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Abstract

Ceramics of lead magnesium niobate–lead titanate solid solution, 0.90Pb(Mg1/3Nb2/3)O3–0.10PbTiO3 (PMN–PT), have been synthesized
by a new room temperature sol–gel route, using polyethylene glycol-200 (PEG) and methanol mixture as solvent. The use of a triol molecule,
1,1,1-tris(hydroxymethyl)ethane (THOME), which is known to serve as a complexing agent used in binding together the metal ions in the
precursor solution, has been shown to give good dielectric and ferroelectric properties (ε′

max = 33,000 atTmax = 40◦C andPr = 18�C/cm2

at room temperature) for the stoichiometric PMN–PT ceramics sintered at 1050◦C. A 5 mol% excess of lead in the sol–gel process without
THOME led to an improvement in the formation of the perovskite phase but a degradation of the dielectric properties withε′

max = 10,000
andPr = 11�C/cm2 only.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The relaxor ferroelectric solid solution system, (1− x)
Pb(Mg1/3Nb2/3)O3–xPbTiO3 [(1 − x)PMN–xPT], has at-
tracted considerable interest because of its remarkable
dielectric and electromechanical properties in the form
of ceramics and single crystals[1–3]. Pb(Mg1/3Nb2/3)O3
(PMN) is well-known to exhibit typical relaxor ferroelectric
behavior characterized by a broad and frequency depen-
dent dielectric maximum atTmax (around −15◦C) [4].
Addition of the normal ferroelectric PbTiO3 (PT) to PMN
shifts this transition temperature upwards, enhances the
dielectric properties of the solid solutions, and induces a
long-range ferroelectric phase[5,6]. A morphotropic phase
boundary (MPB) appears in the region of 30–37 mol% PT
with the presence of a rhombohedral, a tetragonal, and a
newly discovered monoclinic phase[5,7]. As a result, the
(1 − x)PMN–xPT system embraces a wide range of com-
positions which find important applications in multi-layer
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dielectric capacitors, piezoelectric devices, and sensors
and actuators[8]. The PMN–PT system exhibits excellent
piezo-/ferroelectric properties but also a higher stability of
the perovskite structure compared to other relaxor-based
systems such as (1−x)Pb(Zn1/3Nb2/3)O3–xPbTiO3 (PZNT)
and (1− x)Pb(Sc1/2Nb1/2)O3–xPbTiO3 (PSNT)[3]. Being
close to the PMN side of the (1− x)PMN–xPT phase di-
agram, 0.90PMN–0.10PT is a typical relaxor ferroelectric
material with a weak rhombohedral distortion[6]. It ex-
hibits high dielectric permittivity, narrow hysteresis loop,
and strong piezoelectric response, which together make it
an excellent material for multi-layered high density capac-
itors [8]. 0.90PMN–0.10PT has a diffuse phase transition
temperature (Tmax) at about 40◦C and its dielectric constant
at room temperature is very high (ε′ ∼ 10,000), making it
a potential candidate for DRAM and multi-layer capacitor
applications[9].

The synthesis of pure perovskite 0.90PMN–0.10PT by
conventional solid state reactions can be very challenging
due to the formation of a thermodynamically more sta-
ble but undesired impurity phase of pyrochlore structure
which considerably impairs the dielectric properties of
the material[10]. As a result, a number of different soft
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chemistry techniques like sol–gel and solution processes
have been designed for the synthesis of pure perovskite
0.90PMN–0.10PT [11–13]. The polymeric precursor
method, which is based on the Pechini’s technique, has
become very popular in the making of fine mixed-metal
oxide powders[14–16]. This solution process consists of
preparing a polymer–cation complex in solution and then
converting it into the multi-component oxide by burn-
ing out the organic components during high-temperature
treatment[17]. The main feature of this method is that it
allows a very homogeneous dispersion of the cations in the
polymer–cation complexes, which helps in the formation of
fine and highly reactive mixed oxide powders[18].

Polyethylene glycol (PEG) has proved to be a very suit-
able polymer for use in the polymeric precursor method
in the preparation of mixed oxide powder and ceramics.
The reason for this is the coordination of the ether oxy-
gen atoms in PEG to the metal cations, which allows it
to dissolve a number of inorganic salts as well as metal
alkoxides. Besides the polymer-binding, cross-linking
can also greatly help in obtaining a very homogeneous
distribution of cations in solutions. Sriprang et al. used
a triol, 1,1,1-tris(hydroxymethyl)ethane (THOME) as a
cross-linking agent for the cations in the synthesis of lead
zirconate titanate thin films[19]. They demonstrated that
with its three hydroxyl groups, THOME could bind to up to
three metal ions at a time, forming oligomeric species that
were then oxidized to form the final mixed oxide compound.

In our recent work, we have prepared 0.65PMN–0.35PT
ceramics using a room temperature soft chemistry route[20]
using a mixture of PEG200 and methanol as solvent and
THOME as a complexing agent. Pure perovskite phase, high
density, high dielectric constant, and excellent ferroelectric
properties were obtained for the ceramics prepared from a
stoichiometric amount of the lead starting material in the
preparation of the sol. A decrease in the ceramic quality in
terms of the perovskite phase purity and dielectric proper-
ties was observed in those ceramics prepared without using
THOME in the reaction. In this work, we successfully ap-
ply this new room temperature soft chemistry route based
on polyethylene glycol to the synthesis of 0.90PMN–0.10PT
ceramics and characterized their dielectric and ferroelectric
properties in relation to the preparation conditions.

2. Experimental procedure

The 0.90PMN–0.10PT ceramics have been prepared by a
new soft chemistry route. The starting materials used were
lead(II) acetate trihydrate (Pb(CH3COO)2·3H2O), magne-
sium 2,4-pentanedionate dihydrate (Mg(O2C5H7)2·2H2O),
niobium(V) ethoxide (Nb(OC2H5)5), titanium diiso-
propoxidebis(acetylacetonate) (Ti(OC3H7)2(O2C5H7)2)
(TIAA). Stoichiometric amounts of Pb(CH3COO)2·3H2O,
Mg(O2C5H7)2·2H2O, and 1,1,1-tris(hydroxymethyl)ethane
(C(CH2OH)3(CH3))were dissolved in a 1:2 volume mixture

of polyethylene glycol 200 (PEG) and methanol (MeOH)
by simple stirring at room temperature to give a clear, yel-
low solution. In a separate flask, Nb(OC2H5)5, TIAA, and
THOME were mixed and stirred in the PEG/MeOH mix-
ture under the same conditions to yield a light orange clear
solution. These two solutions were then mixed together and
further stirred at room temperature for about 6 h, at the end
of which a clear yellow solution was formed. The volatile
organic species were evaporated by means of rotary evapo-
rator, giving rise to a very viscous precursor sol, which was
then burnt at 500◦C for 2 h to form a light orange powder.
The powder was ground in acetone, pressed into discs and
calcined at various temperatures between 650 and 1050◦C
for 8 h. These as-prepared 0.90PMN–0.10PT ceramics
were abbreviated as 10PEG(S)T. The same procedure was
employed to prepare three other 0.90PMN–0.10PT ceram-
ics under various conditions: (i) stoichiometric amount of
lead(II) acetate and no THOME (named 10PEG(S)), (ii)
5 mol% excess of lead(II) acetate with THOME (named
10PEG(5)T), and (iii) 5 mol% excess of lead(II) acetate and
no THOME (named 10PEG(5)), in order to study the effects
of the chemical parameters on the quality and properties of
the resulting ceramics.

The phases of the samples were checked by X-ray pow-
der diffraction using Cu K� radiation (46 kV, 42 mA) on
a Rigaku X-ray diffractometer. The decomposition process
of the precursor solutions was investigated by thermo-
gravimetric (TG) and differential thermal analyses (DTA)
on a Seiko Exstar 6300 TG/DTA Thermal Analyzer. The
precursor sols were oxidized by heating from room temper-
ature to 1000◦C in air at a heating rate of 5◦C/min. The
temperature and frequency dependence of the dielectric per-
mittivity of the ceramics were measured on an Alpha High
Resolution Dielectric/Impedance Analyzer (Novocontrol).
Ferroelectric hysteresis loops were displayed on a RT66A
Standard Ferroelectric Testing System by applying a field
of E = ±23 kV/cm across the ceramics.

3. Results and discussion

3.1. Thermogravimetry/differential thermal analysis
(TG/DTA)

The best conditions for the pyrolysis of the precursor
solutions and for the sintering of the precursor powders
were determined by thermal analyses.Fig. 1a and bshow
the DTA/TG curves of the 10PEG(S)T and 10PEG(5) pre-
cursor solutions, respectively, from room temperature to
1000◦C at a heating rate of 5◦C/min. Three different weight
loss regions can be observed on the TGA curve of the
10PEG(S)T precursor solution. The first one in the region
of 45–120◦C indicates the volatilization of solvent and/or
moisture still present in the precursor solution. A second
weight loss appears in the region of 120–325◦C, which
can be attributed to the decomposition of the PEG chains,
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Fig. 1. TG/DTA curves from room temperature to 1000◦C at a heating rate of 5◦C/min for (a) 10PEG(S)T and (b) 10PEG(5) precursor solutions.

the THOME molecules, and the acetate groups present in
the sol. The third weight loss occurring between 325 and
545◦C is assigned to the decomposition of the complex
structures in the sol, which can be the PEG chains and/or the
THOME molecules bound to the metal centres. This process
was accompanied by a strong exothermic peak at 331◦C
on the DTA curve. The other exothermic peaks at 345 and
428◦C are the result of the decomposition of more complex
metal–organic structures or oligomers that were formed from
condensation reactions in the precursor solution. The small
exothermic peak at 536◦C can be attributed to the forma-
tion of the crystalline mixed oxide phase. These observations
lead to the conclusion that all the organic moieties present
in the precursor solution are oxidized and decomposed at
temperatures below∼450◦C, after which the resulting mat-
ter undergoes a rearrangement of the M–O–M networks to
form the crystalline pyrochlore phase at around 536◦C.

The 10PEG(5) precursor solution exhibits similar ther-
mal behaviour. The differences here lie in the absence of

the THOME molecule and the presence of a 5 mol% excess
of lead in the sol–gel process. Three weight loss regions
are also observed on the TG curve shown inFig. 1b, which
are at 42–104, 136–285, and 288–520◦C, corresponding to
(i) the volatilization of the solvent and/or moisture present
in the precursor solution, (ii) the decomposition of the
PEG–cation complexes, and (iii) the decomposition of more
complex PEG–metal structures or oligomers, respectively.
The exothermic peaks observed on the DTA curve (Fig. 1b)
at 277, 350, and 417◦C result from the thermal processes
associated with the second and third weight losses, re-
spectively. The exothermic peak at 515◦C is assigned to
the crystallization of the oxide phases that are a mixture
of the perovskite and pyrochlore phases, as revealed by
X-ray diffraction (seeSection 3.2). The first exothermic
peak occurs at a temperature (277◦C) lower than that in the
10PEG(S)T sol (331◦C). This strongly supports the fact that
both the PEG chains and the THOME molecules chelate
to the metal centres in the 10PEG(S)T sol, forming more
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Fig. 2. X-ray diffraction spectra at different calcination temperatures of (a) 10PEG(S)T, (b) 10PEG(S), (c) 10PEG(5), and (d) 10PEG(5)T precursor
powders. All samples were calcined for a period of 8 h. (�): Pyrochlore phase; (�): Perovskite phase.

complex structures that decompose at a higher temperature.
In the 10PEG(5) sol, however, only the PEG chains can
bind to the cations through their hydroxyl end groups and
the ether oxygens present in the polymer backbone.

3.2. Phase analysis by X-ray diffraction

Powder X-ray diffraction (XRD) was used to check
the phases in all the samples. The XRD patterns of the
10PEG(S)T, 10PEG(S), 10PEG(5), and 10PEG(5)T sam-
ples synthesized at different temperatures are shown in
Fig. 2a–d, respectively. It can be seen that crystallization
already occurred at 500◦C in all the samples, with the
formation of the pyrochlore phase in the 10PEG(S)T and
10PEG(S) samples, and a mixture of the perovskite and
the pyrochlore phases in the 10PEG(5) and 10PEG(5)T
samples. Upon heating, the perovskite phase grows at
the expense of the pyrochlore phase in all cases. In the
10PEG(5) sample, an almost pure perovskite phase appears
at 1000◦C, above which, the impure phase seems to grow
slightly upon further heating. In the case of 10PEG(S)T and

10PEG(S), the perovskite phase appears as the major phase
after thermal treatment at 950 and 1000◦C, respectively,
but a small amount (<10%) of pyrochlore phase persists.

Fig. 3a and bshow the plots of the amount of perovskite
phase formed as a function of the sintering temperature
for the 10PEG(S)T and 10PEG(S), and the 10PEG(5)
and 10PEG(5)T ceramics, respectively. For 10PEG(S)T
(Fig. 3a), as the sintering temperature is increased, the
amount of perovskite phase also increases from 75% at
650◦C to a maximum of 91% at 950◦C, after which it
drops down to∼88% at 1050◦C. In the case of 10PEG(S),
the amount of perovskite phase formed after treatment
at 650◦C is about 42%. It increases to a maximum of
∼91% at 1000◦C (Fig. 3a). For 10PEG(5) (Fig. 3b), the
sample treated at 500◦C already contains more than 87%
of perovskite phase. Upon further heating, the amount of
the perovskite phase increases to a maximum of∼96%
at 1000◦C and then decreases to∼93% at 1050◦C. The
10PEG(5)T sample treated at 500◦C contains∼20% of the
perovskite phase, which increases to a maximum of about
85% at 750◦C, after which it drops considerably down to
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Fig. 3. Dependence of the amount of the perovskite phase formation on
the sintering temperature of the (a) 10PEG(S)T and 10PEG(S), and (b)
10PEG(5) and 10PEG(5)T ceramics.

only ∼25% at 1050◦C (Fig. 3b). These results indicate that
(i) the 10PEG(S)T and 10PEG(S) ceramics exhibit similar
behaviour in terms of the formation of the perovskite phase
with a maximum percentage of about 91%, (ii) a 5 mol%
excess of lead in the precursor powder favors the forma-
tion of the perovskite phase at a temperature as low as
500◦C in both 10PEG(5) and 10PEG(5)T, but the former
contains considerably more perovskite phase in a larger
temperature range, (iii) the presence of a 5% excess of lead
in the precursor solution improves the maximal amount
of the perovskite phase formed by 2–5% in the 10PEG(5)
ceramics as compared to the 10PEG(S)T ceramics sintered
at the same temperature, (iv) the 5% excess of lead without
THOME results in the highest percentage of the perovskite
phase (96%), while the combination of an excess of lead
and THOME in the precursor solution leads to a maximum
perovskite phase of about 85% only with a much narrower
temperature stability range as compared to 10PEG(5).

3.3. Dielectric measurements

Fig. 4a and billustrate the temperature and frequency de-
pendences of the real part of the dielectric permittivity (ε′)

Fig. 4. Variation of the dielectric constant as a function of temperature
at different frequencies for (a) 10PEG(S)T and (b) 10PEG(5) ceramics
sintered at 1050 and 1000◦C for 8 h, respectively.

of the 10PEG(S)T and 10PEG(5) ceramics sintered at 1050
and 1000◦C, respectively, with a relative density of 95%. As
can be observed from these curves, the dielectric constant
shows a diffuse and frequency-dependent maximum with
the temperature of the maximal permittivity (Tmax ≈ 40◦C)
increasing, while the value of the permittivity maximum
(ε′

max) decreasing, as the frequency increases. This indicates
a typical relaxor ferroelectric behaviour for the both ceram-
ics of 0.90PMN–0.10PT. The 10PEG(S)T ceramic shows a
room temperature dielectric constant of nearly 25,000 and a
maximum value ofε′

max = 33,000 atTmax ≈ 40◦C (1 kHz).
It is worth noting that these dielectric constant values are
considerably higher than those obtained by solid state reac-
tions [10] or by other sol–gel processes[11]. On the other
hand, the 10PEG(5) ceramic shows a much lower dielec-
tric constant value of∼8000 at room temperature and an
ε′

max of ∼10,000 atTmax. The dielectric measurements of the
10PEG(S) sample sintered at 1000◦C gave rise to a room
temperature dielectric constant of 12,500 and anε′

max of
∼19,700 atTmax ∼ 42◦C (not shown).

The high value of the dielectric constant in the 10PEG(S)T
ceramic can be attributed to the presence of the THOME
molecule in the sol–gel process. Its beneficial role in the
sol–gel preparation of 0.65PMN–0.35PT ceramics using
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Fig. 5. Variation of polarization as a function of bipolar electric field for
(a) 10PEG(S)T and (b) 10PEG(5) ceramics sintered at 1050 and 1000◦C,
respectively, for 8 h showing ferroelectric hysteresis loops.

polyethylene glycol-200 and methanol as solvent has been
highlighted in our recent work[20]. The presence of three
hydroxyl groups on the THOME molecule allows it to
complex to the metal centres, leading to formation of
cross-linked or oligomeric species in solution[19]. This
favors the formation of the M–O–M bonds and their easy
arrangement into a more homogeneous local structure after
the organic components are burnt off, leading to a dense ce-
ramic with excellent dielectric properties after sintering at a
relatively low temperature of 950◦C. Although an excess of
lead can improve the formation of the perovskite phase to
some extent, it can more drastically degrade the dielectric
properties of the resulting ceramic, especially in combina-

Table 1
Phase formation and properties of 90% PMN–10% PT ceramics prepared under various conditions

Phase Properties

Perovskite (maximum %) Sintering temperature ε′ (RT)a ε′
max

a Tmax
a (◦C) Pr (RT) (�C/cm2) Rankb

10PEG(S)T 90.3 950 25000 33000 40 18 1
10PEG(S) 91.7 1000 12500 19700 42 19 2
10PEG(5) 96.4 1000 8000 10000 40 11 3
10PEG(5)T 85.9 750 – – – – 4

a At 1 kHz.
b 1, best; 4, worst.

tion with THOME. This is shown by the considerable low-
ering of the room temperature dielectric constant andε′

max
in 10PEG(5), as compared to 10PEG(S)T. The dielectric
properties of the stoichiometric 10PEG(S) without THOME
are intermediate between 10PEG(S)T and 10PEG(5).

3.4. Ferroelectric measurements

The ferroelectric hysteresis loops of the 10PEG(S)T and
10PEG(5) ceramics sintered at 1050 and 1000◦C are shown
in Fig. 5a and b, respectively. Both ceramics have a coer-
cive field,Ec, of about 7.5 kV/cm. The 10PEG(S)T ceramic
shows a well-defined and saturated ferroelectric hysteresis
loop with a remnant polarization (Pr) of 18�C/cm2 which
is higher than that of 10PEG(5) (Pr = 11�C/cm2). The
improved ferroelectric properties of the 10PEG(S)T ce-
ramic can also be attributed to the presence of the THOME
molecule in the sol–gel synthesis, leading to a dense mor-
phology and good dielectric performance. These properties
make the material promising for applications in advanced
electromechanical devices. The presence of excess lead in
the 10PEG(5) ceramic is again detrimental to the ferroelec-
tricity as it lowers thePr of the compound. The 10PEG(S)
ceramic sample sintered at 1000◦C shows a coercive field
of ∼7.5 kV/cm and a remnant polarization of 19�C/cm2

(not shown), which are very close to the results obtained in
10PEG(S)T.

4. Conclusions

Relaxor ferroelectric 90% PMN–10% PT ceramics have
been synthesized by a new room temperature soft chemistry
route which uses polyethylene glycol-200 and methanol as
solvent. The effects of the various chemical processes in the
sol–gel preparation on the phase formation and the dielec-
tric and ferroelectric properties of the 0.90PMN–0.10PT
ceramics have been systematically investigated. The results
are summarized inTable 1.

It is found that the use of a complexing agent,
1,1,1-tris(hydroxymethyl)ethane, and a stoichiometric
amount of the lead starting chemical leads to the 10PEG(S)T
ceramic of best overall results, with excellent dielectric and
ferroelectric properties (ε′(PT) = 25,000,ε′

max = 33,000,
and Pr = 18�C/cm2) and a perovskite phase of over
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90% purity. These dielectric properties are not only sig-
nificantly better than the results reported previously on
the 0.90PMN–0.10PT ceramics, but also better than the
10PEG(S) ceramic prepared without THOME that con-
tains about the same amount of the perovskite phase. This
suggests that the use of the THOME (triol) molecule has
enhanced the dielectric properties of the 0.90PMN–0.10PT
ceramics. Based on the thermal analyses, it is believed that
the THOME molecule actively takes part in the sol–gel
process by binding to the metal centre to form cross-linked
or oligomeric species, which favors the formation of the
M–O–M bonds and their easy arrangement into a more
homogeneous local structure after sintering at a relatively
low temperature of 950◦C. The introduction of a 5 mol%
excess of lead in the sol–gel process without THOME
has improved the formation of the perovskite phase by
2–5%, but it has more drastically degraded the dielec-
tric properties of the 10PEG(5) ceramic. Interestingly, the
combination of an excess of lead and the use of THOME
has led to the worst results in the 10PEG(5)T ceramic
both in terms of the perovskite phase formation and the
properties.
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