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Abstract

La doped samples were used to study the effects of this dopant on the structural and dielectric properties of Pb(Fe,3W/3)O3
(PFW) relaxor ceramics. La doping leads to a decrease in the lattice constant of the cubic PFW perovskite and to the precipitation
of increasing amounts of a second phase, PboWO,. A decrease of dielectric permittivity maximum, &y, a shift of transition tem-
perature, T, to lower temperatures, and an increase of diffuseness, §, are also observed. Undoped and La doped PFW show a p-
type conduction. The resistivity vs La content shows a “V-like” curve. The aging behavior of the samples are also altered by the
presence of the dopant. The aging decreases with increasing the La content up to 5 at% and increases after that. Charge compen-
sation and defect associations in the La doped samples are discussed and suggested to explain the electrical properties and the aging

behavior. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Lead based perovskite Pb(B'_,B”,)03; relaxors
became, in the early 80s, very attractive and successful
industrial materials for high capacitance multilayer capa-
citors, mainly because of their low sintering temperature
(low cost electrodes can be used), high diffuse dielectric
permittivity peak and the possibility of designing prop-
erties by making appropriate solid solutions between
them. !

The understanding of the physical nature, responsible
for the peculiar dielectric macroscopic characteristics of
relaxors, typified by a high dielectric permittivity value,
a diffuse phase transition, a strong relaxation of the
dielectric properties with frequency, an absence of mac-
roscopic polarization at temperatures far below the
permittivity maximum temperature (transition tempera-
ture) and a characteristic aging behavior, became a sci-
entific subject of interest, not completely established
until now.

Many authors at different times proposed several
models to explain the ferroelectric relaxor behavior.

* Corresponding author.

Among them, the compositional fluctuation model,? the
superparaelectric model, the dipolar glass model* and
the random field model® have received the most atten-
tion. Recently, it was observed that the size of the
domains and the degree of B cation order of Pb(Mg; 3
Tay;3)03 (PMT) can be significantly increased by
annealing at high temperatures and that fully ordered
ceramics that were comprised of large domains still
retained the relaxor behavior.® This experimental evi-
dence points out that there is no direct correspondence
between the micro/nano scale of polar regions and the
relaxor behavior.

In spite of its low transition temperature, around 185
K,” Pb(Fe,3W,/3)03 (PFW) is used to obtained solid
solutions with other relaxor compositions, allowing
these compositions to meet standard specifications for
multilayer capacitors. It is conceivable that it can also
be a material of choice for components subject to low
temperatures for extended periods of time. PFW exhi-
bits typical relaxor properties.” No long range order was
identified in PFW,® pointing out for a disordered struc-
ture in which the Fe3* and W°* ions are randomly
distributed on the octahedral positions.

For practical applications, it is imperative to guaran-
tee minimal dielectric losses and minimal dielectric
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aging. Some studies on PFW ceramics®!'? showed clear

changes of the dielectric properties and aging behavior
for defective PFW compositions, stressing the influence,
on the relaxor behavior, of the lattice defects and their
spatial positions and supporting the idea, discussed for
other lead based materials, like lead lanthanum zirconate
titanate (PLZT)II,IZ and Pb(Mg1/3Nb2/3)O3 (PMN)IS,
that a lattice defect constitutes the essential ingredient
for the aging process.

In order to clarify some characteristics of the dielec-
tric behavior of this relaxor, lanthanum doped PFW
samples were prepared and investigated, in the present
work. The role of the La incorporation in PFW is dis-
cussed both from the structural point of view and from the
electrical one, namely its effect on dc resistivity, diffuse
phase transition and dielectric aging.

2. Experimental

The La incorporated into PFW ceramics were con-
sidered to substitute Pb on the A sites. The composi-
tions studied are represented by the general formulas
Pbl,xLax(Fez/3W1/3)O3 in which XZO, 0005, 001,
0.03, 0.05, 0.07, 0.1 and 0.12 and Pb,_,La,[(Fex+ )3
Wi_,)/3)O3 in which y = 0.05 and 0.1.

All the samples, indicated in Table 1, were prepared
by the columbite precursor method, as previously
described.!* Reagent grade Fe,O; and WO; were first
ball-milled in alcohol for 4 h, dried, prereacted at
1000°C for 2 h, and then ball-milled with PbO and
La,Oj3. After the calcination at 800°C for 2 h, the pow-
ders were ball-milled again in alcohol for 10-15 h, to
obtain powders of less than 5 pm of particle size. Pellets
of 10mm in diameter and 2-3 mm in thickness were
uniaxially pressed at 100 MPa and then isostatically
pressed at 300 MPa. The samples were sintered at 870°C
for 2 h.

The density of the sintered samples was determined
according to Archimedes principle, using an analytical
balance and diethyl phthalate as the reference liquid.

Table 1

Some of the sintered samples were ground into pow-
der and the phases were identified by X-ray diffraction
analysis. The microstructures of the samples were
observed in polished sections, as well as the composition
analysis by energy dispersion spectroscopy (EDS), using
scaning electron microscopy (S.E.M.).

Hall effect measurements were carried out to check the
nature of the main carrier in PFW and in the La doped
PFW. The measurements were done at room temperature
with four Ag electrodes, following the Van der Pauw geo-
metry. The magnetic field was 0.5 T and for each mea-
surement, the values were taken before and after reversing
the magnetic field direction and the current direction,
under low electric field (less than 0.03 V/cm) condition.
For each measurement, an average of 10 cycles was taken.

For the dielectric measurements, sintered samples were
polished and gold electrodes were sputtered on both sides.
Dielectric permittivity and loss factor were measured, at
10 kHz, as a function of temperature, during heating-up at
a rate of 1 K min~!, using a Solartron 1260 impedance/
gain-phase analyzer and a Displex APD-cryogenics cryo-
stat. Dc resistivity was measured at room temperature
with a Keithley 617 Programmable Electrometer.

The diffuseness coefficient, §, which characterizes the
breadth of the diffuse ferroelectric / paraelectric transition,
was calculated by the Gaussian distribution relation:'?

8rmax/{?‘r = GXP[(T— TO)Z/ZBZ]’

where &, 18 the dielectric permittivity maximum, &,
the dielectric permittivity at 7' and Ty the temperature at
which e, occurs (transition temperature).

Before the aging treatment, a capacitance-tempera-
ture run was done. The samples were heated to room
temperature to relieve any earlier aging effect and then
cooled to the aging temperature (143 K). Isothermal
aging of the samples was conducted in the cryostat
chamber at 143 K for 100 h, under open circuit condi-
tions. After that, the samples were rapidly cooled to 50
K and the dielectric properties were measured during

heating up at a rate of 1 K min—'.

Sintering characteristics of Pb,_,La(Fe,;3W/3)O3 and Pb;_,La,[(Fe( +y),3W (1_y)3)]O3 ceramics

Designation Compositions

Weight loss (%) Grain size (um)

PFW Pb(Fe,3W, /305
PFW-0.5La Pb,_.La(Fe,sW,3)0s, x=0.5 at%

PFW-1La Pb,_.La(Fe;sW;/3)05, x=1 at%
PFW-3La Pbl,V\.LavV(Fezly3W|’,3)O3, x=3at%
PFW-5La Pb,_.La(Fe;;3W;/3)03, x=5 at%
PFW-7La Pb[ ,V\-Lﬁx(Fez/r:;W]’,:;)O:g, x=T7at%
PFW-10La Pbl,XLax(Fep_/:;Wl/_g)O_z, x=10 at%
PFW-12La Pbl7,\‘Lax(FCZ,’3Wl,/3)O3w x=12 at%
PFW-5La(2) Pb,_,La,[(Few+,)3W(1-,)3)]03, y=5 at%

PFW-10La(2)

Pbl,yLay[(FC(z +y)’/3W(1,N‘;)yg)]O}, y= 10 at%

0.32 2.1
0.30 2.1
0.27 2.3
0.24 2.4
0.22 2.4
0.20 2.6
0.18 2.8
0.17 2.9
0.20 2.5
0.19 3.0




L. Zhou et al. | Journal of the European Ceramic Society 20 (2000) 1035-1041 1037

3. Results

The XRD patterns of PFW, PFW-1La, PFW-5La
and PFW-12La are presented in Fig. 1. Besides the
PFW perovskite phase, trace amounts of second phases,
PbWO, and Pb,FeWOQg s, are observed in PFW cera-
mics, as previously reported,'* while only the PbWO,
second phase is detected in the La doped Pb;_.La,
(Feys Wy/3)O3 samples and its amount increases with
the increase in the La content. The second phases could
not be observed in the S.E.M. pictures.

The cubiclattice constant (ag) of the Pb;_ La (Fe,/sW 13)
O3 compositions, shown in Fig. 2, were determined from

o PFW

+PbWO,
* Pb,FeWOg 5

+JL |
[N
P O T A L

PFW-10La(2)

S— O
,

PFW-12La

30 40 50 60 70
26(°)

Fig. 1. XRD patterns of La modified PFW ceramics.

their diffraction patterns. A clear linear decrease of qy is
observed. This supports the assumption that the La ions
were incorporated into the PFW perovskite lattice,
substituting for Pb?*. The decrease of ay with La con-
tent could be due to the smaller ionic radius of La3™
(1.32 A1617) compared to that of Pb2* (1.49 A16:17),

The sintering characteristics of Pb;_,La(Fess;
W/3)O3 ceramics are represented in Table 1. Small
weight losses were observed for all the samples,
decreasing systematically when Pb>* is substituted by
La3*. High degrees of densification, between 92 and
97% of theoretical density, could be inferred by S.E.M.
observation of polished surfaces.

The microstructures of the PFW and PFW-5La samples
are shown in Fig. 3. There is a tendency for a small
increase in the grain size for La doped samples (Table 1).
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Fig. 2. Dependence of the lattice constant of Pb,_.La (Fe;3W,3)03
on La content.
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Fig. 3. S.E.M. microstructures of PFW (a) and PFW-5La (b) ceramics.
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Although a reliably quantitative elements analysis is dif-
ficult to obtain by EDS/S.E.M., an increase in the amount
of lanthanum in the matrix grains with the increase of La
content in the samples was observed, confirming that the
La ions are incorporated into the PFW lattice. Moreover, a
decrease in the matrix grains of the tungsten amount as the
La amount increased was also found, in agreement with the
observed precipitation of PbWOy,.

The dielectric properties of the Pb;_,La,(Fe;;3W;3)05
compositions are shown in Table 2, stressing the effects of
the La doping on the dielectric behavior of PFW ceramics.
The increase in the La content results in a pronounced
decrease of the dielectric permittivity maximum, & yax, @
shift of the transition temperature, Ty, to lower tempera-
tures, and an increase of the diffuseness coefficient, §.

Hall effect measurements show that the main charge
carrier of undoped and La doped PFW is the electron
hole. This can be attributed to the ionization of lead
vacancies originated from lead loss during sintering,
Vb <= Vpy" + 2 (1)
where Vpy,”
hole.

The dc resistivity of Pb,_.La(Fe;;3W;;3)O3 ceramics
decreases for increasing amounts of La, until 5 at% of
La, increasing after that until 10 at% and then remain-
ing almost unchanged for higher La amounts. This
behavior becomes clearer from the plot of resistivity vs
La content (Fig. 4), where a “V-like” curve is displayed.

The dielectric permittivity and loss factor, as a func-
tion of temperature, at 10 kHz, for the PFW, PFW-
0.5La, PFW-1La, PFW-5La and PFW-10La composi-
tions are shown in Fig. 5. The variations of the dielectric
parameters as a function of the La content, pointed in
Table 2, become evident.

In the loss factor curves (Fig. 5b), a well defined sec-
ond peak, with high loss values, can be observed for all

is a doubly ionized lead vacancy and 7 a

Table 2
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Fig. 4. Dependence of resistivity of Pb;_.La.(Fe>;3W/;3)O3 ceramics
on La content.

the samples. The same effect was observed in the
e, = f(T) curves, but for higher temperatures not plotted
in Fig. 5a. Although the nature of these second peaks is
not under discussion in this work, it is worthwhile to
emphasize that the highest loss peak corresponds to the
PFW-5La sample and the lowest to the PFW-10La
one, exactly the samples that show the lowest and the
highest dc resistivity values, respectively (Fig. 4).

The graphical variations of the dielectric permittivity
(e,) and loss factor (tand) against temperature, for aged
and unaged samples of PFW-0.5La are presented in Fig.
6. As can be seen, the aged curves are distorted near the
aging temperature (143 K), specially in the loss factor
curves, showing an aging distortion similar to that of
nonstoichiometric® and Mn-doped!® PFW, PLZT!!:12 and
PMN'"3 ceramics. The aging level decreases with the
increase in the La content up to 5 at%. No aging distor-
tion was observed for the 5 at% La sample, this occurring
again for the PFW-10La composition. This tendency

Dielectric properties of Pb,_La (Fe;;3W,3)O3 and Pb,_,La [(Fex +,)3W(1-,)3)]03 ceramics

Designation Ermax Ty (K) 8 (K) Resitivity (£2-cm) Percentage of aging® (at 143 K) (%)
Aeg. /e, Atand/tand

PFW 12180 185 53 2.8x10° 44 11.3
PFW-0.5La 9630 182 57 2.0x10° 32 10.9
PFW-1La 8810 176 62 1.5x10° 24 9.4
PFW-3La 5900 162 78 6.0x10° 1.5 5.1
PFW-5La 4560 153 91 1.4x10° No aging No aging
PFW-7La 2980 150 110 1.3x10° 29 7.8
PFW-10La 1500 148 190 1.2x107 3.6 10.8
PFW-12La 1200 145 194 1.5x107 —b —
PFW-5La(2) 5110 140 84 3.0x107 — —
PFW-10La(2) 3000 120 173 2.5x107 — —

4 Aging at 143 K for 100 h.

b __ Not measured.
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Fig. 6. Dielectric permittivity and loss factor as a function of tem-
perature, at 10 kHz, for unaged and aged PFW-0.5La (aging at 143 K
for 100 h).

can be seen from Table 2, where the percentage of aging
(Ag, /e, and Atané/tand, where Ag, = &, — &4, &, and
&, being the permittivity values at the aging tempera-
ture for the same sample before and after aging, with
similar relations for the loss factor) are tabulated.

4. Discussion

According to the results presented above, in the
Pb;_La(Fe;3W,;3)O03 (x<12%) system, the La ions
were incorporated into the PFW perovskite lattice. The
linear decrease of the lattice constant supports the
assumption of substitution in the A site position.

By analogy to other ABO; perovskites, like BaTiO3,'8
the La ions located at Pb sites carry excess positive

charges which, in order to maintain charge balance,
usually are considered to be compensated by electrons
and/or A-site vacancies,

Lapy, <= Layp, + ¢ ()

Lapy, <= Lap, + 1/2Vp” (3)

where La;b is an ionized La donor, Vp,” a doubly
ionized lead vacancy and €’ an electron.

If the electron compensation [Eq. (2)] takes place, it
will decrease the hole concentration and thus increase
the resistivity. The lead vacancy compensation [Eq. (3)],
having no contribution to the carrier concentration,
should have almost no influence on the resistivity.

Pb,_.La(Fe,3W,,3)O3 decreases as the amount of La
doping increases, as can be seen in Table 1. This will lead to
an increase in the resistivity. So, either the electron com-
pensation for La’* substituting Pb>* or the decrease in
lead loss with La dopant will cause a monotonous increase
in the resistivity with increasing the La content, which was
not experimentally observed. The resistivity of the
Pb,_,La(Fe,;3W,;3)O; changes with the La content in a
“V-like” way, as shown in Fig. 4. The resistivity decreases
for low La contents, reaching a minimum for La = 5 at%
and increases thereafter until La = 10 at%.

To interpret the resistivity variations, the composi-
tional changes occurring in the Pb;_,La (Fe;;3W/3)O3
samples have also to be considered. As described above,
the tungsten amount in the matrix grains decreases as
the La content increases with concomitant precipitation
of PbWO,. The difficiency in tungsten results in a net
negative charge excess on the B sites. Theoretically, this
excess charge could be completely compensated if the
composition would be readjusted according to the formula
Pbl,},Lay[(Fe(ery)/gW(l,},)/3)]03. SO, in the PblfoaX
(Fe;3Wi3)O3  ceramics, where a  stoichiometric
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proportion of Fe/W (2:1) was introduced in the sample
preparation and a higher Fe/W ratio would be present
after sintering, the relative excess of tungsten should form
a second phase, as it was indeed observed. The PbWO,
second phase was detected for all the Pb,_,La(Fe;sWj,
3)O3 samples, as shown in Fig. 1.

Following this idea, the ceramics with the composi-
tional formula Pbl,yLay[(Fe(2+y)/3W(1,}))/3)]03 must be
monophasic. To confirm this idea, samples having a
composition given by the formula Pb,_,La,[(Fex )3
W(_y)3)]03, in which y = 0.05 and 0.1 [designated as
PFW-5La(2) and PFW-10La(2), respectively], were
prepared. A pure perovskite PFW phase was observed
in both of these compositions, as shown in Fig. 1, for
PFW-10La(2). The dielectric properties of PFW-5La(2)
and PFW-10La(2) ceramics are also shown in Tables 1
and 2. The formation of the second phase PbWQ, in
Pb;_.La.(Fe;;3W,;3)O3 can also be taken as supporting
the charge compensation mechanism described by Eq.
(3) which, with simultaneous production of extra tung-
sten vacancies will create holes by their ionization, thus
decreasing the resistivity. The higher resistivity values of
PFW-5La(2) and PFW-10La(2) samples where no
PbWO, second phase was observed seem to support this
suggestion.

The “V-like” variation in resistivity shown in Fig. 4 is
then probably a result of the competition of the
decrease of the resistivity caused by the PbWO, phase
formation and the increase of the resistivity due to the
decrease of the lead loss and/or the electron compensa-
tion occurrence by Eq. (2).

The lattice change due to the readjustment of Fe/W
can be negligible since the ionic radius of Fe3™ (0.55
Al617) and WO (0.58 Al!617) are similar. It was
observed that the lattice constant of the perovskite of
PFW-5La(2) and PFW-10La(2) is similar to that of
PFW-5La and PFW-10La respectively.

Turning now to the aging behavior of Pb,_,La(Fe,;3
W,,3)O3 ceramics (Fig. 6 and Table 2), it is interesting to
note that the change of the aging level with the La con-
tent shows a similar behavior as that of resistivity (Fig.
4 and Table 2). When La<5 at%, both the resistivity
and the aging level decrease with the increase in the La
content. The resistivity reaches a minimum at La=5
at%, while no aging is observed. For the composition
with La=10 at%, the resistivity increases and the aging
appears again.

Aging has been correlated with the presence of polar
defect pairs.”~13 It was attributed to the coupling of the
defect pairs to the polarization vectors in the nanodo-
mains, stabilizing the existing domain states.” !> The
easiness of the reorientation of defect pairs was sug-
gested to be responsible for the various aging degrees of
nonstoichiometric® and Mn doped!® PFW ceramics.

In stoichiometric PFW ceramics if the holes origi-
nated from Eq. (1) weakly bind to Fe’* originating

Fe3".h (Fet.), their associations with lead vacancies to
form polar defect pairs Vpy’—Feg, will originate the
defect pair that can be used to explain the aging in sto-
chiometric PFW. The easy reorientation of these pairs
will correspond to an electron (hole) jump between two
Fe ions, a process similar to the small polaron contribu-
tion to conductivity. Fe*" has been detected by optical
means in perovskite lattices containg Fe.!® Also Fe*™
was found using Mossbauer in heavily Fe doped
SrTi03.2° Although the detection of different Fe oxida-
tion states in our samples was tried using Mossbauer
spectroscopy, this was not successful due to the lower Fe
content of PFW and the shielding effect of Pb and W.

As the La concentration is increasing (La<5 at%), it
is conceivable that the association Vpy'—Lapy, will pro-
gressively become dominant. Its difficulty in reorientat-
ing, which will correspond to Pb diffusion in the
perovskite lattice will not allow its coupling to the
polarization vectors of the nanodomains of the relaxor,
maintaining therefore the capability of these polarization
vectors to follow the applied field.

At higher La concentration (La>5 at%) it seems that
another more mobile defect pair is being created, since the
aging of these high doped samples is again detected. It is
probably correlated again with the oxidation-reduction
equilibrium process of the Fe ions.

In Pb,_,La(Fe;;3W,;3)O3 ceramics, when the La
content increases, the composition of the matrix grains
goes towards Pbl,yL'dy[Fe(zjx_y)/:;W(1,}-)/3]03, as sug-
gested, and the amount of the second phase, PbWQ,,
increases (Fig. 1). The smaller permittivity and higher
diffuseness coefficient of the Pb;_,La,[Fex. s
Wi_,)3]03 compositions (Table 2) lead to the decrease
of emax and the increase of §, with increase in La con-
tent, of the Pb;_,La(Fe,3W/3)O3 ceramics, as shown
in Table 2. Moreover, the second phase PbWO, in
Pb,_.La,(Fe;3 W,;3)O3 ceramics may also effectively
decrease the permittivity of the ceramics.

X-ray analysis (Fig. 2) shows that an increase of La®™"
concentration causes a decrease of the lattice parameter,
thus of the unit cell volume, thereby leading to a shift of
Ty to lower temperatures in the same manner as an
hydrostatic pressure.?!

5. Conclusions

Doping PFW ceramics with La modifies markedly its
dielectric properties. La doping results in a decrease of
&rmax» @ shift of Ty to lower temperatures and an increase
of §. With increasing the La content, the resistivity
decreases below 5 at%, increases above 5 at%, and then
remains constant above 10 at%, showing a “V-like”
curve. The observed variation in resistivity is suggested to
be a result of the competition of the decrease of the resis-
tivity caused by the PbWO, phase formation and the
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increase of the resistivity due to the decrease of the lead
loss and/or the electron compensation occurrence.

The aging decreases with increasing La content up to
5 at% and increases again after that. The role played by
the possible defect associations present in La doped
samples, on their aging behaviors, is discussed.
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