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We have synthesized and were performed a comparison of structures and optical properties between

relaxor ferroelectric PMN–PT and PMN–PZT nanopowders. A gel-combustion method has been used to

synthesize PMN–PT and PMN–PZT nanocrystalline with the perovskite structure. The precursors

employed in the gel-combustion process were lead nitrate, magnesium acetate, niobium ammonium

oxalate and zirconium nitrate. The nanopowders were characterized using the X-ray diffraction (XRD)

and transmission electron microscopy (TEM) observation. Fourier transform infrared (FTIR) spectro-

scopy was employed to monitor the transformation of precursor solutions during the thermal reactions

leading to the formation of perovskite phase.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The relaxor ferroelectric lead magnesium niobate Pb(Mg1/3Nb2/

3)O3 (PMN) exhibits typical relaxor-type ferroelectric properties
which have been intensively studied for both fundamental and
practical reasons [1]. The dielectric properties of PMN can be
enhanced by the addition of ferroelectric PbTiO3 (PT) and
Pb(Zr0.52, Ti0.48)O3 (PZT). With Ti and Zr substitutions, a complete
solid solution of (1–x)PMN–xPT (PMN–PT) forms between PMN
and PbTiO3, with a morphotropic phase boundary (MPB) located
in the composition range 0.27oxo0.34 [2,3].

The modified PMN–PT and PMN–PZT systems at compositions
near their morphotropic phase boundaries have been widely studied
in bulk ceramics. The PMN–PZT materials have high piezoelectric
constant of 600 1C–650 pC/N and electromechanical coupling
coefficient kp of 0.65 [4]. Because of their excellent piezoelectric
and dielectric properties, these materials have been attracted
attentions for the applications of multilayer ceramic actuators [5].

Unlike most other ferroelectric materials, PMN–PT is difficult
to prepare, because of the formation of unwanted pyrochlore
phase. Many methods of PMN–PT preparation have been devel-
oped to overcome this problem over the past decades.
ll rights reserved.

: +98 5118796426.

osseini).
Alguerò et al. [6] and others [7,8] have prepared piezoelectric
PMN–PT ceramics with 0.2 and 0.35 PT from chemically activated
powders. Kong et al. [9] have prepared PMN–PT ceramic from
nano-sized powder produced by a high-energy ball milling process.
Kwon et al. [10] have fabricated perovskite 0.65PMN–0.35PT
powder at 600 1C for 1 h using fine starting materials, which is
the lowest temperature so far reported. Their fine-particle
characteristics resulted in rapid direct transformation via solid-
state diffusion. Luo et al. [10] have obtained the PMN powder first
by dispersing Mg(OH)2-coated Nb2O5 particles in a lead acetate/
ethylene glycol solution, followed by calcination at 800 1C.

The present study focuses on structure comparison of the
PMN–PT and PMN–PZT with compositions near MPB prepared by
the gel-combustion method. This procedure is a simple way to
synthesize pure perovskite PMN–PT and PMN–PZT nanopowders
with inexpensive material in sub-micrometer size. The results of
X-ray diffraction (XRD) show unambiguous evidence of a mono-
clinic phase, which is stable between the rhombohedral and
tetragonal phases near the MPB.
2. Experimental

The materials used in this experiment were lead nitrate
[Pb(NO3)2], magnesium acetate [(CH3COO)2Mg �4H2O], niobium
ammonium oxalate [NH4[Nb(C2O4)2(H2O)] �4H2O], titanium iso-
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Fig. 1. Flow diagram for PMN–PZT powder preparation procedure.

Fig. 2. XRD spectra of samples of the PMN–PT calcinated at different temperatures

of 700 1C, 800 1C and 900 1C.
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propoxide (Ti[OCH(CH3)2]4) and zirconium nitrate [ZrO(NO3)2]. By
dissolving lead nitrate, zirconium nitrate and magnesium acetate
in distilled water aqueous solution of each single cation (i.e. Pb2+,
Zr4+ and Mg2+) were prepared. For preparation of Ti4+, we
dissolved titanium isopropoxide in mixture of nitric, citric acid
and hydrogen peroxide. A proxo–citrate–niobium complex
(NH4)[NbO(O2)(C6H4O7)] was prepared from niobium ammonium
oxalate, citric acid, nitric acid and ammonia. The ratio of citric acid
and metal cations was chosen to be 2.4:1 and the mixture was
solubilized in water by heating at 60–65 1C. The solutions of lead,
titanium, niobium and magnesium were added to the aqueous
solution of citric acid and nitric acid with the ratio of 0.1 under
continuous stirring at temperatures of 65–70 1C, then the solution
of zirconium added. The pH of the sol was maintained at 7 by
adding ammonium hydroxide. At this stage the color of mixture
turns to radish. From pH ¼ 4 to pH ¼ 5.5, we observed a little
amount of precipitation, then by increasing ammonium hydroxide
the precipitation was completely disappeared. In order to obtain
the gel, the peroxo–citrato–nitrate sols of PMN–PT and PMN–PZT
were heated at about 90 1C to evaporate all the water. When
excessive nitric acid was added, the gel temperature increased
rapidly due to the attendance of HN4NO3 and the color of final
powder was black. The nanopowders of PMN–PT and PMN–PZT
were produced by the citrate–nitrate gel-combustion technique
[11]. We added 1% excess lead in other to compensate for the loss
of lead during final heat treatment. The flow diagram of the
powders processing method employed in this study (only for
PMN–PT) is shown in Fig. 1. The procedure is the same for
PMN–PZT compositions.

After auto-combustion of the gels, the resultant powders were
calcinated at different temperatures to obtain the desired single-
phase nanocrystals. The phase formation and orientation of
PMN–PZ and PMN–PZT powders were investigated using X-ray
diffraction analysis in the range (4–601) with Cu–Ka radiation.
Fourier transform infrared (FTIR) spectroscopy was used to
monitor the change of organic group, and optical properties have
been investigated in the range 400–5000 cm–1.
Fig. 3. XRD spectra of samples of the PMN–PZT calcinated at different

temperatures of 700 1C, 800 1C and 900 1C.
3. Results and discussion

3.1. Phase analysis and particles size

X-ray diffraction patterns of PMN–PT and PMN–PZT powders
(heating rate: 2 1C/min from room to 700 1C, 800 1C and 900 1C
temperatures for 2 h) are shown in Figs. 2 and 3, respectively. In
these figures, we can identify the presence of a pyrochlore phase
at 700 1C, but at 800 1C has been reduced and at 900 1C was
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Table 1
Structural result for 0.65PMN–0.35PT powders calcinated at different temperatures.

Temperature (1C) 2(y) (1) hkl Structure Lattice parameter (Å) Volume (Å)3

This work:

700 21.12 001 Rhombohedral a ¼ b ¼ c ¼ 4.15 64.72

31.51 011 a ¼ 90.051

56.06 121

800 22.11 001 Rhombohedral a ¼ b ¼ c ¼ 4.02 64.78

31.47 011 a ¼ 90.031

56.07 112

900 45.43 002 Rhombohedral and monoclinic a ¼ b ¼ c ¼ 4.02 64.96

45.78 020 a ¼ 90.031

50.59 102 a ¼ 4.012, b ¼ 3.97, c ¼ 4.02 64.03

51.04 201

Others:

(1�x)PMN–xPT

x ¼ 0.35 [12] Rhombohedral a ¼ b ¼ c ¼ 4.028, a ¼ 89.941 –

x ¼ 0.35 [13] Rhombohedral a ¼ b ¼ c ¼ 4.02 –

x ¼ 0.35 [15] Rhombohedral a ¼ b ¼ c ¼ 4.023, a ¼ 89.851 –

x ¼ 0.35 [16] Monoclinic a ¼ 4.0344, b ¼ 3.9873, c ¼ 4.0092 –

x ¼ 0.32 [17] Monoclinic a ¼ 4.0183, b ¼ 4.0046, c ¼ 4.0276 –

Table 2
Structural result for 0.65PMN–0.35PZT powders calcinated at different temperatures.

Temperature (1C) 2(y) (1) hkl Structure Lattice parameter (Å) Volume (Å)3

This work:

700 21.94 010 Tetragonal a ¼ b ¼ 4.013 65.44

31.21 110 c ¼ 4.064

55.56 121 c/a ¼ 1.012

800 22.015 010 Tetragonal a ¼ b ¼ 4.019 65.84

31.31 011 c ¼ 4.076

55.66 112 c/a ¼ 1.014

900 45.43 002 Tetragonal and monoclinic a ¼ b ¼ c ¼ 4.02 66.34

45.78 020 c ¼ 4.093, c/a ¼ 1.016

50.59 012 a ¼ 4.01, b ¼ 3.99, c ¼ 4.05 64.79

55.42 121

Others:

(1�x)PMN–xPZT

x ¼ 0.3 [18] Tetragonal c/a ¼ 1.02 –

Fig. 4. TEM micrograph and the particle size distribution PMN–PT powders at

800 1C.

Fig. 5. TEM micrograph of the particle size distribution PMN–PZT powders at

700 1C.
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disappeared. The XRD results also reveal the existence of a
perovskite-type phase for gel-combustion method in all
temperatures. The structural results for PMN–PT in this work
and the values obtained by the others are summarized in Table 1.
The calculated lattice parameters agree well with the reported
values for 0.65PMN–0.35PT single crystal and bulk ceramic
[12–14].

In Table 2, the structural results for 0.65PMN–0.35PZT powders
calcinated at different temperatures are summarized. Due to lack
of the experimental data for PMN–PZT, most of our results could
not be directly compared with the experiment.

The typical TEM images of the PMN–PT and PMN–PZT powders
and the histogram of the particle size distribution calcinated at
Fig. 6. FTIR spectra of PMN–PT powders treated at dif

Fig. 7. FTIR spectra of PMN–PZT powders treated at di
800 1C and 700 1C temperatures, respectively, prepared by gel-
combustion method are presented in Figs. 4 and 5. From TEM
analysis, the primary particle size of the powders can be
evaluated. The maximum distribution of particle size of the
PMN–PT powder is approximately 20 nm, while for PMN–PZT
powder is 28 nm in diameter.
3.2. Evaluation of optical constants

Fourier transform infrared spectra were obtained to monitor
the transformation of precursor solutions during the thermal
reactions leading to the oxides. Figs. 6 and 7 show the FTIR spectra
ferent temperatures of 700 1C, 800 1C and 900 1C.

fferent temperatures of 700 1C, 800 1C and 900 1C.



ARTICLE IN PRESS

M. Ghasemifard et al. / Physica E 41 (2009) 1701–1706 1705
of the PMN–PT and PMN–PZT powders in the range of
400–5000 cm–1 treated at different temperatures of 700 1C,
800 1C and 900 1C for a period of 2 h.

A broad band was observed for each spectrum from 850 cm–1

to 590 cm–1, which presents a maximum absorbance in the
vicinities of 596 cm–1. This observed infrared spectrum band is a
composition of n1–BO6 (B ¼Mg, Nb, Zr and Ti) stretching normal
vibration modes along the spontaneous polarization in these
structures.

The FTIR spectrum is similar to the most other ABO3-type
perovskite compounds that have common BO6 oxygen-octahedra
structure and this determines the basic energy level of crystal
[19–22]. The FTIR absorption band is associated to BO6 octahedra
indicate the formation of a perovskite phase starts to take place
for all calcinated temperatures and begin to increase in proportion
as the temperature increases. FTIR spectra show the absorbance
Fig. 8. Dependence of the absorption coefficients (ahn)2 on the photon energy for

PMN–PT powders.

Fig. 9. Dependence of the absorption coefficients (ah
values are less than 67%. As a result, the absorption coefficient (a),
in the strong absorption region where the envelop method [23] is
not valid, should be evaluated from the optical transmittance data
using the Lambert’s principle [24,25]

a ¼ � 1

t

� �
ln T (1)

where T is the transmittance and t is the thickness of the KBr
pellet prepared for FTIR measurements or diameter of nanopar-
ticles. Knowing both t and T, we may calculate the absorption
coefficient from Eq. (1). The absorption coefficient as a function of
photon energy can be expressed from well-known relation as [26]

ðahuÞ2 ¼ C
hc

l
� Eg

� �
(2)

where C is a constant, a the absorption coefficient, (hc/l) the
incident photon energy and Eg is the optical band gap energy. By
plotting (ahn)2 versus (hc/l), Eg can be evaluated from the
extrapolated linear portion of the plot [27]. The value of (ahn)2

as a function of photon energy is shown in Figs. 8 and 9 for
PMN–PT and PMN–PZT, respectively. The calculated results
indicated that the value of Eg for PMN–PT samples starts to
increase as the temperature increases, while for PMN–PZT the
optical band gap decreases. In Table 3, the values of optical band
gap, Eg, of PMN–PT and PMN–PZT calcinated at different
temperatures are summarized.

The optical band gap values increases as temperature of
calcinations increase for PMN–PT, while decrease for PMN–PZT.
n)2 on the photon energy for PMN–PTZ powders.

Table 3
Typical values of optical band gap, Eg, for PMN–PT and PMN–PZT calcinated at

different temperatures.

Temperature (1C) Eg (eV) (PMN–PT) Eg (eV) (PMN–PZT)

700 3.81 3.68

800 3.94 3.63

900 3.95 3.60

PMN–PT thin film [28] 3.54 –

PMN thin film [28] 3.63
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This is probably due to changing the structure of PMN–PT and
PMN–PZT at higher temperatures.

4. Conclusions

Nanocrystals of relaxor ferroelectric (1–x)Pb(Mg1/3Nb2/

3)O3–xPb(Zr0.52Ti0.48)O3 (PMN–PZT) and (1–x)Pb(Mg1/3Nb2/

3)O3–xPb(Ti)O3 (PMN–PT) powders with x ¼ 0.35 have been
synthesized using the gel-combustion method. The nanopowders
have been synthesized by the method using citric acid as
complexing reagent. XRD patterns reveal that the amount of
pyrochlore phase has been decreased at 800 1C and disappeared at
900 1C. Rhombohedra phases were formed for PMN–PT, while the
structure of PMN–PZT is tetragonal at 700 1C and 800 1C. At higher
temperature (900 1C), the monoclinic phase starts to form in both
compositions. The maximum distribution of average particles size
was estimated 20 nm for PMN–PT and 28 nm for PMN–PZT
nanopowders in diameter. The optical band gap of the PMN–PT
and PMN–PZT has been evaluated by the UV spectrum in the
range of 400–5000 cm–1 at room temperature.
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[6] M. Algueró, C. Alemanya, B. Jiméneza, J. Holcb, M. Kosecb, L. Pardoa, J. Eur.
Ceram. Soc. 24 (2004) 937.

[7] J.R. Belsick, A. Halliyal, U. Kumar, R.E. Newnham, Am. Ceram. Soc. Bull. 66
(1987) 664.

[8] S. Kwon, E.M. Sabolsky, G.L. Messing, J. Am. Ceram. Soc. 84 (2001) 648.
[9] L.B. Kong, J. Ma, W. Zhu, O.K. Tan, Mater. Res. Bull. 37 (2002) 23.

[10] H. Luo, W.Y. Shih, W.H. Shih, J. Am. Ceram. Soc. 90 (2007) 3825.
[11] M. Ghasemifard, S.M. Hosseini, Gh.H. Khorrami, Ceram. Int., in press,

doi:10.1016/j.ceramint.2009.03.036.
[12] I. Bhaumik, G. Singh, S. Ganesamoorthy, A.K. Karnal, M.K. Tiwari, V.S. Tiwari,

Cryst. Res. Technol. 42 (4) (2007) 356.
[13] H.W. King, S.H. Ferguson, D.F. Waechter, S.E. Prasad, An X-ray diffraction study

of PMN–PT ceramics near the morphotropic phase boundary, in: Proceedings
of the ICONS (2002) International Conference on Sonar—Sensors and
Systems.

[14] K. Okuwada, S. Nakamura, M. Imai, K. Kakuno, Jpn. J. Appl. Phys. 29 (1990)
1153.

[15] A.K. Singh, D. Pandey, Phys. Rev. B 67 (2003) 064102(1).
[16] J.M. Kiat, Y. Uesu, B. Dkhil, M. Matsuda, Ch. Malibert, G. Calvarin, Phys. Rev. B

65 (2002) 064106(1).
[17] A.K. Singh, D. Pandey, Phys. Rev. B 67 (2003) 064102(1).
[18] C.C. Tsai, S.Y. Chu, C.K. Liang, J. Alloys Compd doi:10.1016/j.jall-

com.2008.11.084.
[19] T. Reji, M. Shoichi, M. Toshiyuki, I. Tadashi, M. R. Soc. 17 (2002) 2652.
[20] W. Nimmo, N.J. Ali, R.M. Brydson, C. Calvert, E. Hampartsoumian, D. Hind, S.J.

Milne, J. Am. Ceram. Soc. 86 (2003) 1474.
[21] E.R. Leite, C.M.G. Sousa, E. Longo, J.A. Varela, Ceram. Int. 21 (1995) 143.
[22] A. S-akar-Deliormanl, E. C- elik, M. Polat, Ceram. Int. 35 (2009) 503.
[23] M. Ghasemifard, S.M. Hosseini, A. Khorsand Zak, Gh.H. Khorrami, Physica E 41

(2009) 418.
[24] R. Swanepoel, J. Phys. E: Sci. Instrum. 16 (1983) 1214.
[25] P. Prathap, Y.P. Subbaiah, M. Devika, Mater. Chem. Phys. 100 (2006) 375.
[26] R.H. Bube, Electronic Properties of Crystalline Solids, Academic Press, New

York, 1974 (Chapter 11).
[27] K.Y. Chan, W.S. Tsang, C.L. Mak, K.H. Wong, J. Eur. Ceram. Soc. 25 (2005)

2313.
[28] K.Y. Chan, W.S. Tsang, C.L. Mak, K.H. Wong, Phys. Rev. B 69 (2004) 144111(1).

dx.doi.org/10.1016/j.ceramint.2009.03.036
dx.doi.org/10.1016/j.jallcom.2008.11.084
dx.doi.org/10.1016/j.jallcom.2008.11.084

	Structure comparison of PMN-PT and PMN-PZT nanocrystals prepared by gel-combustion method at optimized temperatures
	Introduction
	Experimental
	Results and discussion
	Phase analysis and particles size
	Evaluation of optical constants

	Conclusions
	References




