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(Pbg.gLag2)(Mgo.4Nbg )03 relaxor ceramics have been prepared by columbite method by using (i) MgO
and (ii) (MgCOs3)4-Mg(OH),-4H,0 precursors (denoted as PLMN1 and PLMN?2 respectively). The dielectric
data show relaxor behaviour in the frequency range of 10 Hz to 1 MHz, with dielectric constant values
in the range of 310-350 for PLMN1 and 240-260 for PLMN2 and a permittivity maxima at the tempera-
ture T, = 179K and Ty, = 174K, respectively (for f=1MHz). The Raman spectra proved the stability of the
nanopolar order far above Ty, as observed in many Pb-based relaxors. This is demonstrated by the exis-
tence of some modes (at ~300, 500 and 780 cm~') up to around 773 K. Anomalies of some Raman modes
(integrated intensity and FWHM) have been found in the range of T, proving the phase transition from
pseudo-cubic relaxor to cubic paraelectric state, where the stability of the vibration modes is affected by
the fluctuations associated to the phase transitions.
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1. Introduction

Among the lead-based relaxor ferroelectric materials of general
formula Pb(B'B”)03, those derived from lead magnesium niobate,
Pb(Mg;3Nb,/3)03 (PMN) are probably the most widely studied
one because of its excellent dielectric and electrostrictive prop-
erties [1]. However, a significant problem concerning PMN-based
ceramics is the difficulty in preparing a single-phase material of
only perovskite structure without the appearance of a pyrochlore
phase that can be detrimental to the dielectric properties [2-4]. In
order to overcome this disadvantage, various synthesis techniques
for suppressing the formation of pyrochlore-type compound (i.e.
columbite method [4-6] and mechanical activated synthesis [5-7])
have been reported in the literature.

Although former studies [8,9] showed that the degree of order-
ing and the size of the ordered domains can be enhanced by
incorporating lanthanum into lead magnesium niobate lattice
[10-14], however there are only a few papers concerning the lan-
thanum influence on the relaxor behaviour of the PLMN ceramics
[8,15].

The aim of this work is to investigate the influence of the mag-
nesium source on the Raman characteristics, microstructure and
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dielectric behaviour of the Pbgglag;Mg;3Nb, ;303 ceramics pre-
pared via columbite route.

2. Experimental
2.1. Sample preparation

The starting materials were reagent-grade PbO (Fluka), MgO (Merck),
(MgCO3)4-Mg(OH),-5H,0 (Carlo Erba) and Nb, 05 (Johnson Matthey Chemicals Ltd.)
powders.

The samples prepared for this study were the lanthanum-modified lead magne-
sium niobate ceramics described by the formula Pbg gLy 2Mgo.4Nbg O3 and obtained
by using two different magnesium precursors: (a) magnesium oxide (PLMN1) and
magnesium basic carbonate (PLMN2), respectively. Synthesis of the PLMN samples
was carried out by the columbite method proposed by Swartz and Shrout [16].
Thus, in the first stage, MgO and Nb;Os powders were prereacted at 1000°C in
air to form the nonstoichiometric columbite. In order to obtain La-modified lead
magnesium niobate, in the second stage appropriate amounts of PbO and La,03
were added to the nonstoichiometric columbite powders derived from the both
magnesium precursors. The details of the preparation, as well as the succession of
the chemical reaction were reported elsewhere [17]. The calcined powders with
polyvinyl alcohol (PVA) added as binder, were pressed into pellets of 10 mm diame-
ter and ~3 mm thickness, which were then sintered for 4 hin air at 1200 °C. Sintering
was performed inside closed platinum crucibles and the pellets were covered with
powders of the same composition to minimize the lead loss during the thermal
treatments.

2.2. Sample characterization

The microstructure of the ceramics was investigated by scanning electron
microscopy (SEM) using JEOL JSM-6400 and Hitachi S2600N equipments. The
sinterability of the PLMN ceramics was estimated by means of the values of the
relative density calculated as ratio between the apparent density determined by
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the hydrostatic method and the theoretical density determined from the XRD data
(reported elsewhere [15,17]).

The phase composition of the sintered samples was studied by X-ray diffrac-
tion (XRD) with a Brucker-AXS D8 diffractometer, using Ni-filtered Cu Ko radiation
(A=1.5418 A), a scan step of 0.02° and a counting time of 1 s/step in the 26 range of
15-90°.

For the electric measurements, Ag-Pb electrodes were deposited on the plane-
parallel polished surfaces of the ceramics followed by annealing in air at 500°C
for 12 h. The dielectric measurements were performed with an impedance ana-
lyzer Solartron SI1260 for temperatures of 80-250K with a heating/cooling rate
of 0.5 K/min in the frequency range 10-10° Hz.

The Raman spectra were recorded in back scattering geometry by using a
RENISHAW RM2000 micro-Raman spectrometer with 785 nm radiation, 2 pm spot
diameter and 10 wm field depth in the temperature range (100, 670)K, by using
LINKAM thermal cells. Due to the instrumental cutoff, soft modes with wave num-
bers lower than 80cm~! cannot be observed. All the spectra obtained in various
microregions of the samples are similar and well reproducible in time, indicating a
high homogeneity of all the present samples at micrometric level.

3. Results and discussions

SEM investigations on the surface of the both PLMN sample
sintered at 1200°C/4 h pointed out a relative homogenous, fine-
grained (average grain size of ~3.5 wm) microstructure (Fig. 1(a)
and (b)). Unlike the PLMIN2 sample derived from magnesium basic
carbonate, which presents a more porous microstructure and not
well-defined grain boundaries (Fig. 1(b)), a better densification,

Fig.1. SEMimages of the samples sintered at 1200°C/4 h: (a) PLMN1 and (b) PLMN2.
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Fig. 2. Room temperature X-ray diffraction pattern of the samples sintered at
1200°C/4 h: (a) PLMN1 and (b) PLMN2.

involving a lower amount of intergranular porosity and perfect
triple junctions between the grains was noticed for the sample
PLMN2 derived from MgO precursor (Fig. 1(a)).

The X-ray diffraction patterns of the PLMN1 are PLMN2 sample
sintered at 1200°C/2 h are very similar, showing the presence of
the well crystallized PLMN perovskite as a major phase and small
amounts of a secondary Pb,Nb, 07 pyrochlore phase, identified at
the detection limit. The supplementary (111), (311),(331) and
(531) diffraction peaks indicate the formation of the 1:1 short
range ordering induced by the La addition (Fig. 2).

Unlike the non-modified PMN ceramics which exhibit high
dielectric constant values (12,000-13,500) at Ty, for f=10Hz [18],
the presence of La causes a strong reduction of the real part of the
dielectric permittivity, as well as a visible flattening of the ¢'(T)
characteristic. The decrease of the dielectric constant & can be
explained in terms of the large porosity (15% for PLMN1 and 26%
for PLMN2) of our ceramics and also because of the positive charge
provided by La, facilitating the growth of 1:1 chemically ordered
regions, which most probably are not ferroelectric in nature [12]
(Fig. 3(a) and (b)). Another cause of the real permittivity decrease
may be related to the microstructural features (small grain size and
porosity). In spite of the ¢'(T) flattening, the relaxor behaviour (dis-
persion of the dielectric constant values against the frequency at
T<Tm) was still clearly observed for both PLMN ceramics (Fig. 3(a)).
Tm values are ranged between 155 and 179 K for frequencies ranged
between 10Hz and 1 MHz and they are almost similar for PLMN1
and PLMNZ2, indicating that the Mg precursor type has no influence
on the relaxor behaviour. However, the higher values of the dielec-
tric constant obtained for the PLMNT1 ceramic in all the frequency
range analyzed may be due to the better densification of this sample
(or=85.09%) comparing to that one of PLMN2 (o, =74.07%). Thus,
at T, of 155K (for f=10Hz), dielectric constants of 355 and 265
were recorded for PLMN1 and PLMN2, respectively.

In spite of lower density, low values of dielectric losses
(tané<3%) have been obtained in the investigated temperature
range for both PLMN samples sintered at 1200°C/4h. The tem-
perature dependence of reciprocal dielectric constant at different
frequency is shown in Fig. 3b. The temperature where ¢~1(T) starts
to derivate from Curie-Weiss law, is considered the onset tempera-
ture of local polarization is affected by a high degree of uncertainty.
The Cole-Cole diagram shows a single component in the frequency
range under investigation, indicating the lack of the grain-boundary
phenomena.
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Fig. 3. Temperature dependence of (a) real part of permittivity for PLMN1 and
PLMNZ2 various frequencies and (b) reciprocal dielectric constant for both ceramics.

The empirical Volgel-Fulcher low [19] were used to characterize
the frequency dispersion of Ty, of PLMN1:

Ea
£t o |~ M
where f is the measurement frequency and E;, Tyr and fp are
the parameters. In relaxors, Tyr is named freezing temperature
of dynamics of polar nanoregions due to cooperative interactions
between their moments. Fig. 4 shows the logarithm of measure-
ment frequency vs. Ty, and the fit with V-F parameters. From fit of
T we determine E; =0.067 eV, fp=3.26 x 1012 Hz and Typ=132K.
The Raman spectra of the two types of PLMN ceramics show very
similar features (Fig. 5). The Raman spectra were analyzed using
damped-harmonic-oscillator model, wherefrom oscillator strength
can be determined by Raman mode. With the exception of the main
mode denoted as (1), all the Raman bands are broad and some bands
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Fig. 4. Natural logarithm of frequency vs. temperature for PLMN1. Solid curves
represent the fitting to the Volgel-Fulcher law of Eq. (1).

are overlapped (Fig. 5). The Raman bands can be analyzed using a
two-phase model, in which 1:1 B-site ordered nanoregions with
space group Fm3m (Z=2) are dispersed in a disordered matrix with
an average space group of Pm3m (Z=1)[20,21]. For Pm3m, there is
no Raman active mode, whereas for Fm3m there are Raman active
modes according to the group theoretical analysis [22]. The most
significant band in Fig. 5 is the mode around 780 cm™! (A1g mode,
denoted as (1) in the present paper), associated to the motion of
the oxygen atoms like the breathtype of a free octahedron. This
mode was interpreted as related to the ordered nanopolar regions
of space group Fm3m and thus considered as a probe for the degree
of 1:1 chemical order at the B site in the Pb-based relaxors [20]. The
position of this mode is not sensitive to the small microstructural
differences present in the two types of PLMN ceramics prepared by
two Mg precursors (as demonstrated by Fig. 5) and its position is
very stable against the temperature variations (Figs. 6 and 7). The
evolution with temperature of the position of all the other modes
shows a general tendency of softening with increasing tempera-
ture (Fig. 7). A reducing intensity of all the modes and a continuous
increasing of the full width at half maximum (FWHM) with increas-
ing temperature were also observed (as shown in Fig. 8, where the
temperature dependence of the FWHM of the peak 1in PLMN1 and
PLMN?2 is presented).
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Fig. 5. Raman spectra recorded at T= 100K for PLMN1 and PLMNZ2, respectively.
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Fig. 6. Temperature dependence of the Raman spectrum for PLMN2 sample.

As demonstrated by the dielectric data [15], a frequency-
dependent maximum of the permittivity was located in the range
of temperatures of Tr, € (133, 183) K for f (10, 10%) Hz. As for all the
relaxors characterized by a diffuse phase transition, a large temper-
ature range is necessary for the ferroelectric relaxor-paraelectric
state transition. In any case, it was found that above the room tem-
perature, both the PLMN ceramics are in their paraelectric state.
The fact that the mode (1) still exists far above the range of Ty, and
itdid not disappear even at 673 K (Fig. 5) demonstrates that the 1:1
B-site ordered nanoregions are very stable against the thermal fluc-
tuations and persist many hundred degrees above the temperature
corresponding to the maximum permittivity.

As observed in Fig. 9, the intensity of the main mode (1) has an
anomalous variation with temperature, with a pronounced mini-
mum in the range of (113, 183) K, which corresponds to the range of
the dielectric anomaly. The observed behaviour is an indication of
the fluctuations of the local order (reflected in the Raman spectra)
that take place during the transition relaxor-paraelectric in a large
range of temperatures. Even this transition separates very similar
macroscopic states and it is not accompanied by obvious changes
in the crystalline structure (pseudo-cubic and cubic phases), rear-
rangements of the nanopolar domains in metastable states cause a
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Fig. 7. Position of the characteristic Raman peaks versus the temperature for the
PLMNT1 and PLMN2 samples.

L]

‘oL

—— PLMN1
—@— PLMN2

60

o

o
o

LN

FWHM (cm™)
g

-
[,

w0 | Peak (1) - Aqq

100 200 300 400 500 600 700
Temperature (K)

Fig. 8. Variation of the Raman FWHM (full width at half maximum) against the
temperature for the main Az peak (denoted as peak (1)) in PLMN1 and PLMN2,
respectively.
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Fig. 9. Variation of the integrated Raman intensity against the temperature for the
main Aqg peak in PLMN1.

maximum value of the permittivity in the Curie range and produce
fluctuations of the local ordering that can be probed by Raman scat-
tering. These anomalies are related both to the changes of the force
constant that give rise to anomalies of the Raman shift of some
bands and also to the fluctuations of the states population that
cause anomalies in the intensity of some peaks. Similar changes
in the intensity of some Raman bands at phase transitions were
observed in many relaxors [23-25].

4. Conclusion

(Pbgglag;)(Mgo4Nbgg)O3 relaxor ceramics have been
prepared by columbite method by using (i) MgO and (ii)
(MgC0O3)4-Mg(OH),-4H,0 precursors (denoted as PLMN1 and
PLMNZ2, respectively).

The type of the magnesium precursor seems to have no signifi-
cant effect on the phase composition, but obviously influenced the
densification, as well as the dielectric constant values for the PLMN
samples.
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The dielectric data show relaxor behaviour in the frequency
range of 10Hz to 1 MHz, with permittivity values in the range of
(310-355) for PLMN1 derived from MgO precursor and 240-265
for PLMN2 derived from magnesium basic carbonate precursor.
These data are in accord with the SEM investigations, which indi-
cated a better densification of the PLMN1 sample in comparison
with PLMN2. However, the type of the Mg precursor seems to have
not a significant influence on the value of the temperature of the
permittivity maximum, especially at lower frequency (T, = 155K at
f=1kHz for both PLMN sample).

The Raman spectra proved the stability of the nanopolar order
far above Tp, as observed in many Pb-based relaxors. This is
demonstrated by the existence of some modes (at ~300, 500 and
780cm~!) up to around 673. Anomalies of some Raman modes
(integrated intensity and full width at half maximum - FWHM)
have been found in the range of Ty, proving the phase transition
from pseudo-cubic relaxor to cubic paraelectric state, where the
stability of the vibration modes is affected by the fluctuations asso-
ciated to the phase transitions.
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