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ABSTRACT

The AC behavior of the nano-crystallite PT ceramsdenple was studied in wide temperature and frequenc
ranges. The results show diffuse phase transitioinagpositive temperature coefficient of resisyiyPTCR) was observed
in the temperature dependence of the ceramic ikdsistThe results are explained based on the Hegwand Jonker
models. The Schottky barrier formed at grain boupdagions act as traps of the electrons availdfden oxygen
vacancies in the ceramics. This provides PTCR cheriatics from the transition temperature to al#i@C. A separation

of the grain and grain boundary properties has bebieved using equivalent circuit model in impesaanalysis.
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INTRODUCTION

Lead titanate (PT) is a potentially useful ferratlie material, which shows high electromechanaakotropy in

the piezoelectric response [1, 2].

It is well known that the doped barium titanate aggics exhibit an anomalous increase in resistiliyy
3 to 7 order of magnitude near the ferroelectiangition temperature. This phenomenon is commonbwk as positive

temperature coefficient of resistivity (PTCR) [3-6]

The PTCR effect has many technological applicatiassthermal fuses, thermistors, soft circuits atfiero
overload protection devices [4, 5]. The PTCR efiscilso observed in several other ferroelectritenms like KNbQ,
NaBiTi,Og and KBiTLOg [7, 8].

Positive temperature coefficient of resistance (RYCharacteristic involves a substantial non-linelaange of
resistivity with temperature around the Curie terapge (Tc) [9-19]. Several models have been dgeeldo explain the
PTCR characteristics [10, 11, 13, and 15]. Onéhefrhost recognized theories to explain the PTCRacheristics is the
Heywang's model [10, 13]. The model is based orfdhmation of a potential barrier at the grain bdaries.

This model has been extending by Jonker [11], wduk tinto account the influence of the polarizatmm the
resistivity below the Curie temperature. This modetermed the Heywang—Jonker model. This PTCRaateristic has

found wide applications as color TV degausser, mstiarter, self-regulating heaters, over currenitérs and so on [16].

In the present work, we study the AC behavior ah@R effect in nano-crystallite lead titanate.
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Experimental Work

Lead titanate, PbTiQ(i.e. PT) powders were prepared using a solicestaaction method. The starting oxides
that were used to form the system of samples werllbw: PbO and Ti@ with purity 99.999 as raw materials in a
stoichiometric amount to synthesize. These oxidas mixed and milled in a milling speedball mill &MLW Km1.

The precursor powders were then calcined accorgdagh500 C for 4 hours.

The calcined powder was crushed and milled agaihsamered at 856C for 2 hours to produce PT phases.
After that, phase characterization of the PT powderas carried out by room temperature X-ray ditfoac
(XRD; PhilipsPW1729 diffractometer) using Ni-fillett Cu ka radiation. Electrodes were fabricated on the perédces
of the ceramic disk (9.8 mm of diameter and 1.8 afrthickness) by using Ag strips and a silver paste AC response
was studied from 100 Hz to 100 KHz by using prograahle RLC Bridge (Philips PM6304). A wide temperatoange

was analyzed from room temperature {C$ to 500°C.
RESULTS AND DISCUSSIONS
The average crystallite size may be calculateddiryguScherer equation [20]:
D = Kz /p cod) 1)

Where K is a shape factor (0.9- 1), D is the cHigasize in nm,\ is the wavelength of the used X-ray,
B is the full width of the diffracted line measurathalf its maximum intensity in radians afhis the angle of diffraction
of the top of the peak.

Also the average crystallite size calculated byn¢fit) program [21], from results obtained by (wit}- program
can be note that the two results are in good agreeend equal 59.04 nm. Such size values clagsfgtudied samples as

nanocrystalline materials [22]. Also the mean ¢attilistortion or lattice strain can be calculatgdibing formula
e=p/4tan6 2)
and equal 2.159 x 10
The density of sample can be calculated by usiagétation
d= 1/3(a/d) ®3)

where ais the weight fraction of the oxides used in pramathe sample,;ds the density of these oxides forming
the sample.

The theoretical and measured density was 7.21 aBids6respectively. From these value we note that th
theoretical density has value is larger than tHeevaf the measured density, this may be attribtitethe presence of

porosity in samples. The porosity of the samplelmagalculated from the relation [23]
Porosity % = [(theoretical density - measured dgji¢iheoretical density)] x 100
In addition, Porosity equal 7.42%.

The variations of real partt) of dielectric constant and loss tangent (&@nwith temperature at various

frequencies is shown in figure 1 shows. It is emtdieom this figure that the phase transition isyvdiffuse and shows
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very strong frequency dispersion at temperatui@s froom temperature up to 80. However it does not correspond to a
relaxor ferroelectric behavior since the peaks @amd tand occur at the same Curie point which is frequemciependent
also. For relaxors, the two peak temperatures @mnecnincident and both frequency dependent [24-2@&]m figure 1 can
be noted that the dielectric constant increasels thi¢ rise in temperature up to maximum value aigCt@emperature and
then decreases with further increase in temperatinis is due to the presence of space chargeipatian in the materials
[27]. Also note the maximum peak of dielectric cam$ independent on the frequency of the field @rdbes coincide
with the peak of the loss tangent, it's correspogdio the behavior of normal ferroelectric. Howevitrdoes not
correspond to a relaxor ferroelectric behavior sithe peaks i and tand occur at the same Curie point. For reloxors, the
two peaks temperatures are non-coincident and ahfrequency dependent. Thus, the dielectric respshown in

figures is due to a non-relaxor type diffuse feleotric transition.

T ea N 7

50 ——

e A 0KHZ
—a— 12kHz
= 12 —a— 1BkHz
j —a— 1TkH2
B e SO
i M

40
"w 30

20

10

0 200 400 800 o
T°C
b £ M

Figure 1: The Variations of Real Part of DielectricConstant (a) and Loss Tangent
(b) with Temperature at Various Frequencies

It's observed that the compounds undergo phassiti@mfrom ferroelectric state to paraelectridstat particular
temperature called Curie temperaturg For a normal ferroelectric, in the vicinity ofethl, (transition temperature),
the dielectric stiffness (), follow the well-known Curie-Weiss law [24].

1/e = (T - T)/IC 4)
where C is the Curie-Weiss constant agdsTthe Curie-Weiss temperature.

In addition, the order of the ferroelectric to peatric phase transition can be determined froentéimperature
dependence of the dielectric constant inverse)(IWhenT, is smaller thaTc we observe a first-order transition; on the
other hand, whe@=T¢, a second-order transition is observed[28]. Thap&rature behavior of the inverse of the

dielectric constant at different frequencies isvehan figure 2.
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Figure 2: The Inverse of the Dielectric Constant aDifferent Frequencies
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The parameters C and, Twere fitted at a narrow temperature range neartfie fitting parameters are
C = 0.05115x1DK and T, = 655 K. The fact that the Curie-Weiss temperatsriwer than the transition temperature

(T.= 671 K) is expected from the first-order phasegitton between the paraelectric and ferroelegthiases.

The measured dielectric constant decreases torraéng low values for frequencies as shown in feg@ at
room temperature. Such a decrease in the valueedfielectric constant at higher frequencies caexpéained in terms of
the interfacial polarization. Interfacial polariziity results due to the difference in the conduityi of the grains and the

grain boundaries. [29]

The higher values of dielectric constant at lowgérency suggest the presence of all types of paléwiz
(interfacial, atomic, dipolar, ionic and electronét room temperature. At very low frequency, dgsofollow the field and
we have high value of dielectric constant. As tlegjfiency increases dipoles begin to lag behindfig¢lband the dielectric
constant slightly decreases. Further, at high &eqies dipoles can no longer follow the field arel lvave low values of
dielectric constant. [30] It is known that the @itric relaxation does depend on the heterogerditthe samples.
Since the materials that are being dealt with i@ finesent investigations are diphasic and hetesmgenin nature,
we thought it worth adopting an impedance analgpisroach, which is an ideal and powerful tool toler into details
such as bulk and grain boundary effects in cerarhicthe complex impedance plane plots (Cole—Calsinhgle semicircle
suggests the bulk and a second semicircle sugtiestgrain boundary effects. Each of the semiciridagpresented by a
single RC combination. A depressed semicircle, wheenter lies below the real axis, suggests a tepdrom the ideal
Debye-like behavior. The inverse peak frequencyhefsemicircle indicates the relaxation time. Theletttric constant

was evaluated using the following relations.

20 3ot 10
Tre 8 Bopy
’ 16 “"—'x —a 710G
” wwe | | tns e
12 A 4 o 1980C
\\ —o— B0WC 2 :g
3 b = e " —o—5010C
3 ——y 54505
1000 1000[1):(}1_50000 10000C0 1000 10000 100000
F(Hz)
(a) (b)
Figure 3: The Variations of Real Part of DielectricConstant with
Various Frequencies at Room Temperature
._C,d
E =

where d is the thickness and A the area of thdrelde sample ang}, is the permittivity of free space.
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The measured data' @nde") are transformed to Z' and Z" (real and imaginaayts of the impedance) using the

following standard relations:

" 1
£ T ace "
. £
/= — —
oL g7 +&7) ®

/'= a,CO (g-z 4 8"2) (9)

where w the angular frequencyw=2xf, C, is the vacuum capacitance, (A/d). The frequency dependent
properties of materials can be described via thmpbex permittivity €*)(e* = ¢ -1 &) i is the complex number,
Complex impedance (Z*) (Z* = Z i-Z™") and dielectric loss or dissipation factom@ya[31]. The results are presented in
the complex impedance plane in which Z" versusr&'motted on a linear scale. The value of the ballistance (B is
found by the low frequency intercept of the semaleion the real axis (x-axis). The semicircle pagheough a maximum

at a frequency, (relaxation frequency) and satisfies the condition

2pfy RoCp~1 (10)

From the above equation the value of bulk capao#d®) is evaluated?6]. One of the advantages of frequency
dependent measurements is that the contributiortheobulk materials, the grain boundaries and eddet effects can
easily be separated if the time constants arerdiifeenough to allow separation. The frequency uiégece of Z' and Z”

are plotted for different temperatures of Pbi®©shown in figure 4.
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Figure 4: The Variation of Z' as a Function of Frequencies at Various Temperature

Figure 5 shows the variation of Z' as a functiorieshperature at various frequencies for lead ttanall curves
present two peaks the first peak at £@0for all frequencies, which also resembles with thelectric data at figure 1.

The second peak at 328 at 1 kHz and shift to higher temperature sidér@guency increases. This indicates that the

relaxation process in the sample [32].
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Figure 5: The Variation of Z' as a Function of Temperature at Various Frequencies
Complex impedance spectrum (Nyquist plots i.e. €' Z/) at different temperatures for lead titargteshown in
figure 6.
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Figure 6: The Relation between Z" and Z' at Differant Temperatures

The impedance plots of the sample were found tibéxdpod semicircles. In this sample, only one méntle has
been observed over the entire range of temperatudied. The single semicircles correspond to graontribution.
Some of the impedance data do not take the shapenoitircle in the Nyquist plots rather presentgraight line with
large slope, suggesting the insulating behavighefmaterials. At definite temperature the sloptheflines decreases and
they curved towards real Z' axis and could be ttagelicating increase in the conductivity of tlample. The inspection

of the semicircle showed that there is a depressigte instead of a semicircle centered on theardal
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Figure 7: The Variation of D.C. Resistivity Obtained from
Nyquist Plots as a Function of Temperature
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From figure 7 we note that, above Curie temperaturél 150 °C the material haspddT > 0 (+ temperature
coefficient), and the material behave as a metfikrAhis temperature the material hggdI < 0 (- negative temperature
coefficient) and material behave as a semiconduéiso we note that the sintered ceramics exh#nit@nomalous rise in
the resistivity by one order of magnitude for tsésnple after Curie temperature. This phenomenoariemonly known as
positive temperature coefficient of resistivity exff, which is widely associated to a grain boundagion, this region
leads to high resistivity of the ceramic materiab2e T.. In the ferroelectric phase the spontaneous zaitoin results in

compensation of surface states.

The PTCR effect is observed from the transitiongerature of the ceramic until the temperature ghér value
of resistivity. In that temperature range, the gfadbundaries do not show an important contributiorthe AC sample
response, which is associated to the high bullstiggy. The grain boundary contribution could beated as separate or
partly resolved second semicircle in the complenglplots depending on the relative magnitudebefésistivity for the
bulk and grain boundary, which depends on the giai®. The grain size and the homogeneous graintste could limit
the grain boundary contribution in the complex ingiece plane [33]. The sample has been preparathtako account a
cationic vacancy [34]. The Arrhenius behavior of thulk resistivity in a wide temperature range abthe Curie point for

this sample is shown in figure 8.

Figure 8 shows activation energy value about 0.92wdich could be associated to an oxygen vacancies
movement. It has been known that virtually theraasionic transport in the perovskite lattice dadhe low mobility of
the cation vacancies. Therefore the oxygen ionsenzakertain motion in perovskite ceramics [35]. tBe other hand,

following the Jonkes model [36], it can be showed that a barrier heiBhthat varies linearly with temperature, T, and

resistivity, p.
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Figure 8: The Relation between Log and 1/T
d(log(p)) _ o
If B=B, (T-T.), where B is a constant, thend (]/ kT) — ™o 'c. Thus the Arrhenius resistivity above the

Curie temperature is predicted by the Joskewodel.

Temperature dependence of the AC conductivity fbifi@3 at different frequencies is shown in figure 9
From the figure can be note that the conductivitréase with temperature up to 4@and conductivity jump with order

equal 1000 times and it increase with further iaseeof temperature.

This article can be downloaded fromwww.impactjournals.us




| 46 I. Kashif, Samy A. Rahman, E. M. Ibrahim, A.Abdelghany and R. El-Said |

3.E-086 | —st— TKHE
1E06 —— JHz
e SHHZ
= 2E-08 —ta— S HZ
E —a— 10KHz
Q 2E06 - O POKHE
S —e— 100KHE
o 1.E-06
S5.E-07 |
0.E+00 —I—_——-—- :
0 200 400 600
T°C

Figure 9: Temperature Dependence of the AC Conduatity at Different Frequencies

Figure 10 shows SEM micrographs for lead titan&em the figure can note that showed uniform grain

distribution on the surface of the samples. Alaanfibthe grain size from SEM which equal 3,06.

Figure 10: Shows SEM Micrographs for Lead Titanate

From equation 7, can calculate the equivalent ttifou the sample as shown in figure 11. Whege=R80 MQ,
Cy, = 0.004 nF.

0.004 nF
Il
Il

N

80 MQ
Figure 11: The Equivalent Circuit for the Sample

CONCLUSIONS

Lead titanate, PbTi{ nano-crystallite was produced: (60 nm) using the solid-state reaction method.
The AC behavior of the nano-crystallite PT ceras@mple was studied in wide temperature range fammrtemperature
(18 °C) to 500°C and frequency from 100 Hz to 100 KHz. The ressitsw diffuse phase transition and high dielectric
constant at lower frequencies. A PTCR was obseirvélde temperature dependence of the ceramic ikgsisiThe results
are explained on the basis of the Heywang and Jankeels. The Schottky barrier formed at grain luzug regions act
as traps of the electrons available from oxygerama@s in the ceramics. This provides positive &najure coefficient of
resistivity characteristics from the transition fmrature to about 230.
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