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We use a combination of first-principles density functional theoretical analysis and experimental
characterization to understand the lattice dynamics, dielectric and ferroelectric properties of lead-
free relaxor ferroelectric Nag sBigsTiO; (NBT) system. Vibrational spectrum determined through
our calculations agrees well with the observed Raman spectrum, and allows assignment of
symmetry labels to modes. The calculated Born effective charges reveal (a) two distinct types of Ti
ions at the B-site with anomalous dynamical charges differing by up 1.6e, and (b) Na and Bi ions at
the A-site exhibit disparate dynamical charges of about 1 and 5.5e, respectively. Thus, there exist
hetero-polar activity at both A and B-sites in NBT, and disorder associated with these hetero-polar
ions is responsible for its relaxor behaviour. Large dielectric response of NBT arises primarily
from phonons, and specifically the modes involving Bi-O (109cm™') and Ti-O (246, 276cm ™)
vibrations, respectively. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804940]

. INTRODUCTION

Many devices such as sensors, actuators, accelerometers,
etc., use lead based piezoelectric solid solutions near the
morphotropic phase boundary (MPB). However, due to toxic
nature of lead, there is a growing interest in the development
of high performance lead-free piezoelectrics.'™ In recent
years, NagsBigsTiO; (NBT) and its solid solutions have
emerged as promising alternative to lead-free piezoelectric
compounds.*'° The NBT is a relaxor perovskite (ABO3) with
A-site being equally shared by two different cations, a prop-
erty uncommon in most of the ABO;3 systems. The relaxor
behavior of NBT is suggested to be due to cation disorder at
the A-site (Na/Bi). As confirmed by recent neutron diffraction
experiments, the NBT system undergoes several phase transi-
tions in the temperature range of 5SK-900K.'" At the room
temperature, it stabilizes in rhombohedral structure with non-
centrosymmetric R3¢ space group symmetry and shows un-
usual ferroelectric and dielectric properties.''™* The structure
also exhibits anti-phase (@ a a ) TiOg octahedra tilting.
Further, it exhibits a spontaneous polarization at the room
temperature resulting from the cation displacements along the
3-fold [111] direction with remnant polarization value P, =
38 uC/ecm? and a large coercive field E. = 70kV/cm."? Even
though the remnant polarization in NBT is strong, the large
coercive field makes its piezoelectric properties undesirable.
However, improved piezoelectric properties of NBT and its
solid solutions by cation substitution at the A and B-sites have
been reported.'*° In particular, NBT based solid solutions
show significant improved piezoelectric behavior around the
MPB region. Furthermore, their structural properties in terms
of octahedral tilting and phase-coexistence at nanoscale level
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were found to be quite interesting.”' > This has further
fuelled the interest in NBT system as it remains to be under-
stood the origin of various intrinsic properties and their
structure-property correlations. In recent years, Raman and
Infrared spectroscopic techniques have been used to study var-
ious structural aspects in NBT system and its solid
solutions.”**” These techniques are advantageous as they pro-
vide precise information of local distortions and ionic configu-
rations in the crystal structure.**

Reported theoretical studies on room temperature rhom-
bohedral phase of NBT are relatively very few. In particular,
no theoretical support exists to the experimentally measured
Raman spectra, spontaneous polarization, dielectric proper-
ties, etc. In this paper, we address these issues within the ab-
initio density functional theoretical framework, and identify
spectroscopic  signature of the rhombohedral structure
through comparison with the experimental Raman spectrum.
At the same time, the atomistic mechanisms are determined
that may be relevant to the relaxor behavior of NBT.

This paper is organized as follows. The theoretical anal-
ysis is discussed in Sec. II with the computational details and
the electronic structure of NBT in Secs. II A and II B, respec-
tively. The results for spontaneous polarization, Born dy-
namical charges, zone-center phonon modes, and dielectric
properties are discussed in Secs. I C-II E. The sample prepa-
ration and the X-ray diffraction analysis are described in
Secs. IIT A and III B. The polarization, Raman, and dielectric
measurements are discussed in Secs. III C-IITE. Finally, we
conclude in Sec. I'V.

Il. THEORETICAL DETAILS

A. Computational methodology

We use density functional theory (DFT) (Ref. 33) with
the ultrasoft pseudopotentials (USPP) (Ref. 34) as

© 2013 AIP Publishing LLC
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implemented in pwscr (Ref. 35) package. The exchange-
correlation energy is approximated within a local-density
approximation (LDA). Kohn-Sham wave functions are
expanded in plane wave basis with a kinetic energy cutoff of
35 Ry (and charge density with a cutoff of 280 Ry). We use
16 x 16 x 16 Monkhorst-Pack k-point mesh for the Brillouin
zone sampling. Self-consistency in calculations is achieved
until the total energies are converged to 10~ ®eV/cell, and
the structures are relaxed until the largest force becomes less
than 10~2eV/A. DFT-Linear response is used in determina-
tion of Born-effective charge tensors, dielectric permittivity
tensors, and zone-centered phonon frequencies, with iterative
Green'’s function approach of density-functional perturbation
theory as implemented in pwscr (Ref. 35) package.

B. Crystal and electronic structure of NBT

At room temperature, bulk NBT crystallizes in the non-
centrosymmetric thombohedral structure (space group R3c).
Though Na and Bi atoms occupy A-site in disordered way,
we use a unit cell consisting ten atoms (see Fig. 1) in our cal-
culations, in which Na and Bi ions are ordered in a cell
doubled along [111] axis of the perovskite structure. The z
axis is taken along the 3-fold [111] axis. As given in Table I,
the theoretical estimates of the lattice constant and angle (o)
are in good agreement (within 1%—-2%) with the experimen-
tal values (see Sec. III B). The calculated volume and the in-
ternal structural parameters (x,y,z) are within 4%-5% of
experimental values.

In Fig. 2, we show the total and projected density of
electronic states of NBT calculated at the optimized struc-
tural parameters. As evident from Figs. 2(a)-2(e), the va-
lence band (VB) extends from —5eV to OeV, and the states
in the VB are primarily constituted of O-2p states. There is a
weak hybridization between O-2p orbitals and (a) Bi-6p at
lower energy part of the VB, and (b) Ti-3d orbitals in higher
energy part of the VB. Such hybridization between cation
and anion orbitals results in mixed ionic-covalent bonding in
NBT, which is further evident from the anomalous Born
effective charge tensor of Bi, Ti, and O ions (see Subsection
IIC). The covalent-ionic type bonding between Bi and O is
expected as Bi’" is isoelectronic to Pb>", and shows lone
pair effect similar to that of Pb®" in ferroelectric PbTiOs.

FIG. 1. The rhombohedral (R3c) unit cell of NBT. The lattice constant,
angle, and the structural parameters are given in Table I.
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TABLE 1. Theoretical and experimental lattice constant a, (A), angle o (in
degrees), structural parameters (x,y,z), and volume Q(A3) of R3¢ NBT.

Experiment

Theory (This work) Ref. 11
a, 5.421 5.4987 5.5051
o 59.499 59.7974 59.8027
Q 111.4 117.02 117.7
Na/Bi
X 0.2707 0.2611 0.2627
y 0.2707 0.2611 0.2627
z 0.2707 0.2611 0.2627
Ti
X 0.0117 0.0063 0.0063
y 0.0117 0.0063 0.0063
z 0.0117 0.0063 0.0063
(0}
X 0.1827 0.2070 0.2093
y 0.3140 0.2866 0.2933
z 0.7441 0.7496 0.7496

The cation-anion orbital hybridization suggests the ferroelec-
tric order in NBT to be A- as well B-site driven. The states in
the conduction band (CB) in the energy range 2.0-5.0eV
arise primarily from the Ti-3d orbitals in addition to Bi-6p
states with weaker contribution.

C. Born effective charge tensors

Born effective charge tensor (Z;‘j.f) of an atom 7 is
defined as the induced polarization along the direction i by a
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FIG. 2. (a) The total density of states of NBT. The partial density of states
of NBT projected onto orbitals of (b) Ti atom, (c) Bi atom, (d) O atom, and
(e) Na atom. Fermi energy is indicated by the dashed line.
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TABLE II. Components of calculated Born effective charge tensors of Na, Bi, Ti, and O atoms in NBT. Last three columns show the eigenvalues of the
symmetric part of the full tensor. (See Table I and Fig. 1 for position of atoms).

Zy Zy Z Zyx Zyy Z,: Z Zy Z. Z 2 Z3
Na 1.11 —0.03 0.00 0.03 1.11 0.00 0.00 0.00 1.12 1.11 1.11 1.12
Bi 5.36 0.52 0.00 —0.52 5.36 0.00 0.00 0.00 4.02 5.36 5.36 4.02
Til 6.07 0.00 0.00 0.00 6.07 0.00 0.00 0.00 6.27 6.07 6.07 6.27
Ti2 7.15 —0.67 0.00 0.67 7.15 0.00 0.00 0.00 4.65 7.15 7.15 4.65
01 —3.47 —0.74 —1.38 —0.68 —3.48 —1.16 —1.17 —1.23 —2.32 —5.23 —2.77 —-1.27
02 —4.09 0.32 1.70 0.38 —2.85 —0.61 1.65 —0.40 —2.32 —5.23 —1.27 —2.76
03 —2.86 0.33 —0.32 0.39 —4.09 1.78 —0.48 1.63 —2.32 —5.24 —2.76 —-1.27
04 —4.02 -1.29 —0.81 —1.46 —2.17 -0.27 —0.83 —0.36 —3.04 —5.12 —1.43 —2.68
05 —1.44 -0.03 0.17 —0.20 —4.75 0.83 0.10 0.89 —3.04 —1.43 =5.11 —2.68
06 —3.83 1.57 0.63 1.40 —2.37 —0.57 0.72 —0.54 —3.04 —5.12 —1.44 —2.68

unit displacement in the direction j of the sublattice of
atom 7. Anomalous value (deviation from the nominal
charge) of Born charge is often an indicator of the role of the
ion in contributing to ferroelectricity through off-centering,
so called ferroactivity.>® The calculated effective charge ten-
sors of Na, Bi, Ti, and O atoms are presented in Table II.
Due to higher local site symmetries of Na, Bi, and Ti atoms,
their respective effective charge tensors are almost diagonal
with at most two independent components. On the other
hand, the Born effective charge tensors of O atoms are quite
anisotropic with all the components being independent due
to lower local site symmetry. As evident, the effective
charges of Bi, Ti, and O atoms deviate significantly from
their nominal ionic values, indicating the mixed ionic-
covalent Bi-O and Ti-O bonding due to hybridization of
O-2p orbitals with Bi-6p and Ti-3d orbitals noted earlier. The
charge tensor of Na atom is isotropic, and has only one inde-
pendent component, and its value is quite close to its nominal
ionic value of +1. This indicates that the Na-O bonding in
NBT essentially remains ionic. The effective charge tensor of
Bi atom has two independent components: one parallel (Zﬁ)
and two perpendicular (Z*) to the rhombohedral [111] 3-fold
axis. The calculated values of Z7 (+5.36) and Z‘*‘(—i—4.02) are
higher than the ionic value of +3. Smaller value of the paral-
lel component reflects that inversion symmetry along [111]
axis already broken as it is the polar axis, and off-centering is
still possible along directions perpendicular to [111] axis
(reflected in soft modes, see Sec. IID). The Z* tensor of Til
atom (see Fig. 1) located at (x,x,x) atom is diagonal and has
two 1ndependent components: Z* (4+6.26) and Z7] (+6.06).
The Z" of Ti2 located at (1/2—|—x], Uh+x1, 1/2+x1) has a
small antisymmetric off-diagonal component Z{ (—0.67) in
addition to Z (+4.64) and Z7 (+47.15). Here too, the charge
tensor components are more anomalous along directions per-
pendicular to the polar axis. It is noteworthy that Z* of the
two Ti ions is quite disparate, particularly along the polar
axis. Thus, hetero-ferroactive (or heteropolar) disorder at
both the A and B sites is expected to be relevant to the relaxor
behavior of NBT, as noted earlier based on our findings on
hybridization. The diagonal components of Z* tensor of O
atoms vary from —1.44 to —4.09.

Our estimate of the spontaneous polarization (P,) of NBT
obtained using the Berry phase method®’ is 26.3 uC/cm?, in

reasonable agreement with the experimental value of Py =
38 uC/ecm? as shown in Fig. 4 (see later, Sec. III C).

D. Phonon frequencies at the I'-point

The zone-center optical phonon modes of the R3¢ phase
of NBT in the absence of A-site disorder can be classified

according to following irreducible representation: .
I'=9A,®9E. (1)

Raman/IR

The optical non-degenerate A; and doubly degenerate E
modes are polarized along z-axis and in x-y plane, respec-
tively. The A, and E optical modes are both Raman and IR
active. However, when A-site disorder is taken into account,
five of the IR/Raman modes with A; symmetry turn silent
and the irreducible representation is modified as follows:*’

[ =44, DIED 54, . 2)
—_— ~~

Raman/IR Silent

Since we simulate a specific ordered configuration with a ten
atom periodic cell in our calculations, we list calculated fre-
quencies of the transverse (TO) and longitudinal (LO) opti-
cal modes in Table III according to the representation shown
in Eq. (1). Overall, the agreement between the theory and
experiment is reasonable. However, it should be noted that
the experimental values listed in Table III are obtained at the
room temperature rendering the direct comparison with the
zero temperature theoretical values a bit tricky. The dis-
agreement between the theoretical and experimental values
can be attributed partially to the absence of A-site disorder in
the theoretical model and the temperature difference.

The lowest frequency modes in the range of
109-134cm ™' are dominated by displacement of Bi ions.
The modes in the frequency range of 155-187 cm™ ! and
246-401 cm ™! are dominated by Na-O and TiOg vibrations,
respectively, and higher frequency modes in the range
413-826cm ™' are primarily associated with the oxygen
atoms vibrations. As evident from Table III, the LO-TO
splitting is noticeable, as large as 180cm ', but much
weaker than that in ordered perovskites like PbTiOs.
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TABLE III. Fundamental frequencies (cm ') of NBT with their symmetry
assignments. Experimental data were taken at the room temperature.

Experiment
Mode Theory This work Ref. 24 Ref. 29
E(TO1) 109
E(LO1) 130 120
A((TO1) 134 141 131 142
A(LO1) 136
E(TO2) 155
E(LO2) 163
A(TO2) 163 165
A(LO2) 178
E(TO3) 187
E(LO3) 202
A((TO3) 233 235 220
A (LO3) 234
E(TO4) 246
E(LO4) 300
A(TO4) 276 274 279 281
A(LO4) 307 306
E(TOS) 302
E(LO5) 344 340
A(TO5) 317
A (LO5) 398
E(TO6) 349
E(LO6) 412
A(TO6) 401
A (LO6) 410
E(TOT7) 413
ELO7) 444
A(TO7) 428
A((LO7) 469 490 491
E(TOS) 549 527 521 531
E(LOB) 591
A(TOB) 575 573 576 585
A (LOB) 737 750 754 748
E(TO9) 594
E(LO9) 774
A(TO9) 825 820 803
A(LO9) 830 869 829 860

E. Dielectric permittivity tensors

The form of electronic (¢°) and the static (¢) dielectric
permittivity tensors is determined by the symmetry of the
crystal. For R3¢ symmetry, there are two independent com-
ponents (¢g)) and (¢1) along and perpendicular to the 3-fold
[111] axis, respectively. The average values of ¢* and &°
listed in Table IV are obtained by taking one-third of the
trace of respective dielectric tensors. The calculated dielec-
tric tensor component values are expected to be overesti-
mated by about 10% due to underestimation of bandgaps in a
DFT calculation. This error is generally attributed to the lack
of polarization dependence in the exchange-correlation
functional. The static dielectric tensor is calculated from the

following classical dispersion formula:***!

S
. ‘ myof

fop =635+ > tmap = Egp + ZW’ ©)
m m "
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TABLE IV. Electronic and static dielectric tensors of NBT. The tensors are
diagonal and have different components perpendicular (L) and parallel (]|)
to 3-fold [111] symmetry axis.

e* e’ sﬁ" &0 s‘i sﬂ
Theory 6.83 7.14 6.21 39.66 43.81 31.37

Exp.? 5.51

“Reference 46.

where 8;”[, is the contribution of the mth mode to the dielec-
tric response, S,, 4 is the oscillator-strength of the mth mode,
Q is the primitive cell volume, & is the vacuum permittivity,
and w,, is the angular frequency of the mth mode. The oscil-
lator strength (S, ,p) is related to the Born effective charge
tensors (Z;,;) and the eigenvectors (n,,(tf)) with the
following:42

Snsp = (2 Zeaamn)) (22 i) )

“f

Table V shows the parallel and perpendicular (to 3-fold
[111] axis) components of mode effective charges and the
mode contribution to the dielectric response. The mode
effective charge (Z;, ) is defined as follows:*?

Z Z:,oz[?r]m (Tﬁ)

.p

an o« = )
’ \/Z 15 (B) 1, (2B)
B

(&)

where Z7 ; is the effective charge of ion 7, and N, (Th) is the
eigenvector of the mth mode. The eigenvectors satisfy the
following condition:

TABLE V. Components of mode effective charge vector (Z;,) and different
mode contribution to static dielectric tensor perpendicular (L) and parallel
(II) to 3-fold [111] symmetry axis.

Modes z Zn & sﬂ
E(TO1) 5.48 0.0 16.93 0.0
A(TOL) 0.0 1.67 0.0 1.68
E(TO2) 245 0.0 3.13 0.0
A(TO2) 0.0 2.79 0.0 5.71
E(TO3) 3.81 0.0 4.50 0.0
A(TO3) 0.0 0.78 0.0 0.3
E(TO4) 8.87 0.0 10.07 0.0
A(TO4) 0.0 6.67 0.0 11.7
E(TO5) 1.39 0.0 0.28 0.0
A(TOS) 0.0 3.18 0.0 2.58
E(TO6) 2.08 0.0 0.28 0.0
A,(TO6) 0.0 0.80 0.0 0.05
E(TO7) 0.41 0.0 0.01 0.0
A(TO7) 0.0 1.95 0.0 0.51
E(TO8) 5.58 0.0 1.39 0.0
A(TOS) 0.0 4.93 0.0 1.99
E(TO9) 1.58 0.0 0.08 0.0
A(TOY9) 0.0 0.72 0.0 0.02
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ZMr'];(Tﬁ)”In(Tﬁ) = O, (6)

o

where M, is the mass of ion 7. The A;(TO4) and E(TO4)
modes with frequencies 276cm™' and 246cm™ ' exhibit
highest mode effective charges resulting in high oscillator-
strengths. These modes are associated with the TiOg vibra-
tions. The highest contribution to the dielectric response in
the plane perpendicular to the polar axis ([111]) comes from
the lowest frequency E symmetry mode due to its high
oscillator-strength and the frequency factor in Eq. (3). This
mode primarily involves Bi-O displacements in addition to
some degree of Ti-O displacements. In contrast, dielectric
response along the direction parallel to the polar axis is
dominated by the mode A;(TO4), mainly due to its large os-
cillator strength.

lll. EXPERIMENTAL DETAILS
A. Sample preparation

Single phase NBT system is prepared by conventional
solid state sintering technique using high purity precursors;
Na,CO3, Bi,03, TiO; (99.99% Sigma Aldrich Chemicals,
USA). After loss of ignition, the precursors are weighed
carefully according to proper stoichiometric ratios and sub-
sequently milled and calcined at 800 °C for 3 h. The calcined
powders are further milled, sieved, and compacted into a cir-
cular disc. The disc is finally sintered at 1150°C for 3h in
air atmosphere. Phase analysis of the sintered NBT sample is
performed using powder x-ray diffractometer (PANlytical
X’pert pro; Cuko radiation 4= 1.5406 A). Raman spectrum
is obtained using a Laser Micro Raman spectrometer
(Bruker, Senterra) in a back—scattering geometry with an ex-
citation source of 532nm. The power of laser spot on the
polished sample surface is 10 mW, causing insignificant
sample heating. The data are collected with frequency incre-
ment of 0.5 cm™' and with an integration time of 10s.
Polarization (P) vs. electric field (E) hysteresis measure-
ments are obtained at 1Hz on the silver electroded NBT
sample upto the maximum amplitude (i.e., the amplitude
until dielectric breakdown occurs) using an TF-Analyzer
2000 (aixACCT systems, GmbH).

B. X-ray diffraction analysis:

Phase analysis of sintered NBT sample is performed
using powder X-Ray diffraction. Before the XRD measure-
ments, the finely grounded sample is annealed at 400 °C to
relieve the mechanical strains developed in the sample dur-
ing grinding. Reitveld refinement (FULLPROF software
package-version 2000) of the room temperature X-ray dif-
fraction data is carried out for phase analysis using R3¢ space
group as a model. The refined parameters are summarized in
Table I. Finally, our structural refinement shows a decent fit
for R3¢ model with an inset showing the magnified lower
angle region indicating their goodness of fit (see Fig. 3). The
refined NBT pattern also indicates the single phase charac-
teristics with no other secondary phases being observed
along with primary R3¢ phase. The observed, calculated, and

J. Appl. Phys. 113, 194106 (2013)
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FIG. 3. Reitveld refined X-ray diffraction pattern of the sintered NBT sam-
ple with the inset showing the magnified lower angle region.

difference profiles from the final refinement are as follows:
R,=8.86, R, =11.3,and y° = 1.94.

C. Polarization measurements

P vs. E hysteresis measurement performed on NBT sam-
ple at 300 K depicts a hard ferroelectric behavior with a large
coercive field Ec = 65kV/cm (i.e., [(+Ec) 4+ (—E)]/2), along
with a high remanent polarization value P, = 38uC/cm’
(i.e., £P,/2) (see Fig. 4). Higher P, value indicates that defi-
ciency of Na/Bi is minimal and indicates the near ideal stoi-
chiometry (i.e., & Nag sBio.s)."> However, a slight decrease in
Ec values can be attributed to oxygen vacancies in the NBT
system, due to higher sintering temperature.43

D. Raman measurements and analysis

Figure 5 shows the room temperature Raman scattering
spectrum of the sintered NBT sample (polished surface). The
observed Raman spectrum for NBT is consistent with previ-
ous reports.”*° It is observed that Raman modes of the
NBT system are overlapped together and appear as four
major bands labeled as A, B, C, and D (see Fig. 5). The de-
convoluted phonon modes are tabulated in Table-III and are
in good agreement with the theoretically calculated zone-
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FIG. 4. Room temperature P vs. E hysteresis loop and corresponding I-V
curve of NBT sample.
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Experimental Data
at 300K
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FIG. 5. Raman spectrum of NBT sample measured at 300 K. The overlapped
bands (A-D) have been de-convoluted into their individual components as
indicated by arrows after base-line correction.

center phonon modes. It should be noted that symmetry
mode assignment is not done for experimental values of pho-
non modes as an un-polarized laser beam is used. In Table
III, the experimental mode values are compared with most
closely matched theoretical values.

E. High temperature Impedance measurements and
analysis

The temperature dependence of dielectric permittivity
(¢ =Cd/e,A) and loss angle (tand) for NBT in the fre-
quency range from 5 kHz to 1 MHz is shown in Figure 6(a).
It is evident from the dielectric plot that ¢ increases gradu-
ally with temperature until Ty, (i.e., the transition tempera-
ture where the dielectric maximum occurs) and then
decreases further with a diffused phase transition near Ti,.
The diffused phase transition is known to be one of the char-
acteristic feature of relaxor ferroelctrics.***> Though a
strong frequency dependence in T, is not observed (see Fig.
6(a)), the same is apparent in tand near Ty (i.e., depolariza-
tion temperature) as shown in the inset of Fig. 6(a). The
inverse dielectric permittivity (1/¢’) as a function of temper-
ature is shown in Fig. 6(b). It is known that the ¢’ follows the

J. Appl. Phys. 113, 194106 (2013)
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FIG. 6. (a) ¢ vs. T (°C) plot depicting diffused phase transition near T,
(i.e., 2 310 °C for 100kHz data) along with tano vs. T (°C) in the inset of
Fig. 6(a). (b) Curie-Weiss (1/¢' vs T(°C)) and diffusivity plots (inset of Fig.
6(b)) indicating the relaxor behavior of NBT.

Curie-Weiss law, ¢ = C/(T — Tcw), in paraelectric regime
in conventional ferroelectric materials. Here, the C and Tcw
are Curie-weiss constant and Curie-Weiss temperature,
respectively.***> As seen in Fig. 6(b), the ¢ vs. T deviates
from the Curie-Weiss behavior in NBT due to disorder. The
order of diffusivity or disorderness in NBT can be analyzed
using  modified Curie-Weiss law: 1/ —1/¢,, =
(T —T,)"/C where y is the diffusivity parameter and T,, is
the temperature at which ¢’ is maximum (&,,). The diffusivity
parameter (y) is calculated from the slope of log(1/¢ —
1/€ ) vs log(T — T,,) plot as shown in the inset of Fig. 6(b).
The value of y approaches 1 in case of a conventional ferro-
electric, whereas it is 2 for an ideal relaxor ferroelectric.*>*¢
For NBT, the 7y is found to be 1.53 (at 100kHz) indicating
that the phase transition is diffusive. The relaxor feature in
NBT may be attributed to cation disorder and their hetero-
polar nature as discussed in Sec. II C.

IV. CONCLUSIONS

The structural, electronic, lattice dynamical, and dielec-
tric properties of the relaxor ferroelectric NBT are studied
experimentally as well as from first-principles calculations.
A reasonably good agreement is obtained between the exper-
imentally observed structure, Raman modes, and spontane-
ous polarization and those obtained from the theoretical
calculations. The Born effective charges of ions are found to
be anisotropic, in particular, those of oxygen. The Born
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effective charges of Bi and Ti ions are significantly larger
than their nominal charges, particularly in direction perpen-
dicular to the 3-fold [111] symmetry axis. Further, they show
hetero-polarity of ions at both A and B sites, disorder
between which is the atomistic feature relevant to relaxor
properties. In addition, the mode-effective Born charges and
contribution of different modes to the dielectric response are
determined. The lowest frequency mode (109 cm ') involv-
ing Bi-O vibrations dominates the dielectric response along
the polar direction, while modes at 246 and 276 cm ! involv-
ing TiO¢ vibrations are found to contribute significantly to
the dielectric response in the plane perpendicular to the polar
direction. We hope our study will further stimulate theoreti-
cal and experimental studies of NBT with disorder at A site
and associated lattice dynamical properties.
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