
Ceramics International 30 (2004) 2023–2027

Soft optical phonon in Ba-doped Sr2Nb2O7 ceramics
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Abstract

The Raman scattering technique was applied to examine the soft optical phonon of the Ba0.32Sr0.68Nb2O7 in the temperature range from 26
to 1100◦C. The line shape of Raman spectra can be well fitted by multidamped–harmonic oscillator model. Two soft optical phonons were
observed at 43.1, 52.4 cm−1 at room temperature. Both modes show softening approaching their corresponding phase transition temperature.
It is found that damping factorγ of the lowest soft optical mode increases, while frequency of this mode decreases rapidly with temperature.
NearTc, the soft mode becomes over damped (γ/ω > 1). The soft mode frequency related to the order parameter of this ferroelectric phase
shows a non-classical behavior, and the critical exponent connected to the increase of the order parameters obtained asβ = 0.377. From the
relation of soft mode frequency with temperature, the ferroelectric phase transition temperatureTc was estimated to be 1058◦C.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Sr2Nb2O7 (SN) is the highestTc ferroelectric with the per-
ovskite slab structure[1]. Low coercive field, low permittiv-
ity and high-heat resistance of this material enables its solid
solutions Sr2TaxNb2−xO7 to be used as Pb free non-volatile
ferroelectric memory devices based on field effect transistors
and capacitors, and optical waveguides[2–4]. Furthermore,
its lead free character has received much more attention as
green materials in its application.

The spontaneous polarizationPs = 9 × 10−6 C cm−2 is
parallel to thec-axis and the coercive field isEc = 6 kV at
room temperature[5].The structure of SN have slabs paral-
lel to (0 1 0), consists of an NbO6 octahedra and Sr atoms.
It was known that the octahedra distort and tilt on cooling
and SN undergoes three phase transitions at 1342, 215 and
−156◦C, Cmcm → Cmc21 → Pbn21 → Pb11 [6,7]. The
dynamics of phase transitions has been studied mainly by
means of Raman scattering[8–11], ESR [12], and polar-
ized far-infrared reflectivity and transmission measurements
[13]. The ferroelectric soft mode was found inb(cc)b− scat-
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tering geometry belowTc = 1342◦C. Below 215◦C an-
other soft mode appears showing the displacive character of
this normal to incommensurate phase transition. Further de-
creasing temperature, the soft mode coupled with another
low-frequency mode, an intensity transfer occurs between
the two modes. Raman, ESR and polarized far-infrared re-
flectivity and transmission results showed a non-classical
behavior of the incommensurate order parameter with crit-
ical exponentsβ = 0.38, 0.34 and 0.3, respectively. As for
Ba-doped SN, (Sr1−xBax)2Nb2O7, the Tc decreases from
1342◦C with respect tox [6]. Forx = 0.32 crystals, the low
temperature ferroelectric transition temperature disappears
and a new ferroic phase transition occurs at 192◦C [14].

2. Experimental

Fig. 1 shows a block diagram of a laser Raman spec-
troscopy setup used in the present study. Raman scatter-
ing are excited using a diode-pumped solid-state laser at a
wavelength of 532 nm and a power of about 100 mW. The
light beam, passing trough a narrow band pass filter, a half
wavelength plate, and a polarizer, is focused onto a sample
by lens L1. Scattered light from a sample is then collected
by lens L2 using the backward scattering geometry, and
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Fig. 1. The block diagram of the Raman scattering setup.

analyzed by a triple-grating spectrometer of additive disper-
sion (Jobin Yvon T64000). The spectral resolution was about
2 cm−1. The room temperature spectra were measured in the
range of 7–1000 cm−1. Low frequency spectra from−100
to 200 cm−1 were obtained at the wide temperature range
from 26 to 1100◦C. The sample was inserted into a cryo-
stat cell (THMS600, Linkham), whose temperature stability
was±0.1◦C with ranges of−190 to 600◦C in temperature
dependent Raman measurements. High temperature furnace
with stability ±0.5◦C was also used for more higher tem-
perature measurements above 600◦C.

3. Results and discussion

Space group analysis of the high temperature ferroelec-
tric phase of SN using the structural data from the 3D X-ray
diffraction [1] predicts 18 Raman active modes with the
atoms in the 4a and 8b Wickoff sites, five ofA1 symmetry,
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Fig. 2. Raman spectra of Ba0.32Sr0.68Nb2O7 at room temperature from 7 to 1000 cm−1. Inset: for 7–200 cm−1.

four of A2 symmetry, four of B1 symmetry , and five of B2
symmetry. Although this value is very close to the actual
mode number in our spectra at room temperature, as can be
seen in Fig. 2, mode counting in the Raman spectra of ce-
ramic samples is very difficult due to the possible overlap-
ping and broadening of the bands. The lowest mode was ob-
served at 24.8 cm−1. The strongest and sharpest mode was
observed at 60.7 cm−1. Two shoulder peaks were observed
at 43.1 and 52.4 cm−1. As the temperature increases, the Ra-
man modes become broad and intense up to some tempera-
ture, after that intensity decreases (Fig. 3). However, some
modes disappear completely at certain temperature which
corresponds to the new ferroic phase transition, and ferro-
electric to paraelectric phase transition temperature. For ex-
ample, the lowest peak at 24.8 cm−1 at room temperature
disappears above Tr ∼ 220 ◦C. The mode at 52.4 cm−1 ap-
proaches to the mode at the 43.1 cm−1 in the spectra, an
intensity transfer between the two modes occurs. Then the
peak at 43.1 cm−1 tends to 20 cm−1 for increasing tempera-
ture and disappeared above 1051 ◦C. It is also observed that
a significant drop in intensity of the mode at 52.4 cm−1.

Light scattering intensity of Stoke shifts is given by

Is(ω) = [n(ω) + 1]
∑

Im

(
Si

ω2
i − ω2 + iγiω

)
. (1)

where, ωi and γi are the phonon frequency and the damping
constant, respectively, and Si is a constant representing the
oscillator strength. The term

n(ω) = 1

exp(h̄ω/kBT) − 1
,

is so-called Bose–Einstein Factor. The first term on the
right-hand side of the Eq. (1) represents the population
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Fig. 3. Temperature dependence of Raman spectra.

density of phonons, whereas the second term is the suscep-
tibility function for multidamped harmonic oscillator.

We fit the Raman scattering intensity using above equa-
tions. As the spectra were recorded in the same experi-
mental conditions for all temperatures, we can thus obtain
the thermal behavior of all characteristics of each phonon
(frequency, damping, and strength). Some examples of the
agreement which is achieved between experimental and cal-
culated spectra are reported in Fig. 4.

Figs. 5 and 6 display the temperature dependent of the
frequency and damping. In high temperature, the lowest
mode exhibits a large softening with increasing tempera-
ture from the value 43.1 cm−1 at room temperature down
to 20 cm−1 at 970 ◦C. It’ s damping increases so large
that the soft mode becomes over damped (γ/ω > 1). The
mode at 52.4 cm−1 shows slight softening on approaching
220 ◦C from both low and high temperature sides, implies
a new ferroic phase transition. It indicates that the phase
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Fig. 4. Two examples of the agreement which is achieved between ex-
perimental (�) and calculated (—) spectra. Arrows indicate the low fre-
quency soft mode.
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Fig. 5. Temperature dependence of the phonon frequency ω, for 43.1,
52.4 and 60.7 cm−1 modes at room temperature, as deduced by the fit.

transition occurs at 192 ◦C as observed by dielectric mea-
surement [14].The mode at 52.4 cm−1 softens while the
mode at 43.1 cm−1 shows slight hardening with the tem-
perature approaching 220 ◦C and then pushes it down to
lower frequencies. This implies that the ionic motions asso-
ciated with the two phonon modes are transferred to each
other. This makes the soft mode mechanism much more
complicate.

The soft mode is A1(z) symmetry in high temperature
ferroelectric phase with space group Cmc21 and responsi-
ble for the Cmmm → Cmc21 ferroelectric phase transition.
Observed soft mode frequency ωs at room temperature for
Ba-doped SN (x = 0.32) is much smaller than SN single
crystals. According to Nanamatsu et al. [6], the ferroelec-
tric phase transition temperature Tc of SN decreases with
Ba concentration as 1077 ◦C at x = 0.2, 827 ◦C at x = 0.4.
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Fig. 6. Temperature dependence of the phonon damping γ , for 43.1 cm−1,
52.4 and 60.7 cm−1 modes at room temperature, as deduced by the fit.
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Fig. 7. The temperature dependence of the soft optical phonon frequency
ωs (�). The solid line denotes the fit ωs = A(Tc − T)β.

Since partial replacement of Sr by Ba, whose ionic radius
is larger than that of Sr, should lead to decrease of in-
ter layer interactions, as a consequence the frequency of
this soft mode can be expected to decrease with increas-
ing Ba doping. The soft mode is probably connected with
NbO6 octahedra tiltings. Below Tc the ordered octahedra
rotate within the layers, in the bc plane. The eigen-vector
of the ferroelectric soft mode may be connected with these
tiltings.

The quantities ω2
s of the soft mode for a SN single crystal

have a linear relation with temperature in a wide range of
about 700 ◦C just below Tc as ω2

s = 10.1(Tc −T) [11]. How-
ever, our result shows for Ba-doped SN (x = 0.32) different
behavior. The soft mode frequency has not a linear relation
but power relation with temperature. Dielectric measure-
ments shows [6], the Curie–Weiss law is fulfilled for ε′

c with
C = 1.2 × 105 ◦C at T > Tc and 0.42 × 105 ◦C at T < Tc.
Both above and below the Curie–Weiss temperature To =
Tc, which indicates the second order phase transition. We
also consider the interaction between the two low frequency
modes cause the line shape asymmetry, level repulsion. The
decrease of soft optical phonon frequency, which is denoted
as the dark squares in Fig. 7 was fitted in the T > 366 ◦C
region by using ωs = A(Tc–T)β, where A is constant. The
fitted result is shown as a solid line in the same figure, and
the resulting best fit parameters are 1058±6 ◦C and 0.377±
0.011 for Tc and β, respectively. This indicates that the criti-
cal exponent related to the increase of the order parameter as
a function of temperature in Ba-doped SN is 0.377, similar to
0.365, calculated from the Heisenberg model [15]. However,
It is not clear that this feature demonstrates a non-classical
behavior for the order parameter of the high temperature
ferroelectric phase, because such a behavior must be ex-
pected in a narrow temperature range below Tc. It might be
caused by higher-order terms in the Landau-type free energy
expansion.

4. Conclusion

Raman scattering was investigated in Ba-doped (Sr1−x

Bax)2Nb2O7 (x = 0.32) ceramics. Low frequency spectra
from −100 to 200 cm−1 was obtained at the wide tempera-
ture range from 26 to 1100 ◦C. The ferroelectric A1(z) soft
optical phonon mode, both Raman and infrared active, re-
sponsible for the Cmcm → Cmc21 ferroelectric phase tran-
sition was observed at 43.1 cm−1

. An anti-crossing and en-
ergy transfer of the soft mode with another low frequency
mode were observed. The line shape of Raman spectra can
be well fitted by multidamped–harmonic oscillator model. It
is found that damping factor � of the soft optical mode in-
creases, while frequency of this mode decreases rapidly with
temperature. Near Tc, the soft mode becomes over damped
(γ/ω > 1). The soft mode frequency related to the order
parameter of this ferroelectric phase shows a non-classical
behavior, and the critical exponent connected to the increase
of the order parameters obtained as β = 0.377. The be-
havior of the lowest mode at 24.8 cm−1, and at 52.4 cm−1

show a new ferroic phase transition observed by dielectric
measurements. We also found that the ferroelectric transi-
tion temperature Tc decreases from 1342 to 1058 ◦C with
Ba concentration (x = 0.32).
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