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A combination of polarized Raman technique, infrared reflec-

tance spectra, and first-principles density-functional theoretical

calculations were used to investigate structure transformation
and lattice vibrations of Na0.5Bi0.5TiO3, Na0.5Bi0.5TiO3–5%
BaTiO3, and Na0.5Bi0.5TiO3–8%K0.5Bi0.5TiO3 single crystals.

It was found that Na0.5Bi0.5TiO3 is of a two-phase mixture
with rhombohedral and monoclinic structures at room tempera-

ture. Correspondingly, three Raman-active phonon modes

located at 395, 790, and 868 cm – 1, which were previously

assumed as A1 modes of rhombohedral phase have been reas-
signed as A

0 0
, A

0
, and A

0
modes of monoclinic phase in the pre-

sent work. In particular, a strong low-frequency A
0 0
mode at

49 cm – 1 was found and its temperature dependence was

revealed. Two deviations from linearity for the abrupt fre-
quency variation in the A

0 0
mode and Ti–O bond have been

detected at temperatures of ferroelectric to antiferroelectric

phase transition TF–AF and dielectric maximum temperature
Tmax. The appearance of Na–O vibrations at 150 cm – 1 was

found below Tmax, indicating the existence of nanosized

Na+TiO3 clusters. The observed Raman and infrared active

modes belonging to distinct irreducible representations are in
good agreement with group-theory predictions, which suggests

9A1+9E and 36A
0 0
+24A

0
modes for the rhombohedral and mon-

oclinic phases of Na0.5Bi0.5TiO3, respectively.

Keywords: Raman spectroscopy; relaxor ferroelectrics; phase
transitions

I. Introduction

PEROVSKITE ABO3 ferroelectrics are extraordinarily attrac-
tive from fundamental and technological point of views

due to excellent electrical, magnetic, structural, and optical
properties.1–4 They undergo structural phase transitions with
decreasing temperature, leading to lower the global symmetry
of the crystal. According to different sorts of instability, these
distortions are classified as Jahn–Teller (JT), ferroelectric
(FE), and antiferrodistortive (AFD). Both JT and FE distor-
tions are related to internal deformations of the BO6 octahe-
dra, while AFD ones are associated with coordinated
rotations of nearly rigorous BO6 octahedra. Comprehending
the origin of the distortions and interaction is important to
utilize their excellent properties. Ferroelectrics are sensitive
to chemistry, defects, electrical boundary conditions, temper-
ature, and pressure caused by a delicate balance between
long-range Coulomb forces favoring the ferroelectric state

and short-range repulsions preferring the nonpolar cubic
phase.1 For FE distortions, the hybridization of empty d or s
orbitals is localized on A or B cations, respectively, and that
of occupied p orbitals are localized on the O2- anions.

Relaxors (1-x)Na0.5Bi0.5TiO3–xBaTiO3 (NBBT), PbZr1-
xTixO3 (PZT) and Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT)
show morphotropic phase boundaries (MPB) in the composi-
tion phase diagrams, where the crystal structure changes
abruptly and the piezoelectric response is maximal due to
symmetry-allowed polarization rotation.2,5 Although lead-
based ferroelectrics, such as PZT and PMN–PT, are well
studied and widely used from medical ultrasound and sonar
to energy harvesting, they are environmentally undesirable
due to the toxicity of lead. The lone-pair cation Bi3+ is
regarded as a natural replacement candidate of Pb2+ owing
to the electronic similarities. Both of them have large ionic
radius, large number of electrons and a lone electron pair,
which contribute to the distortion of the structure and piezo-
electric response.6 Therefore, a growing interest in Bi-con-
taining perovskites has been triggered by the necessity to
replace lead-based ferroelectrics.

However, most bismuth perovskites, such as BiCrO3 and
BiMnO3, require high-pressure synthesis due to the small size
of the Bi3+ ion. Such difficulty is a hindering factor for wide
investigations and applications. Therefore, studies mainly
focus on merely two stable materials: the multiferroic bis-
muth ferrite BiFeO3 with simultaneous ferroelectric and mag-
netic ordering as well as Na0.5Bi0.5TiO3 (NBT).7–9 On the
other hand, NBT belongs to an A-site-substituted distorted
perovskite compound, unlike the common B-site-substituted
counterparts, such as PMN-PT. The electrical properties of
NBT can be improved by the formation of solid solution
with BaTiO3 (BT) or Bi0.5K0.5TiO3 (KBT),10,11 which exhibits
excellent electromechanical properties around the MPB
region.

The crystal structure of NBT is rhombohedral R3c and
that of KBT is tetragonal P4bm at room temperature.12

Coexistence of both phases can be found in the MPB region.
According to the reported phase diagram of NBBT crystals,
they crystallize in the rhombohedral R3c ferroelectric phase,
the tetragonal P4bm relaxor ferrielectric phase, and the
tetragonal P4mm ferroelectric phase for x ≤ 6%,
5% ≤ x ≤ 11%, and x ≥ 10%, respectively.13 Thus, a coexis-
tence of rhombohedral R3c and tetragonal P4bm symmetries
appears around 5% ≤ x ≤ 6%. However, structure of NBT
is far from resolved. Growing experimental evidences about
the departure from pure rhombohedral symmetry have been
recently reported. Gorfman and Thomas found that the split-
ting of Bragg peaks observed in the high-resolution recipro-
cal-space maps, which suggests that the average structure of
NBT has lower than rhombohedral symmetry.14 Later on,
Aksel et al. pointed out that their high-resolution powder
X-ray diffraction patterns reveal peak splitting in the room-
temperature phase that evidence the true structure as
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monoclinic.15 Moreover, their Raman spectra are consistent
with a previous assignment of a rhombohedral structure.
They argued that their Raman result does not exclude the
presence of a monoclinic phase on average because Raman
spectroscopy is sensitive to the short-range crystalline order,
which at room temperature is dominated by the B-site polar-
ization along the rhombohedral [111] axis.16 Very recently,
Rao et al. reported a subtle phase boundary at x = 0.03 for
NBBT systems, which revealed that for x < 0.03 it is rhom-
bohedral + monoclinic structural state.17 Moreover, their pre-
vious high-resolution synchrotron X-ray diffraction study
revealed that NBT is best described in terms of a rhombohe-
dral + monoclinic phase coexistence model.18 High-resolution
synchrotron X-ray powder diffraction analysis demonstrates
that the fraction of two coexisting ferroelectric rhombohedral
and monoclinic phases is highly susceptible to thermal,
mechanical, and electrical stimuli at room temperature.14–19

The subtle monoclinic phase gives a new dimension into
understanding temperature dependence of the phase transi-
tions in NBT.

Noncontact and nondestructive Raman spectroscopy rep-
resents an advantageous tool in electronics, which suits the
technological needs for locally and quantitatively assessing
crystal structures, domain textures, crystallographic misalign-
ments, and residual stresses in piezoelectric materials. Thus,
Raman spectroscopy has been widely used as a powerful
probe to establish phase diagrams and to clarify complex
phase transition of piezoelectric materials.20,21 Raman spec-
troscopy is an appropriate technique for the investigation of
ionic configurations on length scales shorter than 10 nm,
which is easily missed in X-ray diffraction. Due to different
selection rules, infrared (IR) and Raman techniques offer the
complementary results. Raman and theoretical studies on
NBT are limited to its rhombohedral phase,22,23 which can-
not fully explain the recent X-ray powder diffraction,14–18

neutron powder diffraction,19 and transmission electron
microscopy evidences of monoclinic phase in pure NBT.24 In
this work, phonon modes of NBT are assigned according to
temperature-dependent Raman scattering and IR spectra as
well as from first-principles calculations with consideration of
both rhombohedral and monoclinic phases. Several new
vibrational modes, which are related to A

0
and A

0 0
from mon-

oclinic phase, are reported in the present work.

II. Experimental Procedure

NBT, Na0.5Bi0.5TiO3–5%BaTiO3 (NBBT5), and Na0.5Bi0.5
TiO3–8%K0.5Bi0.5TiO3 (NKBT8) single crystals were grown
by the top-seeded solution growth (TSSG) technique.25

The samples were cut along the 〈001〉 face. Raman spectra at
< x |zz| y > (VV) and < x |zx| y > (VH) configurations were
carried out by a Jobin-Yvon LabRAM HR 800 UV spec-
trometer (Horiba International Corporation, Tokyo, Japan).
Polarized spectra were recorded from 80 to 850 K by using a
Linkam THMSE 600 heating/cooling stage (Linkam Scienti-
fic Instruments, Tadworth, U.K.). The He–Ne laser with the
wavelength of 632.8 nm was taken as the exciting source.
The near-normal incident (� 10°) far-infrared (FIR) reflec-
tance measurements were performed from 50 to 1000 cm�1

using a Bruker VERTEX 80 V Fourier-transform infrared
spectrometer (Bruker Corporation, Billerica, MA).

The calculations are performed with density-functional
theory (DFT) using the projector augmented wave (PAW)
method, as implemented in the Vienna ab initio simulation
package (VASP).26 The exchange correlation potential is
treated in Perdew–Burke–Ernzerhof (PBE) form of the gener-
alized gradient approximation (GGA) with a kinetic-energy
cutoff of 600 eV. A 7 9 7 9 7 Γ centered k-point grid is
adopted in the self-consistent and phonon frequency calcula-
tions.27 The convergence criterion for the electronic energy is
10�6 eV and the structures are relaxed until the Hellmann–
Feynman forces on each atoms become less than 1 meV/�A.28

The phonon modes and frequencies at the gamma point are
carried out by the first-principles frozen-phonon method.29

In order to simplify the calculations, the minimal 10-atom,
10-atom, and 20-atom cells with a specific 1:1 ordering of the
A-site atoms (Na and Bi) are set to describe the unpolarized
cubic phase, the polarized rhombohedral, and monoclinic
phases, respectively.

III. Results and Discussion

The first-principle theoretical calculations provide informa-
tion for atomic coordinates of NBT. The calculated lattice
constants a0 are 5.519 and 5.596 �A for cubic and rhombohe-
dral phases, respectively, which are in good agreement with
lattice parameter a0 = 5.484 �A obtained by Rietveld refine-
ment of synchrotron powder diffraction data with rhombohe-
dral structure.19 Moreover, the calculated structural
parameters of monoclinic phase a, b, c, and angle b are
9.755, 5.522, 5.629 �A, and 126.401°, which match well with
the experimental data.15,19 The lattice parameters a, b, c, and
angle b for monoclinic phase are reported as 9.526/9.520 �A,
5.483/5.480 �A, 5.508/5.511 �A, and 125.344°/125.278° by dif-
ferent authors.15,19 In case of cubic phase, Ti atom is in the
center of oxygen octahedra and Na/Bi is in the center of oxy-
gen cuboctahedra. The smallest Bi–Ti atomic distances in
cubic, rhombohedral, and monoclinic structures are 3.38,
3.17, and 3.16 �A, respectively, which are consistent with the
data of X-ray absorption fine structure measurements
(3.22 �A).30 That is, Bi atoms are displaced off from the high
symmetry position in the cubic phase and form a shorter
bond with the titanium atoms in the rhombohedral and mon-
oclinic phases.

The depolarization and relaxor behavior of NBT-based
solid solutions are caused by the existence of nonpolar or
antiferroelectric phases. The zone-center optical phonon
modes of cubic phase for NBT possess five irreducible repre-
sentation: A2u + Eu + F2g + 6F1u + 2F2u, as shown in
Fig. 1(a). A2u and Eu are pure oxygen modes, and F2g mode
is the odd linear combination of two Ti atoms. There are five
IR-active polar TO modes corresponding to atomic displace-
ments of all atoms, and the rest one is the acoustic zero-fre-
quency mode. Two F2u modes are related to oxygen
displacement patterns. Note that there are two unstable
modes in F1u at 187i cm�1 and F2u at 247i cm�1. The former
unstable mode F1u is associated with triply degenerate and
the atomic displacements are principally along the equivalent
[001] direction, suggesting a transition trend from the cubic
phase to the tetragonal phase.22 The latter unstable mode F2u

plays an important role in the rotation of the TiO6 oxygen
octahedra along the z-axis. Factor-group analysis predicts
18 IR and Raman-active modes for the rhombohedral
phase of NBT in the absence of A-site disorder:
ΓR3c,Raman = 9A1 + 9E. When A-site disorder is considered,
five of the A1 modes become silent. The modes A1 and E are
both infrared and Raman active. The A1 symmetry is related
to lattice displacements parallel to the c-axis of the unit cell,
while the twofold-degenerate E mode is associated with pho-
nons propagating perpendicular to the c-axis. Considering
the splitting of each A1 and E mode into the longitudinal
optical and transverse optical components produced by IR
and Raman activity, more modes are visible for the rhombo-
hedral structure.22,23 We cannot see all of them because some
modes become weak and overlapped. Relaxed atomic posi-
tions for the monoclinic structure are listed in Table I. The
monoclinic phase with one effective Na/Bi atom would have
2A

0
+ A

0 0
. The Wyckoff positions 2a and 4b have fractional

coordinates. The decompositions of the group theoretical
irreducible representations (IRD) for the Wyckoff position at
the zone-center Γ point are given.

Temperature dependence of polarized Raman spectra for
NBT-based crystals is displayed in Figs. 1 and 2. The spectra
were corrected for the Bose–Einstein temperature factor to
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eliminate the contribution of the Bose–Einstein population
factor from the measured Raman intensity. The reduced
Raman intensity is written as R(v) = I(v)/[n(v) + 1], where
I(v) is the measured Raman intensity and n(v) = (ehv/kT � 1)�1

is the Bose–Einstein factor. The spectra are in good agreement
with those from reported NBT-based perovskites.31 Raman
bands are relatively broad, mainly due to the disorder on the
A-site. The modes below 150 cm�1 are related to the vibra-
tions of the A-site, including Bi, Na, K, and Ba. The existence
of such obvious modes in the frequency range indicates possi-
ble cation ordering at the A-site. The atomic mass of bismuth
mBi is 208.98. Compared with the heavy bismuth cation,
sodium (mNa = 22.99) and potassium (mK = 39.10) have simi-
lar atomic mass, which means that a mass effect can be negli-
gible for most of the phonon modes, except for those
involving these cations. Note that the ionic radii of K+ and
Ba2+ (rKþ = 1.33 �A, rBaþ = 1.35 �A) are larger than that of Na
+ (rNaþ = 1.02 �A). The increase in the ionic radii results in a
distortion of the structure, which leads to a high-frequency
shift.12 Considering the cation mass on the A-site, the modes
at 150 and 120 cm�1 correspond to Na–O and K–O vibra-
tions, respectively. Their appearance below Tmax indicates the
existence of nanosized (Na1-xKx)

+TiO3 clusters, otherwise the
phonon lifetime would have been too short to result in a
defined Raman band.32 The modes in the frequency of 150–
450 cm�1 are related to Ti–O vibrations. The remarkable red-
shift of 280 cm�1 mode in the VH geometry is seen with
increasing temperature, as shown in Fig. 3. It is assigned as
an A1 mode, representing the strength of the Ti–O bond.
Bands between 450 and 700 cm�1 are related to TiO6

vibrations, which is the breathing and stretching modes of the
oxygen octahedra. The high-frequency bands from 700 to
900 cm�1 are regarded as overlapping between the A1(LO)
and E(LO) modes so far, by assuming the fact that pure NBT
is rhombohedral phase at room temperature.

The present Raman spectra and first-principle calculation
reveal the coexistence of monoclinic and rhombohedral
phases for NBT at room temperature, which agrees well with
recent evidences detected by X-ray powder diffraction,14,15

neutron powder diffraction,19 and transmission electron
microscopy.24 The observed Raman-active mode at 860 cm�1

is assigned as A
0
mode (868 cm�1 from calculation) in mono-

(a) (b)

Fig. 1. (a) Calculated zone-center phonon mode frequencies of NBT in cubic structure. Phonon mode A2u is at 864, Eu at 512, F2g at 424, F1u

at 187i, 89, 147, 379, 554, and F2u at 247i and 154 cm�1, respectively. They are marked as compared with polarized Raman scattering. Raman
spectra of the NKBT8 crystal in (a) < x ∣zx∣ y > (VH) and (b) < x ∣zz∣ y > (VV) scattering geometry, respectively. The asterisk and the dotted
lines are marks of obvious broadening of the 150 cm�1 mode (Na–O vibration), which disappears above Tmax = 600 K. TF–AF is the phase
transition temperature from ferroelectric to antiferroelectric and Tmax corresponds to the temperature of dielectric maximum. Note that each
spectrum is shifted in intensity for clarity.

Table I. Relaxed Monoclinic Structure

WP Equivalent position

Relaxed

position IRD

Na 2a (0, 0.75, 0) 2A
0
+ A

0 0

Na 2a (0.5, 0.75, 0.5) 2A
0
+ A

0 0

Bi 2a (0, 0.25, 0.5) 2A
0
+ A

0 0

Bi 2a (0.5, 0.25, 0) 2A
0
+ A

0 0

Ti 2a (x, 0.25, z) 0.277 (x) 4A
0
+ 2A

0 0

(0.5 + x, 0.25, 0.5 + z) 0.238 (z)
Ti 2a (x, 0.75, z) 0.268 (x) 4A

0
+ 2A

0 0

(0.5 + x, 0.75, z � 0.5) 0.706 (z)
O1 2a (x, 0.25, z) 0.035 (x) 4A

0
+ 2A

0 0

(0.5 + x, 0.25, 0.5 + z) 0.238 (z)
O1 2a (x, 0.75, z) 0.034 (x) 4A

0
+ 2A

0 0

(0.5 + x, 0.75, z � 0.5) 0.464 (z)
O2 4b (x, y, z) 0.292 (x) 6A

0
+ 6A

0 0

(0.5 + x, y, 0.5 + z) 0.485 (y)
(x, 0.5 � y, z) �0.049 (z)
(0.5 + x, 0.5 � y, 0.5 + z)

O3 4b (x, y, z) 0.289 (x) 6A
0
+ 6A

0 0

(0.5 + x, y, 0.5 + z) 0.485 (y)
(x, 0.5 � y, z) 0.464 (z)
(0.5 + x, 0.5 � y, 0.5 + z)

WP stands for Wyckoff positions. IRD is decomposition of the group theo-

retical irreducible representation at the Γ point. Calculated frequencies of 36

A
0
modes for the monoclinic structure of NBT are at 55i, 0.9i, 0.7i, 74, 101,

104, 119, 132, 144, 152, 189, 193, 200, 250, 262, 273, 289, 306, 317, 333, 353,

362, 397, 405, 447, 449, 457, 489, 539, 583, 597, 629, 633, 790, 834, 868 cm�1,

and 24 A
0 0
modes are at 151i, 85i, 60i, 53i, 0.6, 49, 120, 153, 169, 176, 223,

225, 249, 253, 261, 290, 333, 341, 395, 400, 514, 533, 635, 644 cm�1.
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clinic phase, rather than previously assumed A1 mode
in rhombohedral phase (820 or 830 cm�1 from the
calculation).22,23 Therefore, the high-frequency bands are
related to overlap among the A1(LO), E(LO), and A

0
modes

contributed from rhombohedral and monoclinic phases.
Moreover, the observed Raman-active mode at 385 cm�1 is
A

0 0
in the monoclinic phase instead of A1 in the rhombohe-

dral structure. As listed in Table II, a phonon mode at
385 cm�1 is assigned as A

0 0
at 395 cm�1 of monoclinic phase,

instead of previously assumed A1 at 402 or 398 cm�1. A pho-
non mode appears at 54 cm�1, which is assigned as A

0 0
from

monoclinic structure. Such low-frequency vibrational mode
has not been assigned so far in NBT, mainly due to the exis-
tence of rhombohedral phase instead of coexistence of mono-
clinic and rhombohedral phases before. For example, the
lowest calculated phonon frequencies for rhombohedral
structure is at 108 cm�1 as E mode, similar to that reported
from others (109 or 116 cm�1),22,23 which cannot explain the
vibration modes below 100 cm�1. The presence of such low
mode below 100 cm�1 was assumed as Bi–O bond, because
measured and calculated phonon frequencies in a-Bi2O3

revealed the existence of Ag and Bg modes at 52 and 58 cm�1

or 40 and 57 cm�1 for the experiment and calculation,
respectively.32 Note that the frequencies of Ag and Bg modes
are grouped in pairs.

Coexistence of ferroelectric monoclinic phase and other
ferroelectric phases including rhombohedral or tetragonal
structure is reported in other perovskite-type relaxor systems.
For instance, in the MPB region for PZT or PMN–PT sys-
tem, a monoclinic phase was observed as a bridging phase,

Fig. 2. Polarized Raman spectra of NBT, NKBT8, and NBBT5 crystals at selected temperatures. The overlapped bands between 10 and
100 cm�1 have been deconvoluted after baseline correction.

Fig. 3. Temperature dependence of phonon mode frequency for
NKBT8, NBBT5, and NBT crystals. Note that the distinct variation
trends appear across the ferroelectric to antiferroelectric phase
transition temperature TF–AF and Tmax corresponding to the
temperature of dielectric maximum, respectively.
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which mediates the structural transition from rhombohedral
to tetragonal phase.33 Since the extraordinary piezoelectric
properties and monoclinic phase were found in the MPB
region, a long debate on the relationship between the mono-
clinic phase and the giant piezoelectric response was ignited.
However, NBT has rather moderate piezoelectric coefficients.
The present work reports a coexistence of monoclinic and
rhombohedral structures in pure NBT, showing no close rela-
tionship between monoclinic phase and large piezoelectricity.
The high piezoelectric response in NBT-based systems is
associated with the mechanism of polarization rotation. It is
similar to that in lead-based relaxors, with the highest piezo-
electricity appearing along the [001]cub-poling direction rather
than along the [111]cub-polar directions of the rhombohedral
phase. According to the polarization rotation theory, ferro-

electric–ferroelectric instability is related to the formation of
a bridging monoclinic phase, providing continuous low
energy pathways for polarization vector to rotate under
application of external electric field.34

A weakening of the bonding between the A-site cation and
oxygen leads to the softening of A-site modes with increasing
temperature. The anomaly at 525 K (TF–AF) is associated
with the loss of orbital hybridization between the 6s2 orbitals
of the Bi3+ and the oxygen p orbitals due to the presence of
a lone pair in Bi3+.31 Note that high Curie temperature of
lead titanate (PbTiO3)-based solid solutions is due to the
hybridization of the A-site lone pairs with oxygen.35 The
first-principle study of PbTiO3 indicates that the rotation of
TiO6 octahedron and the ferroelectric displacement are domi-
nated by the Pb–O and Ti–O covalent interactions. More-
over, ferroelectric or antiferrodistortive phase transitions are
governed by the balance between the strength of the Pb–O
and Ti–O covalent interactions.36 The hybridization of Pb 6s
valence electrons with O 2p states as well as the displace-
ments of the Pb2+ ions is regarded as the main factors for
the enhanced ferroelectric properties.37 Octahedral tilting in
perovskites can be controlled by variations of covalent bond-
ing through the mixing of occupied and unoccupied orbitals
driven by the distortion. A hybridization and shift in electron
density from oxygen to Ti4+ can be caused by the empty
d-shell of the central atom. Similar process was found in oxi-
des containing a d 0 transition metal (Ti4+, Nb5+, W6+, etc.)
and a lone-pair cation.38

Three main IR modes are observed near 100, 320, and
620 cm�1. Compared with IR spectra in Fig. 4, the Raman
modes near 150 and 530 cm�1 are regarded as the IR modes
activated due to the breaking of the inversion.39 The broad
Raman hump near 800 cm�1 corresponds to the weak IR
mode. This is in good agreement with calculated frequency
of A1 mode at 793 cm�1 for NBT. The disagreement between
the theoretical and experimental data is due to the absence

Table II. Calculated Frequencies for the Rhombohedral and
Monoclinic Structures of NBT

Frequency This work Ref. [22] Ref. [23]

Exp./Cal. Phonon modes Cal. Exp./Cal.

54/49 A
0 0

– –
141/133 A1 137 141/134
213/211 A1 234 235/233
283/278 A1 280 274/276
385/395 A

0 0
402 (A1) �/398 (A1)

501/510 E 547 527/549
585/583 A1 575 573/575
595/597 E 591 �/594
763/790 A

0
– 750/737 (A1)

860/868 A
0

820 (A1) 869/830 (A1)

The phonon mode frequencies of the NBT single crystal are extracted from

the Gaussian curve fitting [Fig. 4(d)] at 300 K. The experimental and theoreti-

cal data from the NBT crystals have been taken from Refs. [22] and [23] for

comparison. Note that the unit is cm�1.

(a)

(b)

(c)

(e)

(d)

Fig. 4. The unit cells of (a) cubic, (b) rhombohedral, and (c) monoclinic phases of NBT. (d) Deconvolution of the Raman spectra at 300 K. (e)
Infrared reflectance spectra of NBT, NBBT5, and NKBT8 crystals at room temperature.
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of A-site disorder in the theoretical model and temperature
difference. The temperature evolution of the peak position, full
width at half maximum (FWHM), and intensity for the A

0 0

mode at 49 cm�1 are associated with phase transitions. In the
absence of phase transitions, one would expect a phonon
mode softening and a steady increase in FWHM with increas-
ing temperature. It demonstrates a smooth decrease in the
unit-cell anisotropy with increasing temperature. For NBT-
based systems, the phase transitions occur mainly in one crys-
tallographic direction.31 With increasing temperature, a more
disordered lattice is obtained. This is mediated by a weakening
of the Bi–O hybrid orbitals, which leads to an enhanced polar-
izability of the unit cell. Two frequency deviations from linear-
ity are observed at 525 and 600 K for NBT, 425 and 550 K
for NBBT5, and 450 and 600 K for NKBT8, as shown in
Figs. 3 and 5. They are associated with the ferroelectric–anti-
ferroelectric phase transitions temperature TF–AF and Tmax

corresponding to the temperature of dielectric maximum ɛm.
For NBT and NBBT5, our results are in good agreement with
phase diagram of NBBT by anelastic and dielectric measure-
ments.40,41 The ferroelectric–antiferroelectric phase transitions
temperatures TF–AF were reported as 523 K for NBT and 450/
473 K for NBBT5, while Tmax were 603 K for NBT and 550/
543 K for NBBT5.40,41 For NKBT8, it agrees well with dielec-
tric constant measurement, which shows that the parameter
Tmax is located between 589 and 591 K according to different
orientations (〈001〉, 〈110〉, 〈111〉) of NKBT8.25 It indicates
that the dielectric anisotropy is rather weak. The red shifts of
frequency with increasing temperature for A

0 0
mode and Ti–O

bond suggest that the particular phonons are directly involved
in the phase transitions.

IV. Conclusions

As a result of polarized Raman spectra and first-principle cal-
culation, the assignment of the bands to certain vibrational
modes is carried out by consideration of both rhombohedral
and monoclinic phases. It is found that three Raman-active
phonon modes at 395, 790, and 868 cm�1 are A

0 0
, A

0
, and A

0

modes of monoclinic phase instead of A1 modes from
rhombohedral phase assumed so far. Furthermore, a low-fre-
quency phonon mode at 49 cm�1 is assigned as A

0 0
and its

temperature dependence is provided. Structural changes in
NBT-based solid solutions are revealed by polarized Raman
and IR spectra. Group-theory predicts two unstable modes
F1u at 187i cm�1 and F2u at 247i cm�1 in cubic structure,
which indicate a phase transition trend from cubic structure
to tetragonal structure. Two frequency deviations from linear-
ity are observed at 525 and 600 K for NBT crystal, 425 and
550 K for NBBT5 crystal, and 450 and 600 K for NKBT8
crystal, respectively. The present results improve the knowl-
edge of the coexistence of ferroelectric phases in pure NBT
and ferroelectric phase transitions in NBT-based systems.
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