/25; this may be due to the effect of M-type tilts.

For both compositions, dielectric dispersions were observed for the rhombohedral
ferroelectric phases; this is attributed to the R-type and M-type tilts coupling to the
polarization. Large anomalies of the resonance frequency were detected through the FR(LT)–
FR(HT) phase region, but the anomaly ofd31 appeared for PZT(Nb)95/5 and not for
PZT(Nb)75/25.
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