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Abstract

Single-phase perovskite 0.65PMN-0.35PT nanopowders were synthesized at low temperature by the auto-combustion method. PMN-PT
powder with 1 mol% of excess Pb(NOs3), was prepared from the constituent nitrates and alkoxide materials. Perovskite PMN-PT powders without
any pyrochlore phase were obtained after heat treatment at 850 °C. The average particles diameter is estimated to be around 25 nm. The formation
of perovskite phase and the optical constants of powders have been estimated using Fourier transform infrared (FTIR) spectroscopy.

© 2009 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The relaxor ferroelectric lead magnesium niobate Pb(Mg,,
3Nb,/3)O3 (PMN) exhibits typical relaxor-type ferroelectric
properties that have been intensively studied for both
fundamental and practical reasons [1]. The dielectric properties
of PMN can be enhanced by the addition of ferroelectric
PbTiO; (PT). The 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
0.27 < x < 0.34. The MPB is frontier between the rhombohe-
dral (relaxor side) with space group R3m and tetragonal
(ferroelectric side) with space group P4mm phases as illustrated
in Fig. 1. The structure of this complex system contains two
monoclinic phases with space group Cm (M4 type) and Pm (M,
type) stable in the composition range 0.27 < x < 0.30 and
0.31 < x < 0.34, respectively [2]. This is similar to the
monoclinic phase observed in PbZr;_,Ti,O3; (PZT) system in
the vicinity of x =0.47 [3]. Single crystal of PMN-PT with
compositions near the MPB have been reported to exhibit very
high piezoelectric coefficients (d3; > 2500 pC/N), extremely
large piezoelectric strains (>1.7%) and very high electro-
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mechanical coupling factors (k33 > 92%). These values are
significantly higher than those provided by the best lead
zirconate titanate (PZT) based piezoceramics (600-700 pC/N
and 0.17%) [4,5].

The PMN-PT ceramics have been widely studied in the area
of electronic ceramics by many investigators. Alguero et al. [6]
have been prepared piezoelectric PMN-PT ceramics with 0.2
and 0.35PT from mechanochemically activated powders. The
0.35PT ceramics presented a first order ferroelectric—para-
electric transition at 171 °C and a complex transverse piezo-
electric coefficient of —(181.8 — i3.6) pC/N and d5; of 570 pC/
N at room temperature. Kong et al. [7] have been prepared
PMN-PT ceramic from nano-sized powder produced by a high-
energy ball milling process.

Regarding the thin film of PMN-PT, there are many attempts
to find alternatives which are less expensive for possessing of
these materials. Lead—magnesium—niobate—lead-titanate thin
films (PMN-PT) have been also prepared on Si and Pt/Ti/Si0,/
Si substrates by MOCVD using ultrasonic nebulization [8].
Udayakumar et al. [9] have prepared the PMN-PT thin film of
the morphotropic phase boundary composition through the sol—
gel spin-on technique.

Synthesis the single-phase of PMN-PT powder and free
from pyrochlore phase is the main task of investigators to
fabricate a good device. Kwon et al. [10] have fabricated
perovskite 0.65PMN-0.35PT powder at 600 °C for 1 h using
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Fig. 1. Phase diagram of the PMN-PT. The diagonally shaded area represents
the monoclinic (M) phase region [2].

fine starting materials, which is the lowest temperature so far
have been reported. Their fine-particle characteristics resulted
in rapid direct transformation via solid-state diffusion. Luo
et al. [11] have reported a double precursor solution coating
method to obtain the PMN-PT powder at temperature of
900 °C.

In this work, we introduce a simple way to fabricate pure
perovskite 0.65PMN-0.35PT powder with inexpensive mate-
rial in sub-micrometer size by auto-combustion method. The
results of an X-ray diffraction study showing unambiguous
evidence of a monoclinic phase, which is stable between the
rhombohedral and tetragonal phases near the MPB and free
from pyrochlore phase.

Despite the number of papers already published on the
synthesis of PMN-PT powders but the optical properties of
perovskite PMN-PT nanopowders have rarely been studied.
Moreover, the optical characterization gives valuable informa-
tion about the structural parameters of the powder. However, in
this paper the optical properties are discussed and some optical
constants of synthesized PMN-PT powders have been
evaluated from Kramers—Kronig analysis using FTIR spectra
data.

2. Experimental

The raw materials used in this experiment were lead(Il) nitrate
[Pb(NOs),], magnesium acetate [(CH3CO0O),Mg-4H,0],
niobium ammonium oxalate [[NH4[Nb(C,0,4),(H,0)]-4H,0]
and titanium isopropoxide Ti[OCH(CHs;),14. Aqueous solutions
of single cation Pb*? were prepared by dissolving lead(Il) nitrate
in distilled water. For preparation of Ti** we dissolve
titanium(I'V) isopropoxide in mixture of nitric, citric acid and
hydrogen peroxide. A proxo-citrate—niobium complex
(NH4)[NDbO(O,)(CsH407)] was prepared from niobium ammo-
nium oxalate, citric acid, nitric acid and ammonia. The solutions
of lead, titanium, niobium and magnesium were added to the
aqueous solution of citric acid under continuous stirring at 65—
70 °C and maintaining the pH at 7 by the addition of
ammonium hydroxide. The peroxo-citrato-nitrate sols of
PMN-PT were heated at about 80 °C to evaporate all the
water and to obtain the gel. PMN-PT powder was produced by

Ti-peroxo
solution citrate
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Mixed aqueous solution

{Stir and clear aqueous of acid (pH 7)]

Evaporation and drying

Fig. 2. Flow diagram for PMN-PT powder preparation procedure.

the citrate—nitrate gel auto-combustion technique. The flow
diagram of the powder processing methods employed in this
study is shown in Fig. 2.

After auto-combustion of the gels, the resultant powders
were calcinated at different temperatures to obtain the desired
Single-phase powders. The phase formation and orientation of
PMN-PT powder were investigated using X-ray diffraction
analysis in the range (4-60°) with CuK, radiation. Fourier
transform infrared spectroscopy (FTIR) was used to monitor
the phase change of organic group in the wavenumber range
400-5000 cm ™.

3. Results and discussion
3.1. Phase analysis and particles size

X-ray diffraction patterns of PMN-PT powders (heating
rate: 2 °C/min from room temperature to various temperatures
ranging from 700 °C to 850 °C for 2 h) are shown in Fig. 3. The
presence of a monoclinic phase at temperature of 850 °C can be
identified from this figure. The XRD results also reveal the
existence of a perovskite-type phase for the gel-combustion

101

o PT
O Pyrochlore
- -
}{

800°C

RN T S e

|
750°C ag| A i f

}

1

700°C I o :'I E i \
I.\""—-—@ L—-.o.—»vll\u-.v.-aj \w.j\-n-wﬁ\»_
5 I;F ‘ 2‘0 ' 3‘[3 ' -I:(F I 5“] ‘ 60

26 (degree)

Fig. 3. XRD spectra of samples of the PMN-PT calcined at different tem-
peratures.
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Table 1

Structural result for 0.65PMN-0.35PT powders calcinated at different temperatures.

Temperature (°C) 26 (%) dyi hkl Structure Lattice parameter (A)
700 45.16 2.006 002 Rhombohedral a=4.014
50.78 1.796 012 o =90.02°
750 45.18 2.005 002 Rhombohedral a=4.010
50.80 1.797 012 o =90.03°
800 45.20 2.004 002 Rhombohedral a=4.015
50.83 1.795 012 o =90.02°
850 45.43 2.022 002 Rhombohedral and monoclinic a=4.014
45.78 1.995 020 o =90.02°
50.59 1.803 102 a=3.99
51.04 1.788 201 b=3.98
c=4.04
PMN-xPT for x = 0.35 [2] Rhombohedral a=4.023
o =89.85°
PMN-xPT for x = 0.35 [13] Monoclinic a=4.0344
b=3.9873
¢ =4.0092
PMN-xPT for x =0.32 [12] Monoclinic a=4.0183
b =4.0046
c=4.0276

method in all temperatures. At temperatures lower than 850 °C
the samples still contain some pyrochlore phase but at 850 °C
completely have disappeared. 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
obtained in this work are consistent with the reported values for
0.65PMN-0.35PT bulk ceramic [2,13].

The typical TEM image of the PMN-PT powder calcinated
at temperatures of 800 °C prepared by the auto-combustion
method is shown in Fig. 4. From TEM analysis the primary
particle size of the powders can be determined. The primary
particles size of the PMN-PT powder was fount to be
approximately 25 nm in diameter.

3.2. FTIR Spectrum

FTIR spectroscopy was used in order to monitor the
transformation of precursor solutions during the thermal

Fig. 4. TEM micrograph of the prepared PMN-PT powders at 800 °C.

reactions leading to the perovskite oxide powders. Fig. 5
shows the FTIR spectra of the PMN-PT powders in the range of
5000400 cm ™! treated at different temperature of 700 °C,
750 °C, 800 °C and 850 °C for a period of 2 h. In this frequency
interval, a broad band was observed for each spectrum from
850 cm™!' to 590 cm™! with a maximum absorbance in the
vicinities of 596 cm ™', This peak has been associated with the
vibration of B-O (B = Mg, Nb and Ti) bonds in the systems.
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Fig. 5. FTIR spectra of PMN-PT powders treated at different temperatures of
700 °C, 750 °C, 800 °C and 850 °C.
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The IR spectrum for PMN-PT is similar to the most other
ABO;-type perovskite compounds that present four distinct
vibration modes [14,15]. In Fig. 5 two absorption bands were
observed. The higher frequency asymmetric band, v;-streching,
extends from 850 cm™' to 590 cm™!, with a center in the
vicinities of 596 cm ™. This observed infrared spectrum band is a
composition of v;-NbOs3, v-TiO; and v-MgOj; stretching
normal vibration modes along the spontaneous polarization in
PMN-PT structure. There is a little change in v; as temperature
of calcinations was increased. This band, vy, is associated to BOg
octahedron bond and indicates the formation of a perovskite
phase starts to take place for all calcinated temperatures and starts
to increase in proportion as the temperature increases. Bands
associated with Pb ions were not observed in the mid-infrared
spectra because of their heavy masses.

The lower frequency band, v,-bending, extends from
400 cm ™" which is behind the available experimental range
at 400 cm ™' is assigned to B—O bending normal vibration.
However, the other two bands, vz-cation-(BOj3) lattice mode
and vy-bending vibrations are below the available experimental
frequency range (5000400 cm_l) used in this work [16].

3.3. Evaluation of the optical constants

We used Kramers—Kronig analysis to evaluate the optical
constants of PMN-PT powders prepared by gel-combustion
method using FTIR spectra data [17,18]. The IR spectra (Fig. 5)
show the absorbance values are less than 67%. As a result, the
absorption coefficient («), in the strong absorption region
where the envelop method [19] is not valid, should be evaluated
from the optical transmittance data using Lambert’s principle
[20,21]

a:_@m (1)

where T is the transmittance and ¢ is the thickness of the KBr
pellet prepared for IR measurements or diameter of nanopar-
ticle. Knowing both ¢ and 7, we may calculate the absorption
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coefficient from Eq. (1). The absorption coefficient as a func-
tion of photon energy can be expressed from well known
relation as [22]:

(@hv)? = C (% _ Eg> @)

where C is a constant, « is the absorption coefficient, (hc/A) is
the incident photon energy and E, is the band gap energy. By
plotting (ahv)* versus (hc/A), E, can be evaluated from the
extrapolated linear portion of the plot. The complex refractive
index can be calculated from the following equation [23]:

iilw) = n(w) + ik(w) 3)
where n is the real and k is the imaginary part of complex
refractive index. The refractive index and the extinction coeffi-
cient can be calculated from following relations:
_ I - R(w)

1 + R(w) — 2cosp(w)\/R(w)

“)

n(w)

2sing(w)

k(w) = R(w)

= 4)
1 + R(w) — 2cosp(w)+/R(w)

where R is the reflectance and ¢ is the phase change at a
particular wavenumber between the incidences and the
reflected signal that obtain from following equation:

InR(e') — InR(w)

o — ?

olw) = - do ©)

S{ES
0\8

For calculating ¢(w) several extrapolation approaches have
been evaluated and reported [24-26]. We have calculated ¢(w)
by Maclaurin’s method [27] from Eq. (7), this method is rather
accurate, but it needs double Fourier transform and the
calculation takes a relatively longer time.
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Fig. 6. Reflectance (solid line) and the phase change (dash line) spectrum PMN-PT powder calcinated at different temperatures: (a) 700 °C, (b) 750 °C, (c) 800 °C

and (d) 850 °C.
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Fig. 7. The refractive index (solid line) and extinction coefficient (dash line) for PMN-PT powder calcinated at different temperatures: (a) 700 °C, (b) 750 °C, (c)

800 °C and (d) 850 °C.

where h = w,,.; — w; and if data interval g is an odd number then
i=2,4,6,...,g—1,g+1, ..., while if g is an even number
theni=1,3,5..,g—1,g+1, ...

3.4. Optical constants spectrum

3.4.1. Reflectance and phase change

The reflectance, R, and the phase change, ¢, spectrum from
400 cm™' to 1000 cm™' for PMN-PT powder calcinated at
different temperatures is shown in Fig. 6. The values of R and ¢
change as the temperature increase and the peak value of R is
shifted to higher wavenumber.

3.4.2. Refractive index and extinction coefficient

Fig. 7 shows the refractive index, n, and extinction
coefficient, k, from 400 cm™' to 1000 cm™' for PMN-PT
powder calcinated at different temperatures. The values of
refractive index are not constant and vary as temperature
changes. The strong decrease in the refractive index is
associated with the fundamental band gap absorption. However,

increasing calcinated temperature does not shift strongly the
peak values of n against wavenumber. As a result the shift of

refractive index of samples occurred irregularly as shown in
Fig. 7.

3.4.3. Dielectric function

As it can be seen from Fig. 7 increasing the temperature
causes to change the value of extinction coefficient. The real
(¢”) and imaginary (¢”) parts of the complex dielectric function

(é(w) = ¢(w) + i¢"(w)) can be evaluated from following
relations:

¢ (0) = (o) = k(o) (®)

&' (o) = 2n(w)k(w) ©)

The real and the imaginary parts of the dielectric function for
the PMN-PT powder calcinated at different temperatures is
shown in Fig. 8. The curves are fairly flat in the long-
wavenumber region and rise rapidly at 606 cm™'. Similar
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Fig. 8. The real and the imaginary parts for PMN-PT powder calcinated at different temperatures: (a) 700 °C, (b) 750 °C, (c) 800 °C and (d) 850 °C.
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Fig. 9. The spectrum of Im(—1/¢) for PMN-PT powder calcinated at different temperatures: (a) 700 °C, (b) 750 °C, (c) 800 °C and (d) 850 °C.

Table 2
IR spectra of optical phonon for PMN-PT powders treated at different
temperatures.

Temperature (°C)

700 750 800 850
Transverse optical phonon (TO) (cm™h 569 551 528 512
Longitudinal optical phonon (LO) (cm™") 793 799 852 832

results have also been obtained by Greenler [28], Francis and
Ellison [29].

In IR spectrum study, the optical phonons (LO and TO) are
the frequencies of interest for describing the optical interactions
with the lattice. In general, these interactions will lead to a
characteristic optical, i.e. the sharp increase of reflectance
caused by the resonance of transverse optical phonon (TO) and
decrease at the resonance of the longitudinal optical phonon
(LO).

From the above discussion, once the phase ¢(w) value is
obtained, the optical and dielectric constants can be determined
from numerical calculation of Egs. (5)—(10). Consequently, the
TO and LO mode can be easily determined from the maximum
position of ¢’ and from the peak position of Im(—1/¢) curves,
respectively as shown in Fig. 9.

The transverse and longitudinal optical phonons of PMN—
PT powder calcinated at different temperatures are presented in
Table 2.

4. Conclusions

The PMN-PT nanopowder has been synthesized by the gel-
combustion method using citric acid as complexing reagent.
The XRD patterns do not indicate the presentation of any
impurity phase in 850 °C and free from pyrochlore phase. At
temperature of 850 °C the monoclinic and rhombohedra phases
coexist. According to the TEM image the average particles size
was estimated to be about 20 nm. The optical properties of the
PMN-PT have been investigated by transmittance measure-
ments in the range of 400-5000 cm™'. The higher frequency

asymmetric band with a center in the vicinities of 596 cm ™' is a
composition of v{-NbOs, v;-TiO3 and v;-MgO; stretching
normal vibration modes along the spontaneous polarization in
PMN-PT structure. We have presented a detailed description of
the use of Kramers—Kronig method to evaluate the optical
constants of nanopowders.
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