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Pb-doped BiFeO3; powders were synthesized by simultaneous precipitation method and their dielectric
and ferroelectric properties were investigated after sintering in air. Bulk densities up to 93% of theoret-
ical density can be achieved with Pb-doping. The dielectric and ferroelectric properties also improved
significantly with respect to pure BiFeOs after Pb-doping.
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1. Introduction

The multiferroics with a coupling of at least two of the possible
three orders (or degrees) of freedom viz., ferromagnetic (or anti-
ferromagnetic), ferroelectric (or antiferroelectric), and ferroelastic
are rare in nature as transition metal ions with active d electrons
tend to reduce the off-center distortion necessary for ferroelec-
tricity [1]. The co-existence of ferroelectricity and ferromagnetism
and their coupling with elasticity provide an extra degree of free-
dom in the design of new functional sensors and multistate devices
[2]. BiFeOs is the most interesting in the family of a very few
single-phase multiferroics because of its high phase transition
temperatures (Curie temperature ~1083 K and Neel temperature
~675K) [3].

The major difficulties of making BiFeO3 ceramics are: (i) synthe-
sizing phase pure material, (ii) achieving sintered densities above
90% of theoretical density and (iii) getting highly resistive BiFeO3
ceramics with low leakage current.

Several techniques have been employed in synthesizing BiFeOs.
In the solid state route [4] Bi,O3 and Fe,05 are reacted at a tem-
perature in the range of 800-830 °C and unreacted Bi, 03/Bi;Fe409
phases are removed by washing in HNOs. Another technique
is simultaneously precipitaton [5], where a solution of bismuth
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nitrate and iron nitrate is treated with ammonium hydroxide to
get a hydroxide precipitate. The precipitate needs calcination at a
temperature in the range of 550-750 °C to get phase pure BiFeOs. In
another approach nanosized BiFeO3 particles have been prepared
by a solution evaporation (tartaric acid template) [6] technique
at a temperature as low as 450°C. Mazumder et al. [7] prepared
BiFeO3 through co-precipitation (700°C), sonochemical (450°C)
and autocombustion (400 °C) routes and reported the results of a
comprehensive study of the phase transition at Ty (Neel tempera-
ture) as a function of particle size.

Incidentally, there are only a few reports of making densified and
highly resistive BiFeO3 ceramics. Mahesh Kumar et al. [8] reported
the dielectric and ferroelectric properties of BiFeO3 ceramics where
BiFeO3 was prepared by solid state route and there was no report
about the bulk densities of the samples. The spontaneous polariza-
tion of the sample was very low. Wang et al. [9] showed that a rapid
liquid-phase sintering of BiFeO3 can result in 92% of relative den-
sity and gave rise to spontaneous and remanent polarization of 8.9,
4.0 wC/cm?, respectively. Pradhan et al. [10] followed similar rapid
phase sintering, but the percent densification was not reported. In
the later case, the spontaneous and remanent polarizations were
only 3.5 and 2.5 p.C/cm?, respectively instead of earlier reported [9]
high values. Recently, Yuan etal.[11] followed rapid phase sintering
technique and synthesized highly resistive and dense (92% of the-
oretical density) sample by varying the particle size of precursors
Bi, O3 and Fe, 03 and they reported high spontaneous polarization
of their samples.
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In an attempt to get improved properties, there are also a few
reports on doped BiFeOs. Li et al. [12] reported the crystal struc-
ture, electronic structure and magnetic properties of Sr-doped
BiFeOs3. Sr-doping increases the oxygen vacancy concentration and
Bi;_,SrxFeO3 behaves like an antiferromagnet and weak ferromag-
net simultaneously. Palkar [13] studied the effect of Mn doping
on structural, ferroelectric and magnetic properties of La-modified
BiFeOs3. Ferroelectric properties were not affected by Mn substi-
tution but a small enhancement in magnetization was observed.
Jun et al. [14] prepared highly resistive BiFeO3 ceramics by Nb-
doping and studied their electric and magnetic properties. They
reported a very low remanent polarization of 0.15 wC/cmZ. Jiang et
al. [15] prepared La-doped BiFeO3 by Pechini method followed by
conventional sintering. The dissipation factor reduced to 1%, which
is highly desired for potential applications. However, the reported
polarization value was very low and the microstructure revealed
appreciable porosity.

In this communication, we present the dielectric and ferroelec-
tric properties of Pb-doped BiFeOs; and report that lead doping
in BiFeO3; improves the densification behavior and dielectric and
ferroelectric properties.

2. Experimental

Pure and Pb-doped BiFeOs (Bi;_xPbsFeOs, x=0.03-0.07) powders were syn-
thesized using simultaneous precipitation route as described below. Fe(NOs); and
Bi(NOs3)3 solutions of 0.2 M concentration were added together and a calculated
amount of Pb(NOs3),-5H,0 was poured into it and stirred to get a clear solution.
The mixed solution was poured into aqueous ammonia under stirring and the pH
was maintained at 9 for complete precipitation. The precipitate was filtered, dried
at 100°C in an oven for 6 h and calcined at 700°C/1 h. Pellets from the synthesized
powders were prepared using uniaxial pressing at a pressure of 170 MPa. The pel-
lets were sintered at 830°C/2 h at a heating rate of 150°C/h and cooled inside the
furnace.

The phase identification of the sintered and ground pellets was performed on
an X-ray diffractometer (Philips, PW 1710; Cu Ka radiation). The DSC study was
carried out on a PerkinElmer Diamond DSC over a temperature range of 27-550°C.
The densities of the sintered pellets were measured by Archimedes’ principles. For
dielectric and resistivity measurements, the surfaces of the sintered pellets were
ground and polished followed by application of a silver conducting paste on two
opposite surfaces of the sample. The silver paste was cured at 520°C for 15 min.
Dielectric measurements were performed at room temperature using a Solartron
impedance analyzer (SI 1260) in the frequency range of 100 Hz-1 MHz. Two-probe
electrical resistance was measured on an HP 4339B High Resistance Meter at room
temperature. Ferroelectric hysteresis loops were measured using an LC precision
ferroelectric tester.

3. Results & discussion

Fig. 1 shows the XRD patterns of pure BiFeO3; and Bi;_xPbxFeO3
(x=0.03, 0.05 and 0.07) samples. No impurity phase or excess PbO
phase was detected up to x=0.05. For x=0.05, small amounts of
BiyFe40g and Bi, O3 were formed as impurity phases.
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Fig. 1. X-ray diffraction patterns of (a) BiFeOs, (b) Bipg7Pboo3FeOs, (c)
Big.g5Pbo.o5Fe0s3, and (d) Big.93Pbo o7 FeOs.
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Fig. 2. DSC curves for BiFeOs; and different Pb-doped BiFeO; samples. Inset |
shows a sharp endothermic peak for BiFeOs. Inset II shows a broad feature for
Big.97Pbo 03 Fe0s.

From DSC study, we found that pure BiFeO; showed a sharp
endothermic peak (Fig. 2) corresponding to antiferromagnetic to
paramagnetic transition at 373 °C, but with Pb addition there was no
sharp transition. The absence of a sharp peak and a broad transition
point out towards local inhomogeneity, probably in the nanoscale
[7].

Fig. 3 shows the variation of bulk densities of the sintered pel-
lets with Pb addition. In the present study, the maximum in density
(~93.5%) was achieved for x=0.05. Further addition of Pb (x=0.07)
lowered the bulk density. Fig. 4 shows the microstructure of the
fracture surfaces of different Pb-doped samples. Interestingly, with
Pb-doping the grain size decreased drastically. Probably, Pb-doping,
up to a certain level, inhibits grain growth and helps in densifica-
tion. Fig. 5 shows the variation of dielectric constant of different
samples with frequency. It is clear from the figure that Pb-doping
drastically reduces the frequency dispersion of BiFeOs and it is
minimum for BiggsPbgosFeO3 sample. In addition, Fig. 6 shows
that Pb incorporation up to x=0.05 lowers the dissipation factor
at low frequencies. With further Pb-addition (which contains an
impurity phase) the dissipation at low frequencies increases. To
understand this behavior, we have to first note that in BiFeO3, small
amounts of Fe2* jons and oxygen vacancies exist [16]. Incidentally,
BiFeO3 shows p-type conductivity [17], which can be understood
by considering the substitution of a small amount FeZ* ions in Fe3*
positions (acceptor doping of Fe3* by Fe2*). When PbO is added
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Fig. 3. Variation of sintered density with the amount of Pb-doping.
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Fig. 4. SEM micrographs of fracture surfaces of (a) BiFeOs, (b) Bio.97Pbg.03FeOs, (¢) Big.gsPbgosFeOs, and (d) Big.g3Pbg7FeOs.

to BiFeOs, Pb%*is supposed to substitute Bi3* because of the close
ionic radii of Pb2* and Bi3*. Such acceptor doping of Bi3* (Bi,03)
by Pb2*(Pb0) is expected to generate oxygen vacancies without the
liberation of electrons [18] as given below:

2Pb0O < 2Pb'g; +20, + Vo ** (1)
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Fig. 5. Variation of dielectric constant with frequency (at room temperature) for
pure and different Pb-doped BiFeO3; samples.

Normally, the oxygen partial pressure in the ambience is sufficient
to incorporate oxygen into the structure to nullify the oxygen vacan-
cies and show p-type conductivity as depicted below:

Vo®* + (1/2)02(g) & 0o+ 2h° (2)
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Fig. 6. Variation of dissipation factor with frequency (at room temperature) for pure
and different Pb-doped BiFeO3; samples.



580 R. Mazumder, A. Sen / Journal of Alloys and Compounds 475 (2009) 577-580

1600

1400

1200

1000

800

600

400 —

Resistivity (MQ-cm)

200 -

T T T T T T T
0.00 0.02 0.04 0.06 0.08
Value of x in Bi, Pb FeO,

Fig. 7. DC resistivity of BiFeO; samples as a function of Pb-doping at room temper-
ature.

The hole generated can be initially consumed by FeZ*(in Fe3*
position) as given below:

2Fe’2’,, 420, + 0, +2h" « 2Fe3%, +30, (3)

Fe3+ Fe3+

resulting in lower acceptor doping of Fe3* by Fe2* in BiFeOs; with
consequent decrease in conductivity. However, with the increase
in Pb-doping, the hole concentration should again rise because
the hole compensation by the conversion of Fe?* to Fe3* (Eq. (3))
is limited by the presence of a small amount of Fe?* in BiFeOs.
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Fig. 8. P-E hysteresis loops of (a) undoped and (b) Pb-doped BiFeO3; samples.

Our argument is corroborated by Fig. 7, where the resistance of
BiFeOs initially increases with Pb-doping and after a certain per-
centage of lead addition the resistance starts falling. The dissipation
factor also shows a somewhat similar trend (like the resistance
values of the samples) with Pb-doping indicating the primary
role of carrier-mediated loss in this system. The dissipation at
low frequencies indicates Maxwell-Wagner relaxation [19] due to
quasi-mobile carriers (holes in the present case). The lower dielec-
tric constant of lead doped BiFeO3 compared to pure BiFeO3 can
be attributed to higher space charge polarization for latter one.
Fig. 8 shows the P-E loops of the pure and doped BiFeO3; ceram-
ics. Pure BiFeO3 shows a lossy loop. The Pb addition increases
the electrical resistivity and with increased lead doping, BiFeO3
ceramics show typical non-lossy ferroelectric hysteresis loops. The
apparent spontaneous polarization (as the loop is lossy) value
was about 0.4 wC/cm? for BiggsPbggsFeO3; which is much higher
than reported earlier for pure BiFeOs (0.12 wC/cm? (lossy loop)
[8]) and even for La-doped BiFeOs (0.15 .C/cm? (lossy loop) field
[15]) ceramics. However, Pb2* doped samples could not reach the
state of saturated polarization before the leakage current became
significant.

4. Conclusion

Bi;_xPbxFeO3 ceramics have been prepared by a simple simul-
taneous precipitation technique followed by the conventional
sintering process. The sintered density and dielectric property
improved with Pb addition. Typical non-lossy ferroelectric loops
(in contrast to lossy loop of BiFeO3) have been observed in the
Bi;_xPbxFeO3 ceramics at room temperature.

Acknowledgements

One of the authors (R.M.) is thankful to CSIR, India for financial
support. The authors thank P.S. Mondal and P. Chowdhury of CGCRI
for rendering help in carrying out this work. The authors thank
D. Bhattacharya for carrying out DSC measurements and for some
useful discussion. We also thank the Director of CGCRI for giving
permission to publish this paper.

References

[1] H. Schmid, Ferroelectrics 162 (1994) 317.

[2] N.A. Hill, J. Phys. Chem. B 104 (2000) 6694.

[3] J. Wang, ].B. Neaton, H. Zheng, V. Nagarajan, S.B. Ogale, B. Liu, D. Viehland,
V. Vaithyanathan, D.G. Schlom, U.V. Waghmare, N.A. Spaldin, K.M. Rabe, M.
Wuttig, R. Ramesh, Science 299 (2003) 1719.

[4] G.D. Achenback, WJ. James, R. Gerson, ]J. Am. Ceram. Soc. (1967) 437.

[5] S. Shetty, V.R. Palkar, R. Pinto, Pranama J. Phys. 58 (2002) 1027.

[6] S. Ghosh, S. Dasgupta, A. Sen, H.S. Maiti, ]. Am. Ceram. Soc. 88 (2005) 1349.

[7] R. Mazumder, S. Ghosh, P. Mondal, D. Bhattacharya, S. Dasgupta, N. Das, A.
Sen, A.K. Tyagi, M. Sivakumar, T. Takami, H. Ikuta, J. Appl. Phys. 100 (2006)
033908.

[8] M. Mahesh Kumar, V.R. Palkar, K. Srinivas, S.V. Suryanarayana, Appl. Phys. Lett.
76 (2000) 2764.

[9] Y.P. Wang, L. Zhou, M.F. Zhang, X.Y. Chen, J.-M. Liu, Z.G. Liu, Appl. Phys. Lett. 84
(2004) 1731.

[10] A.K. Pradhan, Kai Zhang, D. Hunter, ].B. Dadson, G.B. Loiutts, P. Bhattacharya, R.
Katiyar, D.J. Jun Zhang, Sellmyer, ]. Appl. Phys. 97 (2005) 093903.

[11] G.L.Yuan, S.W. Or, Y.P. Wang, Z.G. Liu, J.M. Liu, Solid State Commun. 138 (2006)
76.

[12] J. Li, Y. Duan, H. He, D. Song, . Alloys Compd. 315 (2001) 259.

[13] V.R. Palkar, D.C. Kundaliya, S.K. Malik, J. Appl. Phys. 93 (2003) 4337.

[14] Y.K. Jun, W.T. Moon, C.-M. Chang, H.-S. Kim, H.S. Ryu, J.W. Kim, K.H. Kim, S.-H.
Hong, Solid State Commun. 135 (2005) 133.

[15] Q.-H. Jiang, C.-W. Nan, Z.-]. Shen, J. Am. Ceram. Soc. 89 (2006) 2123.

[16] V.R. Palkar, R. Pinto, Pramana J. Phys. 58 (2002) 1003.

[17] A.S. Poghossian, H.V. Abovian, P.B. Avakian, S.H. Mkrtchian, V.M. Haroutunian,
Sens. Actuators B 4 (1991) 545.

[18] A.J.Moulson, ].M. Herbert, Electroceramics: Materials, Properties & Application,
Chapman & Hall, London, p. 23, 257, 38.

[19] AK. Jonscher, J. Mater. Sci. 16 (1981) 2037.



	Effect of Pb-doping on dielectric properties of BiFeO3 ceramics
	Introduction
	Experimental
	Results & discussion
	Conclusion
	Acknowledgements
	References


