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A glass with a composition of 50Li,0-40P,05-10Nb,Os (% mol) was prepared by the
melt-quenching method and heat-treated in air between 450 and 500°C. The samples were
studied using X-ray powder diffraction (XRD), density measurements, Raman spectroscopy,
scanning electron microscopy (SEM), dc electrical conductivity (o4c) and dielectric

measurements.

The LiNbO3 crystalline phase was detected in the samples heat-treated at 480 and 500°C. The
dc conductivity, at 300 K, decreases and the activation energy increases with the rise of the
heat-treatment temperature. The dielectric data between 1 Hz and 100 kHz, at room
temperature, were studied using the impedance formalism (Z*). These results show the
existence of a relaxation mechanism, probably associated with a distribution of relaxation
times. The mean value of the relaxation time, 7, increases with the rise of the heat-treatment
temperature. The fit of the dielectric data with a complex nonlinear least squares algorithm
(CNLLS), reveals that a resistor (R), in parallel with a constant phase element (CPE, Zcpe =
1/[Yo(jw)"]), is a good equivalent circuit. The R-value has a maximum for the sample
heat-treated at 480°C, and the n parameter has the inverse behavior. The Y, parameter
decreases with the increase of the heat-treatment temperature.

The dielectric constant value, at 1 kHz and room temperature, increases from 39.98 up to
97.80 with the rise of the heat-treatment temperature. These results suggest that exists a
relation between the number of LiNbO3 ferroelectric crystals present in the glass-ceramics and
the dielectric constant values. © 2006 Springer Science + Business Media, Inc.

1. Introduction

In recent years there has been a considerable amount of in-
terest in the preparation, and study of the physical proper-
ties, of glass-ceramics with ferroelectric crystalline phases
[1]. An important ferroelectric material is lithium niobate,
LiNbOs;, due to its excellent pyroelectrical, piezoelectrical
and photorefractive properties [2—4]. This material has a
high Curie temperature, T, = 1210°C [3, 5]. However, the
usual preparation of LiNbOj crystals, by the Czochralski
method, is time consuming, very expensive and with Li
deficiency crystals [1, 2, 6]. Glass-ceramics, with the
ferroelectric crystal phase, seems to be an interesting al-
ternative due to its relative low preparation time and costs.

0022-2461 © 2006 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-3652-6

The purpose of the present study is to prepare
glass-ceramics containing LiNbOj3 crystals. An attempt
has been made to establish a correlation between the
electrical properties of the glass and glass-ceramics and
their microstructure.

2. Experimental procedures

A glass with the composition 50Li,O-40P,05-10Nb,Os
(mol%) was prepared using the melt-quenching method.
The glass was prepared from the reagent grade lithium
carbonate (LiCO;3; - Merck), ammonium dihydrogen
phosphate (NH4H,PO4 - Merck) and niobium oxide
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Figure 1 DTA spectra of the 50Li;O-40P,05-10Nb,O5 glass composition.
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(Nb,Os —Merck). The reagents, in appropriate amounts,
were mixed for 1 h, in an agate ball-mixing plan-
etary system. The mixture was heated in a plat-
inum crucible at 700°C, for approximately 48 hours,
to remove the CO, from the Li,CO3;, and water
and ammonia from NH4H,PO4, and then melted at
1200°C for 1 h. The melt was poured into a stainless
steel mould pre-heated at 300°C. The result was a yellow
and transparent glass (sample A).

Glass samples with a thickness of approximately
103 m were heat-treated in air, with a heating rate of
75°C/h, at 450°C (B sample), at 480°C (C sample) and at
500°C (E sample) during 4 h and at 500°C during 2 h (D
sample). These temperatures were chosen in agreement
with the differential thermal analysis results (DTA), car-
ried out with a Linseis apparatus, starting at room tempera-
ture until 1100°C, with an heating rate of 5°C/min (Fig. 1).

The X-ray diffraction patterns (XRD) were obtained at
room temperature, using powdered samples, in a Philips
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Figure 2 XRD spectra of the A, B, C, D and E samples (+ Li3POy4. x LiPO3; o LisP>07; % LiNbO3; 4 unidentified phase [20]).
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X' Pert system, with a K, radiation (A=1.54056 A) at
40 kV, and 30 mA, with a step of 0.05° and a time per step
of 1 s (Fig. 2).

The density measurements were realized in a Adam
Equipment ADP-110 system, measuring the sample
weight in air and in C,HsOH, at 300 K (Archimedes
principle).

The Raman spectroscopy was carried out in a
T64000, Jobin Yvon SPEX spectrometer using an Ar
laser (A=514.5 nm). The spectra were obtained, in a
back-scattering geometry, between 100 and 2000 cm™!
(Fig. 3).

The microstructure of the glass and glass-ceramics was
observed by scanning electron microscopy (SEM), per-
formed in a Hitachi S4100-1 system, on the surface and
fracture surface of all samples covered with carbon before
microscopic observation (Fig. 4).

For the electrical measurements, aluminum electrodes
were sputtered on the opposite sides of disc shaped
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Figure 3 Raman spectra of the A, B, C, D and E samples.

samples, with 5x107 m of diameter. During the
electrical measurements the samples, with a thickness
about 103 m, were in a helium atmosphere, to improve
the heat transfer and eliminate the moisture.

The impedance spectroscopy measurements were
carried out at room temperature, in the frequency range
of 1 Hz-100 kHz using a SR850 DSP Lock-In Amplifier,
in the typical lock-in configuration, measuring the
“in-phase” and “quadrature” components of the output
signal [7].

The analytical background, used in the electrical data
analysis, was as follows:

(a) The Arrhenius expression [8] has been used to fit
the temperature dependence of the dc conductivity, o4
(Equation 1):

E(I C
040 = 0 EXp (— T (;)> (D)
B

where o0 is a pre-exponential factor, E,4) the activation
energy, kp the Boltzmann constant and 7 the temperature.

(b) The complex permittivity, €* = &'+je”, was inter-
preted using the complex impedance formalism, Z* =
1/(ue*) [9, 10] (where u = jwCy, w is the angular fre-
quency, Cy the admittance of the empty celland j = «/—1
[11]). The real and imaginary parts of the impedance were
calculated using Equation 2.

Ry (ViVo— V= V2) = oC2RV, Vs

AR

(1+2C2R?) (V2 +V2)

V,VoR; + 0C2R? (vag ~vi-v2)

(1 + w?C2R?) (v;. + qu)
2)

This expression was obtained when the sample
impedance is in series with a known resistance (1 k2).
This resistance is in parallel with the lock-in input
impedance. R; is the equivalent resistance of the lock-
in input resistance (100 M€2) and the known resistance
(1 k2), C;j the lock-in input capacitance (15 pF), Vj the
input signal (|Vo|=1 V), and V; and V, the phase and
quadrature components of the measured signal.

A quantitative characterization of the dielectric
measurements was made using a complex nonlinear
least squares (CNLLS) algorithm associated with the
Levenberg-Marquardt method [ 12—14]. This software was
developed with the main aim of fitting the frequency de-
pendent impedance data with the values calculated from
an equivalent circuit [14], characterized by a resistance
(R) in parallel with a constant phase element (CPE) [9,
10]. The impedance of this intuitive element can be de-
fined by 1/Zcpg = Yo(jw)" where Yy ([Yo]=Fs""!) is the
admittance (Yo=1/|Z*|) at @ = 1 rad/s and n a value be-
tween 0 and 1. The Y and n parameters are independent
of the frequency. When n = 1, Z¢pg is an ideal capacitive
element [9]. The developed algorithm calculates the R, Yo
and n parameters that best fit the measured data.

The complex modulus formalism (M*=1/¢*), proposed
by Macedo [15], was adopted to determine the relaxation
time (7, ), because it minimizes the electrode interface ca-
pacitance contribution and others interfacial effects [11,
15]. The representation of M” versus frequency (in log-
arithmic scale) often shows peak(s) associated with the
contribution(s) of small capacitance(s) [15, 16]. The re-
laxation time is defined by t(,:(a)peak)‘l, where @peak
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Figure 4 SEM micrograph of the A(4.a), B(4.b), C(4.c), D(4.d) and E(4.e) fracture surface samples.

represents the angular frequency of the M” peak(s) [9,
17].

3. Results
The differential thermal analysis of the as-prepared
sample (sample A) shows that the glass transition
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temperature is approximately 450°C (Fig. 1). The sample
heat-treatment temperatures were chosen in agreement
with this value (Table I).

In the A and B samples the presence of crystalline
phases was not detected by XRD (Fig. 2). However, in
the C, D and E samples are present the LiNbO3, Liz POy,
Li4P,05 and LiPOj crystalline phases [18].



TABLE I

The heat-treatment (HT) conditions, the dc conductivity (o 4c) measured at 300 K, the dc activation energy (Ey(dc)), the dielectric constant (¢”)

measured at 1 kHz and room temperature, the relaxation time (7 ) and the density (o). In parenthesis are the correspondent statistic errors

HT conditions

(temperature — o4 (x 1079) oo (x 103)
Sample °C/time —h) p (g/fcm?) (©Q@m)~!' B00K) (2m)~! Eq@c) (kJ/mol) & (300K, 1kHz) 74 (x 107%) (s)
A as-prepared 2.698 (£0.008)  9.35 (£1.09%) 58.32 (£0.25) 56.0 (£0.56) 39.98 (£1.13) 5.52
B 450°C/4 h 2.728 (£0.041)  8.56 (£1.04%) 30.73 (£0.18) 55.1(£0.41) 40.65 (+1.36) 7.39
C 480°C/4 h 2.811 (£0.051)  3.39 (£1.40%) 9.46 (£0.16) 60.1 (£0.31) 79.48 (£2.51) 7.67
D 500°C/2 h 2.679 (£0.064)  3.01 (£1.37) 64.89 (£0.35) 65.9 (£0.81) 94.69 (+2.76) 7.97
E 500°C/4 h 2.729 (£0.038)  2.90 (£1.32%) 75.23 (£0.28) 65.7 (£0.63) 97.80 (£3.09) 8.61

The density of the glass and glass-ceramics (Table I)
shows a maximum for the C sample (2.811 g/cm?).

Fig. 3 shows the Raman spectra of all the samples. The
broad bands at 925 and 265 cm™"', observed in the A and
B samples, are attributed to the P-O bending and to the
vibration of NbOg units, respectively [19-21]. The bands
at 620, 420, 330, 265 and 225 cm~!, observed in the C,
D and E samples, the band at 620 cm~! observed in the
D and E samples, and the bands at 950, 600, 435 and
290 cm~! observed in the E sample reveal the presence of
NbOg octahedron [2, 11,20-23c]. In the Raman spectra of
the referred samples, the bands at 1300, 1100, 1050, 950
and 735 cm™! are associated to the P-O vibrations [23—
28]. The band at 1100 cm ™! is assigned to the LiPO3 chain
type, the band at 1050 cm™! is attributed to the presence of
pyrophosphate Li;P,0; crystals, and the 950 cm ™! peak,
that it is the most intense in the C, D and E samples, is
associated to the orthophosphate Li; PO, crystalline phase
[21]. In the D and E samples, the band at 225 cm~! may
be attributed to NbOg vibrations [20]. In the E sample,
the band at 186 cm™! is ascribed to the P-O-P bend [29]
and the bands at 905 and 657 cm™!, are assigned to the
Nb’* ions incorporated in the phosphate glass structure
(in octahedral coordination) [20].

The SEM results show that the A sample does not have
particles. In the B sample surface the presence of particles
was detected (Fig. 4). The size of these particles increases,

with the rise of the heat-treatment temperature and their
number decrease from the D to the E samples (Fig. 4).

The dc conductivity (og4c), at room temperature
(300 K), decreases from the A sample (9.35 x 1077
Q! m™") to the E sample (2.90 x 1077Q"'m~") (Ta-
ble I). The activation energy (Eyqc)), of this conductivity
process was determined from the slope of In(o4.) versus
1/T (Fig. 5.) (Equation 1) and it increases from 56.0 to
65.7 kJ/mol (Table I) from the A to the E samples.

Fig. 6 shows the impedance spectra, Z' versus Z”, of all
samples. In this figure the points represent the experimen-
tal data (1 Hz<f<100 kHz) and the line the theoretical fit
(4 kHz<f<100 kHz). The centers of the semicircles are
below the Z' axes. From the analysis of the CNLLS fit
values (Table II) it can be verified that, with the increase
of the heat-treatment temperature: the R value increases,
from 3.24 MS2 to 19.7 MQ; the Y, value decreases from
1.20x10719 to 6.04x107!"; the n parameter decreases
from 0.84 (A sample) to 0.77 (C sample) and then in-
creases to 0.81 (E sample). In the impedance spectra, Z’
versus Z”, for the C, D and E samples is present a Warburg
response type [9] at low frequencies (Fig. 6), that limits
the frequency range used in the theoretical fits.

It was found that &, measured at 1 kHz and room
temperature, increases from 39.98 to 97.80, with the in-
crease of the heat-treatment temperature of the samples
(Table I).
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Figure 5 1n(o4.) vs 1000/T spectra of the A(Q), B(¢), C(A), D(H) and E(e) samples.
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Figure 6 7' vsZ/ spectra of the A(), B(#), C(A), D(H) and E(e) samples
(the points are the experimental data and the lines the theoretical fit).

Fig. 7 represents the frequency distribution of M” data,
showing a maximum for all the samples. It is known that
M" has a maximum when wt,=1. 7, represents the mean
value of the relaxation time distribution observed with the
modulus formalism [9, 17]. In these samples this max-
imum shifts to lower frequencies (Table I), with the in-
crease of the heat-treatment temperature.

4. Discussion

The niobium silicate samples heat-treated above 480°C
(C, D and E samples) suffer crystallization. Thus, the
XRD patterns show the formation of the LiNbOj3, Liz POy,
LiyP,07 and LiPOj crystalline phases and the width of
the Raman bands decreases [19] with the rise of the heat-
treatment temperature. The presence of octahedral coor-
dinated Nb>* ions, in the samples, promotes the forma-
tion of LiNbOj crystallites. However, the obtained glass-
ceramics has, also, others crystalline phases (LizPOy,
Li4P,07 and LiPOs3). On the contrary in the glass ceram-
ics obtained from the glass with the composition 34Si0,
33Li;0-33Nb,0s5 (% mol) we have only the LiNbO;
phase [30]. In the B sample (heat-treated at 450°C), it
is not detected the presence of crystalline phases, neither
in the XRD pattern nor in the Raman spectrum (Figs 2 and
3.). Nevertheless, SEM micrograph shows the presence of

TABLE II The equivalent circuit characteristics (from the CNLLS fit
procedure) and the statistic errors, for all the samples

R Yo
Sample (x 10%) AR (x 107y AYo n An
A 324 (<1%) 120 (<1%) 0842  (<1%)
B 5.16 (<1%) 104 (<1%) 0837 (<1%)
C 18.2 (£2.5%) 9.46 (£1.49%) 0776  (<1%)
D 144 (X1.75%) 7.67 (£1.42%) 0.806  (<1%)
E 19.7 (£2.72%) 6.04 (£2.18%) 0.816  (<1%)
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particles (Fig. 4) and &’ increases from A to B samples
(Table I). This increase in ¢’ indicates an increase in the
dipole moment. Also, the 7, values increases from A to
B samples (Table I) indicating a higher difficulty of de-
polarization in the B sample (LiNbOj3 crystals are hard to
depolarize [3, 4]). Thus, it may be reasonable to assume
that, in the B sample, LiNbOj crystals are present.

In the C, D and E samples there is an increase in the
¢ and 7, values because the fraction of lithium niobate,
present in the glass matrix, increases. However, the max-
imum value obtained, for &', was 99 (E sample- Table I)
and the LiNbOj; single crystal presents a ¢ higher than
1000, at 1 kHz and 300 K [31-33]. This difference in
the &’ value is due, in our opinion, to the fact that the
LiNbOj; crystallites are inserted in a glass matrix and are
not oriented in a preferential direction.

When comparing the results obtained by Graca et al.
[30], in a silicate glass system, and the results obtained
in this work it seems that the growth in a preferential
direction, of the LiNbOj crystals, is easier in the phos-
phate glasses. This phenomenon can be ascribed to the
structural characteristics of the phosphate glass network,
which is remarkably different from that of the silicate
glasses, due to the presence of terminal oxygen atoms
(oxygen atoms double bonded to the P>* ion, in the basic
POy, structure), that makes the phosphate glasses a good
environment for the cations accommodation. According
to Hoppe et al. [34] in binary phosphate glasses, where
the quantity of network modifiers is above 20% mol,
there are not enough individual terminal oxygen atoms
to satisfy the coordination environments of every cation
and these ions must share the available terminal oxy-
gen. This structural arrangement leads to the formation
of non-uniform electric charge-zones distribution. These
non-uniform charge-zones can create an internal electric
field that makes favorable the growing of the crystals in a
preferential direction.

The dc measurements reveal a decrease in the o 4. val-
ues (Table I), from the A to the E sample, justified with the
decrease on the Li™ ions present in the glass matrix. Thus,
with the increase of the heat-treatment temperature, the
Li" ions are inserted in crystalline structures (see XRD —
Fig. 2). The behavior of the E;c) (Table I) can also be as-
sociated with the decrease in the Li™ ions inside the glass
matrix and suggests an increasing in the height of the free
energy barriers of the quasi-lattice of the glass matrix with
the increase of the heat-treatment temperature [8, 11, 17].

4.1. Analysis of the impedance data

From the Z' versus Z” plot (Fig. 6), it can be observed
that the semi-arcs, which centers are under the Z' axes,
indicate the existence of a distribution (dispersion) of
relaxation times [9, 10, 17, 32] that should be associated
to the fact that in this system, the ferroelectric phase is
embedded in the glass matrix. In the C, D and E samples a
low-frequency Warburg response type [9] is observed, and
can be attributed to the relaxation of the sample/electrode
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Figure 7 M" vs frequency spectra of the A()), B(4), C(A), D(H) and E(e) samples.

interface dipoles. The theoretical fit of these data (Fig. 6)
shows that a resistance in parallel with a CPE element is an
equivalent circuit that describes the measured data. How-
ever, it was not easy to find a total supported correlation
between the calculated theoretical values (Table IT) and the
samples characteristics. Nevertheless, the increase on the
R parameter can be related to the increase in the amount of
the LiNbOj crystallites. The decrease on the R parameter,
from C to the D sample, can be justified by the increase
on the amount of the lithium phosphate crystals (Liz POy,
LiyP,07 and LiPO3). In the D sample, the number of those
crystals, in which resistivity is lower than that of LiNbO3,
should be higher than in the C sample. This assumption
is supported by the XRD spectra (Fig. 2), where it can be
seen an increase in the number, and sharpness, of the peaks
associated with the lithium phosphate phases. On the
other hand the LiNbOj; crystals have a higher density than
the lithium phosphate crystallites [23] and it is observed
a decrease in the density from the C to the D samples (Ta-
ble I). Thus, it may be assumed that the behavior of the R
parameter can be associated with the number of LiNbO3
and the lithium phosphate crystallites present in the glass
matrix.

From the A to the C sample, the obtained » values (Ta-
ble II), associated with the Kohlrausch exponent (8) by
the expression f=1—n [35], are in agreement with that
obtained for the Li,O-P,0Os binary glasses [11]. In the
Li,O-P,0s binary glasses the B value decreases with the
increase of the alkali ion content [11]. However, in the
D and E samples, the amount of Li* ions present in the
glass matrix decreases with the rise of the heat-treatment
temperature, but the B value decreases. Thus, the 8 be-
havior of the phosphate glass is strongly dependent on the
presence of niobium and crystalline phases.

5. Conclusions
The molar composition 50Li,O-40P,05-10Nb,Os gives
origin to a transparent and yellow glass. This composition

does not promote the preparation of glass-ceramics with
only LiNbOj3 crystallites because in the samples are
also present the Li3POy4, LisP,07 and LiPOs; crystalline
phases.

The electrical results suggest a decrease on the num-
ber of Li* ions in the glass matrix, with the increase
of the heat-treatment temperature, and an increase in the
volume fraction of LiNbOj; ferroelectric crystallites (the
dielectric constant increases with the increasing of the
heat-treatment temperature). The existence, in all the sam-
ples, of a semi-arc in the Z/ versus Z” plot, which center
is under the Z’ axis, indicates the existence of a relax-
ation time distribution. The mean value of this relaxation
distribution, 7., increases, with the rise of the heat treat-
ment temperature, and should be associated with the in-
crease in the amount of LiNbO; ferroelectric crystalline
phase, whose dipoles are difficult to depolarize at room
temperature. The CNLLS fit results show that a resis-
tor in parallel with a CPE element is a good equivalent
circuit.

In comparison with the SiO,-Li,O-Nb,Os glass sys-
tem [30] the P,O5-Li,O-Nb,Os glass is disadvantageous
because it is not possible to obtain glass-ceramics con-
taining LiNbOj; crystals alone. In both systems, the dc
conductivity is high (04.>1077 Q~! m~!, at 300 K),
and decreases with the increase of the heat-treatment
temperature. This behavior is due to the increase of
the amount of LiNbOj crystallites with the rise of the
heat-treatment temperature and a decrease in the Lit™
ions present in the glass matrix. However, the growth of
LiNbOs crystallites with a preferential orientation seems
to be easier in the P,Os glass system than in silicate
glasses.
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