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Abstract—The temperature dependence of electric parameters of the sintered compound
PbZr sTio.44CuyaNDbg/s)0.0605 + 0.5 mol% MnQ was investigated using a.c. measurements. The temperature
dependence of the a.c. conductivity in the vicinity Bf is highly non-linear with a local maximum in
conductivity observed at that temperature. The total conductéyiiy), as a function of frequency, exhibits

a power law dependenced+ Aw®), whose exponens is maximized at the ferro—paraelectric transitiah.
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1. INTRODUCTION ferroelectric—paraelectric transition temperatufe,

. . . . ._can be determined using a.c. measurements.
The motion of charge carriers in ceramic materials

can be difficult to describe due to the complex
dynamic processes involved. However, conductivity
can be described in an acceptable way by considering
a.c. and d.c. electrical properties. Actually, imped- Samples with the composition PRZTig.4
ance, admittance, permittivity or complex modulugCusNbs/.)0.0605 + 0.5 mol% MnQ were prepared
are used world wide to analyze frequency dispersidoy hot pressing. Ceramic bodies were obtained from
data from a variety of physical systems [1]. It wadigh purity reagents and the calcination and milling
found appropriate to use a combination of these foprocedures were carried out simultaneously using a
malisms to study the electrical properties of hoball mill, which was kept at 60T in air. Hot pressed
pressed polycrystalline PbTioPbZrQ—~PbCuNbQ, ceramics were obtained at 10@) for 1h under a
which was modified by adding 0.5 mol% MpQOln pressure of 6 MPa in air.
this ferroelectric ternary system, copper and niobium a.c. Impedance measurements were carried out
replace the Zt or Ti** species on the B site of theusing a Hewlett-Packard HP 4192A Impedance Ana-
structure as hard and soft doping ions, respectivellyzer controlled by a personal computer. Using
This compound belongs to a complex ternary systenrganogold paste covered by a strip of gold foil, gold
(PZT), which has proved technological importance itlocking electrodes were fabricated on opposite faces
electronics and electro-optics [2, 3]. Previous studieaf a coin-shaped pellet (13 mm diameter aridmm
[4, 5] have shown a simple perovskite phase is fothickness). The pellet was attached to the Pt electrode
med and that the manganese enters in the lattice digires of a conductivity cell, and this placed inside a
placing Cud ions (the copper and manganese iongell regulated vertical tube furnace. The frequency
occupy the same crystallographic site, the B-site, irange studied was from 5 to 13 MHz and an applied
the perovskite structure). In this paper, the a.c. cowoltage of 1 V was employed. The temperature range
ductivity behavior is studied and it is shown that thénvestigated was from 180 to 780 in air. A thermo-
couple was placed close to the sample (3—4 mm) to
measure accurate temperatures.
_The hot pressing process yielded high density cer-
+5T2 ggzvzvhferzlc;:?;rf:gg %%i%cig]fuw be addressed. Teé‘mic bodies as corroborated by scanning electron
E-mail address dmmciim@servidor.unam.mx (A. Microscopy (Cambridge—Leica Steroescan 440). Plan-
Huanosta-Tera) view microscopy of fractured ceramics indicated a

2. EXPERIMENTAL PROCEDURE
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grain size between 3 and 6 um. The relatively uni-
form grain size distribution leads to reliable conduc-
tivity characterization.

3. RESULTS
3.1. a.c. Conductivity and d.c. behavior

Important dispersion phenomena cannot be con-
sidered if frequency independent data (d.c.
measurements) are used to characterize the tempera-
ture dependence of the conductivity. A more detailed
description is obtained using the dynamic conduc-
tivity method, o+(w) = gY’, where g is a geometric
factor, given by the quotient: thickness of the
sample/area of one electrode, Y' = Z'/[(Z2')? + (Z2')] is
the real part of the admittance, and Z' and Z" are the
real and imaginary parts of the impedance, respect-
ively.

Figure 1, which plots log o\(w) against 103T at 1,
10, 100 kHz and 1 MHz, shows a marked dispersion
in the conductivity, particularly around a critical tem-
perature, identified from previous paper [6] as T.. An
increase in conductivity occurs around T, appearing
as avery sharp maximum in each curve. The apparent
increase in the conductivity is attributed to the
increased polarizability of the material around T..

At temperatures well above T, the conductivity
data tends to fall onto a straight line. Thisis typical
behavior of the d.c. component in curves as those in
Fig. 1 [7]. Thus, the solid line indicated in Fig. 1
suggests the approximate trend of the d.c. conduc-
tivity. The associated activation energy was calcu-
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Fig. 1. or(w) plotted in Arrhenius fashion at selected fre-
quencies. The straight line represents the o as limit of the a.c.
conductivity at higher temperatures and low frequencies.
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lated as 1.60+0.03 €V, which compare properly with
previous results [8].

3.2. Power law dependence of conductivity

Figure 2 shows the log o1(w) plotted as a function
of log w at two selected temperatures, 420 and 700°C,
exemplifying the general behavior. Generally speak-
ing, as a function of temperature the curves log o+(®)
versus log o exhibit two dispersive components, typi-
cal of relaxation process. At low temperatures, disper-
sion dominates amost the total frequency interval.
While frequency independent behavior is the main
component at the highest temperatures. This means,
from low to high temperature the dispersive compo-
nents shift toward the high frequency region, first
appearing as a moderate frequency independent
component at the low frequency region, and then at
the highest temperatures (close to 700°C) the curves
become amost completely frequency independent, as
illustrated in Fig. 2.

The curve at 420°C exhibits the first dispersive
stage at around 1 kHz, which come from electrode
effects, whereas the second one at around 1000 kHz,
is associated with bulk phenomena, as it will be justi-
fied latter. The arrow indicates the crossover fre-
guency associated with bulk phenomena.

At the 700°C curve in Fig. 2, additional dispersion
is observed above 10° Hz, thisis considered as disper-
sion due to detection limits of the used equipment.

This type of behavior has been observed in a wide
variety of materials [9] over severa decades of fre-
guency. Jonscher [10] has proposed the relation:

or(w) = 0o + Aw® (@)

to describe such behavior. In this power law relation,
0, is considered the d.c. component, which is tem-
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Fig. 2. Frequency dependence of the dynamic conductivity at
420°C.
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perature dependent. The term Aw® accounts for the
dispersion phenomena, A is a temperature dependent
parameter which determine the magnitude of the dis-
persion, the exponent s is also temperature dependent
[11], with O<s<1.

Assuming this type of behavior, s was calculated
and its temperature dependence was studied (Fig. 3).
This parameter shows a maximum of about 0.83,
near T = 343°, after which, it decreases as the tem-
perature rises.

3.3. Didlectric permittivity

One of the most common procedures to find the
ferroelectric—paraelectric transition temperature is to
determine the maximum of the permittivity as a func-
tion of temperature. In order to support the above
results, obtained by a.c. measurements, the dielectric
permittivity is plotted as a function of temperature for
afew frequencies (1, 10, 100 kHz, and 1 MHz). The
frequency dependent permittivity was obtained by:

g'(0) = (e 0Z'[1 + (Z1Z)} (3

where g, =8.854x10" F/lcm, and g as defined
before.

Figure 4 shows the 1 kHz data which exhibits a
maximum at 343°C, the Curie temperature. Above
this temperature, the curve seems to follow a charac-
teristic Curie-Weiss behavior. However, at low fre-
quencies, there is an increasing tendency for the
values of €'(w) to become higher at above 500°C, as
commonly occurs in non-ferroelectric ceramics [12].
All plots of €'(w) against T, follow the same trend.
This result confirms that the T, observed in Fig. 1,
and temperature corresponding to the maximum value
of s, in fact correspond to the ferroelectric—parae-
lectric transition temperature.
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Fig. 3. Temperature dependence of the s parameter.
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Fig. 4. Temperature dependence of the permittivity for 1 kHz
(open sguares) and data (solid circles) obtained from bulk
capacitances (&', = gCy/ey).

3.4. Impedance data and bulk characteristics

It is also known that the electrical characteristics
of a material are a consequence of many interrelated
factors, whose evaluation and identification represents
a major problem. However, to good approximation,
such characteristics can be closely represented by an
equivalent circuit, which may be suggested by direct
observation of the resultant impedance plots. At tem-
peratures below 400°C the studied compound showed
only a fraction of an arc in the impedance plots. At
temperatures above 450°C a very well resolved semi-
circle appears, and at temperatures around 600°C a
poorly resolved second arc begins to appears. Figure
5 shows the impedance representation of the electrical
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Fig. 5. Electrical response for a couple of selected temperatures
in its impedance representation. Both measured and simulated
curves using the proposed equivalent circuit are shown.
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response for two temperatures. A parallel RC equival-
ent circuit can be associated to the full experimental
semicircle. The R and C parameters were calculated
inthe usua way [1], i.e., the resistance (R) was calcu-
lated from the low freguency intercept of the semi-
circle on the real Z' axis and the capacitance (C)
values were obtained from the maximum condition of
the semicircle ®,,xRC = 1, where . = 27t a0 frax
being the frequency at the maximum of the semi-
circle. Although al caculation can be made in a
reliable way just by direct observation on the imped-
ance plots, we have aso used the NLLS-fit program
[13] to support our results. In Fig. 5, both measured
and simulated curves using the proposed equivalent
circuit are shown.

The parallel RC mesh assigned to the full semi-
circle is in fact describing the electrical bulk charac-
teristics, this is concluded because the calculated
capacitances are in the order of pF, which is typical
value for bulk behavior [14]. Asthe frequency disper-
sion for the bulk occurs at the high frequency region
at every temperature, then the dispersive stage
pointed with an arrow in Fig. 2 is due to bulk
behavior.  Unfortunately, reliable C, (bulk
capacitance) values were only obtained above T.. This
is the main reason we do not present the temperature
dependence of C, to determine T.. In Fig. 4, these
results are shown as solid circles (&', = gCyley).

Using the obtained R values, via impedance plots,
the temperature dependence of the bulk conductivity,
calculated from o, = g/R (g aready defined), exhibits
a quasi-linear behavior (Fig. 6) from 400 to 700°C,
which can be described by o = opexp™%,", where
0, is a pre-exponentia factor, Eg, is the activation
energy for bulk conduction, and k is the Boltzmann
constant. The associated activation energy, Eg,, was
1.50+0.02 eV. This value is compatible with that cal-
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Fig. 6. Temperature dependence of the bulk conductivity.
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culated for the d.c. component in Fig. 1. So, in agood
approach, we can conclude that in this case the con-
ductivity in Fig. 6 is the d.c. conductivity.

4. DISCUSSION

Up to around 600°C, the impedance curves show
neither a grain boundary response, nor the presence
of aspike at the low frequency region. This may indi-
cate that electrons are the main charge carrying spec-
ies. Nevertheless, at higher temperatures, a small
second arc appears at the low frequency regions on
the impedance curves, whose presence suggests that a
small ionic component is present. This is particularly
confirmed by the capacitance value calculated at the
very low frequency tail, which is of the order of pF.
That capacitance must be associated with a charge
layer at the electrode region [14], which arises due to
ionic migration. This also indicates that the dispersion
at low frequencies (1 kHz) in Fig. 2 describes elec-
trode phenomena.

Even when norma reported trends of the s para
meter [15] indicated it as a constant or exhibiting a
monotonic rise with decreasing temperature, in the
present work it is shown that this parameter reflects
the ferroel ectric—paraelectric transition of the studied
compound by exhibiting a maximum value. Similar
behavior of s has been reported in Reference [16].
That behavior in relation (1) can be described by the
jump relaxation model by Funke [17], which implies
a physical meaning of the exponent s [18]. That is, s
describes the ratio: backhop rate to the site relax-
ation rate.

Since in Fig. 3, we have shown that, from low to
high temperature, s increases up to T, then following
the model in Reference [18], either of the following
two possibilities may increase the mentioned ratio.
First, there are increasing Coulombic interactions
between mobileions; or second, due to rearrangement
of neighboring ions, the value of the shift of a site
potential minimum to the position of the hopping ion,
i.e. the site relaxation rate, is diminishing. As it is
known that below T, the ferroelectric system is reach-
ing an ordered state, we believe that the second possi-
bility may be favored when the temperature is below
T.. Then, as a function of temperature s grows at this
stage, see Fig. 3.

In contrast, above T, the cooperative distortion
responsible for ferroelectricity is eliminated, and the
relaxation rate could increase because the stiffness of
the crystalline structure has changed. Moreover, sub-
sequent increase of the Coulombic repulsive interac-
tions between mobile ions causes a decreases of the
backhop rate, and then s decreases. Therefore, the
combination of configurational and electrostatic
phenomena associated with ferro—paraelectric tran-
sitions should influence, as observed above, the
behavior of s.
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5. CONCLUSIONS

The dielectric response of a well formed ferroe-
lectric ceramic, sintered by hot pressing is reported.
Electric conductivity ranging approximately from
108 to 1074 (Ohm-cm)~?! is observed, typical of
semiconductor materials. The total conductivity
or(w), as a function of frequency follows a power
law (o, + Aw®), whose exponent s exhibits the ferro—
paraelectric transition when plotted against tempera-
ture. This implies that the temperature dependence of
the s parameter is a fundamental response. Results
indicate that, in the studied compound, collective
effects determine the a.c. and d.c. components, and
necessarily complex many body interactions must
be involved.
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