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ABSTRACT 

Transparent relaxor ferroelectric ceramics of the system lanthanum modified lead magnesium niobate have been inves-
tigated for a variety of electro-optic properties that could make these materials alternatives to (Pb,La)(Zr,Ti)O3. However, 
a study that relates the to properties in function stoichiometric formula, has not been analyzed heretofore. Therefore, in this 
work the effect of A-site substitution of La3+ in the characterization microstructural, structural, optical and electro-optical on 

     y 1 3 2 3 31 3 2y1 Pb La Mg Nb O PbTix x
    3O  and      1 3 2 3 3 3 2 31 1 Pb Mg Nb O PbTiO Laz x x z      O  has been 

performed. It was observed that the properties according to the stoichiometric formula and the PT had a maximum 
whose behavior was related to the addition of lanthanum in each stoichiometries. 
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1. Introduction 

Lead magnesium niobato  1 3 2 3 3Pb Mg Nb O  (PMN), as 
one of the most widely investigated relaxor ferroelectric 
with a perovskites structure, was first synthesized in the 
late 1950s [1]. Initially, PMN was prepared by the con-
ventional mixed oxide method, where pyrochlore phase 
was inevitably produced. In order to synthesize stoichiomet-
ric perovskite PMN ceramics, Swartz and Shrout [2] pro-
posed a columbite precursor method, where the interme-
diate reaction of the formation of pyrochlore phase was 
bypassed, which results in the stabilization of perovskites 
structure as compared to the mixed oxide method. Re-
cently, a novel methodology was devised to stabilize 
perovskites structure by adding stable normal PbTiO3 
(PT). The formation of the solid solution increases the 
tolerance factor and electronegativity difference, leading 
to the stabilization of the perovskites structure and the 
enhancement of dielectric property of the relaxor ferro-
electric [3]. 

A study of the optical, electrical and electro-optical 
properties of PMN-PT ceramics in function of the stoi- 
chiometrie is of interest both for possible insight into the 
physical nature of relaxor ferroelectrics as well as for 
making practical extension of its several present applica-
tions to include usage in electro-optical devices. Present 
applications take advantages of PMN-PT singularly ex- 

cellent dielectric, low thermal expansion, and high elec- 
trostrictive properties [4]. From the viewpoint of crystal 
chemistry, the substitution of Ti4+ ions for the complex 
 4

1 3 2 3Mg Nb


 ions on the B-site of the perovskite struc- 
ture in the    1 3 2 3 3 31 Pb Mg Nb O PbTiOx x   (PMN- 
PT) system leads to the outstanding properties of the 
PMN-PT ceramics that exhibit excellent electrical and 
electro-optical performance, which make them promising 
applications in multilayer capacitors, piezoelectric trans-
ducers and actuators and optical devices [5,6]. However, 
perovskite structure are extremely difficult to fabricate 
reproducibly without the appearance of stable pyrochlore 
phase, which always exist in the PMN-PT ceramics and 
significantly deteriorates such properties as the dielectric 
property [7]. 

The optical transmittance as function of wavelength 
was studied in  1 3 2 3 0.38 30.62

 single crys-
tal by Wan et al. It was found that the crystal is trans-
parent in the visible region and rolls off in near 450 nm. 
Using the Senarmont compensador method, the effective 
electro-optic coefficient rc = 42.8 pm/V was also ob-
tained [8]. Some effect and applications, such as photore-
fractive, Second-Harmonic Generation (SHG), elec-
tro-optic and elasto-optical devices, are based on the large 
optical property coefficient of the materials [9,10]. The 
knowledge of factors that can modify these properties is 
desirable to find new application of the relaxor and elec-

Pb Mg Nb Ti O
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tro-optical materials. In this work, ceramics in the 
PMN-PT system were prepared by doping with lantha-
num. La addition to PMN-PT has been shown to promote 
densification and through hot uniaxial pressing, optically 
transparent materials have been achieved, allowing the 
determination of various optic and electro optic proper-
ties [11,12]. 

It is the purpose of this article, to report the micro-
structural, structural, electrical, optical and electro-optical 
properties according to the stoichiometric formula of lan-
thanum doped PLMN-XPT and PMN-XPT:La with 0.11 ≤ 
x ≤ 0.15. 

2. Experimental Procedure 

The powder was synthesized by the columbite or two- 
stage calcining method [2]. The batch formulae were 

     y 1 3 2 3 31 y1 Pb La Mg Nb O PbTiOx 
    3x   

PLMN-XPT, and 

     1 3 2 3 3 3 3 21 1 PbLa Mg Nb O PbTiO LaOz x x z   

   

N-XPT:La, with y = 0.01. z = 0.01, X = 100 x and 

-
m

PM
0.11 ≤ x ≤ 0.15. The starting materials were lanthanum 
oxide, La2O3 (Aldrich, >99% purity), niobium oxide, 
Nb2O5 (Alfa Aesar 99.9% purity), magnesium carbonate 
hydroxide pentahydrate, (MgCO3)4·Mg(OH)2·5H2O (Al-
drich 99% purity), lead oxide, PbO (MGK 99%) and ti-
tanium oxide, TiO2 (Alfa Aesar, 99.8% purity) powders. 
The (MgCO3)4·Mg(OH)2·5H2O was carried up to 1100˚C, 
for 4 h, to drive off CO2 and H2O and obtain the correct 
amount of MgO for a stoichiometric reaction with Nb2O5. 
In the first stage, MgO and Nb2O5 powders were ball- 
milled and prereacted at 1100˚C for 4 h, in air, to form 
the columbite phase (MgNb2O6). In the second stage, the 
synthesized MgNb2O6 (MN) was ball-milled in isopro-
panol, for 24 h, with appropriate amounts of PbO, TiO2 
and La2O3 and heated at 900˚C, for 4 h, in oxygen at-
mosphere, at a controlled pressure of 200 kPa. The cal-
cined powders were pressed into pellets 10 mm in di-
ameter and 10 mm in thickness with the addition of an 
appropriate amount of polyvinyl alcohol (PVA) binder. 
The pellets were sintered in hot uniaxial pressing in O2 
atmosphere followed for 4 h at 1220˚C, and 6 MPa. 

The phases and the structural parameters were deter
ined by X-ray diffraction (XRD) using a Rigaku dif-

fractometer, with CuKα radiation. The lattice parameters 
were calculated by least squares from the positions of the 
diffraction peaks. Apparent densities were determined by 
the Archimedes method. The microstructural features of 
the samples were investigated by scanning electron mi-
croscopy (SEM), using a Jeol JSM 5800 LV. The grain 
sizes were calculated from the SEM images of the pol-
ished thermally etched surfaces by the linear-intercept 
method. For dielectric measurement, gold electrodes were 

deposited on both faces of the disk samples (5 mm di-
ameter and ~1.0 mm thick). The relative permittivity, ɛ 
was measured by impedance analysis (HP4194A). The 
transmittance was measured in a spectrophotometer (Mi-
cronal-B582), at wavelengths ranging from 200 to 1000 
nm for optically polished samples, 600 µm thick. The 
method used in the electro-optical characterization, de-
termination of the Pockels and Kerr coefficients, is based 
in the Senarmont configuration illustrated in the Figure 1 
[13]. The birefringence medium (sample) is located be-
tween two linear polarizer’s, P1 and P2, where the P2 po-
larizer is known as analyzer, whit polarizer axis forming 
angles of ±45˚ in relation to principal axis of the sample, 
this definite by the electric-field direction applied. Be-
tween the sample and the analyzer is located a 4  plate 
used to compensation the effects caused by atural 
birefringence of the medium. Then the analyzer is posi-
tioned in the angle β that optimizes the relation between 
the birefringence and the applied electric-field. In the 
Equation (1) is presented the relation between birefrin-
gence and electric-field for medium with linear and quad-
ratic electro-optic response. 

the n

   31 2n E   n rE RE           (1) 

where  the birefringence induced for 

3. Results and Discussion 

T and PMN-XPT:La at 

∆n is the electric-field 
E, n is the natural birefringence of the medium, r and R 
are the Pockels and Kerr electro-optic coefficients, re-
spectively. 

The relative density of PLMN-XP
different PT concentration are greater than 96% of the 
theoretical density as can be seen in Figure 2, which is 
especially suitable for electronic industry application [14]. 
The relative density of the two system exhibits the ten-
dency to decrease when PT concentration is increased. 
This can be attributed the loss of PbO (control atmos-
phere of PbO was not used in this work) [15]. As well 
can be seen the relative densities of PLMN-XPT ceram-
ics is greater for all PT concentrations when compared 
with PMN-XPT:La. This possibly associated with the less 
occupation of La3+ in Pb2+ sites, implying in the appear-
ance of vacancies in the A and B sites in different quanti-
ties [16] (La3+ atoms are lighter than Pb2+ atoms, and 
PMN-XPT:La have major number of La atoms). 

 

 

Figure 1. Illustration of the experimental Senarmont method 
for characterization of the transversal electro-optical effect. 
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Figure 2. Variation of relative density as a function of PT 

 
The variation of density  considered as relating to 

m

of PLMN-XPT and PMN-XPT:La 
ce

variation of grain size with the increase of PT con-
ce

 with different 
co

ur

nction of T curves 
ca

concentration of the PLMN-XPT and PMN-XPT:La ceram-
ics with 0.11 ≤ x ≤ 0.15. 

is
ass loss induced by evaporation of PbO or to variation 

of temperature of densification relating to the increase of 
PT, this changes the grain size, porosity could appear which 
decreases the relative density of ceramics. However the 
slight decrease of relative density of PLMN-XPT and 
PMN-XPT:La ceramics can be attributed to the variation 
of microstructure and to evaporation of lead at elevated 
sintering temperatures. 

The high densification 
ramics is further confirmed by SEM observation, which 

is shown in Figure 3. All ceramics exhibited similar mi-
crostructure as can be seen in the micrograph of polished 
and thermally attacked surface of PLMN-13PT (shown 
here). 

The 
ntration is shown in Figure 4. An increase in PT con-

centration resulted in a decrease in grain size and a cor-
responding slight decrease in density [17]. The grain size 
in PMN-XPT:La is lesser for all concentration when com-
pared to PLMN-XPT because the major quantities of La3+ 
resulted in reduction of grain size as observed by Kim et 
al. in La3+ doped PMN-PT ceramics [18]. 

The XRD patterns of sintered ceramics
mpositions are presented in Figure 5, where a com-

plete perovskite structure (JCPDS 391488) is formed and 
the pyrochlore or other second phases were not detected. 

The permittivity (real, ɛ' and imaginary, ɛ") was meas-
ed at various temperatures in the frequency range 1 

kHz - 1MHz. In the Figure 6 can be seen a typical ex-
amples of measurements realized in this work. All the 
samples exhibit typical relaxor behavior [19,20], with the 
magnitude of ɛ' decreasing with increasing frequency, 
and the maximum permittivity real, ɛ'max shifting to 
higher temperatures, as shown in the PLMN-12PT ce-
ramics (Figure 6). The data of all ceramic analyzed in 
this work can be seen in the Table 1. 

Variations in the shape of ɛ' in fu
n be also directly related to the diffuseness coefficient, 

 

Figure 3. SEM image of surfaces polished and thermally 
attacked of PLMN-13PT ceramic. 

 

 

Figure 4. Grain size in function of PT concentration of the 
PLMN-XPT and PMN-XPT:La ceramics with 0.11 ≤ x ≤ 0.15. 

 

 

Figure 5. XRD patterns of PLMN-XPT and PMN  
ceramics with 0.11 ≤ x ≤ 0.15. 

-XPT:La
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Figure 6. Permittivity real, ɛ' and permittivity imaginary, 
ɛ" at various frequencies in function of temperature for 

La with 0.11 ≤ x ≤ 0.15 at 1 kHz. 

Tmax (K) Δ 

PLMN-XPT and PMN-XPT:La ceramics with 0.11 ≤ x ≤ 0.15. 
 

Table 1. Dielectric properties of PLMN-XPT and PMN-XPT: 

Ceramic ɛ'max 

P  2  1  LMN-11PT 7,000 293 .66

PLMN-12PT 26,800 300 1.65 

PLMN-13PT 25,200 305 1.63 

PLMN-14PT 29,000 308 1.53 

PLMN-15PT 28,000 317 1.55 

PMN-11PT:La 25,000 297 1.62 

PMN-12PT:La 24,700 299 1.62 

PMN-13PT:La 25,100 308 1.62 

PMN-14PT:La 23,000 318 1.60 

PMN-15PT:La 30,000 319 1.52 

 
 from δ in culated the San n 

 coefficients as a function of PT concentration 
an

Table 1, cal tos Eiras equatio
[21], which for relaxors ref the level of disorder in 
term of the diffusivity of the ɛ'max. As can be deduced 
from Table 1, the value of ɛ'max for PMN-XPT:La3+ are 
smaller that PLMN-XPT, inferring that lanthanum addi-
tions result in the reduction in ɛ'max, while increasing the 
degree of ordering, as observed for Kim et al. [18]. 

The transmission spectrum as a function of wavelength 
(200 nm - 1100 nm) of PLMN-XPT and PMN-XP

lect 

T:La 
ceramics with 0.11 ≤ x ≤ 0.15 and 630 µm thickness is 
presented in Figure 7. For both of these stoichiometries 
formula the percentage of transmitted light begins to rise 
abruptly at just below 380 nm and then increases only 
gradually with wavelength about 500 nm. This gradual 
increase in transmittance continues into the near IR at 
least through 1100 nm without any noticeable absorption 
band being observed. This is similar to what was observed 
for most crystals with oxygen-octahedral perovskites struc-
ture [22-24]. From the transmission characterization, we 
can see that the optical absorption is very small at higher 

wavelength range. In general, optical transmission relates 
to reflection loss and scattering loss. Using the refractive 
indices measured by Mchenry et al. [12], e by the Fresnel 
expression, the reflection loss of the light at two surfaces 
was calculated about 20%. Beyond of reflection loss is 
observed loss by scattering which can be attributed the 
dispersion by ferroelectrics domain (spontaneous bire-
fringence), increases in the porosity (by loss of PbO) and 
precipitation of spurious phases. In general the addition 
of PT increase the transmittance both the PLMN-XPT 
and PMN-XPT:La, nevertheless exist a concentration op-
timal of PT in 14%. As previously mentioned the increase 
of content of PT promotes the densification of the sam-
ples, favoring the transmittance, though the sample with 
PMN-XPT:La present less transmission in comparison with 
the PLMN-XPT in function of wavelength. This effect is 
attributed the replacement of lanthanum ions in the sites 
of the lead, that increased the number of vacancies re-
ducing the density and consequently affecting the trans-
mittance. 

In the Table 2 can be seen the values for the electro- 
optic Kerr

d stoichiometric formula, which were determined un- 
der frequency of 200 Hz, at room temperature. The val- 
ues of electro-optical coefficients here obtained are simi- 
lar the reported in literature for La doped PMN-PT ce- 

 

 

Figure 7. Percent transmission as a function of wavelength 
for optically polished PLMN-XPT and PMN-XPT:La with

 of PLMN-XPT and 
lculated under fre-

R ( 10  m /V ) 

 
0.11 ≤ x ≤ 0.15 and 630 µm thickness. 

 
Table 2. Electro-optical coefficient, R
PMN-XPT:La with 0.11 ≤ x  0.15 ca ≤
quency of 200 Hz. 

Ceramic × −16 2 2

PL  8.MN-11PT 0 

PL  14.MN-12PT 1 

PLMN-13PT 23.7 

PLMN-14PT 10.1 

PLMN-15PT 10.3 

PMN-11PT:La 7.1 

PMN-12PT:La 10.3 

PMN-13PT:La 13.0 

PMN-14PT:La 9.2 

PMN-15PT:La 6.1 
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ramics [ eater to commercial PLZT ceramics
[26]. Th cients of the PLMN T ceramics 

ined in this study showed high dense
 microstructure, independent of the 
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