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Abstract

Accurate impedance measurements on differently sized samples of lead–zirconate–titanate (PbZr0.53Ti0.47O3, PZT) have been analyzed

with a CNLS procedure, resulting in the separation of the ionic and electronic conductivities over a temperature range from f 150 to 630

jC. At 603 jC the electronic conductivity shows approximately a (PO2
)1/4 dependence, while the ionic conductivity remains constant. Below

the Curie transition temperature the oxygen non-stoichiometry becomes frozen-in and the conductivities are strongly dependent on the

sample history with respect to temperature sequence and ambient PO2
. A tentative interpretation assumes defect association, i.e. formation of

neutral [VPbU –VO

SS

]� complexes, and electron-hole transfer between lead sites and lead vacancies to control the oxygen ion conductivity in the

tetragonal phase.

Annealing PZT-based devices at about 600 jC under low oxygen pressure (f 1 Pa oxygen) effectively decreases the low temperature

electronic conductivity by a factor of 100 and the ionic conductivity by a factor of 10–15 with respect to normal air processing.

D 2004 Elsevier B.V. All rights reserved.
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Keywords: PZT; Mixed electronic ionic conductor (MIEC); Diffusion; Ferroelectric material; Impedance analysis

1. Introduction temperatures. They considered the lead centers to act as deep
Lead–zirconate–titanate (PbZr0.53Ti0.47O3, short: PZT)

is a well-known ferro-electric material with a high dielectric

constant, high polarization and low coercive field [1]. It has

potential for application as capacitor material or in thin film

memory devices. It was recently found that introduction of a

well dispersed highly conducting second phase (e.g. Pt) in

PZT can lead to a significant enhancement in the dielectric

constant [2,3].

At room temperature PZT is an almost pure dielectric

material with a (total) conductivity of less than 10� 15 S

cm� 1. Above about 150 jC the conductivity becomes

appreciable, but there still exists some doubt about the type

of conductivity. For quenched samples Raymond and Smyth

[4] suggested a predominantly ionic conductivity at low
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traps for electron holes:

h� þ Pb�PbVPb�Pb ð1Þ

resulting in a high activation energy for the electronic

conduction. In this publication the well-known Kröger-Vink

notation for crystal defects is used. Prisedsky et al. [5] studied

the conductivity and Seebeck coefficient of PZT between 600

and 1000 jC as function of PO2
. The PbO partial pressure was

controlled by either a two-phase mixture of PZT and PbO

(PbO-rich) or PZT and ZrO2 (PbO-poor). Their main con-

clusions were that lead and oxygen vacancies formed the

majority defects. In the PO2
range from 10 to 100 kPa the

electro-neutrality condition would be presented by:

2½VPbW � ¼ 2½V��O � þ h� ð2Þ

with [VO
SS

]Hh
S

. The p-type electronic conductivity showed

a (PO2
)1/4 dependence and was assigned to small polaron

hopping. Leveling off of the logr–logPO2
plot at the low

PO2
side indicated ionic conductivity. Nonaka et al. [6]

studied the influence of Pb-deficiency on the photovoltaic
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properties and on the electronic conductivity of PZT (with

Zr/Ti molar ratio 0.5/0.5). A strong increase in the con-

ductivity was observed when the Pb/(Zr + Ti) molar ratio

fell below 1.

Few impedance studies have been performed on PZT and

related compositions. Las et al. [7] have studied the influ-

ence of the calcining and sintering temperatures on the

electrical properties of PZT. The impedance spectra were

interpreted in terms of electronic conduction hindered by a

grain boundary effect. Peláiz Barranco et al. [8] investigated

lanthanum doped PZT using impedance spectroscopy. The

CNLS-analysis, however, did not yield a clear separation

between ionic and electronic conductivity. They also studied

the complex PZT-PbCuNbO3 system [9], but here the

frequency dispersion was analyzed with a simple (RC)

circuit, which showed a rather poor match with the exper-

imental dispersion.

In order to understand the conductive processes in the

dual phase PZT/Pt compounds [2,3] knowledge of the

conduction and, hence, of the defect chemistry in pure PZT

is essential. Therefore we performed an impedance study of

the conductivity of PZT in the temperature range from 20 to

650 jC and as function of PO at selected temperatures.

2

2. Experimental procedure

2.1. Sample preparation

The samples were prepared from commercial PZT pow-

der (TRS Ceramics, State College, PA, USA) with a Zr/Ti

ratio of 53:47. The composition of the starting powder was

analyzed with Röntgen fluorescence analysis (XRF, Philips

PW 1480). The powder was pressed into pellets with a

diameter of 10 mm, first by uniaxial pressing, followed by

isostatic pressing at 4000 MPa. The samples were sintered

in air at 1150 jC for 2 h. The samples were embedded in

PbTiO3 powder in a closed Pt crucible in order to minimize

loss of Pb during sintering. The phase purity of the samples

was checked with XRD (Philips X’Pert APD). Afterwards

the samples were cut to size (cylinders of about 8.0 mm

diameter and with a thickness between 1 and 3 mm). The

flat surfaces were polished with diamond paste.

Extensive measurements were performed on two samples

with different thickness. A thick sample, noted further on as

‘large’ or [L] which was 2.95 mm thick, and a thin sample,

noted further on as ‘small’ or [S] which was 1.0 mm thick.

Both samples had a diameter of 8.05 mm. The density of all

samples was 98–99% of the theoretical density. The aver-

age grain size was in the range 5–10 Am.

2.2. Impedance measurements

In order to be able to distinguish between the ionic and

electronic contributions to the total conduction, dense thin

gold electrodes were deposited on both sides of the samples
by dc-sputtering. As it was observed that the thin sputtered

electrodes were not stable at 500–600 jC, the thermal

stability, and hence the lateral conduction, of the gold

electrodes was improved by applying additional gold paint

layers, which were cured at 700 jC. Comparison with

samples with only sputtered electrodes indicated that the

700 jC cure had no effect on the properties. In previous

studies [10–12] it has been shown that gold has little

activity towards oxygen dissociation, and hence behaves

as a more or less blocking electrode for the ionic conduction

path. The use of two samples with identical cross section but

different thickness can allow distinction between bulk and

interface responses [12]. In the conductivity cell, both

samples were placed adjacent to each other between gold

electrodes, sharing a central gold electrode. This ensured

that measurements on both samples were carried out at

identical temperature and ambient.

The oxygen partial pressure was regulated between 1 Pa

(f 10� 5 atm) and 75 kPa (0.75 atm) using two gas-flow

controllers. Nitrogen was used as balance gas. The actual

oxygen partial pressure was measured directly at the vent of

the conductivity cell with an oxygen sensor (Systech, model

ZR 893/4). For most measurements an 80/20 N2/O2 mixture

was used.

Impedance data were collected in the frequency range 0.1

Hz to 65 kHz using a frequency response analyzer (Solartron

1250) in combination with high impedance differential pre-

amplifiers. After each temperature or PO2
change, the samples

were allowed to equilibrate for a substantial amount of time.

An amplitude of 50 mV (rms) was used. The impedance data

were validated using a specially developed Kramers-Kronig

test program [13] and subsequently analyzed with the CNLS-

fit program ‘Equivalent Circuit’ [14,15].

2.3. Measurement sequence

The two samples (large and small) were slowly heated in

a 80/20 N2:O2 gas stream to 603 jC. At this temperature the

PO2
dependence of the impedance was measured. Next the

impedances were measured as function of temperature down

to 200 jC in the same gas mixture. In order to allow the

samples to equilibrate with the ambient a waiting time of

minimal 3- to 4 h was observed before the next set of

impedance spectra was acquired.

Next, spectra were measured up to 360 jC, again in a

80:20 N2/O2 flow. At 360 jC the apparent PO2
dependence

was surveyed. The PO2
was stepped from 20 kPa (f 0.2 atm)

down to 1 Pa (10� 5 atm) by passing only nitrogen. Impe-

dances were measured as function of time over a period of 2

weeks. Two steps with increasing PO2
were executed while

the time dependences of the impedances were recorded.

Subsequently, the temperature was slowly increased to

603 jC and a few PO2
dependencies were recorded down to

a PO2
of f 1 Pa (nitrogen flow). At this point the samples

were rapidly cooled down to room temperature by placing

the measurement cell outside of the furnace. Finally the
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impedances were recorded as a function of temperature in a

PO2
of f 1 Pa, using a nitrogen gas flow.
3. Results

3.1. Sample purity

The XRF analysis showed for the starting powder a

composition of Pb0.98Zr0.53Ti0.47O3. Hafnium was found as

the major impurity (0.4 wt.% HfO2). Hafnium is a normal

companion of zirconium and is generally assumed to have

the same properties as zirconium in most compositions. A

small amount of iron was also detected, about 2� 10� 3

wt.% Fe2O3. Al, Mg, Na and Si were not found, but the

limit of detection is rather insensitive (respectively 0.13,

0.25, 0.4 and 0.1 wt.%, based on the oxides). XRD-

analysis at room temperature showed for the sintered

samples only peaks of tetragonal PZT.
4. Data analysis

The impedance spectra measured in air showed gener-

ally a large, somewhat depressed semicircle with a clear dc

point representing the electronic resistance, Rel. Depending

on temperature and PO2
an extra semicircle contribution

becomes visible at low frequencies. A series of frequency

dispersions for both large and small sample is presented in

the impedance representation in Fig. 1. The data, which

have been measured from 603 jC down to room temper-

ature, have been corrected for sample dimensions. Below

about 150 jC the dispersion becomes capacitive in nature,

it is no longer possible to extract the dc-resistance with

acceptable accuracy from the measured dispersions.

The CNLS-fit analysis of the high temperature data for

PO2
values above 1 kPa resulted in a simple equivalent

circuit: a parallel combination of the dielectric CPE re-

sponse, Qdiel, the electronic resistance, Rel, and the blocked

ionic path presented by Rion and a CPE, resulting in a simple

circuit description code or CDC [15]: (QdielRel[RionQblock])
1.

The schematic equivalent circuit is presented in Fig. 2A.

The other measurements required a more complex equiva-

lent circuit, in many instances the circuit of Fig. 2B gave an

excellent match to the data. In this case an extra (RQ)

circuit, which is tentatively assigned to grain boundary

dispersion, was included in the ionic path, CDC: (QdielRel

[Rion(RgbQgb)Qblock]).

In a number of cases (especially in N2 atmosphere) the

assumed interface dispersion needed to be modeled with a

Randles type circuit, as indicated by Fig. 2C. Despite the
1 In addition to the circuit description code presented in Ref. [15], the

square brackets indicate a series arrangement, the parenthesis only a parallel

arrangement.
complexity of this equivalent circuit, the parameters obtained

with it showed, as function of temperature, a clear trend with

little scatter. Fig. 3 presents the deconvolution of such a

typical data set. Fig. 3A shows the measured impedance

together with the CNLS-fit, the insert represents the relative

residuals of the fit [13,14]. After subtraction of the dielectric

dispersion, Qdiel, and the electronic resistance, Rel, the entire

ionic path is revealed in Fig. 3B. Here the insert magnifies

the high frequency region, indicating another dispersion.

Subsequent subtraction of the electrode response (Randles

circuit) leaves the bulk ionic contribution, Fig. 3C, tenta-

tively interpreted with Rion(RgbQgb). Isolating the electrode

response and subtracting the parallel double layer capaci-

tance, Cdl, clearly reveals the Warburg contribution and the

charge transfer resistance in Fig. 3D. For clarity the param-

eters obtained from the overall CNLS-analysis have been

used in the subtraction processes. These parameter values

and error estimates are presented in Table 1. It is quite

remarkable that with this complex circuit (Fig. 2C) and the

rather featureless dispersion of Fig. 3A such low error

estimates are obtained. The full interpretation of the

CNLS-analysis will be presented in the discussion section.

4.1. Dielectric constant

The phase transformation from low temperature tetrago-

nal to cubic above the Curie transition is marked by a large

peak in the dielectric constant. At temperatures below

f 150 jC the dielectric response is purely capacitive, but

with increasing temperature the CNLS-analysis yields a

CPE type response:

Y ðxÞ ¼ Y0ðjxÞn ð3Þ

with the frequency power, n, steadily decreasing from

almost 1 at room temperature to about n = 0.7–0.8 above

TC. Calculating ereal from Eq. (3) yields considerable scatter

in the ereal–T plot. A much better approach is including the

frequency exponent in the pre-factor Y0:

ereal ¼
Y
1=n
0 �d
A�e0 ð4Þ

Using this equation a clear peak in the dielectric response

around the Curie point at 400 jC is observed, see Fig. 4.

The dielectric response was found to be independent of the

oxidation state of the samples. An identical response is

observed in N2 ambient (open symbols at 1.1 Pa oxygen).

Using expression (4) for the dielectric constant the Curie–

Weiss law is obeyed over a temperature range from 400 to

f 520 jC, as is demonstrated with the e� 1 versus T plot

shown as insert in Fig. 4. It should be noted, however, that a

more complex theory might be needed to model the Curie

peak [16]. The Curie constant, estimated from Fig. 4 (insert)

is with 1–2� 105 in the proper range.



Fig. 1. Change of the frequency dispersion of the large [L] and small [S] sample with temperature, measured from 603 jC down to 174 jC. Data is scaled for

sample dimensions. Continuous line represents the CNLS-fit. Frequency range: 0.1–65 kHz, ambient N2/O2 = 80/20, PO2
= 20 kPa.
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4.2. High temperature conductivity and PO2
dependence

After slow heating of the samples to f 600 jC in a

80/20 N2/O2 gas mixture, the impedances were measured

as function of PO2
between f 75 kPa and f 1 Pa.

Sufficient time was allowed for equilibration after each

change in the PO . Equilibrium conditions were checked

2

with the Kramers-Kronig test software [13]. After a small

step in the PO2
about 3–4 h was generally found to be

sufficient for equilibration at this temperature. The elec-

tronic conductivity (obtained from the ‘dc-point’) showed

a clear PO2

1/4 dependence, indicating p-type conductivity.

The total ionic conductivity (combination of Rion and Rgb)

remained constant within the experimental error. A very



Fig. 2. Equivalent circuits used in the analysis of the impedance data, for

explanation see text.

Fig. 3. Example of deconvolution of data according to the equivalent circuit of Fig

range 0.1 Hz–65 kHz. (A) Impedance spectrum with CNLS-fit, insert shows the

insert shows magnification of high frequency range. (C) ‘Ionic path’, revealed af

subtraction of Cdl from the interface dispersion (ionic path has also been subtract
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good match was observed for the conductivities of the

small and large sample, as can be seen in Fig. 5.

4.3. Electronic conductivity in air

Fig. 6 shows the temperature dependence of the elec-

tronic conductivity. Clearly two different regions with

activated behavior can be discerned, in accordance with

literature. Above the Curie point the activation energy is

83 kJ�mol� 1 (0.74 eV). A transition region to low tem-

perature-activated behavior coincides with the width of the

Curie peak in the dielectric constant (see Fig. 6). It is

remarkable that there is a small but constant difference

between the electronic conductivity of the small and the

large sample in the low temperature region. The difference

is about a factor 1.25 and is caused by a difference in the

oxygen non-stoichiometry of the samples. At high temper-

ature the samples are in thermodynamic equilibrium with

the ambient. On cooling down this equilibration process

becomes sluggish and, hence, is strongly influenced by the

sample dimensions. The conductivity of the large sample
. 2C. Dispersion of small sample at 580 jC in N2 ( PO2
= 1.1 Pa), frequency

relative residuals. (B) Dispersion after parallel subtraction of Qdiel and Rel,

ter subtraction of interface (Randles) dispersion. (D) Warburg and Rct after

ed from dispersion of B).



Table 1

CNLS-fit results of the analysis of the dispersion presented in Fig. 3, small

sample in N2 at 580 jC

CDC (Q1R2[R3(R4Q5)(C6[R7W8])])

Kramers-Kronig test CNLS-analysis

Pseudo v2 5.8� 10� 8 2.0� 10� 7

Element Assignment Value Rel.err. (%) Unit

Q1–Y0 dielectric 3.1�10� 9 14 [S�sn]
Q1–n response 0.888 1 –

R2 electronic 2180 0.01 [V]

R3 ionic 2260 3 [V]

R4 grain boundary 3470 3 [V]

Q5–Y0 grain boundary 3.0� 10� 7 11 [S�sn]
Q5–n ‘capacitance’ 0.663 1.8 –

C6 double layer 1.75� 10� 8 0.9 [F]

R7 charge transfer 69500 2.8 [V]

W8–Y0 diffusion 4.32� 10� 7 2.5 [S�s1/2]
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relates to a frozen-in equilibrium state from a higher

temperature than for the small sample.

4.4. Ionic conductivity in air

The ionic conductivity is far more difficult to extract than

the electronic conductivity. Hence more scatter is observed

in the ionic conductivity and the connected grain boundary

conductivity (see Fig. 2B and C). Both are displayed in the

Arrhenius graph of Fig. 7. To facilitate comparison with

electronic conductivity (Fig. 6) the ionic conductivity as

presented as lnr vs. T� 1, rather than the usual lnrT vs.

T� 1. Only for the large sample a clear activated behavior is

observed in the high temperature region. Estimation of the

ionic conductivity in this region is complicated for the small

sample. The grain boundary conductivity shows even more

scatter, but still clear trends are visible in Fig. 7. High
Fig. 4. Real part of the dielectric constant, ereal, as function of temperature for the larg

( PO2
f 1.1 Pa) squares. The dielectric constant is calculated according to Eq. (4).
temperature Arrhenius behavior of the ionic conductivity of

the large sample extends almost to the low temperature

onset of the Curie peak in e, followed by a rapid transition to
a higher value at a somewhat lower temperature. For the

small sample the changeover is more gradual, but both

conductivities show Arrhenius type behavior in the low

temperature regime. Again the values for the small sample

are shifted with respect to large sample. The activation

energy is close to that for the electronic conductivity in this

temperature range, see Table 2.

The grain boundary conductivity seems to follow the

slope of the ionic conductivity, but is about a factor 5

smaller in the low temperature region. The values appear

closer above the Curie transition. Despite the complexity in

extracting the ionic conductivities with the CNLS-proce-

dure, identical values and temperature dependencies are

obtained for both samples, thus adding to the credibility

of the followed analysis procedure and choice of equivalent

circuits.

4.5. PO2
dependence below the Curie temperature

After completing the conductivity measurements in air

the PO2
dependence at 360 jC, well below the Curie

transition, was measured. Earlier measurements on identical

samples indicated a PO2
dependence of f 0.11 for both the

electronic and ionic conductivity. These measurements were

carried out from 20 kPa down to 100 Pa in a few steps, with

waiting times of 3–4 h after each PO2
-step. The measure-

ments were not really reproducible upon increasing the PO2
,

clearly indicating that equilibration with the ambient was

still continuing at this temperature, but at a very slow rate.

Hence in this experiment with two samples the PO2
was

stepped from 20 kPa to f 1 Pa at 360 jC and the
e (closed symbols) and small (open symbols) sample. Ambient, air: circles; N2

The insert show the Curie–Weiss law behaviour for the thick sample.



Fig. 5. PO2
dependence of the electronic (n,5) and ionic (.,o) conductivity at 602 jC. Closed symbols: large sample, open symbols: small sample. Lines

present fits to the data points (excluding obvious outliers).
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impedances were measured over two weeks time. The

small sample showed a faster response to the change in

PO2
than the large sample. The change in electronic

resistance in time is depicted in Fig. 8. Here the response

is treated in terms of the well-known experimental con-

ductivity relaxation approach [17,18] and is presented as a

normalized dimensionless electronic conductivity:

rðtÞ ¼ rðtÞ � r0

rl � r0

ð5Þ

where r0 is the value of rel at t = 0 and rl at t =l. The

response of the large sample was modeled with a diffu-
Fig. 6. Arrhenius graph of the electronic conductivity. (o) large sample, (5) small s

Lines represent the low- and high temperature models. Activation energies are pr
sion-limited response, i.e. the surface transfer reaction is

too fast to be noticed. For diffusion limited response the

approximating function [17,18] is given by:

rðtÞ ¼ 1� 8

p2
e�t=s � 8

9p2
e�9t=s � 8

25p2
e�25t=s � : : : ð6Þ

with the time constant, s:

s ¼ 4a2

D̃�p2
ð7Þ

a is the half thickness of the sample (diffusion length).

The fit resulted in a value for s of 78 h (2.8� 105 s).
ample. The dielectric constant (.) is given for comparison (right hand axis).

esented in Table 2.



Fig. 7. Arrhenius graph of the apparent ionic (n,.) and grain boundary (5,o) conductivity. Squares: large sample; circles: smalls ample. Lines represent the

low- and high temperature models for the data. Activation energies are presented
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Substituting for the diffusion length, a, the radius of the

sample a chemical diffusion coefficient of 2.3� 10� 7

cm2�s� 1 is found. This is of course an approximate value

as the geometry is not simply planar. Nor may it be expected

that diffusion proceeds only through the cylindrical wall of

the pellet. For the thin pellet the response, Eq. (5), could be

modeled with a set of two (uncorrelated) time constants. The

solid line through the open circles in Fig. 8 presents the

model fit. The largest time constant of 81 h is identical to the

time constant for the large sample. The smaller time

constant is about 18.5 h, which can be tentatively related

to the short diffusion path perpendicular to the flat surfaces.

Further impedance decay experiments with PO2
steps to

higher partial pressures at this temperature showed time

constants in the order of 70–100 h. Hence the chemical

diffusion coefficient seems to be fairly constant in this

PO2
range. In this extended time experiment the estimated

PO2
dependence for the electronic conductivity tended

again to 1/4 as observed at 603 jC. The ionic conduc-

tivity remained virtually constant within the experimental

error.
Table 2

Tabulation of activation energies for the electronic and ionic conductivity

Temperature

range [jC]
Activation energy

[kJ�mol� 1]

relectronic, air 200–320 119

relectronic, air 475–605 83

relectronic, N2 200–425 105F 3

relectronic, N2 530–630 89F 2

rionic, air 200–320 98.5F 1

rionic, air 440–605 60F 5

rionic, N2 100–385 114F 3

rionic, N2 425–630 28–40, [L]– [S]
4.6. Conductivity in N2 rapidly cooled from 600 jC

The PO2
dependence of the conductivity was checked

once again at 603 jC. No deviations were observed. The

samples were held at about 1.1 Pa of oxygen (nitrogen only)

for a day to equilibrate. Next the conductivity cell was

removed from the furnace and allowed to cool to room

temperature under nitrogen atmosphere. The PO2
remained

at 1.1F 0.1 Pa during the cool down and following meas-

urements. The conductivity was measured under N2 from 22

jC up to 630 jC. Most of the spectra could be resolved with

the extended circuit of Fig. 2C. At lower temperatures only

part of the circuit could be applied due to limitations in the

frequency range. Above about 375 jC the Randles type

electrode response could be modeled with a pure capaci-

tance and a Warburg, at lower temperatures more CPE-type

behavior was observed for both elements.

4.7. Electronic conductivity in N2

The electronic conductivity is presented in Fig. 9 together

with rel measured in air. A significant decrease in rel is

observed for the low temperature range. Again a transition

from low-T Arrhenius type to high temperature Arrhenius

behavior is observed around the Curie transition. Activation

energies are quite close to those measured in air (Table 2).

4.8. Ionic conductivity in N2

The ionic conductivities extracted from the data using the

equivalent circuit of Fig. 2C presents again a very coherent

pattern in Fig. 10. The ionic and grain boundary conduc-

tivities are quite close below the Curie transition. Above this

transition the ionic conductivity presents a much lower

in Table 2.



Fig. 8. Response of the electronic conductivity on a PO2
jump from 20 kPa to 1 Pa. (.) large sample, (o) small sample. Solid lines are fitted to the data points;

see text.
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activation energy than rgb. It is quite remarkable that the

small and large samples give almost identical results.

Activation energies are tabulated in Table 2.

Fig. 11 clearly shows that the ionic conductivities above

the Curie transition are almost independent of the PO2
, as is

in concordance with the PO2
dependent measurements at

603 jC presented in Fig. 5. Below the transition a signif-

icant drop is observed, but this is probably for a large part

due to the ‘non-equilibrium’ condition of the samples after

the rapid cool down in N2 atmosphere. This will be

discussed further in Discussion.
Fig. 9. Arrhenius graph of the electronic conductivity, measured after rapid cool d

air, is shown for comparison (.,o). Large sample: closed symbols, small samp

Activation energies are presented in Table 2.
4.9. Electrode response under N2

Despite the complexity of the equivalent circuit of Fig.

2C the extracted parameters of the ionic electrode response

present a clear picture as function of temperature, with

relatively little scatter above the Curie transition. When

corrected for the sample geometry, the obtained electrode

parameters are quite close for both samples. For a true

electrode process, however, one would rather expect these

values to be independent of the thickness. This unexpected

result will be discussed below.
own in N2 from 603 jC (n,5). The electronic conductivity, as measured in

le: open symbols. Lines represent the low- and high temperature models.



Fig. 10. Arrhenius plot of the ionic conductivity and the grain boundary conductivity in a N2 atmosphere ( PO2
f 1.1 Pa).
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Fig. 12 presents the double layer capacitance, Cdl, and

the Warburg diffusion term, Wdiff. The double layer capac-

itance shows moderate temperature dependence above the

Curie transition. Below this transition it can be characterized

as a moderately activated process with Eact f 20 kJ�mol� 1.

The Warburg diffusion is quite distinct above the Curie

transition. It can be observed in the impedance plot as a

minute tail with f 45j slope at the low frequency end.

Below the Curie transition the parameter estimates become

unreliable and show severe scatter.

The charge transfer resistance, however, can be fol-

lowed to quite low temperatures and seems to present a

clear Arrhenius behavior, excluding the transition temper-

ature range. In Fig. 13 Rct is presented as conductance.
Fig. 11. Comparison of the ionic conductivities in air ( PO2
f 20 kPa) and in N2 ( P

transition are identical within the experimental error limit.
The small sample displays considerably more scatter than

the large sample, for which a large activation energy is

found: 106 kJ�mol� 1.
5. Discussion

5.1. Data analysis

The equivalent circuit (EqC) approach in the analysis of

impedance spectra is not without controversy. Finding the

‘optimum fit’ without regard of a physical interpretation is,

of course, not a sensible path to follow. Also an analysis that

requires a large number of parameters, e.g. more than eight
O2
f 1.1 Pa) for the large and small sample. Conductivities above the Curie



Fig. 12. Arrhenius presentation of the double layer capacitance, Cdl, and the diffusion Warburg, Wdiff, which are associated with the ionic electrode response.

Ambient is N2 ( PO2
f 1.1 Pa). Above the Curie transition the Warburg is clearly activated with EAct = 65F 3 kJ.mol� 1. The parameters have been scaled by

the geometric factor of the samples.
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or nine, is often regarded with suspicion. The often-heard

argument then is: with enough parameters ‘one can fit an

elephant’. But contrary to arbitrary fitting procedures using

an extended set of polynomials, the response functions used

in an equivalent circuit impose considerable restrictions on

the modeling of the overall dispersion. Over-parameteriza-

tion in the EqC-CNLS approach generally will lead to

parameters set either to zero or infinity, or these will be

accompanied by unrealistically large error estimates. In the

extreme case one can use a very large number of dispersive
Fig. 13. Arrhenius plot of the charge transfer resistance, presented as conductanc

geometric factor of the samples. The Rct for the large sample shows activation ov
sub-circuits (e.g. R(RQ)1. . .(RQ)n), which will generally

give a reasonable to good fit, but without any physical

meaning. This multi-(RQ) or -(RC) fit, on the other hand, is

very useful in showing to what extend the data set is

Kramers-Kronig transformable [13,19,20].

In fact, this Kramers-Kronig check should be the first

step in the CNLS data analysis procedure. It will indicate

systematic errors in the data due to, e.g. non-equilibrium

conditions, non-linear response, slowly drifting temperature,

continuing aging or degradation of the cell. The residuals
e. Ambient is N2 ( PO2
f 1.1 Pa). The parameters have been scaled by the

er a temperature range extending below the Curie transition.
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plot of the relative differences between the data and its

Kramers-Kronig transform can be a very helpful tool in the

subsequent CNLS-procedure, as it can be directly compared

with the CNLS residuals [13].

A second important step is the ‘pre-analysis’ of the data,

in which an appropriate equivalent circuit is constructed

together with adequate starting values for the adjustable

parameters in the overall CNLS-procedure. The pre-analysis

technique is based on deconvolution by subtraction of

recognizable dispersions, using a CNLS-fit of simple sub-

circuits over a limited frequency range [14,21]. The power

of this technique is that small but significant contributions to

the overall dispersion can be detected. The deconvolution

sequence presented in Fig. 3 clearly shows the advantages

of this method.

Finally, the parameters obtained from the CNLS-proce-

dure should present a consistent pattern as function of

temperature and partial pressure. This is the ultimate test

for a multi-parameter CNLS-procedure. But even then, one

should realize that different EqC’s might yield exactly, or

within the experimental error, the same dispersion. Fletcher

has presented an extensive tabulation of these ‘degenerate

circuits’ [22]. Hence, the physical interpretation should be

decisive in the selection of the most appropriate EqC. The

equivalent circuits presented in Fig. 2 represent a physical

interpretation with a direct electronic path (no electrode

effects) and a ‘blocked’ ionic path, which over an extended

temperature range also show specific electrode dispersion

(Randles type circuit). The analysis leads to a consistent

pattern as is evident from the Arrhenius graphs in Figs. 6

and 7, Figs. 9–13 and the PO2
dependence in Fig. 5.

5.2. Mixed conduction and electrode response

An important warning must be issued in the special case

of mixed (ionic and electronic) conductors. Although the

ionic and electronic path may be obtained separately from

the impedance spectra, the electrode dispersion involves

both mobile species, as has been discussed in detail by

Jamnik et al. [23,24]. This is due to the fact that any voltage

difference between the electrodes will lead to a gradient in

the oxygen activity [11]. Hence the non-stoichiometry

parameter d (as in PbZr0.53Ti0.47O3� d) will be position

dependent. This redistribution involves diffusion effects that

will change from semi-infinite or Warburg-type diffusion for

high frequencies to finite length diffusion (FLW) for (ultra)

low frequencies.

A partially blocking electrode, e.g. porous Pt or Ag, can

compound the problem by providing an extra current path

by acting as oxygen electrode. Thus, the choice of elec-

trode materials is crucial for impedance measurements on

mixed conducting oxides. Dense gold electrodes have been

proven to be the best choice, due to the relative inertness

with respect to the adsorptive dissociation of gas phase

oxygen [10–12]. One should be aware, however, that the

mixed conducting oxide might also present catalytic prop-
erties towards the exchange reaction with ambient oxygen

[25,26].

A good starting point for the analysis of the electrode

dispersion is Eq. (9) in the publication by Jamnik and Maier

[23], i.e. for the case of completely blocked ionic carriers:

ZðxÞ ¼ Rl þ
ðRe � RlÞtanh

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

s
ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

s
þ jxðRe þ RiÞ

1

2
Cdltanh

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

s

ð8Þ

with:

Rl ¼ Re�Ri

Re þ Ri

ð9Þ

A slightly different nomenclature with respect to Ref.

[23] is used here. This equation can be rearranged to:

ZðxÞ ¼ Re

Re þ Ri

� Ri þ
Reffiffiffiffiffiffiffiffiffiffi

jxL2

4D̃

r
coth

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

r
þ jxðRe þ RiÞ

1

2
Cdl

2
664

3
775

¼ Re½Ri�QðxÞ þ Re�
ðRe þ RiÞ�QðxÞ ð10Þ

with Q(x) defined by:

QðxÞ ¼

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

s
coth

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

s
þ jxðRe þ RiÞ

1

2
Cdl ð11Þ

The complete dispersion of the combined ionic and

electronic conduction process is presented in Fig. 14A.

The dielectric response is not included in the simulation.

It is easy to show that for x! 0, Eq. (10) will reduce to

Z(x) =Re.

The data analysis shows that the electronic contribution

is easily determined and subtracted, revealing the ionic path.

The same can be done with Eq. (10):

ZionðxÞ

¼Riþ
1

1
Re þ Ri

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

r
coth

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

r
� 1

" #
þþj

1

2
x�Cdl

ð12Þ

The high frequency limit of Zion(x) is, as expected, equal

to Ri. The dispersion of Eq. (12) is presented in Fig. 14B.

When xH4D̃/L2, then the coth() function will go to 1 and

the vertical part of the electrode dispersion in Fig. 14B will



Fig. 14. Simulation of the electrode dispersion of a mixed conductor with ionically blocking electrodes, according to Eq. (12). Resistance values are taken from

Table 1. Frequency range is 0.1 Hz to 10 kHz. D̃ = 10� 2 cm2�s� 1. (A) Impedance presentation excluding the dielectric response. (B) Ibid., but with the

electronic contribution subtracted. The inset is an enlargement of the high frequency range.
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not be reached. This seems to be predominantly the case in

the spectra obtained in this study. But further analysis

indicates that xb4D̃/L2 must be reached in order to

observe the ‘dc-point’ of the electronic conductivity in the

full Eq. (8). This requires in combination with the measured

ionic and electronic resistances and lowest frequency used,

according to the model, unrealistically large diffusion coef-

ficients in the order of 10� 2 cm2�s� 1.

A more direct analysis of the ionic path, using a simple

diffusion–insertion model, can provide an estimate of the

oxygen diffusion coefficient. Interactions with the electronic

path are thus ignored. Based on the basic diffusion equa-

tions and boundary conditions the interface impedance,

Zint(x), can be presented as [11]:

ZintðxÞ ¼ RTW

4F2c0A

tanh

ffiffiffiffiffiffiffiffiffiffi
jxL2

4D̃

s
ffiffiffiffiffiffiffiffiffi
jxD̃

q ð13Þ

where W is the thermodynamic enhancement factor, W= d

lna/d lnc, c0 is the concentration of (mobile) oxygen ions

and A is the electrode area (cm2). For xH4D̃/L2 (which is

the case for D̃b2� 10� 3 cm2.s� 1 for the small sample, a

condition easily met in this investigation) this expression

reduces to a semi-infinite diffusion (Warburg) expression:

ZintðxÞ ¼ RTW

4F2c0A

ffiffiffiffiffiffiffiffiffi
jxD̃

q ð14Þ

Unfortunately no data is available for the thermodynamic

enhancement factor, but a value for DO can be obtained from
the partial ionic conductivity. For the measurement at 580 jC
in N2 (Fig. 3 and Table 1) this yields: DOc 1.1�10� 5

cm2�s� 1. Inserting the value of Wdiff� Y0 from Table 1 into

Eq. (14) yields for the ratio
ffiffiffiffi
D̃

p
=Wc8:6� 10�1=2cm s�1=2.

Combination results either in an extremely low value for D̃

or in an extremely high value for the thermodynamic

enhancement factor, W. Hence, based on the two closely

related analysis, the conclusion must be that the electrode

response is not caused by bulk redox- and diffusion process-

es. A possible explanation could be a true oxygen electrode

activity at the perimeter of the gold electrode, and possibly

with contributions from pinholes within the electrode struc-

ture. The positive side is that the occurrence of a ‘charge

transfer resistance’ can be explained with this interpretation.

But it also requires a strong ionic blocking effect of the

electrode.

5.3. Oxygen diffusion and PO2
dependence of the

conductivity

A much more direct estimate of the oxygen diffusion

coefficients is found in the PO2
-dependent measurements at

360 jC, Fig. 8. The excellent model-fits to the responses of

both samples are quite surprising, especially the almost

identical time constants for long times. That the small

sample shows a different response type than the large

sample can be explained by its much smaller thickness.

This implies, however, that the electrodes are not complete-

ly dense, but probably covered with pinholes after the high

temperature measurements. Thus a significantly shorter

diffusion path is provided in the small sample, hence the

separate ‘short time’ constant of 18.5 h, which is unrelated

to the long time constant of 81 h.
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Using the time constant of 78 h (2.8� 105 s) of the large

sample, the chemical diffusion coefficient, D̃, is estimated at

2.3� 10� 7 cm2�s� 1. The ionic conductivity, including the

grain boundary conductivity, results in a component diffu-

sion coefficient, DO = 7.9� 10� 12 cm2 s� 1, which yields

for the thermodynamic enhancement factor a quite high

value of f 3� 104, but in concordance with an impercep-

tible small change in the ionic conduction, and hence in the

oxygen vacancy concentration, for a large step in the

oxygen partial pressure. This diffusion process is a clear

indication of ionic conductivity in the PZT material.

Thus, the measured PO2
-dependence at 603 jC can be

interpreted with confidence as a p-type electronic conduc-

tivity with approximately a 1/4 power dependence on the

oxygen partial pressure, and a constant, nearly PO2
-indepen-

dent, ionic conductivity. This is completely in agreement

with literature [5], but it is probably the first time that this is

deduced from accurate impedance measurements. The basic

neutrality condition of Eq. (2), with [VO
SS

]c [VPbU ]Hh
S

,

effectively explains the observations in Fig. 5. The elec-

tronic conductivity is higher than the ionic conductivity

because the hole-mobility is much larger than the mobility

of the oxygen ions, or f vacancies, despite the large

difference in concentrations.

5.4. Equilibration with the ambient

It is important to recognize the different equilibration

reactions and the temperature ranges in which these are

active with respect to the time scale of the measurement

sequence. Maier has recently presented a thorough discus-

sion of this phenomenon [27]. At high temperature, possibly

above 700–800 jC [5], the equilibration with the ambient

PbO partial pressure is of importance as it controls both the

lead and oxygen vacancy concentrations:

Pb�Pb þ O�
OVVPbWþ V��O þ PbOg ð15Þ

Samples used in the present investigation were sintered at

1150 jC for 2 h in PbTiO3 powder, followed by cool down

at 5j/min. Depending on the rate of equilibration at 1150

jC, the cooling rate determines at what temperature the

equilibrium lead vacancy concentration is frozen in. As all

samples have been processed in exactly the same manner, it

is no surprise that they show identical conductivities at

intermediate temperatures (f 400–650 jC).
From the experimental results it is quite evident that

from about f 400 jC down the oxygen non-stoichiom-

etry becomes frozen-in. The equilibration rate depends

also on sample dimensions, hence it will be clear that in

the temperature range where the equilibration rate and

[dT/dt] are comparable the ‘freeze-in’ temperatures will be

slightly different for different size samples. This will

result in a small but noticeable difference in the conduc-

tivities, about a factor of 1.25 for the electronic conduc-
tivity (Fig. 6) and a factor of f 1.6 for the ionic

conductivity (Fig. 7).

5.5. Ionic conductivity

Assuming that, besides the mentioned lead- and oxy-

gen vacancies, no other large concentrations of defects

exist, Eq. (2) then predicts the oxygen vacancy concen-

tration to be independent of PO2
, as long as the relation

[VO
SS

]Hh
S

holds. Within the experimental error, this is

true for the oxygen ion conductivity above the Curie

transition. The high temperature ionic conductivity in the

cubic phase can thus be described by an activated

migration with Eactc 30–60 kJ�mol� 1 (the low accuracy

is a result of the limited frequency range, which leads to

considerable differences in the estimation of rion). In the

low temperature tetragonal phase, however, the ionic

conductivity is governed by a more complex mechanism.

This is evident from comparison of the Arrhenius graphs

of Figs. 7 and 10. The activation energies (Table 2) and

the pre-exponential factors are higher than in the cubic

phase. The higher activation energy can be ascribed

tentatively to either vacancy ordering, a well-known effect

in the ferrite and cobaltate based perovskites [28], or

defect association [29,30], both of which reduce the

concentration of mobile vacancies.

The equilibration at 603 jC in N2 (1.1F 0.1 Pa O2) and

subsequent rapid cool-down has a surprising effect on the

electronic and ionic conductivities in the tetragonal phase.

Fig. 9 shows that the electronic conductivity has dropped by

a factor of f 100. But the ionic conductivity has also

decreased by a factor of 10–15, Fig. 11. Again the conduc-

tivity values obtained from the CNLS-analysis for the large

and small sample are virtually identical, which is a results of

the rapid ‘freeze-in’ of the equilibrium defect concentrations

in the high temperature phase.

A possible explanation of the observed decreases in the

electronic and ionic conductivities can be presented by

considering the following defect mechanism. We assume

that, in the tetragonal phase, electron holes can be trapped

by lead vacancies:

Pb�Pb þ VPbW VPb�Pb þ VPbV ; Ktrap ¼
½Pb�Pb��½VPbW �

½VPbW �
ð16Þ

Furthermore oxygen vacancies are attracted by the op-

positely charged lead vacancies, forming immobile neutral

complexes:

VPbW þ V��O V ½VPbW � V��O ��; Kass ¼
½V��O ��½VPbW �
½VPbW � V��O � ð17Þ

The binding energy between a doubly charged lead

vacancy and an oxygen vacancy will be significantly larger

than between a singly charged lead vacancy, Eq. (16), and

an oxygen vacancy. Hence, these [VPbV �VO
SS

] associates are
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not taken into consideration. Thus the oxygen vacancy

concentration can be linked directly to the concentration

of electron holes and thus to the electronic conductivity. The

concentration of PbPb
S

centers has been reduced significantly

by the equilibration in N2 at 600 jC, and thus in the

subsequent set of measurements in N2 ambient. This

explains at least qualitatively the decrease in the oxygen

ion conductivity. A simple model, based on Eqs. (2), (16)

and (17 leads to the following relation between the mobile

oxygen vacancies and the concentration of PbPb
S

(electron

holes):

½V��O � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kass�ð½Vq

Pb�total � ½V��O �Þ� 1þ ½Pb�Pb�
Ktrap


 �s
ð18Þ

where [VPb
q ]total represents the total lead vacancy concentra-

tion, which has been fixed by the equilibrium PbO-pressure

at the sintering temperature. q represents the possible

charges of the lead vacancy and its complexes, [VPb
q ]total is

given by:

½Vq
Pb�total ¼ ½VPbW � þ ½VPbV � þ ½VPbW �V��O � ð19Þ

Under the condition that [VO
SS

] < [VPb
q
]total and [PbPb

S

]>

Ktrap, which actually translates into [VO
SS

]=[VPbV ], Eq. (18)
simplifies to:

½V��O � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Pb�Pb��½Vq

Pb�total
Kass

Ktrap

s
ð20Þ

From this relation we find that for a decrease by a factor

of 100 in the concentration of electronic charge carriers, the

concentration of ionic charge carriers will decrease by a

factor of 10. Assuming that the corresponding mobilities are

independent of concentration, this then indicates that a

decrease in the ionic conductivity by a factor of 10 can be

related to a decrease by a factor of 100 in the electronic

conductivity, quite in reasonable agreement with the

observations.

Further experiments on samples with controlled defect

concentrations, [VPbU ] and [VO
SS

], will be needed to verify

this model. Nevertheless, the presented measurements and

subsequent analysis show that electronic and ionic conduc-

tivity can be effectively suppressed by equilibration in N2

(low PO2
) above the Curie temperature followed by rapid

cool-down. This is of importance for application of PZT in

e.g. memory devices at normal operating temperatures

( < 60 jC).

5.6. Grain boundary dispersion

The small dispersion, as presented in Fig. 3C is tenta-

tively interpreted as a grain boundary impedance in the ionic

conduction path. Both samples present nearly identical

values for this ‘grain boundary conductivity’, Figs. 7 and

10. Comparing these two figures shows that this rgb is less
affected by the different oxidation states of the sample,

showing a decrease by about a factor of 5–6 after the

change in the ambient from 20 kPa to 1.1 Pa O2. It is

generally accepted that the grain boundary impedance is

caused by space charge layers at the interface between the

grains. This space charge layer is less dependent on the

concentration of the mobile defects. The temperature de-

pendence of the grain boundary impedance also changes

over the transition from the ferro-electric phase to the para-

electric phase above the Curie temperature.

5.7. Use of different sample thicknesses

As mentioned in the experimental procedure section, the

use of two samples with different thickness is very useful in

determining which part of the dispersion depends on bulk

properties. Results show above f 400 jC quite good

agreement for the electronic conductivity with deviations

in the order of 2.5–6%. At low temperatures a constant

difference of about 25% is found for the measurements in

air, but this could be attributed to different freeze-in tem-

perature, as explained above. Also the ionic conductivities

are almost identical above the Curie temperature (when the

experimental error permits), but also for the, in N2 ambient,

rapidly cooled samples, as is obvious from Fig. 11. This

clearly points, as expected, to bulk properties.

For electrode related responses, a less clear relation is

observed. But that should be no surprise as it is far more

difficult to create exactly identical electrodes on different

samples. Hence, it must be assumed that the observed

correlation with sample thickness is rather coincidental.

Analysis of more samples with different sizes will show

how large the statistical spread in electrode properties can

be. Another advantage of the use of samples with different

dimensions is that it also shows in which temperature range

the equilibration with the ambient is lost.
6. Conclusions

PZT shows clearly ionic and electronic conductivity

from f 150 jC up. The electronic conductivity is strongly

dependent on the thermal history and the oxygen partial

pressure at high temperatures. The defect model can be

presented by a simple equilibrium between the PbO partial

pressure and lead vacancies at high temperatures, probably

above 900–1000 jC. The lead vacancies are compensated

by oxygen vacancies and ‘electron holes’ located at the lead

sites, leading to small polaron hopping conduction. The

oxygen vacancies equilibrate with the ambient PO2
down to

approximately 380–350 jC, at lower temperatures the

oxygen vacancy concentration becomes ‘frozen in’.

When rapidly cooled from 600 jC in N2 the electronic

conductivity is decreased by a factor of 100 in the ferro-

electric phase. The ionic conductivity is found to decrease

by a factor of 10–15. This is tentatively explained by defect
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association, i.e. formation of [VPbU �VO
SS

] clusters and inter-

action of singly charged lead vacancies (hole traps).
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