
Defect chemistry and transport properties of Nd-doped
Pb(ZrxTi1−x)O3

Christoph Slouka & Lukas Andrejs & Jürgen Fleig

Received: 22 November 2013 /Accepted: 25 June 2014 /Published online: 16 July 2014
# Springer Science+Business Media New York 2014

Abstract The oxygen partial pressure (pO2) dependent con-
ductivity of Nd3+ doped PZT was investigated at different
temperatures in order to get information on the nature of the
conducting charge carriers and on the chemical oxygen diffu-
sion coefficient. From a positive slope close to 0.25 in log
(conductivity) vs. log (pO2) plots it is concluded that PZTwith
donor-type Nd3+ shows predominant hole conduction already
at moderately high oxygen partial pressures, while under
reducing conditions electron conduction prevails. This unex-
pected occurrence of hole conduction in a nominally donor
doped system is interpreted in terms of the only partially
controllable loss of lead oxide during preparation, which
results in the formation of lead vacancies. Those act as accep-
tors at the temperatures employed in this study (560–615 °C)
and turn the nominally donor doped material into a slightly
acceptor doped one. From the conductivity relaxation after
partial pressure changes, chemical oxygen diffusion coeffi-
cients could be extracted and values of about 6.5·10−9 cm2/s at
560 °C and 2·10−8 cm2/s at 611 °C are found in air.

Keywords Defect chemistry . PZT . Impedance
spectroscopy . Chemical diffusion in solids

1 Introduction

Perovskite-type oxides are employed in many electroceramic
devices. Among the most important examples are barium
titanate (BTO) for positive temperature coefficient resistors
and multilayer ceramic capacitors [1], strontium titanate

(STO) used as oxygen sensor at high temperatures [2] and
lead zirconate titanate, Pb(ZrxTi1−x)O3 (PZT), applied in gen-
erators, motors, ultrasonic transducers, actuators, capacitors or
non-volatile memories [3, 4]. In all these devices, point de-
fects strongly affect materials properties and thus numerous
efforts have been made in order to obtain a clear understand-
ing of the defect thermodynamics and kinetics in perovskites-
type oxides. Many defect chemical relations could be
established, including their dependence on oxygen partial
pressure, temperature and doping. Particularly for BTO
[5–9], and STO [10–14] defect chemistry is rather well
understood.

Interestingly, despite many applications and good knowl-
edge in processing, the nature, concentration and importance
of defects in PZT is still partly under discussion [15–21].
Characteristic properties such as high permittivity, electrome-
chanical coupling factor, piezoelectric strain coefficients or
remanent polarization are strongly affected by the Zr:Ti ratio
and can be further modified by doping, i.e. by defects (soft or
hard PZT). Donor-type doping causes an enhancement of the
concentration of cation vacancies (in most cases lead vacan-
cies [22]) and thus results in a reduction of the oxygen vacan-
cy concentration via Schottky equilibrium. In contrast, accep-
tor doping is a strategy for enhancing the oxygen vacancy
concentration in PZT [3]. The processing parameters, such as
sintering temperature or quenching procedure have also ef-
fects on the performance and this is partly attributed to point
defect concentrations [23].

One might argue that little difference should exist in defect
chemistry of PZT, STO and BTO. However, the volatility of
PbO at higher temperatures [24, 25] leads to an additional
experimental parameter in preparation of PZT and causes
partly uncontrollable variations of the stoichiometry. This
makes the prediction of defect concentrations problematic.
Since frozen-in cation vacancies can act as kind of acceptor
dopant, even effective dopant concentrations are often
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unknown in PZT. Several studies were performed to
determine the majority charge carriers at different oxy-
gen partial pressures and temperatures [17, 18, 26, 27].
For example, undoped PZT with a composition near the
morphotropic phase boundary showed pronounced hole
conduction with varying conductivity in the oxygen
partial pressure range of 1–10−4 bar [20]. A decrease
of the conductivity in Nb5+ doped PZT when changing
the atmosphere from air to nitrogen was interpreted as
an indication of hole conduction [18]. Earlier measure-
ments also suggested hole conduction from the dopant
dependence of the conductivity [28–30].

However, the partial pressure dependent conductivity
of nominally donor-doped PZT was not analyzed in detail
yet and it is still an open question, under which conditions
donor dopants successfully suppress hole conduction, as
they usually do in STO and BTO. Also defect diffusion in
PZT has been analyzed much less than in BTO and STO.
Cation vacancies seem to be immobile up to moderate
temperatures of 500 to 700 °C [25]. The main actors in
diffusion processes are thus assumed to be oxygen vacan-
cies and electrons or electron holes [18]. Chemical diffu-
sion coefficients can be extracted from conductivity re-
laxation experiments after partial pressure changes [31]
and such measurements were performed on a PZT buried
capacitor structure [18]. This type of diffusion deals with
cooperative motion of electronic and ionic charge carriers.
Oxygen tracer diffusion, on the other hand, essentially
monitors ionic conductivity and measurements on donor-
doped PZT revealed fast oxygen ion transport along grain
boundaries above 600 °C [15]. A further approach to
analyze ionic defect motion in such oxides is based on
impedance spectroscopy (EIS) [32, 33], which may allow
the determination of ionic and electronic contributions to
the conductivity when using ion blocking electrodes. This
method was already applied to undoped and Nb-doped
PZT near the morphotropic phase boundary [25, 26] and
novel results on donor-doped PZT will be given in a
forthcoming paper.

In this contribution, Nd3+ donor-doped PZT samples
with a composition near the morphotropic phase bound-
ary were analyzed by conductivity relaxation studies,
monitored via impedance spectroscopy. Temperatures in
the range of 560–615 °C allowed relaxation measure-
ments on a reasonable time scale (up to a few days)
while still largely avoiding lead oxide evaporation.
Temperature and oxygen partial pressure was varied
and the resulting partial pressure and time dependence
of the conductivity revealed information on the charge
carriers determining the conductivity and the chemical
oxygen diffusion coefficients in PZT. It is shown that
moderate donor doping of PZT does not necessarily
suppress predominant hole conduction in air.

2 Experimental

The PZT samples (0.6 × 0.6 × 0.05 cm3 supplied by
EPCOS OHG A Group Company of TDK-EPC
Corporation, Deutschlandsberg, Austria) consisted of
2 mol % Nd-doped PZT close to the morphotropic
phase boundary and were sintered at 1050 °C in wet H2/
N2 atmosphere. The dopant (Nd2O3) was added before
calcination and homogeneity within the grains can thus
be assumed. A Pb excess of 2 mol% was employed
(before calcination) to take account of the high volatility
of PbO. Platinum paste (Gwent Group, UK) was used to
deposit electrodes on two sides of the PZT specimen and
the resulting sample geometry is given in Fig. 1. Pre-
firing of the Pt paste was not performed in order to avoid
irreversible sample changes; good adhesion was already
obtained simply by heating to the measurement
temperatures.

The gas composition was established via a Rod4
(Aera) control unit with different mass flow controllers
(Aera) (MFC) by mixing the following gases: The O2

partial pressure range from 1 to 10−5 bar was
established by oxygen - nitrogen mixtures using pure
O2 or 1 % O2 in N2 and pure N2 as source gases. Pure
N2 and the reduction of the total pressure by a vacuum
pump were used for achieving even lower pressures at
565 °C. Humified 2.5 % H2 in Ar was employed for a
measurement under reducing conditions. At a tempera-
ture of 565 °C this corresponds to an oxygen partial
pressure (pO2) of ca. 2·10−25 bar. The temperature was
measured by a type K or S thermocouple positioned
close to the sample. A N4L PSM 1735 (Numetriq) with
IAI - Impedance Analysis Interface (Numetriq) was used
for impedance analysis (1 MHz to 10 mHz, 0.01 to
0.1 V amplitude). The outflowing gas was analyzed by
an oxygen sensor Rapidox 2100 (Cambridge Sensotec)
in order to determine or verify the nominally established
gas composition.

The samples were first heated to temperatures be-
tween 560 and 615 °C in ambient air. The temperature
range was limited by irreversible sample changes at
higher temperatures and slow kinetics at lower temper-
atures. After temperature stabilization within +/−0.5 °C
impedance measurements were started. The impedance
measurements were repeated automatically in intervals
of 60 to 900 s. Before performing pO2-dependent mea-
surements, all virgin samples underwent a kind of first
equilibration under atmospheric partial pressure until a
constant conductivity was reached. After this first equil-
ibration, oxygen partial pressure steps were applied and
conductivity changes were monitored by continuous im-
pedance measurements until a constant conductivity value
was again reached.
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3 Results and discussion

3.1 Impedance spectra and time dependence
of the conductivity

In Fig. 1 typical impedance spectra measured on the PZT
samples are shown. In almost all cases, one semicircle is
visible in the complex impedance plane irrespective of relax-
ation state and oxygen partial pressure. The small shoulder
often found at low frequencies might be caused by non-
ohmic contacts (Schottky contact of Pt electrode), but
was always almost two orders of magnitude smaller
than the large arc and neglected in the analysis. The
absence of a pronounced grain boundary related arc
indicates that charge transport is not severely hindered
by grain boundaries. We interpret the resistance of the
main arc as the bulk resistance which is also in accor-
dance with its capacitance, see below. However, effects
of highly conductive grain boundaries cannot be exclud-
ed by such macroscopic impedance measurements, but
would require local conductivity data, cf. Ref. [34]. For
calculation of the PZT bulk resistance and capacitance,
the spectra (without low frequency “artifact”) were fitted
to a parallel connection of a resistor R and a constant
phase element (CPE) with impedance

Z ¼ 1

iωð ÞnQ ð1Þ

Symbols n and Q denote the fitting parameters and were
used to calculate the sample capacitance [35] according to

C ¼ R1−nQ
� �1=n ð2Þ

A typical fit curve is shown in Fig. 1b. The n-values were in
general above 0.93 and the CPE thus reflects a rather ideal
capacitance. Alternatively, an ideal capacitor instead of the
CPE was used in the fit for determination of the capacitance.

From the PZT resistances and capacitances conductivities and
the sample permittivity was calculated.

Figure 2 shows the conductivity change during first equil-
ibration and the first conductivity relaxation measurement
after a partial pressure step from air to pure oxygen at
611 °C. When exposing the as-prepared PZT samples
for the first time to air at elevated temperatures, con-
ductivity changes took place on a time scale much
larger than that found in subsequent conductivity relax-
ation experiments after pO2 steps: A comparatively fast
change was followed by slight further changes. Despite
unknown nature of these additional changes (possibly
cation related effects) this first equilibration was com-
pleted before systematic oxygen partial pressure steps
were started.

Figure 2 also displays that the conductivity changes signif-
icantly when alternating the oxygen partial pressure, while
the relative permittivity remained almost constant both
during first equilibration and subsequent pO2 changes
(Fig. 2b and c). The CPE fit is more accurate in terms
of the resistance but shows more scattered permittivity
data (Fig. 2b) than the ideal capacitor approximation
(n=1, Fig. 2c). However, permittivity values are very
similar in both cases (relative permittivity between 800
and 850 at 611 °C) and correspond to values typical for
PZT at such temperatures [26, 36].

A measurement cycle consisted of numerous oxygen
partial pressure changes, partly with duration of several
weeks. During such a cycle, a long time drift of the
conductivity is observed (Fig. 3). Since this drift is
found to be many orders of magnitude slower than
chemical oxygen diffusion (resulting from oxygen partial
pressure changes) we suppose changes of the cation lat-
tice to be responsible. Even though this slight drift was
much smaller than the conductivity changes after an oxy-
gen partial pressure step, a correction of the conductivities
to the time t* after the first pO2 step (to 100 % oxygen)
was performed. Accordingly measured conductivities σ

Fig. 1 Impedance spectra
measured at 560 °C and sketch of
the sample geometry. The spectra
show the time dependence after
reaching constant temperature a
and a spectrum with a fit to the
given equivalent circuit b
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Fig. 2 Conductivity and relative permittivity at 611 °C vs. time during
first equilibration in air (open squares) and for the first oxygen partial
pressure step to 100 % oxygen (filled triangles). a Conductivity vs. time,

b permittivity for capacitances calculated from a fit using a CPE element
and Eq. 2, c permittivity calculated from a fit using an ideal capacitance

Fig. 3 Conductivity vs. time
during first equilibration and
various oxygen partial pressure
steps at 611 °C. The measurement
also reveals a long time drift; t*

indicates the time to which
conductivity values were
corrected (σ*)
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(obtained Δt after t*) were recalculated to σ* values
according to

σ� ¼ σ
1þ f cΔt

ð3Þ

with fc being the relative conductivity change per time extrap-
olated from the slope of the measurements in pure oxygen, cf.
line in Fig. 3

It is known that PZT is thermodynamically unstable under
very reducing conditions such as the pO2 of ca 2·10-25 bar
established by 2.5 % H2 in humidified Ar. However, a certain
meta-stability of PZTmight still reveal additional information on
the defect chemical situation. Hence, steps to H2-containing
atmosphere were performed for several samples and a typical
time dependence measured after a gas change from pure nitro-
gen to humidified hydrogen is given in Fig. 4. After a short
decrease of the conductivity, a strong increase is observed,
which is much faster than any change found between higher
pO2 values. (Please note the logarithmic time scale in Fig. 4.)
After the very fast initial change, a slow but continuous further
conductivity increase is found which did not come to an end for
any of the samples investigated. In the quantitative data analysis
of section 3.2, a conductivity value close to the beginning of the
slow conductivity increase is used (see arrow in Fig. 4). A gas
exchange back to pO2=1 bar lead to a very slow regeneration of
the conductivity to values common for such pressures (Fig. 4).
However, the value measured for pO2=1 bar before exposure to
hydrogen was not reached (not shown here). This might indicate
formation of a second phase on a longer time scale in H2. A
more detailed analysis of the processes during H2 exposure is
beyond the scope of this paper. Different mechanisms of hydro-
gen induced changes of PZT are discussed in literature: among
others incorporation of hydrogen forming hydroxide ions was

supposed to be responsible for changes in the material [37, 38]
and also lead formation was observed for PZT samples accom-
panied by significant optical and resistive changes [39].

3.2 Partial pressure dependence of the conductivity
and conduction mechanism in donor-doped PZT

The corrected equilibrium conductivity σ* extracted from the
conductivity vs. time measurements (e.g. Fig. 3) can now be
plotted versus the oxygen partial pressure. Figure 5 shows the
plots for 611 °C, 565 °C and 560 °C. All curves clearly show a
positive slope close to 0.25 at high oxygen partial pressures,
which already strongly suggests predominant hole conduction
in this pO2 range [40]. Accordingly, the onset of a negative
slope for low pO2 indicates electron conduction under more
reducing conditions. Such a behavior is in clear contrast to
donor-doped STO or BTO, where at least at high temperatures
(> 1000 °C) the conductivity is dominated by electron con-
duction with a plateau or a negative slope in the entire pO2

range, depending on dopant level and temperature [6, 41]. For
the moderate temperatures used in our study, donor-doped
BTO and STO show such a slow equilibration kinetics, that
equilibrium conductivities are not available.

Rather, the behavior shown in Fig. 5 is known for undoped
or slightly acceptor-doped perovskites [6, 7, 10, 12, 14]. Also
the conductivity of acceptor-doped PZT published for tem-
peratures ranging from 500 to 700 °C exhibit a slope of
approx. 0.25 (getting smaller with decreasing temperature)
in the pO2 range of 1 to 10−4 bar [20]. However, in contrast
to acceptor-doped STO [14] a plateau region between the
supposedly electron and hole conducting regimes, indicating
ion conduction, is not found in our case. Therefore we further
analyzed the data based on the assumption of negligible
oxygen ionic conductivity. Assuming a power law behavior

Fig. 4 Corrected conductivity for
oxygen partial pressure step from
pure nitrogen to humidified H2

(2.5 % H2 in Ar, humidified at
room temperature, i.e. ca.
2·10−25 bar oxygen partial
pressure) at 565 °C followed by a
step to 100 % O2. After the first
strong increase of the
conductivity in hydrogen, a slow
but continuous change occurs.
The impedance spectra of the
final material do not show a
complete arc in the complex
impedance plane, but a low
frequency resistance of ca. 400
Ohm. After switching back to
oxygen the sample only recovers
very slowly (logarithmical time
scale!). The whole measurement
took 14 days
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of hole as well as electron conduction [31], the following
expressions for the entire electronic conductivity as a function
of the unitless partial pressure pO2 results:

σ ¼ σ0
ep

ne
O2

þ σ0
hp

nh
O2

ð4Þ

logσ ¼ log σ0
e10

nelog pO2ð Þ þ σ0
h10

nhlog pO2ð Þ
� �

ð5Þ

The logarithmic version (Eq. 5) was used in a nonlinear
least square fit to determine the slopes ne and nh and σe

0 as
well as σh

0, which are the hole and electron conductivity at
1 bar, respectively. The resulting fit for 611 °C is presented in
Fig. 5. Hole conduction exhibits a slope of +0.289, electron
conduction of −0.136 at 611 °C. At 1 bar the corresponding
hole conductivity exceeds the electron conductivity by a factor
of 7. Figure 5 also displays the drift of the uncorrected con-
ductivity values for 100 % oxygen.

The slope nh=0.289 is close to the value of +1/4, expected
in the hole conducting regime of an acceptor doped material
(see also below). Nd3+ donor doping of PZT, on the other
hand, should be compensated by lead vacancies or electrons,
depending on the oxygen partial pressure. At first glance, one
might therefore expect hole conduction to be completely
suppressed in the oxygen partial pressure range under inves-
tigation. However, here the high volatility of PbO comes into
play. Our results strongly suggest that the additional defects
formed in PZT by PbO evaporation during sintering change
the material into effectively acceptor-doped PZT, at least in the
temperature range considered here. More quantitatively: in the
most simple case of donor-doped materials, the donor con-
centration [D•] is completely counter-balanced by the forma-

tion of lead vacancies with their concentration V
0 0

Pb

h i
being half

the donor concentration. At sintering temperatures, the PbO

volatility increases the lead vacancy concentration of PZTabove
the level of ½ [D•] and the charge neutrality equation has to
include further charge carriers and reads (without trapping ef-
fects)

h•½ � þ 2 V ••
o

� �þ D•½ � ¼ 2 V
0 0

Pb

h i
þ e

0
h i

ð6Þ

Donor and cation vacancy concentrations become frozen-in
at temperatures much below the sintering temperature and only
the electron [e/], electron hole [h•] and oxygen vacancy V••

o

� �
concentrations remain variable. Lead vacancies are then
acceptor-type and the high lead vacancy level (caused by
PbO evaporation) turns the material into effectively acceptor-
doped PZTwith effective acceptor concentration

A
0
eff

h i
¼ 2 V

0 0
Pb

h i
− D•½ � ð7Þ

Accordingly, in terms of electronic charge carriers and oxy-
gen vacancies such a material behaves like slightly acceptor-
doped PZTand at higher oxygen partial pressures, A/

eff is either
compensated by holes or oxygen vacancies. The oxygen ex-
change equilibrium.

1
�
2
O2 þ V ••

O↔Ox
o þ 2h• ð8Þ

with mass action law (Kp being the mass action constant)

h•½ �2
V ••

O

¼ Kp pO
1=2
2 ð9Þ

and predominant oxygen vacancy compensation of the effec-
tive acceptors, i.e. V••

o

� �
=½ [A/

eff], leads to a +1/4 slope of the

Fig. 5 Conductivity vs. oxygen
partial pressure measured at
611 °C, 565 °C and 560 °C with
fit line according to Eq. 5 for
611 °C. The open circles
represent the true conductivity
values in pure oxygen during the
long time drift (before correction
by Eq. 3)
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hole conduction in the log (σ)-log (pO2) plot. This is almost
exactly what we found and hence we conclude that our nom-
inally donor-doped PZT is indeed hole conducting in the high
pO2 regime. This is also in accordance with earlier indication
of hole conduction in nominally donor-doped PZT [25, 29].

All trends observed at 611 °C could be reproduced in (time-
consuming)measurements for two samples at 560 and 565 °C,
see Fig. 5. Again a positive slope for higher pO2 close to+¼ is
found but the minimum conductivity with transition to elec-
tron conduction is shifted to lower pressures and pure electron
conduction is hardly visible. This shift of the minimum is
again in accordance with data found for acceptor-doped
STO [2, 14] and supports our interpretation. However, still
the slope of -0.14 found at 611 °C for lower pO2 deserves
some discussion. Inserting the mass action law of electronic
band-band equilibrium [e/]·[h•]=Ke into Eq. 9 would lead to a
slope of -1/4 for the electron conductivity. The measured
smaller slope may simply be an artifact due to few data points
in the electron conducting regime.

However, a slope of -1/6 can indeed be expected for
effectively undoped material with the charge neutrality being
given by [e/]=2 V••

o

� �
. Such a defect chemical situation is not

unrealistic in our case, at least at even lower pO2 since the
effective acceptor concentration [A/

eff] might be very low - it
reflects the surplus of lead vacancies compared to the donor
level (Eq. 7), introduced by lead oxide evaporation during
sintering. This surplus and thus also the dopant induced oxy-
gen vacancy levels might be small. A low oxygen vacancy
concentration (and thus a low acceptor level) is also indicated
by the absence of an ion conduction plateau between electron
and hole conducting regimes.Moreover, analysis of 18O tracer
diffusion profiles with space charge effects on similarly pre-
pared PZT [42] and impedance measurements using ion-
blocking electrodes (publication in preparation) suggest a
low oxygen vacancy concentration in the ppm range. In such
a case a -1/6 slope is expected already for moderately low pO2.

In order to check the validity of this hypothesis we also
performed the measurements in hydrogen, despite stability
problems, see Section 3.1. Figure 6 displays the data for
565 °C and the conductivity value determined in H2 is indeed
in reasonable agreement with a -1/6 slope model.
Accordingly, at least for very low pO2 our effectively
acceptor-doped PZT seems to reach a defect chemical regime
in which electron and hole concentrations are unaffected by
dopants, but only depend on the mass action law constants Kp

and Ke. In Fig. 6 we also indicate the conductivity found in
pure O2 after the exposure to H2 (cf. Fig. 4). The value is
slightly enhanced, possibly due to formation of additional lead
vacancies during H2 exposure and thus increase of the effec-
tive acceptor concentration according to Eq. 7 (cf. formation
of pure lead under such conditions Ref. [39]). In summary, we
conclude from all conductivity data that also in nominally
donor-doped PZT a small but still relevant oxygen vacancy

concentration is present and that (in contrast to donor-doped
BTO and STO) the material is effectively acceptor-doped, at
least from a conductivity point of view. This interpretation is
also in accordance with the decrease of bulk conductivity by
donor doping discussed in Ref. [21].

3.3 Chemical diffusion coefficient of oxygen

When altering an equilibrated sample at a fixed temper-
ature from a partial pressure P1 to a final partial pres-
sure P2 it is possible to extract the chemical diffusion
coefficient of oxygen from the time dependence of the
conductivity [31, 43]. Figure 7 shows the relaxation
behavior of PZT at 560 °C after an oxygen partial
pressure step from air to 1 % oxygen. Oxygen exchange
between the sample and the gas phase and thus relaxa-
tion of the conductivity takes place within some hours
depending on the partial pressure and temperature.
Owing to the large aspect ratio of the samples used in
this study (see Fig. 1) equilibration mainly occurs via
the large top and bottom sides and to a good approxi-
mation diffusion can be considered one dimensional.
For such a one dimensional diffusion from two sides
of a sample with thickness L, the long-time behavior of
the mean sample conductivity σm (t) can be expressed
by [31, 43]

σm tð Þ−σ1

σ2−σ1
¼ 1−

8

π2
exp −

t

τ

� �
ð10Þ

ln 1−
σm tð Þ−σ1

σ2−σ1

	 

¼ ln

8

π2

	 

−
t

τ
; τ ¼ L2

π2Dδ
ð11Þ

In Eqs. 12 and 13 σ1 and σ2 denote the equilibrium
conductivities for partial pressures P1 and P2 and the time
constant τ can be used to extract the chemical diffusion
coefficient Dδ, provided the oxygen surface exchange is
sufficiently fast and does not play a role on the given time
scale. From oxygen tracer diffusion studies on these and
very similar materials we found critical lengths to be sev-
eral orders of magnitude shorter than our sample
thickness.[15, 44]. Despite differences between tracer dif-
fusion and chemical diffusion we therefore conclude valid-
ity of diffusion limitation also in these experiments. In
Fig. 7 it is shown that Eq. 11 indeed fits to our results: after
an initial sharp decay (not analyzed) the logarithmic plot of
the normalized conductivity (Eq. 10) shows a linear behav-
ior. The slope of the resulting linear fit reveals Dδ

according to Eq. 11. The values of Dδ are approximate-
ly 6.5·10−9 cm2/s at 560 °C and 2.0·10-8 cm2/s at
611 °C when switching between different pressures in
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the hole conducting regime – a systematic pO2 depen-
dence could not be obtained in this range. Ref. [18]
reports a much higher value of about 2.0·10−4 cm2/s at
700 °C in air for 0.75 % Nb doped PZT, but in that
case impedance data indicated much higher ionic con-
ductivity. In general, the chemical diffusion coefficient
of a material with oxygen vacancy diffusion coefficient
DV and hole diffusion coefficient Dh reads [31]

Dδ ¼ F2

RT

DVDh

σ
h•½ � þ 4 V ••

o

� �� � ð12Þ

Symbols F and T denote Faraday’s constant and tempera-
ture, respectively. In section 3.2 we showed that our PZT is
predominantly hole conducting in the partial pressure regime
considered here with V••

o

� �
>>[h·]. For such a vacancy rich

hole conductor the chemical diffusion coefficient in Eq. 12
can be reduced to [31]

Dδ ¼ 4 V ••
o

� �
h•½ � DV ð13Þ

Therefore we conclude that in our study the oxygen vacan-
cy concentration (and thus the effective acceptor doping level)
was much lower than in Ref. [18], most probably due to less
lead oxide evaporation and thus less additional lead vacancy
formation during sintering or pre-annealing. In Ref. [26], a
high chemical diffusion coefficient of about 2.3·10−7 cm2/s
was found for undoped PZT at 360 °C, but those samples
showed high ionic conductivity as well. It is finally worth
mentioning that hole trapping would add an additional factor
to Eq. 13, cf. Ref. [31], and thus even a known DV value

Fig. 6 Corrected conductivity vs.
oxygen partial pressure measured
at 565 °C with conductivity value
for H2 exposition. Data suggest a
slope of ca.−1/6 for electron
conduction (slopes of−1/6 and +
1/4 are indicated by solid lines).
The filled circle represents the
uncorrected conductivity at pO2=
1 bar after the H2 exposure and
very long annealing in oxygen

Fig. 7 Conductivity data for an oxygen partial pressure step from ambient air to 1 % oxygen at 560 °C in a linear a and logarithmic b plot including the
fit line according to Eq. 11
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would not allow a quantitative determination of V••
o

� �
/[h·]

from the measured diffusion coefficients.

4 Conclusions

Conductivity studies were performed on donor-doped PZT in
order to obtain defect chemical information and to identify the
relevant mobile charge carriers. From time, temperature and
partial pressure dependent measurements the following main
results could be deduced:

& Oxygen partial pressure steps are reversible in a certain
partial pressure range and allow analysis of diffusion
coefficients and equilibrium conductivities. For very low
oxygen partial pressures (H2 exposition), irreversible
changes of the material are observed.

& At higher oxygen partial pressures, the slopes of log
(conductivity) vs. log (pO2) plots (~1/4) clearly indicate hole
conduction, despite nominal donor doping. This can be
explained by PbO evaporation during preparation. The ad-
ditionally formed lead vacancies turn the nominally donor-
doped PZT into an effectively slightly acceptor-doped oxide.

& A transition to electron conduction is found for lower pO2

and this transition is shifted to lower pressures at lower
temperatures. Moreover, a decreased slope (less than−¼) in
this regime indicates a very low effective acceptor doping.

& Conductivity relaxation measurements after pO2 steps
also allow analysis of the chemical diffusion coefficient
of oxygen and values of about 6.5·10−9 cm2/s and
2·10−8 cm2/s were determined for 560 and 611 °C, respec-
tively. Comparison to literature values suggests low oxy-
gen vacancy concentration in our case, in accordance with
the reduced slope of the conductivity data for low partial
pressures and the absence of a conductivity plateau.
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