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Abstract

The positive temperature coefficient of resistivity (PTCR) effect in ferroelectric Pb(Fe;,,Nb;2)O3; (PFN) ceramics was examined
to determine its physical meaning as the evidence of the ferroelectric domain structure. Monitoring of the temperature dependence
of resistivity showed that its PTCR effect begins around the dielectric maximum temperature (7,,). The existence of the space
charge region near the grain boundary was verified via impedance spectroscopy, and X-ray photoelectron spectroscopy (XPS)
indicated it to be due to Pb volatilization during the sintering process. In addition, well-development ferroelectric domain structure,
which was expected to be found according to Jonker’s theory, was observed with transmission electron microscopy (TEM).

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Pb(Fe;sNb,;5)O3 (PFN), a lead-based complex per-
ovskite, is regarded as a good candidate as a multilayer
ceramic capacitor owing to its high dielectric constant and
low sintering temperature.'= In addition, its intermediate
position between normal ferroelectric (e.g.: BaTiOs,
SrTiOs, etc) and relaxor ferroelectric (e.g.: Pb(Mg;;3Nby,
3)Os, Pb(In; ,Nb; »)Os, etc.) materials has been suggested
as the key to solve the secret of relaxor mechanism.*>

The positive temperature coefficient of resistivity
(PTCR) effect has been regarded as a good measure for
identifying normal ferroelectric materials due to its
relationship with the existence of ferroelectric macro-
domains.®” Since BaTiO; doped with small amount of
donor impurities such as Y, Sb, La and Nb, BaTiO; has
been reported to exhibit the PTCR behavior,®~1* some
lead-based perovskites with normal ferroelectric prop-
erties have also been found to exhibit this behavior.!'=!3

This effect has been reported to be attributed to the
intergranular potential barrier from the surface charge
capturing electrons. This barrier increases the room
temperature resistivity, while it is lowered by the charge
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compensation effect of the ferroelectric domains. How-
ever, the resistivity begins to increase till all acceptor
states are occupied over the Curie temperature (7,.) where
the ferroelectric domains disappear and their charge
compensation effect vanishes.'# This conventional theory
suggests two important necessary conditions for the
occurrence of the PTCR effect; the intergranular poten-
tial barrier and the ferroelectric domain.

The fact that undoped PFN exhibits PTCR behavior
is not expected in view of the conventional PTCR the-
ory based on doped BaTiOj;, and it have not been
properly explained. In this study the reason why
undoped PFN shows this behavior was investigated.
Furthermore, based on the fact that the ferroelectric
domain structure is a necessary condition of the PTCR
behavior, the ferroelectric domain structure in PFN
was observed in order to identify its location between
normal and relaxor ferroelectrics.

2. Experimental

2.1. Sample preparation and characterization

Reagent grade PbO (99.9%, High Purity Chem. Co.,
Japan), Nb,Os (99.9%, High Purity Chem. co., Japan)
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and Fe,03 (99.9%, High Purity Chem. Co., Japan) were
used to prepare the PFN specimen. In order to synthesize
the FeNbO, phase, a stoichiometric mixture of Nb,Os
and Fe,Oj3 in a stoichiometric molar ratio was ball-milled
in ethanol with zirconia balls for 24 h, and heat-treated at
1000 °C for 24 h. Subsequently, the stoichiometric PbO
and FeNbO, mixture was calcined at 900 °C for 2 h in
order to synthesize the PFN perovskite phase. The
obtained PFN powder was granulated by adding aqueous
10 wt.% PVA (poly vinyl alcohol) and passed through a
100-mesh sieve. The powder was pressed into disc shaped
pellets and sintered at 1050 (PFN1050) and 1150 °C
(PFN1150) for 2 h at a heating rate of 300 °C/h. To pre-
vent PbO volatilization, the pellets were embedded in the
powder of the same composition in a Pt crucible, and
placed in an alumina crucible again.

The crystal structure of the sintered body was ana-
lyzed using X-ray diffractometry (XRD, MI8XHF,
MacScience, Japan) using Cu K« radiation, and the
ferroelectric domain structure was observed using
transmission electron microscopy (TEM, CM-20, Phil-
lips, Holland). X-ray photoelectron spectroscopy (XPS,
ESCA Phi-5600, Physical Elecronics, USA) was used to
measure the oxidation state of the lead in specimen.

2.2. Measurement of electrical properties

In order to measure the dielectric properties and
resistivity, the two opposite faces of the specimen were
painted with a silver paste and fired at 650 °C for 30

min. The dielectric properties were measured using an
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impedence analyzer (HP-4192, Hewlett Packard,
Japan), and the resistivity was measured with a pA
meter (HP-4140B, Hewlett Packard, Japan). Complex
impedence spectroscopy (SI-1260, Solartron, UK) was
used to separate the contribution of the grains and grain
boundaries to the total resistivity.
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Fig. 2. Temperature dependence of the resistivity of PFN: (a)
PFN1050 and (b) PFN1150.
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Fig. 1. Temperature dependence of the dielectric constant of PFN: (a) PFN1050 and (b) PEN1150.
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3. Results and discussion
3.1. Structure and PTCR effect in PFN

XRD showed that the sintered body had a clean per-
ovskite structure without any pyrochlore phase. The
grain size of PFNI1050 was 1-5 pm, and that of
PFN1150 was 10—-15 um.

The temperature dependence of the dielectric constant
(e;) and the dc resistivity (p) of PFN is shown in Figs. 1
and 2 respectively. In the case of PFN1150, DPT (dif-
fuse phase transition) property was found, and the T,
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(dielectrc maximum temperature) was 370 K and fre-
quency-independent. The dielectric constant at 7, was
20,300 under a 100 Hz-frequency. A dielectric anomaly
was shown, and the dielectric loss rapidly increased over
the T,,,. PFN1150 exhibited different dielectric proper-
ties compared to PFN1050, in that the graphs did not
show a Gaussian relationship, and the dielectric loss
over the whole temperature range was abnormally large,
which was attributed to its low resistivity. In the case of
PFN1050, the dc resistivity at room temperature was
~10!'" Qcm, which decreased rapidly over T, to ~103
Q cm at 400 °C. However, an increase in the sintering
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Fig. 3. Impedance spectroscopy of PFN1150.
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temperature greatly decreased the dc resistivity of PFN
at room temperature; ~10* Q cm in PFN1150. Its low
resistivity is originated from the use of a very reducible
element, Fe. The coexistence of Fe>™ and Fe*™ results
in electron hopping between the two,!>~!® and we pre-
viously reported that the effect of the sintering tem-
perature is attributed to the irreversible chemical change
at the grain boundary.!®-20

PFN1150 also showed the typical PTCR effect. Below
T and over 250 °C, it showed a thermally activated
conduction behavior, but the slopes were different. The
resistivity can be obtained, in thermally activated con-
ductionby the following equation:

Inp = Inpy + (Eq/kp)(1/T) (1

where oo is preexponential factor, E; the conduction
activation energy, kg the Boltzmann constant, and 7 the
absolute temperature. Because the slope of resistivity is
linearly dependent on Eg, a change in the slope means
that the conduction activation energy changed across
the dielectric maximum temperature (7,). The linearly
fitted values of E5 were 0.15 eV below T, and 0.38 eV
over 250 °C.

The complex impedance spectroscopy of PFN1150 is
shown in Fig. 3. Two RC circuit elements of bulk and
grain boundary were clearly shown at room temper-
ature, but the resistivity increase of the grain boundary
resulted in a superimposition of the two elements as
temperature increased.

3.2. X-ray photoelectron spectroscopy

Nomura et al., who firstly reported the PTCR phe-
nomenon in PFN, did not reveal any detailed mechan-
ism for the unusual fact that undoped PFN had the
space charge layer near the grain boundary while impu-
rities form it in BaTiOs.2! The PTCR effect in the
undoped Pb-containing compounds was analytically
investigated using XPS by Nagamoto et al.?? The results
showed that the binding energy of Pb4f;,, was split into
two energy states; one at 139 eV (peak A) and the other
at 141 eV (peak B). Fig. 4 shows the spectra of the
Pb4f;,, binding energy in PFN, which has a similar
shape as the other lead-containing compounds with a
PTCR effect.

It has been generally accepted that the split in the
binding energy is attributed to the multivalency of lead
(Pb?>* and Pb**), and Nagamoto et al. suggested that
this multivalency cause the PTCR effect in Ba;_,SrP-
SrPb; 1 ,05.%? Parmigiani approached the multivalency
problem of lead by assuming two different electrical
environments for the B cations due to the 1:1 chemical
ordering in Pb(Mg;;3Nb,/3)O;. However, he could not
prove a proper relationship between the multivalency
and the chemical ordering.?® Therefore, this hypothesis
was alternated by the suggestion that lead had a formal
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Fig. 4. Slow scan XPS spectra of the Pb4f;, states of PFN:
(a) PFN1050 and (b) PFN1150.

valence of 2+, and peak A could be explained more
reliably by a shift in the position of the lead cations
from the normal lattice point in the randomly dis-
tributed region of B-site cations. He also suggested
the possibility that lead and/or oxygen vacancies can
control the charge neutrality in the ordered region.
However, even this suggestion could not explain the
phenomenon shown in Fig. 4 in that the relative inten-
sity of peak A was affected by the extent of lead volati-
lization in PFN, which means that an increase in the
[Vpy”] was the determining factor for the relative inten-
sity between peak A and B.?* It would be more reason-
able to say that Pb and/or oxygen vacancies affect the
position shift of lead cations from the lattice point.

It was reported that a diffused layer of cation vacan-
cies form the space charge layer near the grain bound-
ary, and particularly the A-site cation (barium) is easier
to diffuse than the B-site cation (titanium).>>?¢ Lead
vacancies generally diffuse from the grain boundary into
the inner grain during sintering. Consequently a space
charge layer in PFN is likely to be formed by the Pb
volatilization during sintering. However, the resistivity
did not increase, although the vacancy concentration
increased. This is because the volatilization of Pb vola-
tilization increased the relative Fe concentration at the
grain boundary, which made electron hopping between
the Fe sites easier.!”

3.3. Ferroelectric domain structure in PFN

The PTCR effect in PFN implies the existence of fer-
roelectric domains, which provides good information on
its ferroelectric properties, particularly its intermediate
location between normal and relaxor ferroelectrics.
According to Jonker’s theory, resistance lowering below
T. can be attributed to the weakened potential barrier
by the ferroelectric domains.!>27

The TEM photographs in Fig. 5 shows the domain
structure and diffraction patterns in PFN1150. The
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Fig. 5. TEM photographs and diffraction pattern of PFN1150, which show the ferroelectric domain structure: (a) dark field image, (b) bright field

image, (c) diffraction pattern (zone axis=[111]) and (d) diffraction pattern (zone axis =[011]).

net area was divided into two regions with a clear
black-and-white contrast, and each region had diagonal
lines in it. The diffraction patterns with the [011] zone
axis in Fig. 5(d) did not show any superlattice point [1/2
1/2 1/2], which means that the B-site cations are ran-
domly disordered. Therefore we can conclude that the
domain structure shown in Fig. 5 was attributed not to
the ordering of B-site cation but to the ferroelectric
dipole ordering.

Although Pb-containing relaxors have electric dipoles,
ferroelectric macro-domains have not found in a TEM
study except for ordered Pb(Sc;,Ta;»)O3 (PST), per-
ovskite with titanium and poled-relaxors.®” Furthermore,
ordered PST is regarded as a normal ferroelectric mate-
rial. Therefore, the existence of ferroelectric domains in
PFN means that PFN is close to a normal ferroelectric
material.

4. Conclusion

PFN1150 exhibited a PTCR Effect around the T,
and the thermal activation energy over 250 °C was
~0.35 eV, while that below T,, was ~0.17 eV. Impe-
dance spectroscopy showed the RC component from
the space charge layer near the grain boundary, which is
originated from the formation of Pb and O vacancies by

Pb volatilization. The ferroelectric domain structure,
which was expected from Jonker’s theory, was observed
by TEM.
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