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bstract

ithium niobate (LiNbO3) is a ferroelectric crystal and has attracted great attention due to its excellent piezoelectric, piroelectric, electrooptic,
custooptic and photorefractive properties. Recently, due to its electro-optical applications, a considerable interest has been shown in the preparation
nd study of its properties when embedded in a glass structure.

In this work, we present the preparation of the glass composition 34SiO2–33Li2O–33Nb2O5 (mol%), by the melt-quenching method. The
s-prepared sample, yellow and transparent, was heat-treated at 550, 575, 600 and 700 ◦C (HT) and at 575 ◦C with an electric field applied
thermoelectric treatment – TET). The applied electric fields were: (A) 100 kV/m; (B) 250 kV/m; (C) 500 kV/m. The glasses and glass-ceramics
ere studied by differential thermal analysis (DTA), X-ray power diffraction (XRD), scanning electron microscopy (SEM), dc conductivity (σdc),

c conductivity (σac), dielectric and thermally stimulated depolarization current (TSDC) measurements.
LiNbO3 crystal phase was detected, by XRD, in the samples treated without electric field applied, at temperatures above 575 ◦C. The increase

f the electric field amplitude, applied during the thermal treatment, lead to the formation of a white layer in the sample surface in contact with
he positive electrode during the heat-treatment. The σdc, σac and the dielectric constant decrease with the rise of the treatment temperature.
he presence of an electric field, during the HT process, seems to promote the growing of LiNbO3 particles in a preferential crystal orientation,

ustifying the observed increase of the ε′ values in the TET samples. The Z′′ versus Z′ plot shows a semi-arc for all samples, with the exception
f the sample 600 HT whose Z′′ frequency dependence is linear. The semi-arcs were fitted with a R(R//CPE)(Re//CPEe) equivalent circuit, using
CNLLS algorithm. The thermally stimulated depolarization current measurements show the presence of two depolarization current peaks in all

T samples.
The electrical and dielectrical behaviour, of the glass materials, shows the important role carried out by the heat-treatment conditions in the glass

tructure.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The lithium niobate (LiNbO3) crystal has been intensively
tudied in the last years due to a very attractive combination
f large ferroelectric, piezoelectric, pyroelectric, photoelas-
ic, electro and acustooptic and nonlinear optical properties.

iNbO3 crystal has a rhombohedral lattice with a = 5.492 Å and
= 55.53 Å. The Curie temperature of LiNbO3 is 1210 ◦C and

he spontaneous polarization is directed along the three-fold
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xis of symmetry.1–3 As other ABO3-type ferroelectric mate-
ials, LiNbO3 has poor glass forming ability.3 Thus, besides
he extensive work on their physical properties and applica-
ions, very little study has been carried out in the formation
f LiNbO3 glasses or incorporation of LiNbO3 crystals in glass
etworks. Knowing that the preparation of the LiNbO3 crys-
als, using conventional routes (Czochralski process) is difficult
nd involves high costs, the possibility of preparing glass-
eramics with ferroelectric crystals has received considerable

ttention due to the ease of preparation and low costs, for getting
ense materials allowing to control shape, size and distribu-
ion of the crystalline phase and thus, the properties of the
lass-ceramic.1,2

mailto:mpfg@ua.pt
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Due to the poor ability of LiNbO3 for glass forming, the addi-
ion of a glass former is required for preparing glass-ceramics
ith LiNbO3. Some works using SiO2,3–6 P2O5,7–10 B2O3

11–14

nd TeO2
15–18 as glass formers in glass-ceramics with LiNbO3

re available.
In this work, we use the SiO2 as the glass former because

ts physical properties, and its role in glass forming are well-
stablished19 and because it is desirable that the glass former
oes not have cations that can modify the LiNbO3 lattice. Sil-
ca satisfies these conditions because of its small ionic radius
nd coordination number.4 Prasad et al.4 show that for the
iO2–Li2O–Nb2O5 system, transparent and homogeneous glass
an be obtained using a molar concentration of SiO2 between
2% and 39% and the same concentration of Li2O and Nb2O5.
or this type of glass system, Todorovic and Radonjic5 had
erified that when the molar ratio [Nb2O5]/[SiO2] > 1 and
Li2O] > 25% transparent and homogeneous glasses are also
btained. In such glasses the use of a heat-treatment pro-
ess allowed the formation of LiNbO3 crystallites whose size
ncreases with the rise of the HT temperature and time.

The present study describes the preparation of a
4SiO2–33Li2O–33Nb2O5 (mol%) glass and glass-ceramics
ith LiNbO3 particles, obtained by thermoelectric treatments.
n attempt has been made to establish a correlation between the

lectrical properties of the glass and glass-ceramics, and their
icrostructure.

. Experimental

A transparent glass with the molar composition
4SiO2–33Na2O–33Nb2O5 was prepared by melt-quenching,
sing as raw materials: silicon oxide (SiO2-BDH), sodium
arbonate (Li2CO3-Merck) and niobium oxide (Nb2O5-Merck).
he reagents, in appropriate amounts, were mixed for 1 h, in an
gate ball-mixing planetary system. The mixture was heated in
platinum crucible at 700 ◦C, for 2 h, to remove the CO2 from

he Li2CO3, and melted at 1400 ◦C for 30 min. The molten
aterial was quenched by pouring it into a stainless steel plate

t room temperature and pressed by another plate to obtain
at samples with thickness of 10−3 m approximately. After

hat, the glass samples were annealed at 350 ◦C (during 3 h) to
liminate internal stresses, and then were slowly cooled inside
he furnace (as-prepared sample).

To obtain glass-ceramics, the as-prepared sample was heat-
reated (HT) in air, in a horizontal tubular furnace at 550, 575,
00 and 700 ◦C during 4 h. These temperatures were chosen in
greement with the differential thermal analysis results (DTA),
arried out with a Linseis apparatus. A thermoelectric treatment
TET) process was performed in a vertical furnace where the
s-prepared sample is pressed between two platinum electrodes
onnected to a high dc-voltage supply (PS325-SRS).20 The TET
as been done at 575 ◦C, during 4 h, with an external electric
eld of 100 kV/m (575A sample), 250 kV/m (575B sample) and

00 kV/m (575C sample).

The X-ray diffraction patterns were obtained at room tem-
erature, using bulk samples, in a Philips X’Pert system, with a
� radiation (λ = 1.54056 Å) at 40 kV, and 30 mA, with a step

m
t

i
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f 0.05◦ in 1 s. The samples microstructure was observed by
canning electron microscopy (SEM), performed in a Hitachi
4100-1 system, on the free and fracture surface of carbon cov-
red samples.

For the electrical measurements the opposite sides of the sam-
les were painted with silver paste. The electrical dc conductivity
σdc) measurements and the thermally stimulated depolarization
urrent (TSDC) were made using a Keithley 617 programmable
lectrometer as a function of the temperature. The σdc was mea-
ured between 200 and 370 K, in steps of 5 K. The accuracy of
he temperature control and measurement is less than 0.1 K over
he whole range. In this process, after the temperature become
table a dc voltage of 100 V was applied and 10 s later, the dc
urrent measurement begins with 10 consecutive readings, in
teps of 2 s. During these measurements, the samples were in
helium atmosphere, to improve the heat transfer and elimi-

ate the moisture. The TSDC measurements were carried out,
nly for the samples heat-treated without an external electric
eld, using the following conditions: polarization temperature,
50 K; polarization time, 10 min; applied field, 100 kV/m; freez-
ng temperature, 100 K; heating rate, 4◦/min.21 The impedance
pectroscopy measurements (Z* = Z′ − jZ′′) were carried out in
he frequency range of 10 MHz–32 MHz using a Solartron SI
260, Impedance/gain-phase analyzer.

The analytical background, used in the electrical data analy-
is, was as follows: (a) The ac and dc conductivities temperature
ependence were fitted by an Arrhenius expression4,22–24; (b)
he complex permittivity, ε* = ε′ + jε′′, was calculated through

he sample impedance measurements: Z* = 1/(με*) (where
= jωC0, ω is the angular frequency, C0 the capacitance of a

acuum (air) capacitor with plates identical to those formed by
ilver paint electrodes covering the flat-parallel surfaces of the
amples and j = √−1).22–24

. Results and discussion

The DTA result of the as-prepared sample shows the presence
f exothermic peaks at 550 and 645 ◦C and thus the as-prepared
ample was heat-treated at temperatures around this value. The
ig. 1 shows the XRD patterns for the samples HT at tempera-

ures between 550 and 700 ◦C.
The heat treatments at temperatures above 600 ◦C make the

amples opaque. This optical characteristic suggests the pres-
nce of crystallites in the glass matrix, which was confirmed by
he XRD results (Fig. 1). The XRD pattern of the sample HT
t 700 ◦C shows the additional presence of the Li2Si2O5 crystal
hase and was assigned to the 645 ◦C exothermic peak observed
y DTA. However, the XRD pattern of the translucent 575HT
ample already shows the presence of the LiNbO3 crystal phase
Fig. 1). Fig. 2 shows the XRD patterns of the samples TET at
75 ◦C, where the LiNbO3 crystalline phase is present. The rise
f the number and intensity of the XRD peaks, comparing with
he 575HT sample, indicates that the presence of the electric field
akes easier the LiNbO3 crystallization at lower temperatures
han those required by the conventional heat-treatments.

The 575C sample surface (TET with 500 kV/m), which was
n contact with the positive electrode during the TET, presents
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ig. 1. XRD patterns of the HT samples ((×) LiNbO3; (©) Li2Si2O5 in accor-
ance with the JCPDS reference numbers 85-0504 and 72-0102, respectively).
macroscopic white coating, with a thickness of ∼100 �m
Fig. 3d). The XRD patterns of the two opposite surfaces are
dentical, but the number of particles is larger in the surface that
as been in contact with the positive electrode (Fig. 3). The SEM

ig. 3. SEM micrographs: (a) fracture surface of the 600 ◦C HT sample; (b) 575C sa
d) transversal section of the 575C, positive electrode (white coat).

i
a
t
m

ig. 2. XRD of the 575 ◦C TET samples ((×) LiNbO3; (+) LiNb3O8 in
ccordance with the JCPDS reference numbers 01-085-0504 and 75-2154,
espectively).

icrographs reveal that the rise of the electric field amplitude,
sed in the TET, increases the number of particles dispersed in
he glass network. From the SEM micrographs, it was observed
hat, in the samples treated without external electric field, the
umber of particles inside the glass increase with the rise of
T temperature. An increase in the ratio between the crystal-

ites volume and the glass matrix was also registered. In the
racture surface of these samples, the presence of particles was
bserved indicating that in this glass composition the crystal-
ization occurs in volume. In the 575C TET sample, the LiNbO3
nd the LiNb3O8 crystal phases were detected (Fig. 2).

As mentioned, the increase of the HT temperature favours the
mple surface, negative electrode; (c) 575C sample surface, positive electrode;

ncrease of the volume ratio between the crystallites (LiNbO3)
nd the glass matrix. This phenomenon implies a reduction of
he number of ions structurally inserted in the glass as glass-

odifiers (Li+ and Nb5+). The decrease of the quantity of these
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ig. 4. ln(σdc) versus 1000/T for the samples treated at 575 ◦C (the lines repre-
ent the theoretical fit).

ons can justify the observed reduction of the σdc from the
s-prepared to the 600 ◦C HT sample (Table 1). It must be men-
ioned that the electrical and dielectrical properties of the sample
T at 700 ◦C were not studied due to the presence of the lithium
isilicate crystal phase. In the TET samples, the rise of TET
eld amplitude until 250 kV/m (575B) leads to an increase of

he Ea(dc), suggesting a increase of the height of the potential
arriers.22–24 The 575B sample shows the highest σdc of all
ET samples (Fig. 4; Table 1). Thus, this sample must present

he highest number of charge carriers of all TET samples. The
75C sample has the lowest values of σdc and Ea(dc). Besides the
etection of the LiNb3O8 crystal phase, the presence on the sur-
ace in contact with the positive electrode of a white coat which
s assigned to LiNbO3 crystallites20 should be responsible for
he lower value of σdc due to the high resistivity of LiNbO3
rystallites.1 The presence of the electric field during the heat
reatment increases the ion mobility and thus in the sample sur-
ace region in contact with the negative electrode the number
f Li+ ions structurally inserted as glass-modifiers, which have
igher mobility than the Nb5+, should increase with the rise of
he external field amplitude. Therefore, the decrease of the num-
er of Li+ ions in the bulk region should promote the formation
f LiNb3O8. These results show that the number of ions struc-
urally inserted in the glass as glass-modifiers (Li+ and Nb5+)

nd the sample surface characteristics are the main parameters
f this conduction process.

The decrease of the σac, with the increase of the HT temper-
ture (Fig. 5; Table 1), is due to the decrease of the number of

ig. 5. ln(σac) versus 1000/T spectra of the as-prepared sample and HT samples
the line presents the theoretical fit). Ta
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ig. 6. Z′′ versus Z′ for all samples, measured at 300 K (the lines represent the
heoretical fit).

obile ions (glass-modifiers) and to the increase of the amount
f LiNbO3 crystallites, whose dipoles are hard to depolarize.1

he Ea(ac) (Table 1) was calculated through the ln (σac) versus
/T dependence (Fig. 5) fitted by an Arrhenius expression. The
ecrease of the Ea(ac) for the sample HT at 600 ◦C indicates
hat in this sample the electric dipoles have a larger mobility
n following the ac electric field. However, this sample presents
he lowest σac (Table 1) showing that the number of dipoles,
elated with the ions structurally inserted in the glass as glass-
odifiers (Li+ and Nb5+), is the main factor of this conducti-

ity.
The number of electric dipoles, related with the modifier ions

n the glass matrix and with the LiNbO3 crystallites, are the main
ontributions to the dielectric constant (ε′, Table 1). Neverthe-
ess, in the samples treated without the external electric field the
iNbO3 crystals observed in the surface and in the bulk region of

he glass matrix probably do not present a preferential polar ori-
ntation. Thus, the random orientation of the LiNbO3 crystallites
eads to a decrease in the dipolar moment and thus the number
f free ions structurally inserted in the glass as glass-modifiers
epresent the main contribution to ε′. In the 575 ◦C TET sam-
les, their ε′ value (Table 1) is larger than that of the sample
reated without an external electric field applied. This behaviour
uggests that the presence of the external electric field favours
n increase of the number of LiNbO3 crystals and promotes the
rystal growth in a preferential direction. Thus, these samples

how an increase in the dipole moment.

Fig. 6 shows the Cole–Cole plot using the Z* formalism,
or all samples, at 300 K. A quantitative characterization of
he dielectric measurements was made using a complex non-

able 2
he parameters of the equivalent electric circuit

ample R//CPE

R (×105) (�) Q0 (×10−8) [�−1 m−2 sn] n τz (

s-prep 1.77 1.12 0.84 0.99
50 3.12 1.66 0.78 2.13
75 3.44 1.13 0.81 1.82
00
75A 2.34 1.57 0.78 1.34
75B 3.01 1.47 0.79 1.91
75C 2.80 1.44 0.80 1.75

p
F
a
m

requency sample resistance, the bulk resistance and the electrode associated
esistance. CPE and CPEe are constant phase elements associated with the bulk
nd electrodes, respectively.

inear least squares (CNLLS) algorithm associated with the
evenberg–Marquardt method.6,10 This software adjusts the fre-
uency dispersion data to an equivalent electric circuit model
resented in Fig. 7, which is basically constituted by the paral-
el combination of polarization resistance (R) and constant phase
lement (CPE) of the sample (R//CPE) in series with the parallel
ombination of the Re resistance and the CPEe element, which
re associated with the electrodes. R0 (Fig. 7) corresponds to the
ample resistance at high frequencies that was considered, by the
lgorithm, equal to zero. The impedance of this intuitive element
an be defined by 1/ZCPE = Q0(jω)n where Q0 ([Q0] = Fsn−1)
nd n (0 ≤ n ≤ 1) are adjustable parameters independent of the
requency.6,10,22–24

All samples, with the exception of the HT600, present semi-
rcs whose centers are below the Z′-axis, indicating the existence
f a relaxation time distribution.22–24 This behaviour must be
elated to the fact that in these systems the dielectric response
epends on several components such as the glass matrix, the
iNbO3 crystals, the dipoles related to the glass-modifier ions
nd the dipoles arising from the interface electrode-sample
urface. It was verified that the low frequency range data
an be theoretically adjusted with the Re//CPEe part of the
lectric equivalent circuit (Fig. 7). This indicates that these
amples present a low frequency relaxation phenomenon. How-
ver, for lower frequencies (<100 Hz), the impedance measured
ata disperse due to sample-electrode interface polarization
Maxwell–Wagner phenomenon22–24) and thus the precision
f the calculated Re//CPEe parameters is not enough to draw
Re//CPEe

×10−4) (s) Re (×107) (�) Q0e (×10−7) (�−1 m−2 sn) ne

3.00 2.80 0.95
2.00 4.50 0.70
1.70 2.90 0.90

2.00 3.00 0.94
1.80 1.80 0.92
3.20 3.00 0.81

hysical discussion. At higher frequencies (R//CPE parameters,
ig. 7), the Z* fit results show that the parameter R diminishes, in
ll the samples, with the increase of the temperature of measure-
ent, which is in agreement with the conductivity results. In all



1202 M.P.F. Graça et al. / Journal of the European Ceramic Society 28 (2008) 1197–1203

Fig. 8. Z′′ versus frequency, in logarithmic scales, of the HT600 sample at several measurement temperatures.
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Fig. 9. TSDC spectra of the 600HT sam

amples the n parameter, of the CPE element, is approximately
.80 indicating a behaviour close to that of a capacitor element.

The dielectric relaxation time associated with the bulk
esponse (τZ = 1/ω(Z′′peak)

10,22–24) (Table 2) decreases with the
ncrease of the temperature of measurement, indicating an
ncrease in the ability of the dipoles in following the electric
eld, which is in accordance with the σac(T) spectra (Fig. 5).

The 600HT sample dielectric data can be fitted to the
urie–Von Schweidler formulation (i(t) ∝ t−s).22–24 The inverse
ourier transform of this time dependence expression can lead

o the expression Z′′ = kf−n, where Z′′ is the imaginary part of the
ample complex impedance, k a constant, f the frequency and n
fit parameter that can be related to the type of polarization.22

ig. 8 shows that the frequency dependence of Z′′, for the 600HT
ample, is linear indicating that in this frequency measurement
ange the sample does not present dielectric relaxations. We
uggest that this behaviour can be associated to the lowest con-
uctivity value (Table 1), observed in this sample, and thus a
igher resistivity value. This indicates that the relaxation mech-
nism observed in the all other samples probably exists in the
00 HT sample but at a frequency higher than the upper limit of

he equipment.

All samples present two TSDC peaks (Table 1). Fig. 9 illus-
rates the TSDC spectrum of the 600HT sample. In all samples
he first TSDC peak (P1), centred at temperatures below 240 K

t

f
fi

he lines represent a theoretical adjust).

s, in agreement with Agarwall and Day,25,26 due to the move-
ents of the ions inserted structurally in the glass matrix. The

2 peak, centred at temperatures >265 K, which presents an acti-
ation energy lower than the Ea(dc) (Table 1), can be assigned
o space-charge polarization that results from the movements of
he charge carriers in limited paths that are due to the presence
f micro-heterogeneities.25,26 With the increase of the measur-
ng temperature, for temperatures greater than the P2 peak, it
as observed, in all samples, an increase of the TSDC current

howing an Arrhenius behaviour. The presence of TSDC peaks
ndicates the presence of low frequency dielectric relaxation

echanisms.

. Conclusions

A transparent glass with the molar composition
4SiO2–33Li2O–33Nb2O5 was prepared by the melt-
uenching method. LiNbO3 crystallites were formed in the
lass by thermoelectric treatments of the as-prepared sample
t treatment temperatures above 575 ◦C. The rise of the HT
emperature increases the volume ratio between LiNbO3 and

he glass matrix and makes the samples opaque.

The presence of the electric field during the heating process
avours the LiNbO3 crystallization and the rise of the electric
eld amplitude increases the number of crystallites dispersed in
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he glass network. The HT and TET process promotes the glass
rystallization in volume.

The number of lithium and niobium ions inserted struc-
urally in the glass network is the main parameter of these
lass-ceramics conduction process. The analysis of the ε′ value
ehaviour indicates that in the samples thermoelectric treated
he LiNbO3 crystals probably present a preferential polar orien-
ation.

All the samples (with the exception of the 600HT, that does
ot present dielectric relaxations, in the used frequency measure-
ent range) present, in the Z′′ versus Z′ plot, semi-arcs whose

entres are under the Z′-axis, indicating the existence of a relax-
tion time distribution. These Z* behaviour was adjusted to the
(R//CPE)(Re//CPEe) equivalent circuit.

The TSDC results show the presence of two current peaks
P1 and P2) assigned to: P1 – local movements of free ions in
he glass network between positions around the non-bridging
xygen (NBO) to which is bonded; P2 – dipole depolarization
rom the charge carriers movements in limited paths, resulting
rom glass micro-heterogeneities and giving origin to space-
harge polarization.

The TSDC theoretical fit indicates the existence of a larger
umber of relaxation processes. Thus the TSDC data must be
escribed assuming the existence of a relaxation time distribu-
ion.
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