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Raman scattering study of the ferroelectric phase transition in BaTi,Os
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Uniaxial ferroelectric BaTi,Os with a Curie temperature 7¢ of 743 K was investigated to clarify its paraelectric-
ferroelectric phase-transition behavior. The mechanism is discussed on the basis of the structure from short to
long ranges determined by synchrotron x-ray diffraction and the lattice dynamics probed by Raman spectroscopy.
BaTi,0s is regarded as a homogeneous system, and the lattice dynamics can be interpreted by the selection
rules and tensor properties of the homogeneous structure. Angle-resolved polarized Raman spectroscopy clearly
shows that an A-mode-type overdamped phonon plays the key role in the phase transition. Using a combination
of experimental results and first-principles calculations, we explain the phase transition as follows: In one of three
TiOg octahedral units, Ti vibrates along the b axis opposite an oxygen octahedral unit with large damping in the
paraelectric phase, whereas this vibration is frozen in the ferroelectric phase, leading to a change in the space

group from nonpolar C2/m to polar C2.
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I. INTRODUCTION

Uniaxial ferroelectric BaTi,Os shows a dielectric response
with a dielectric constant g, of ~25000 at a Curie tem-
perature Tc of ~743 K, as shown in Fig. 1 [1-3]. At the
paraelectric-ferroelectric phase transition, the crystal structure
changes from paraelectric C2/m to ferroelectric C2 with
spontaneous polarization along the b axis [4,5]. Because the
phase-transition-induced dielectric response of BaTi,Os is
stronger at higher Curie temperature than that of the most-
typical capacitor material BaTiO3, which exhibits a dielectric
constant gc of ~10000 at a 7c of ~410 K, BaTi,Os has
attracted renewed interest for high-temperature applications
since the discovery of its ferroelectricity [6—11]. In addition,
piezoelectric coefficients comparable with those of PbTiO3
have been predicted by first-principles calculations, indicat-
ing that BaTi,Os is a candidate end-member for lead-free
piezoelectric solid-solution materials [12]. The properties of
Pb-based ferroelectrics with high dielectric and piezoelectric
responses are closely related to their phase transition and phase
diagram [13-17]; therefore, understanding the paraelectric-
ferroelectric phase transition and the characteristics of each
phase is the key to developing next-generation BaTi,Os-based
materials for high-temperature capacitors and for lead-free
piezoelectrics.

From a microscopic viewpoint, the difference between the
paraelectric and ferroelectric phases is characterized by TiOg
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octahedral units; one of the three Ti sites (Til) shifts in the
opposite direction from the O in the TiOg octahedral unit,
giving rise to ferroelectricity, whereas the other two Ti sites
(Ti2 and Ti3) and their corresponding O atoms shift in the
same direction [3-5,9]. Despite extensive studies of BaTi,Os,
the mechanism of its phase transition remains controversial.
Because of the critical slowing of one relaxation observed in
low-frequency inelastic light scattering, Hushur et al. attributed
the mechanism to an order-disorder type, where Ti hops in
two equivalent off-center positions in the paraelectric phase
but is trapped at one of them in the ferroelectric phase [18].
By contrast, on the basis of a structural study by synchrotron
x-ray powder diffraction, Moriyoshi et al. reported that the
mean-square thermal displacement of Til is larger than those
of Ti2 and Ti3 and that off-centering of Til was not observed
[19]. The results of Moriyoshi et al. indicate that the phase
transition originates from a displacive-type mechanism, where
one optical phonon in a paraelectric phase slows as the
temperature approaches 7¢ atthe I' point. That is, one vibration
pattern freezes at temperatures below T¢; as a result, a static
polar displacement appears in the ferroelectric phase. What
appears to be lacking is interpretation of the quasielastic
scattering in the low-frequency inelastic light-scattering spec-
trum. Quasielastic scattering indicates dynamic movements in
materials and can originate from entropy and phonon fluctua-
tions, degenerate electronic levels, phasons, ion hopping and
tunneling, reorientation of precursor clusters, and overdamped
lattice vibrations. In cases where quasielastic scattering is
related to a ferroelectric phase transition, the possibilities of ion
hopping and tunneling, reorientation of precursor clusters, and
overdamped phonons are usually considered because freezing
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FIG. 1. Dielectric constant &' of BaTi,Os as a function of tem-
perature [1,2]. The &" along the b axis is enhanced at Tc, whereas no
anomaly is observed for ¢’ along the a axis. Inset: Forms of crystals
and the relationship with crystallographic axes. The spontaneous
polarization Ps appears along the b axis.

of each motion leads to structural changes. For example, in
Pb-based relaxor ferroelectrics, the quasielastic scattering is
attributed to reorientation of an inhomogeneous structure re-
ferred to as the polar nanoregion; this structure differs from the
macroscopic structure [20,21]. The inhomogeneous structure
violates the selection rules for light scattering; thus, careful
investigations from both local and macroscopic viewpoints
are essential to understanding the behaviors of ferroelectric
materials [22-25]. Thus, at the present stage of understanding
of BaTi,0Os, investigations of the structure from short to long
ranges and the dynamics, including its direction dependence,
are necessary to understand the phase-transition mechanism
and the properties of each phase. Herein, the assignment of
quasielastic light scattering is the key to solving the controversy
on the phase transition. Light scattering from optical phonons
depends on Raman tensors directly obtained from the point
symmetry of crystals; thus Raman scattering measurements
at different scattering geometries enable us to assign modes.
However, there is a difficulty in changing scattering geometries
since it usually needs repositioning of optical elements in a
measurement system. One powerful technique to overcome the
difficulty is angle-resolved polarized Raman spectroscopy in
which a half-wave plate in the microscope changes the polar-
ization direction of incident and scattered light [26]. Without
a significant change in optical system, a 2 x2 matrix in Raman
tensors can be probed by just rotating the half-wave plate.

In this study, we conducted synchrotron x-ray powder
diffraction (XRD) experiments on BaTi,Os and showed the
pair distribution function (PDF) to investigate the appearance
of an inhomogeneous structure whose dynamics may be an
origin of quasielastic scattering. Because the result showed
that BaTi,Os is homogeneous, we further conducted angle-
resolved polarized Raman scattering measurements and as-
signed each peak in the spectra on the basis of Raman tensors of
the determined homogeneous structure. The angle dependence
indicates that quasielastic scattering originates from an over-
damped A mode implying that ferroelectric phase transition
in BaTi,Os can be categorized as displacive type with large
damping of the soft phonon mode. The experimental results
are interpreted in detail using first-principles calculations, and
the displacement pattern related to the overdamped A mode is
determined.

II. EXPERIMENTS

Single crystals of BaTi,Os for angle-resolved Raman
spectroscopy were grown from a melt of BaTiOs (Kishida
Chemical) and TiO, (Sigma-Aldrich Chemistry) starting from
1659 K [1]. The crystals were needlelike along the b axis and
exhibited a hexagonal column shape, where a surfaces (100)
were obtained, as shown in Fig. 1. Powders of BaTi,Os for syn-
chrotron XRD and temperature-dependent Raman scattering
measurements were fabricated from BaCOj3 (Sakai Chemical)
and TiO, (Showa Denko) using solid-state reactions; the
fabrication process is described elsewhere [27].

Synchrotron XRD data were collected at 300 K using
60-keV incident x rays at the BL14B01 beamline in SPring-
8. The structural parameters of the obtained materials were
refined by Rietveld profile fitting using the RIETAN-FP program
[28]. This method enabled us to determine the average (or
macroscopic) structure. Crystal structures were drawn using
VESTA [29]. The experimental PDF, G(r), was obtained by tak-
ing the Fourier transform of the reduced structure factor F(Q)
[30]. The PDF describes the number density of interatomic
pair distances as a function of distance r. The short-range
order can be modeled exactly using the PDF. The fitting was
carried out using PDFFIT2 and PDFGUI [31] under the constraint
of space group C2; the parameters determined by the Rietveld
refinement were adopted as initial parameters.

Raman scattering was measured using our own system
composed of a polarization rotation system installed in a
microscope. A schematic of the setup is shown in Fig. 2(a). A
BaTi,0s crystal or powders were placed inside a temperature-
controlled cell (Linkam) on an xyz mapping stage (Tokyo
Instruments) installed in the microscope (Olympus). Linearly
polarized incident light from a diode-pumped solid-state laser
(Spectra Physics) with single-frequency operation at 532 nm
and a power of 200 mW traveled to the sample through a
polarization rotation device (Sigma Koki) [26] equipped with a
broadband half-wave plate (Kogakugiken) in the microscope.
The strong elastic scattering was eliminated by two volume
Bragg gratings—so-called “ultranarrow-band notch filters”
(OptiGrate). The refractive index of the volume Bragg gratings
varies periodically, which generates a dielectric mirror for
one specific wavelength. The inelastic scattering light was
dispersed by a single monochromator (Lucir), and the dis-
persed component was detected using a charge-coupled device
(Andor). The concept of polarization rotation in the microscope
is shown in Fig. 2(b). When the polarization direction of
incident light is inclined 6 /2 with respect to the optical axis of
the wave plate which rotates the polarization plane of incidence
by 6. However, the polarization direction of scattering light,
propagating in the direction opposite the incident light, is
rotated by —6. Thus, 8-directed incident light was focused
on the sample and light was scattered according to the Raman
polarizability. Because of the polarizer, the scattering can be
divided into the 6 direction [horizontal-horizontal (HH)] and
the (6 + 7 /2) direction [horizontal-vertical (HV)]. The 6 de-
pendence of Raman scattering intensity provides information
about the Raman tensor elements, which can be used to probe
the dynamical properties and point symmetry of materials [26].
The 6 dependence of Raman scattering has usually been mea-
sured with rotation of the sample; i.e., the measurements were
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FIG. 2. (a) Schematic of the experimental setup. A sample is
irradiated with incident light on the xyz mapping stage. The strong
elastic scattering is eliminated by ultranarrow-band notch filters.
The Raman scattering is dispersed by a single monochromator and
is detected using a CCD. (b) Polarization rotation through a half-
wave plate [26]. To rotate the polarization of the incident and the
scattering light, a computer-controlled half-wave plate is installed in
the microscope.

performed only at room temperature [25,32]. However, our
angle-resolved polarized Raman spectroscopy method enables
us to measure them in a wide frequency region even at high tem-
peratures, which is important for our study of phase transitions.

First-principles calculations were carried out using the
projector-augmented wave (PAW) method within density func-
tional theory [33], as implemented in the VASP code [34,35].
The generalized gradient approximation with Perdew-Burke-
Ernzerhof revised for solids (GGA-PBE_sol) was used for the
exchange-correlation functional [36]. Using the PAW method,
5s, 5p, and 6s electrons for Ba; 3s, 3p, 3d and 4s electrons
for Ti; and 2s and 2p electrons for O were treated explicitly
as valence electrons. The plane-wave cutoff was set at 500 eV,
and the size of the k-point mesh for Brillouin zone sampling of
primitive cells, based on the I"-point-centered Monkhorst-Pack
scheme [37], was 8x8x2 for monoclinic (C2/m and C2)
unit cells containing 24 atoms. Lattice constants and internal
coordinates were fully optimized until residual Hellmann-
Feynman (HF) forces were smaller than 1.0x 1073 eV/ A while
the symmetry constraints of the given space group were main-
tained. Dynamical properties were computed from interatomic
force constants in real space. The entire set of force constants
was obtained from HF forces generated by nonequivalent
atomic displacements in a supercell of a given crystal structure.
All lattice dynamics calculations were performed with the
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FIG. 3. (a) Synchrotron x-ray diffraction pattern of BaTi,Os
measured at 300 K (ferroelectric phase). The energy of the incident x
rays was 60 keV. Rietveld profile fitting was performed by assuming
a C2 monoclinic structure. Ryp = 5.407%, Rp = 3.701%, and S =
1.4706. The deviation between the observed intensities (o) and
calculated intensities (solid line) is plotted at the bottom. The crystal
structure obtained by Rietveld profile fitting is shown in the inset.
(b) PDF, G(r), transformed from F(Q). The fitting was performed by
the assumption of a C2 space group and using internal coordinates
determined by Rietveld profile fitting.

PHONON code [38]. In an ionic crystal, dipole-dipole interac-
tions affect interatomic force constants and cause longitudinal
optical/transverse optical (LO/TO) splitting when wave vector
k ~ 0, i.e., near the I point. In this study, however, we did not
take into account the influence of the dipole on the interatomic
force constants because we were interested primarily in identi-
fying soft-mode phonons. The inclusion of the LO/TO splitting
has only a slight effect on soft-mode phonons because the
dipole-dipole interaction is limited to LO modes when k ~ 0,
leaving the frequencies of TO modes unchanged.

III. RESULTS AND DISCUSSION

Figure 3(a) presents the synchrotron XRD pattern for the
BaTi,0s powder at 300 K. The Rietveld profile fitting results
for the ferroelectric phase are also shown. The reliability
factors (R factors) of the fitting results are small; thus the fitting
is considered to be good. The structural parameters are found
to be in good agreement with those previously reported for a
monoclinic C2 space group structure [4,5,9]. Figure 3(b) shows
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TABLEI. Raman activity of phonon
modes in the paraelectric and ferroelec-
tric phases. (R) denotes a Raman active

mode.

C2/m Cc2
Ag(R) A (R)
Ay A(R)
By(R) B (R)
B, B (R)

the PDF obtained from the XRD pattern. It shows sharp peaks,
which represent interatomic distances. For example, the peak
at approximately 3.92 A is attributed to interatomic distances
corresponding to the lattice parameter along the b axis. Starting
from the parameters obtained by Rietveld refinement, this
short-range structure was well fitted to a C2 space group. This
result indicates that no inhomogeneous structure is present;
that is, the macroscopic properties can be explained by the
behaviors of the unit cell and the internal coordinates, as
shown in Fig. 3(a), which depicts the long-range crystal
structure obtained by Rietveld refinement. As mentioned in
the Introduction, the structural analysis shows that Til shifts
in the opposite direction from the O in the TiOg octahedral unit
along the b axis, giving rise to ferroelectricity.

The XRD results differ from those reported in previous
studies for Pb-based relaxor ferroelectrics and BaTiO3 con-
taining inhomogeneous structures [22,24,30], where mode
assignments of Raman scattering are difficult due to various
structures exhibiting different Raman activities [23,25]. How-
ever, because our structural analysis shows that the BaTi;Os
can be regarded as a homogeneous system, the Raman activity
can be predicted on the basis of the selection rules of the
single structure. Table I shows the Raman activities of both
the paraelectric and the ferroelectric phases of BaTi,Os. The
structural parameters reported by Moriyoshi et al. [19] were
used for the calculation of the paraelectric phase, whereas those
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in Fig. 3(a) were used for the calculation of the ferroelectric
phase. All phonon modes in the paraelectric phase were
classified into one of four types; two of the modes are Raman
active, whereas the other two modes are not. By contrast, in
the case of the ferroelectric phase, the number of modes was
reduced by the structural change and all of the phonon modes
were Raman active.

Figure 4(a) shows the Raman spectra of powdered samples
at several temperatures. Numerous sharp peaks originating
from the phonon modes were observed. The observed peaks
were fitted using a Lorentzian function; the temperature de-
pendence of the peak frequencies below 170 cm ™! are shown
in Fig. 4(b). The sharp phonon peaks exhibited no anomalies
at Tc. However, quasielastic scattering became strong at
temperatures around 7¢. Because the width of quasielastic
scattering is as narrow as 1cm™!, our grating spectrometer
lacks sufficient resolution to acquire valid values. Therefore,
the width of the quasielastic scattering obtained using a Fabry-
Perot interferometer (Brillouin spectroscopy) [18] is shown
in Fig. 4(b), where the width becomes narrowest at T¢. This
result indicates that the movement pattern corresponding to
the quasielastic scattering freezes at 7¢ and that the freezing
induces ferroelectricity in BaTi,Os. Although the observed
number of peaks is less than that predicted by the factor
group analysis on the crystal structure [19], where there are
34A + 35B Raman active modes in the ferroelectric phase and
12A, + 24 B, Raman active modes in the paraelectric phase,
due to the insufficient resolution of the spectrometer [39],
marked changes should be shown in the spectra if there is a
softening peak to induce the phase transition.

Here we closely examine the Raman scattering from
BaTi,0s. Because no inhomogeneous structure was observed,
Raman scattering from crystalline BaTi,Os can be represented
by Raman tensors, R, determined from the crystal structure.
The Raman scattering intensity / for each phonon mode is
proportional to
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FIG. 4. (a) Raman spectra of BaTi,Os powders at five temperatures. Notch filters shown in Fig. 2(a) suppress the intensity between —6 cm™
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and 6 cm~!. The small dip at 6 cm~! is the result of the suppression and is not an intrinsic peak. (b) Temperature dependence of the frequency
shift of Raman scattering determined by fitting. The width of quasielastic scattering was obtained from Ref. [18].
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FIG. 5. (a) Relationship between the laboratory system and
crystallographic axes of BaTi,Os. (b) Calculated polarization angle
dependence of Raman intensity in the horizontal-horizontal (HH) and
horizontal-vertical (HV) geometries for C2/m (paraelectric) and C2
(ferroelectric) structures of BaTi,Os according to Eqs. (4) and (5)
under the values » = 0.2, ¢ = 0.8, and f = 0.8.

where ¢; and e; denote unit vectors in the incident and scattered
directions, respectively. In this study, we set (010) for ¢; and
(010) as the HH configuration or (001) as the HV configuration
for e;. As shown in Table I, Raman scattering from BaTi,Os
can be assigned as A, or By in the paraelectric phase and as A
or B in the ferroelectric phase, with the following tensors:

a - d
- b -] for A - type modes,
d - ¢
. e .
e - f] forB -type modes. 2)
Cf

The tensor quantities indicate that the Raman scattering
intensity should depend on the polarization direction of the
incident and scattered lights and on the scattering geometry. In
the present study, we assigned the peaks by rotating the angle of
the polarization direction of the incident light and the scattered
light, 8, under backscattering geometry. We set the crystalline
sample as shown in Fig. 5(a). Using a rotation matrix,

1

R=1|- <cosf —sinb|. 3)
sin 0 cos 6

Raman tensors in the microscope at 6 are transformed to
RN =R %N R. “4)

Thus, through Egs. (1)—(4), the Raman intensities for A-type
modes are given by

I(HH) o (bcos?0 + csin’6)>  and

2
I(HV) o <_b2+ € sin 29) , (5)
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FIG. 6. Angle-resolved polarized Raman spectra and the contour
maps of BaTi,Os crystal in (a) the paraelectric phase at 843 K and in
(b) the ferroelectric phase at 303 K.

respectively, whereas those for B-type modes are given by

I(HH)  (fsin20)>  and
I(HV)  (f cos26)?, (6)

respectively. The 8 dependence of the Raman scattering in-
tensity from BaTi,Os is expected to depend on the Raman
tensors, as demonstrated in Fig. 5(b), which shows a clear
difference between modes in the HH scattering geometry. The
angle-resolved Raman spectra collected at a temperature just
above T¢ and at approximately room temperature are shown
in Fig. 6. Each Raman peak is 6 dependent; by comparison
with Fig. 5(b), peaks with two maxima in the 6 dependence
under the HH scattering geometry (89, 150, 270, 330, 460,
and 550 cm~!) belong to the A-type mode, whereas peaks with
four maxima (210, 230, and 635 cm™") belong to the B-type
mode in Eq. (2). Notably, the A-type mode shows flatter 6
dependence near 7¢ than that at 303 K due to the increase in b/c
in the Raman tensor. Here the quasielastic scattering apparently
behaves similarly to the A-type mode, which indicates that
quasielastic scattering originates from an overdamped phonon.
However, modes related with ferroelectric phase transition
should be polar; the appearance is prohibited for the symmetry
restriction. It can be a result of symmetry breaking due to
the large enough correlation length near the 7¢. Thus, at the
present stage, we attribute the quasielastic scattering to the
overdamped A, mode in the paraelectric phase and the A mode
in the ferroelectric phase.

The concept of an overdamped phonon is based on harmonic
vibration with large damping. When the damping I" becomes
much larger than the vibration frequency wy, the vibration
in the Raman spectrum appears to be the zero-centered
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FIG. 7. (a) Phonon dispersion curves above and below T, as
obtained by first-principles calculations. A solid arrow at the I" pointin
the paraelectric phase denotes the soft mode that condensates toward
Tc. (b) Displacement pattern of the soft mode.

Lorentzian-type peak known as quasielastic scattering. In this
case, the quasielastic scattering vibration is indistinguishable
from a relaxation process with relaxation time 7 =T /w(z),
which is the key to resolving the discrepancy concerning the
interpretation of the phase-transition mechanism mentioned
in the Introduction: Light spectroscopy indicates the phase
transition is order-disorder type; however, local sites in the
paraelectric phase, which are characteristic of that type, are
not observed. Therefore, the phase transition of BaTi,Os
is classified as displacive type with a soft optical phonon.
However, the damping of the soft phonon is sufficiently large
for the transition to also be interpreted as order-disorder type,
where relaxation shows critical slowing as the temperature
approaches T¢.

To clarify the vibration pattern of the overdamped soft
optical phonon, we carried out first-principles calculations for
BaTi,0s. Figure 7(a) shows the phonon dispersion curves.
Two unstable modes at the I and M points in the paraelectric
phase and one mode at the I" point in the ferroelectric phase
are removed. The change in the phonon dispersion curves at
Tc is common because proper ferroelectric phase transitions
should be induced by the condensation of one phonon at the
I' point. The ferroelectric phase was 14.05 meV/f.u. more
stable than the paraelectric phase as a result of the softening
phonon at the I" point. The displacement pattern of the mode
is depicted in Fig. 7(b). If the phonon freezes below T¢, the
ferroelectric phase appears. Here, the displacement pattern is
consistent with the change in the crystal structure [4,5,19].
Notably, the Til-O¢ octahedral unit in BaTi,Os resembles that

in the polar tetragonal phase of BaTiOz with P4mm as an
average structure.

In summary, in the mechanism of the phase transition
of BaTi,O5 from paraelectric C2/m to ferroelectric C2, the
system is homogeneous and one phonon with the displacement
pattern shown in Fig. 7(b) freezes below T¢. The damping
of the vibration is so large that distinguishing vibration from
relaxation is difficult, which led to the previous controversy
concerning the mechanism.

IV. SUMMARY

In summary, we have characterized the static and dynamic
properties of high-7¢c BaTi,Os using synchrotron XRD and
Raman scattering experiments. The structure of BaTi,Os is
homogeneous, unlike that of BaTiOs3, and one of three Ti sites
(Til) shifts along the b axis opposite an oxygen octahedral
unit at temperatures below T¢. The temperature dependence of
Raman scattering shows no change at T except quasielastic
scattering, which indicates that quasielastic scattering plays the
main role in the enhancement of the dielectric constant at 7¢.
Due to the homogeneous monoclinic structure, the quasielastic
scattering was interpreted on the basis of Raman tensors: The
quasielastic scattering is attributed to the A, mode in the
paraelectric phase and to the A mode in the ferroelectric phase,
as determined by angle-resolved Raman spectroscopy, which
enables us to measure light-polarization-direction dependence
of Raman scattering in a wide frequency region at various
temperatures. These results indicate that ferroelectric phase
transition of BaTi,Os is categorized as displacive type with
large damping of the soft A, mode. The displacement pattern
of the mode was determined by first-principles calculations to
describe from in a microscopic viewpoint. Understanding of
the phase-transition behavior of high-7¢ BaTi,Os gives rise to
an enormous number of potential applications of this material
in high-performance capacitors and lead-free actuators and
might help overcome the high-operation-temperature limit of
dielectric tips.
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