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Pressure-induced structural transformations in (1−x)Na0.5Bi0.5TiO3−xBaTiO3
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Pressure-induced structural transformations up to 8.9 GPa in the perovskite-type (ABO3)
(1−x)Na0.5Bi0.5TiO3−xBaTiO3 (NBT-xBT) at the morphotropic phase boundary (MPB), xMPB = 0.048, were
studied by means of polarized Raman spectroscopy and single-crystal x-ray diffraction. Raman spectroscopic
analysis was also performed on reference undoped NBT to reveal the effect of chemical composition on the
response of the atomic dynamics to isotropic elastic stress. Our results demonstrate that, like Pb-based relaxors
and pure NBT, NBT-0.048BT undergoes multistep structural alteration to a high-pressure state consisting of
reduced off-centered displacements of B-site cations, enhanced antipolar order of off-centered shifts of A-site
cations, and induced BO6 tilt order. The comparison between NBT and NBT-0.048BT reveals that Ba doping
at the level of the MPB composition smears out the pressure range of ongoing structural transformations,
slows down the suppression of off-centering for both A- and B-site cations, and hardens the A-cation subsystem
but softens the B-cation subsystem. The larger volume compressibility of NBT-0.048BT with respect to
NBT suggests that the softening of the B-cation subsystem due to the substitution of Ba controls the bulk
compressibility at the MBP.
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I. INTRODUCTION

Perovskite-type (ABO3) ferroelectrics are widely used
functional materials which have found numerous applica-
tions in electronic devices such as sensors, actuators, and
capacitors [1]. Currently, mainly Pb-based perovskite-type
ferroelectric materials are in industrial use, but due to contin-
uously growing concerns related to the toxicity of lead, they
should be replaced by ecologically friendly alternatives in the
near future. Solid solutions exhibiting a morphotropic phase
boundary (MPB), where the symmetry of the ferroelectric
phase changes upon compositional variations and the material
properties are enhanced, are of particular interest, as small
changes in the composition affect the nanoscale structure,
which in turn allows for tuning the properties [2–4]. The
ferroelectric solid solution (1−x)Na0.5Bi0.5TiO3−xBaTiO3

(NBT-xBT) is a promising candidate as a lead-free func-
tional material because it exhibits heavy nanoscale structural
inhomogeneities [5–8] and a MPB at x = 0.5−0.6, where
the dielectric permittivity, piezoelectric coefficient, and elec-
tromechanical coupling factor are strongly boosted [9–12].
The existence of polar nanoregions (PNRs), consisting of
cationic off-center displacements with a coherence length of
only a few nanometers, was suggested for NBT-xBT with
0 � x � xMPB [13,14], like the structural state of Pb-based re-
laxor ferroelectrics [15], while the occurrence of nanoregions
comprising polar shifts of A-site cations that are antiparallel
to those of the B-site cations was proposed for compositions
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with xMPB � x � 0.11, giving rise to the so-called relaxor
antiferroelectric state [16]. Authors of further studies have
indicated that, for Ba-doped NBT with 0.013 � x � 0.074,
mesoscopic-scale antiferroelectric order in the A-cation sub-
system coexists with mesoscopic-scale ferroelectric order
within the B-cation subsystem between the temperature of the
dielectric-permittivity maximum Tm and the depoling temper-
ature Td [17,18]. Pure NBT is characterized by local-scale
A-site chemical order [19–23] and octahedral tilting [24]. The
addition of BaTiO3 to NBT induces extra local strains in
the structure [17,25], which suppress the octahedral tilts while
favoring polar Ti displacements from the BO6 centers [17].
Furthermore, doping with BaTiO3 reduces the average size of
PNRs but increases their fraction [26,27]. At ambient condi-
tions, with the increase of Ba content, NBT-xBT undergoes
a series of composition-induced phase transitions, involving
transformations of the BO6-tilt pattern. The end member NBT
was assumed to exhibit rhombohedral symmetry (R3c), but
meanwhile, it has been proven this is only true for poled
samples [28]. The structure of unpoled NBT is in fact mono-
clinic (Cc) [29] with tilt pattern a− a− c− [8] (Glazer notation
[30]). Only at x = 0.03−0.04 does the symmetry transform
to rhombohedral R3c with tilt pattern a− a− a− also in the
absence of an electric field [31]. Near xMPB = 0.05−0.06,
a0a0c+ in-phase tilting occurs, changing the symmetry to
P4bm, and at x = 0.10−0.11, the structure adopts the same
BO6 tilt-free tetragonal P4mm symmetry as BaTiO3 [31]. The
MPB is at x ∼ 0.05 for unpoled single crystals [32,33] (x ∼
0.06 for unpoled ceramics [9]), and the structure becomes
pseudocubic [34]. At this composition, NBT-xBT shows an
enhanced flexibility of the local dipoles, which may be caused
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by increasing decoupling of strain and polarization as well
as reduced competing local correlations, leading to reduced
local strains [23,35]. Moreover, an increased self-organization
between PNRs along the 〈110〉 direction has been observed
by means of piezoresponse force microscopy, polarized light
microscopy, and transmission electron microscopy (TEM) for
compositions approaching the MPB [26,27], which is consis-
tent with the shape and abnormally large correlation length of
the neutron diffuse scattering observed for NBT-0.05BT [36].

Despite the similarities between NBT-xBT and Pb-based
ferroelectric perovskites, the properties of NBT-xBT are
somehow inferior [37]. Chemical variations can tune the
local ferroic atomic clustering [38]; therefore, the proper-
ties could be improved by additional A- or B-site doping
[39]. Knowledge of the relation between chemical compo-
sition and structural features is key for efficiently designing
high-performance functional materials, and thus, deeper un-
derstanding of the complex nanoscale structure of NBT-xBT
is required. This can be reached by studying the response of
the structure to external stimuli such as temperature, elas-
tic stress, or electric field at different length scales. Several
studies in which authors examined the effect of tempera-
ture and electric field have been conducted [17,18,35], but
high-pressure studies on NBT-xBT are still scarce, although
essential, since the application of pressure can help revealing
subtle structural features, which are hard to detect at ambient
pressure [40,41].

Authors of previous high-pressure studies combining x-
ray diffraction (XRD) and Raman scattering, i.e., probing
long-range and short-rang order, respectively, have revealed
that Pb2+-based ABO3-type relaxor ferroelectrics undergo
two pressure-induced phase transitions in the range up to
∼25 GPa, whose critical pressures pc1 and pc2 strongly de-
pend on the chemical composition, and each phase transition
is preceded by local-scale structural transformations at char-
acteristic pressures p∗

1 < pc1 and p∗
2 < pc2 [41–43]. The first

phase transition at pc1 consists of a change from relaxor cubic
to a rhombohedral nonpolar state with long-range order of an-
tiphase octahedral tilts, which is preceded by the suppression
of dynamical coupling between off-centered A- and B-site
cations at p∗

1. At the second phase-transition pressure pc2,
long-range order of antipolar A-cation displacements together
with a−a−c+ octahedral tilts is developed, or a sole long-
range order of a− a− c− tilt (0 � c < a) order occurs. This
second transition is preceded by the formation of unequal
octahedral tilts on the local scale at p∗

2 [41,42]. From these
observations, it could be deduced that, at ambient conditions,
ferroelectric and antiferrodistortive order coexist on the meso-
scopic scale in ABO3-type relaxors, indicating that the nature
of the PNRs is ferrielectric [41,42,44–46]. Since the structure
of NBT-xBT near MBP is rather like that of perovskite-type
Pb2+-based relaxors [47], high-pressure structural analyses
are needed to shed further light onto the nanoscale structural
inhomogeneities of Pb-free ferroelectric solid solutions.

So far, only the high-pressure behavior of pure NBT has
been extensively studied by various analytical methods in-
cluding powder synchrotron XRD and neutron diffraction
[48,49], single-crystal XRD [19,48] and x-ray diffuse scatter-
ing [19], powder Raman spectroscopy [50], and differential
thermal analysis [51]. The results obtained from the methods

sensitive to long-range order suggest that multiple structural
transformations take place from 0.7 to 4 GPa, which are
mostly interpreted as phase transition from rhombohedral
R3c to orthorhombic Pnma symmetry through a state of
phase coexistence [48,49]. This assumption is supported by
ab initio calculations [21]. Single-crystal synchrotron XRD
analysis revealed a transition at 1.6–2.0 GPa to a lower-
symmetry phase, followed by gradual structural changes on
the short-range scale between 2.8 and 3.7 GPa, where the
ferroic distortions in PNRs are synchronized with those in
the matrix [19]. Furthermore, the data imply a second phase
transition between 9.9 and 11.1 GPa to a noncubic phase [19],
whose true symmetry has not been determined [49]. Powder
Raman spectroscopic data, on the other hand, indicate that
structural transformations proceed from 2.7 to 5 GPa [50].
The available high-pressure data of NBT-xBT are limited to
Raman spectroscopic studies on NBT [50] and NBT-0.11BT
powders [52] as well as on NBT-0.065BT single crystals [53],
neither of which, however, consider the important spectral
range <80 cm−1, dominated by atomic vibrations of off -
centered A-site cations [54]. Moreover, the use of powder,
as in the case of NBT and NBT-0.11BT, or nonhydrostatic
pressure-transmitting media, as in the case of NBT-0.065BT,
may give rise to undesired nonhydrostatic stresses during the
high-pressure experiments, which undermines the quantitative
analysis of intrinsic material properties [55,56]. Nevertheless,
it has been shown that NBT-xBT ferroelectrics with x = 0.065
and 0.11 undergo similar pressure-induced transformations as
undoped NBT, but the presence of Ba shifts the structural
alterations to higher pressures [52]. No data exist for com-
positions close to the MPB though.

Here, we report on the results of high-pressure Raman
spectroscopy of single crystals of NBT-xBT at the MPB (x =
0.048 [17]) and pure NBT in the entire spectral range of
fundamental phonons (15−1215 cm−1) up to 10 GPa as well
as high-precision single-crystal XRD data on NBT-0.048BT
up to 6.1 GPa. All measurements have been conducted
under hydrostatic conditions using a methanol : ethanol or
methanol : ethanol : water pressure-transmitting medium. The
goal of our study was to analyze the composition-related
difference between the pressure-induced structural transfor-
mations in NBT-xBT for x = xMPB and x = 0 to give further
insight into the MPB structure.

II. EXPERIMENTAL DETAILS

A. Samples

Single crystals of (1–x)NBT-xBT with x = 0 and 0.048
were synthesized by the top-seeded-solution-growth method
[57]. The chemical composition was verified by wavelength-
dispersive x-ray emission spectroscopy, and the unit-cell
parameters at ambient conditions were determined by single-
crystal XRD [17]. Both single-crystal compounds are chem-
ically homogeneous and appear pseudocubic under in-house
XRD examination. At room temperature and atmospheric
pressure, the unit-cell parameters best match rhombohe-
dral metrics, with a = b = c = 3.884 Å and 90◦ − αrh =
0.045◦ for x = 0, and a = b = c = 3.896 Å and 90◦ − αrh =
0.015◦ for x = 0.048 [17]. For the high-pressure experiments,
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∼40-μm-thick specimens cut parallel to one of the pseudocu-
bic {100} planes were prepared using a diamond wire.

B. High-pressure Raman spectroscopy

In situ high-pressure Raman-scattering experiments were
conducted in a Boehler-Almax diamond anvil cell (DAC) [58]
with a culet diameter of 600 μm. The sample chamber was
prepared by preindenting a stainless-steel gasket to ∼92 μm
and drilling a 300 μm hole with a Boehler microDriller
spark erosion device. Hydrostatic conditions up to 10.5 GPa
were ensured by using a 16:3:1 methanol : ethanol : water
mixture as a pressure transmitting medium [55]. The pressure
in the sample chamber was determined with an uncertainty
of ∼0.05 GPa using the ruby-line photoluminescence
method [59].

The Raman spectra were measured with a Horiba Jobin-
Yvon T64000 triple-grating spectrometer equipped with an
Olympus BH41 microscope and a 50× long-working-distance
objective, using the 514.5 nm line of a Coherent Innova 90C
FreD Ar+ laser. The spectrometer operated in a subtractive
regime to ensure maximum suppression of the Rayleigh scat-
tering without artificially distorting the Raman signal [60].
The spectral resolution was ∼2 cm−1, and the accuracy of
the peak position was 0.35 cm−1. Parallel polarized (Ei||Es,
where Ei and Es represent the polarization of the incident and
scattered light) and cross-polarized (Ei ⊥ Es) Raman spectra
in the range 15−1215 cm−1 were collected in backscattering
geometry, resulting in the scattering geometries Z̄ (XX )Z and
Z̄ (XY )Z (Porto’s notation) with X, Y, and Z parallel to the
three pseudocubic 〈100〉 directions. Reproducibility of the
spectra was proven by collecting data from at least two dif-
ferent spatial points at every pressure.

For NBT-0.048BT, two different pressure runs were con-
ducted with the same specimen: up to 4.5 and 8.9 GPa. Note
that the orientation of the sample during the first run was
slightly different (rotated by ∼10◦) from that during the sec-
ond run. This was due to the subtle depolarizing effect of
diamond anvils, which hindered finding the crystal orienta-
tion, yielding the strongest difference between Z̄ (XX )Z and
Z̄ (XY )Z spectra. For pure NBT, a single pressure run was
conducted up to 10.6 GPa. In all experiments, the pressure was
increased in small steps (∼0.2−0.3 GPa), and after each pres-
sure change, the sample was given time to relax before data
acquisition. Additional spectra were recorded on decompres-
sion after reaching the highest pressure to verify reversibility
of the pressure-induced changes. Furthermore, at each pres-
sure, the Raman signal of the diamond anvils was measured in
the range 1050−1610 cm−1 to track the changes in diamond
optical properties due to the stress-induced morphic effect,
which leads to an increasing degree of depolarization of the
Raman spectra [61].

To remove the contribution from the diamond anvils and
the pressure transmitting medium to the Raman spectrum of
the sample, a background spectrum was collected from an area
next to the crystal using the same experimental conditions,
normalized to the height of the Raman peaks generated by
the pressure medium that could be resolved in the spectrum
collected from the sample, and subsequently subtracted. The
Raman intensities of the background-corrected spectra were

temperature reduced by the Bose-Einstein phonon occupa-
tion factor and then fitted with pseudo-Voigt functions to
determine the phonon wave numbers (ω), full widths at half
maximum (FWHMs, �), and integrated intensities (I). The
data evaluation was performed with the OriginPro 2021 soft-
ware package [62].

C. High-pressure single-crystal XRD

Two sets of high-pressure XRD experiments were per-
formed up to 6.1 and 1.6 GPa using two different specimens
of ∼60 × 60 × 40 μm dimensions from the same bulk crys-
tal. The purpose of the second experiment was to collect
additional points in the low-pressure range and confirm the
reproducibility of the data. In the first run, a BX90 DAC
[63] with 500 μm culets was used, while the second run was
conducted using a Boehler-Almax DAC [58] with 600 μm
culets. Stainless steel gaskets were preindented to 70 and
96 μm, respectively, and 280 μm holes were generated
by laser drilling. The pressure transmitting medium was a
16:3:1 methanol : ethanol : water mixture in the first and a 4:1
methanol : ethanol mixture in the second experiment, which
are hydrostatic up to 10.5 and 9.8 GPa, respectively [55,64]. In
the first run, the fluorescence spectra of ruby measured before
and after the x-ray measurements were used for determining
pressure [59], whereas in the second run, the unit-cell volume
of quartz [65] loaded together with the NBT-0.048BT crystal
was used instead, allowing us to determine the pressure with
accuracy <0.01 GPa.

High-pressure single-crystal XRD was performed using
a four circle Huber Eulerian goniometer coupled with an
ultrahigh-intensity rotating anode x-ray source with Mo Kα

radiation equipped with a multilayer VaryMax focusing optic
and a point detector [66]. The rotating anode was operated
at 45 kV and 55 mA, and the diffractometer was driven
by SINGLE software [67]. Unit-cell lattice parameters were
determined by the vector least-squares method [68], using
up to 12 unique reflections centered in eight positions [69]
to eliminate the effect of crystal offsets and diffractometer
aberrations. Because of the specific orientation of the single-
crystal cuts, being parallel to one of the pseudocubic {100}
crystallographic planes, only two of the three unconstrained
unit-cell lattice parameters could be determined with high
accuracy and precision at all pressure points with uncertainties
<0.0002 Å. The uncertainties on the third unit-cell parameter
were instead >0.001 Å.

III. RESULTS AND DISCUSSION

A. Raman spectroscopy

1. Spectra at ambient conditions:
Symmetry considerations and peak assignment

The Raman spectra of NBT and NBT-0.048BT measured
at ambient conditions are shown in Fig. 1. A detailed group-
theory analysis for NBT-xBT is given by Datta et al. [70].
For NBT-xBT with monoclinic (Cc), rhombohedral (R3c),
or tetragonal (P4bm) symmetry 27, 13, and 16 Raman ac-
tive modes are predicted, respectively. If longitudinal optical
(LO)-transverse optical (TO) effects for polar Raman active
modes are considered, the number of observable Raman peaks
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FIG. 1. Polarized Z̄ (XX )Z and Z̄ (XY )Z Raman spectra (solid
black lines) of NBT-0.048BT and NBT measured (a) at ambient con-
ditions in air and (b) inside the diamond anvil cell without pressure
transmitting medium, along with the fitting pseudo-Voigt functions
and the resultant spectrum profiles (red dashed lines). The insert in
(a) shows the tilt modes in an enlarged scale.

is 54 (Cc), 26 (R3c), or 28 (P4bm). However, a considerably
smaller number of peaks could be resolved for both pure NBT
and NBT-0.048BT. Thus, the spectra were fitted using the
model presented by de la Flor et al. [17], which was developed
analyzing samples from the same synthesis batch as in this
study at different temperatures as well as under an external
electric field [17,18,35]. Peaks were added or removed in the
high-pressure spectra following the standard goodness-of-fit
criteria, including �I/I < 0.5 for all peaks, where �I is the
absolute error in the integrated intensity I [17,70]. The fitting
procedure is described in detail in the Supplemental Material,
Text SI [71].

The Raman scattering at 30–60 and 240−310 cm−1 is as-
sociated with the A- and B-site cation shifts from the centers
of the AO12 dodecahedra and BO6 octahedra, respectively
[54,70,72]. The range 120−160 cm−1 is dominated by the
A−BO3 translation modes, which are sensitive to the coupling
between the dipoles at adjacent A and B sites [70,73]. The
Raman scattering arising from A-cation vibrations is most
likely dominated by Bi vibrations due to the more covalent
character of the Bi-O bonds as compared with the Na-O and
Ba-O bonds as well as the large off-centered displacement of
Bi3+ [70,74] related to its affinity to form stereochemically ac-

tive electronic lone pairs in 12th coordination [54]. The TiO6

octahedral tilting modes, which can be considered also as A-O
bond stretching vibrations within pseudocubic 〈111〉 planes,
are located at ∼320−420 cm−1 [17,75,76]. The Raman peaks
in the range 470−820 cm−1 arise from internal BO6 vibrations
[54,75,76]. Due to the larger partition of oxygen vibrations,
these peaks are broader than the peaks <470 cm−1, and con-
sequently, the peak overlapping is stronger, which results in
larger dispersions of the fitted wave numbers, FWHMs, and
relative intensities. Hence, we will not consider in detail the
pressure evolution of BO6-internal modes.

The substitution of Ba into the NBT structure in the sample
with x = 0.048 slightly changes the Raman spectrum [see
Fig. 1(a)]. Within the range 30−60 cm−1, only one peak (light
blue), instead of two (see Supplemental Material Text SI [71]),
can be distinguished for the NBT-0.048BT, which most proba-
bly results from the increased disorder within the subsystem of
A-site dipoles due to Ba doping. The peak associated with the
A−BO3 translation mode [in green, Fig. 1(a)], which appears
in the range 120−160 cm−1, exhibits a lower wave number
and larger FWHM than pure NBT due to composition-induced
softening of this mode caused by the increased coupling
between the adjacent off-centered A- and B-site cations at
the MPB [23,70]. Furthermore, two Raman peaks related to
off-centered B-site cations (brown and yellow, in the range
240−310 cm−1) can be resolved for NBT-0.048BT, whereas
only one peak is visible for NBT, indicating the presence
of a uniaxial local anisotropy of the BO6 octahedra. The
higher wave number component is associated with B-cation
vibrations along the polar axis, whereas the lower wave
number component represents B-cation vibrations within the
perpendicular planes [35]. The sole broad peak observed for
NBT in both scattering geometries [Fig. 1(a) bottom] most
probably results from overlapping of the multiple B-cation-
related Raman peaks expected in monoclinic perovskite-type
oxides [77], contributing with similar weights to Z̄ (XX )Z and
Z̄ (XY )Z polarized spectra. The BO6 tilting modes in the range
370−420 cm−1 appear only with a very weak intensity in pure
NBT [see the insert in Fig. 1(a)] and are not observed at all in
NBT-0.048BT.

The comparison of the polarized Raman spectra of the
NBT and NBT-0.048BT samples obtained inside [Fig. 1(b)]
and outside [Fig. 1(a)] of a DAC shows that the optical prop-
erties of the diamond anvils interfere with the polarization
of the incident and scattering light, reducing the difference
between the Z̄ (XX )Z and Z̄ (XY )Z spectra already at ambient
conditions. As pressure increases, the depolarizing effect of
the stressed diamonds also increases [61]. However, a clear
distinction between the two scattering geometries was still
maintained at the highest pressure measured.

2. Spectra at high pressures

In general, the Raman spectra of NBT-0.048BT and pure
NBT (Fig. 2) show a pressure evolution like that of Pb-based
perovskite-type ferroelectrics [40,43,45,46,78]. First, the in-
tensity of the phonon modes associated with off-centering
of the B-site cations (∼240−310 cm−1) is strongly reduced.
Simultaneously, the intensity in the spectral region from 300
to 400 cm−1, where octahedral tilting modes are observed, is
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FIG. 2. Selected polarized Z̄ (XX )Z Raman spectra of (a) NBT-0.048BT and (b) NBT measured at different pressures (solid black line),
along with the fitting pseudo-Voigt functions and the resultant spectrum profiles (red dashed lines). For each compound, a comprehensive set
of spectra measured at approximately every 0.5 GPa is given in Fig. S2 in the Supplemental Material [71]. Sketches of atomic vibrations for
the modes generating the shaded peaks are given in (c) (after Refs. [17,40,75]).

enhanced. In other words, pressure suppresses the polar order,
while it promotes the antiferrodistortive order in NBT-xBT,
as in the case of Pb-based ferroelectrics [40]. These structural
changes are fully reversible on decompression. Qualitatively,
our results are in good agreement with previous studies of
NBT [50] and NBT-0.11BT [52].

Below, we analyze in detail the pressure dependencies of
the wave numbers ω (values are listed in Tables SI–SIII in
the Supplemental Material [71]), FWHMs or �, and fractional
intensities In(s) = I (s)/

∑
s I (s) of the Raman peaks in the

range 15−450 cm−1. The trends of NBT-0.048BT derived
from the spectra measured in different scattering geome-
tries reveal the same pressure evolution; therefore, only the
Z̄ (XX )Z data are shown. In contrast, for pure NBT, the pres-
sure evolutions of the peaks corresponding to the same type
of vibration measured with Ei || Es or Ei ⊥ Es significantly
deviate from each other. This difference mirrors the lower
symmetry of the average structure of undoped NBT as com-
pared with the pseudocubic NBT-0.048BT at MPB [17,34].

(a) A-cation localized mode. The pressure evolutions
of ω, �, and In of the A-cation localized modes near
30−60 cm−1 are shown in Fig. 3. As mentioned above, only
one peak related to the A-cation vibrations is distinguished
for NBT-0.048BT at ∼46 cm−1, while for pure NBT, two
components can be resolved at ∼34 and ∼58 cm−1 in the
parallel polarized spectra and at ∼34 and ∼56 cm−1 in the
cross-polarized spectra. Thus, to compare the trends for both
compounds, the square root of the average square wave num-

ber ω34,58 =
√

(ω2
34 + ω2

58)/2, an effective FWHM �34,58 =
(ω58 − ω34) + �34+�58

2 (see also the sketch in Fig. S3 in the
Supplemental Material [71]), and the sum of the fractional
intensities In34,58 = In34 + In58 of the two peaks in NBT were
considered as a function of pressure and compared with the
corresponding trends for NBT-0.048BT (see Fig. 3). The pres-
sure dependences of the two individual components at ω34 and
ω58 for NBT are given in Fig. S4 in the Supplemental Material
[71].

For NBT-0.048BT, the wave number of the A-cation mode
[Fig. 3(a)] gradually increases with pressure up to 1.9 ± 0.1
GPa and above ∼4.3 ± 0.6 GPa, with a plateaulike feature in
between, which indicates ongoing structural transformations
driven by rearrangements within the A-site sublattice. To bet-
ter reveal the trends of the FWHM and fractional intensity,
the variations with pressure of �(p) and In(p) were fitted with
Gaussian functions using polynomial baselines to account
for the anharmonic background [79]. The start and endpoint
of the wave number plateau are accompanied by maxima
in the FWHM at 1.5 ± 0.1 and 4.8 ± 0.2 GPa, whereas the
fractional intensity considerably increases and exhibits a max-
imum at 4.9 ± 0.2 GPa. In general, pressure does not change
the phonon decay, and therefore, �(p) should remain con-
stant as a function of pressure. Hence, following the concept
of hard-mode spectroscopy [79], the excess FWHM as well
as the nonlinear behavior of the fractional intensity (Fig. 3)
confirm the pressure range of ongoing structural transforma-
tions indicated by ω(p). The overall increase in intensity, as
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FIG. 3. Pressure dependence of the Raman peak positions (ω), full widths at half maxima (FWHMs; �), and fractional intensities (In)
of the A-cation localized mode in parallel polarized spectra of (a) NBT-0.048BT and (b) NBT as well as (c) in cross-polarized spectra of
NBT. For NBT-0.048BT, the trends in the cross-polarized spectra are the same as in the parallel polarized spectra shown here. For better
comparability, the average square wave number 〈ω1,2〉 = √

(ω2
1 + ω2

2 )/2, an effective FWHM �1,2 = (ω2 − ω1) + �1+�2
2 , and the sum of the

fractional intensities of the two peaks in NBT positioned at ω1 ∼ 34 cm−1 and ω2 ∼ 58 cm−1 were considered. Open symbols correspond to
data measured on decompression. Lines in the ω(p) plots in (a) and (c) are linear fits to the data points in the corresponding pressure ranges.
The solid lines in the �(p) and In(p) plots are Gaussian fits to the data points with polynomial baselines (dashed lines). The errors in the
individual data points stem from the corresponding spectral fit. The errors in the characteristic pressures are derived from the Gaussian fits or
from the intersection points of the linear fits. The offset between ω46 in NBT-0.048BT measured upon compression and decompression <2.3
GPa results from the slightly different orientation of the crystal as described in Sec. II B.

demonstrated by the slope of the In(p) baseline, indicates that
the fraction of off-centered A cations increases with increasing
pressure.

For pure NBT, ω34,58(p) derived from parallel polarized
spectra anomalously softens in the pressure range 1.5–2.2 GPa
[Fig. 3(b)]. This softening confirms that there is a progressing
phase transition to a lower-symmetry phase as suggested by
synchrotron XRD [19], which starts at 1.6 GPa and is com-
plete at ∼2.0 GPa, resulting in a long-range order of antiphase
A-site cationic displacements and mixed BO6 tiling [19,49].
The ω34,56(p) derived from the cross-polarized Raman spectra
of pure NBT shows a change in dω/d p at 3.7 ± 0.7 GPa
[Fig. 3(c)], indicating a reduction of the phonon compressibil-
ity (defined as βω = 1

ω0

dω
d p [80]) and hence the A-site-cation

subsystem becoming stiffer, i.e., more resistant to a pressure
increase. Since such a kink is not observed for ω34,58(p)
derived from parallel polarized spectra, the phenomenon at

∼3.7 GPa cannot be related to an overall reduction of the
volume compressibility. However, this characteristic pressure
perfectly matches the disappearance of the asymmetric x-
ray diffuse scattering [19] due to PNRs with polar atomic
displacements deviating from those in the matrix. Hence,
the presence of a kink in ω34,56(p) from cross-polarized Ra-
man data can be interpreted as an improvement of the local
orientation order of A-cation off-center shifts at 3.7 GPa.
This assumption is supported by the continuously decreasing
FWHM above 3.7 and 5 GPa. Despite the large uncertainties
in FWHMs due to peak overlapping, two distinct maxima can
be identified at 2.2 ± 0.1 and 3.7 ± 0.1 GPa for �(p) derived
from the cross-polarized spectra from NBT [Fig. 3(c)] and
in the parallel polarized spectra �34,58(p) exhibits a broad
plateaulike maximum between 2.2 and 5.0 GPa [Fig. 3(b)].
Thus, the �(p) trends confirm the occurrence of structural
transformations in NBT at ∼2.2 and ∼3.7 GPa but further-
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FIG. 4. Pressure dependence of the total fractional intensity
In(X X+XY ) of the (a) A-cation and (b) B-cation localized modes
in pure NBT (circles) and NBT-0.048BT (stars). In(X X+XY )(s) =
[IX X (s) + IXY (s)]/�i[IX X (s) + IXY (s)], where IX X (s) and IXY (s) are
the integrated intensities obtained from the Raman spectra measured
in Z̄ (XX )Z and Z̄ (XY )Z scattering geometry for a phonon mode
s. Open symbols correspond to data measured on decompression.
The errors in the individual data points stem from the corresponding
spectral fit.

more suggest that there are ongoing structural changes at least
up to 5.0 GPa.

The comparison between the ω(p), �(p), and In(p) of
pure NBT and NBT-0.048BT suggests that the latter also
develops antiphase A-site cationic displacements between
1.9 ± 0.1 and 4.3 ± 0.6 GPa, the mutual alignment of
which increases above 4.8 ± 0.2 GPa. However, the pres-
ence of a wave number plateau in the Ba-doped compound
(∼1.9−4.3 GPa) compared with the softening in pure NBT
(1.5–2.2 GPa) indicates that Ba doping hinders pressure-
induced structural alterations and smears out the structural
changes over a broader pressure range. This effect has
also been observed for Ba-doped PbSc0.5Ta0.5O3 and is as-
sumed to be caused by Ba-induced local strains [25]. The
increase in the baseline of In(p) is much steeper in NBT-
0.048BT than in pure NBT (Fig. 3), indicating a stronger
pressure-induced increase in the fraction of off-centered A
cations. This is supported by the total fractional intensity
In(XX+XY )(s) = [IXX (s) + IXY (s)]/�s[IXX (s) + IXY (s)], where
IXX (s) and IXY (s) are the integrated intensities obtained from
the Raman spectra measured in Z̄ (XX )Z and Z̄ (XY )Z scatter-
ing geometry for a phonon mode s. For the A-site localized
modes, In(XX+XY ) has approximately the same value in both
compounds up to ∼4 GPa, but above 4 GPa, it is higher
in the Ba-doped composition [Fig. 4(a)]. This indicates that
the presence of Ba2+ cations facilitates the A-site Bi3+ off-
centering upon elastic stress, thus causing a higher fraction of
off-centered A-site cations in the NBT-0.048BT sample with
respect to the end member.

(b) A-BO3 translation mode. The A-BO3 translation mode
(120 − 160 cm−1) involves out-of-phase A-cation and BO3

vibrations [see Fig. 2(c)] and is sensitive to the coupling
between adjacent A- and B-site dipole subsystems [23,76].
In Pb-based perovskite-type relaxors, this mode splits at a
pressure ranging from 0.1 to 2.5 GPa (depending on the
chemistry), preceding the phase transition due to decoupling
between dipoles at adjacent A and B sites, thus allowing for
suppression of B-cation off-centering and antipolar ordering
of the A-site cations at higher pressures [73,78]. A splitting

of the A-BO3 translation mode is observed at ∼1.2 GPa for
NBT-0.048BT and at 0.3 ± 0.1 GPa for NBT (see Fig. S5
in the Supplemental Material [71] and Fig. 5), indicating the
occurrence of a decoupling between dipoles at adjacent A and
B sites, allowing for suppression of B-cation off-centering and
antipolar ordering of the A-site cations at higher pressures.
This decoupling occurs at higher pressure for NTB-0.048BT
than for pure NBT, which is consistent with the proposed
strengthened coupling between the dipoles at adjacent A and B
sites at MPB [23]. High-pressure differential thermal analysis
of pure NBT [51] has revealed that, at pressures below ∼0.7
GPa, NBT may undergo two temperature-induced phase tran-
sitions, like those occurring at ambient pressure, whereas at
pressures above ∼0.7 GPa, no phase transitions are observed
upon temperature increase. Our results imply that the reason
for the suppression of temperature-induced phase transitions
is the reduced coupling of the subsystems of off-centered A-
and B-site cations.

In NBT-0.048BT, the onset of the structural transforma-
tions at 1.9 ± 0.1 GPa does not affect ω(p) of the A-BO3

mode, but >4.0 GPa, the slope of ω151(p) changes from
trivially positive to anomalously negative [see Fig. 5(a)], in-
dicating a further change in the dynamical coupling between
adjacent A- and B-site dipoles due to the ordering processes
within the A-site subsystem revealed by the phonon mode
at ∼46 cm−1 [see Fig. 3(a)]. In pure NBT, at ∼1.6 GPa,
both dω138(p)/d p and dω150(p)/d p derived from the cross-
polarized spectra become approximately zero [see Fig. 5(c)],
indicating a reduction of the respective phonon compress-
ibilities as the structure starts undergoing a phase transition.
In the parallel polarized spectra, ω138(p) is almost constant,
while ω150(p) softens from 1.6 to ∼4.5−5 GPa, thus reflecting
the beginning of A-cation arrangements and completion of
B-cation rearrangements (see the following discussion).

(c) B-cation localized mode. In the range 240−310 cm−1,
both modes associated with off-centered B-site Ti4+ in NBT-
0.048BT soften upon pressure increase [Fig. 6(a)], but they
exhibit different behavior in terms of �(p) and In(p). The
lower-energy component ω250 decreases in both intensity and
FWHM. Moreover, at ∼0.5 GPa, ω250(p) reaches a minimum
and then remains constant until it cannot be distinguished
anymore above ∼1 GPa. These trends reveal subtle structural
transformations in the B-site dipole system already between
0.5 and 1.0 GPa. The higher-energy component ω310 also con-
siderably softens but without an apparent minimum. However,
|dω310(p)/d p| decreases above 1.2 GPa and then even further
at ∼4.5 GPa. Interestingly, �310(p) and In(310)(p) exhibit a
maximum at ∼1.7 GPa. This might be partially related to an
evolving BO6 tilting mode (see next subsection), which at low
pressures cannot be energetically resolved from the B-cation
mode at ∼310 cm−1. However, the corresponding baseline
within the entire pressure range (10−4 to 9 GPa) clearly shows
that In(310) decreases, while �310 remains constant. The former
further indicates that pressure suppresses the off-centering of
the B-site cations, while the latter suggests that no ordering
process in the B-cation subsystem takes place.

For pure NBT, the B-cation localized mode shows con-
siderable softening up to 5 GPa [Figs. 6(b) and 6(c)], with
an abrupt drop of ω(p) at 1.6 GPa in both parallel and
cross-polarized spectra. The FWHM in the Z̄ (XX )Z spectra
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FIG. 5. Pressure dependence of the Raman peak positions (ω) of the A-BO3 translation mode in parallel polarized spectra of (a) NBT-
0.048BT and (b) NBT as well as (c) in cross-polarized spectra of NBT. For NBT-0.048BT, the trends in the cross-polarized spectra are the
same as in the parallel polarized spectra shown here. Open symbols correspond to data measured on decompression. The errors in the individual
data points stem from the corresponding spectral fit.

FIG. 6. Pressure dependence of the Raman peak positions (ω), full widths at half maxima (FWHMs; �), and fractional intensities (In) of
the B-cation localized mode in parallel polarized spectra of (a) NBT-0.048BT and (b) NBT as well as (c) in cross-polarized spectra of NBT. For
NBT-0.048BT, the trends in the cross-polarized spectra are the same as in the parallel polarized spectra shown here. Open symbols correspond
to data measured on decompression. Lines in the ω(p) plot in (a) are linear fits to the data points in the corresponding pressure ranges. The
solid lines in the �(p) and In(p) plots in (a) and (b) are Gaussian fits to the data points with polynomial baselines (dashed lines). The errors
in the individual data points stem from the corresponding spectral fit. The errors in the characteristic pressures are derived from Gaussian or
linear fits to the data points.
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shows an excess between 1.6 and 5.0 GPa, with a maximum
of �(p) at 3.7 ± 0.1 GPa, but overall, �(p) in both Z̄ (XX )Z
and Z̄ (XY )Z anomalously decreases with pressure. At the
same time, the Raman intensity of the B-localized modes
strongly decreases up to 2.2 GPa in the Z̄ (XY )Z spectra and
up to 5 GPa in Z̄ (XX )Z spectra. The trends in ω(p) and In(p)
that we have detected in the parallel polarized spectra are
in full accordance with the Raman analysis on powders by
Kreisel et al. [50]. The minimum in ω(p) at 5 GPa along
with the constant In(p) at pressures above suggest that the
reduction of B-cation off-center shifts does not further proceed
above 5 GPa. This stabilization of the remaining B-site Ti4+

off-centering might be caused by the pressure-induced corre-
lation of the A-site subsystem, indicated by the decrease in
the effective �(p) in both parallel and cross-polarized spectra
[Figs. 3(b) and 3(c)]. In contrast to the observations made in
NBT-0.048BT, pressure in pure NBT also increases the order
within the B-site subsystem, as deduced from the decrease
in FWHM [see Figs. 6(b) and 6(c)]. This indicates that the
presence of Ba at the A site in the NBT structure hinders
any possible ordering in the B-cation subsystem. Addition-
ally, the presence of a ω(p) minimum at 5 GPa for NBT in
contrast to merely a subtle kink in ω310(p) at ∼ 4.5 GPa in
NBT-0.048BT demonstrates that Ba doping hinders not only
the structural transformations involving the A-site cations but
also those concerning the B-site cations. Furthermore, at pres-
sures above 2.7 GPa, where ω310 in the Ba-doped compound
can be unambiguously ascribed to B-cation off-centering vi-
brations, the total fractional intensity In(XX+XY ) is larger for
NBT-0.048BT than for pure NBT [Fig. 4(b)], indicating that
Ba doping prevents the pressure-induced suppression of polar
B-cation displacements, like Pb-based relaxors [81].

(d) BO6 tilting. The tilting vibrations of BO6 octahedra
(between 320 and 420 cm−1) involve also A-O bond stretch-
ing within the pseudocubic 〈111〉 planes [75,76]. At ambient
pressure, NBT-0.048BT does not exhibit any BO6 tilting de-
tectable by Raman spectroscopy (Fig. 1), which is consistent
with the Ba-induced suppression of tilts deduced from neutron
total scattering [23]. This is most probably related to the
disturbance in coherent off-centered shifts of A-site cations
in the presence of Ba, which in turn hinders tilt develop-
ment. Only above 2.7 GPa can a new peak be identified at
∼326 cm−1 [Fig. 7(a)]. At 4 GPa, a second minor peak at
∼412 cm−1 is resolved, followed by a kink in ω326(p) at ∼4.5
GPa. Although the spectral range and the increase in intensity
with increasing pressure of the peak at ∼326 cm−1 indicate
that it originates from BO6 tilting vibrations, it might also be
influenced by B-cation off-centering vibrations since, at the
same pressure at which it appears, the wave number of the B-
localized mode ω310(p) drops abruptly, and both ω310(p) and
ω326(p) exhibit a kink at ∼4.5 GPa. The appearance and pres-
sure dependence of ω326(p) and ω412(p) reveal the occurrence
of evolving octahedral tilt pattern between 2.7 and 4.5 GPa,
alongside the antipolar order in the A-cation subsystem, which
occurs already at ∼1.9 GPa. The presence of two Raman
signals suggests the existence of octahedral tilts with unequal
magnitudes, independently of whether these are antiphase
or in-phase tilts [43]. Previous density functional simula-
tions on Pb-based perovskite-type relaxors have revealed that
antiphase a− a− c− (c < a) and mixed a−a−c+ tilt patterns are

thermodynamically preferred at high pressures [43]. Neutron
and XRD experiments on Pb-based relaxors have confirmed
that, if no tilting is observed at ambient conditions, pressure
first induces antiphase a− a− a− order, which upon further
pressure increase transforms into a− a− c− (c < a) or mixed
a−a−c+ [41,43]. On the other hand, TEM at ambient con-
ditions suggests a copresence of local antiphase a− a− a−
and in-phase a0a0c+ tilt order in NBT-xMPBBT [82,83]. As
the a0a0c+ tilt order is the thermodynamically most unstable
tilt pattern in perovskite oxides at high pressures [43], we
can speculate that the appearance of new Raman peaks for
x = 0.048 indicates the development of an a− a− a− pattern
at 2.7 GPa (a single peak at 326 cm−1), which transforms into
a mixed a−a−c+ tilt pattern at 4.0 GPa (a second Raman peak
at 412 cm−1).

For pure NBT at ambient pressure, there are two
weak Raman peaks generated by BO6 tilting at ∼375
and ∼409 cm−1 (Fig. 1, inset). It is worth noting that, for pure
NBT, a nanoscale a−a−c+ BO6 tilting pattern was suggested
but with a coherence length of the in-phase tilt component
significantly shorter than that of the antiphase tilting, resulting
in an average tilt pattern a− a− c− typical of Cc [8,84]. The
lower-energy peak (at ∼375 cm−1) strongly softens up to 1.6
and 2.2 GPa in Z̄ (XX )Z and Z̄ (XY )Z spectra, respectively,
and keeps softening above these charactering pressures but
with a considerably lower rate [Figs. 7(b) and 7(c)]. Likewise,
the dω(p)/d p of the higher-energy peak (at ∼409 cm−1) of
NBT slightly changes at the abovementioned characteristic
pressures. This indicates significant changes in the octahedral
tilt pattern at 1.6 and 2.2 GPa, which most probably is due to a
pressure-induced transformation of the dominant antiphase tilt
pattern into a mixed tilt pattern [49], to facilitate the rearrange-
ments of the off-centered A-site cations, as deduced from the
Raman scattering near 50 cm−1 (Fig. 3) and synchrotron XRD
[19]. The alterations in ω(p) are accompanied by maxima
in the FWHM and fractional intensity of the tilt modes. The
�(p) and In(377)(p) trends were fitted with Gaussian functions
using polynomial functions as baselines. In both parallel and
cross-polarized spectra, �(p) and In(p) for the lower-energy
peak show a well-pronounced maximum at a pressure where
dω(p)/d p considerably changes and a second very broad
maximum at ∼5.0 GPa. The latter pressure is in excellent
agreement with that at which the off-center shift of the B-site
cations stops reducing (see Fig. 6). The In(409)(p) trend as
well as the gradually increasing baseline of In(375)(p) indicate
that pressure enhances the BO6 tilting in NBT, like Pb-based
relaxors [43,73,76,78,81], while the corresponding �(p)
trends suggest increasing disorder in the tilting patterns. The
latter may be related to the ongoing development of unequal
tilts around the cubic [100], [010], and [001] directions, which
has been detected for Pb-based relaxors via resolved splitting
of the corresponding Raman peak [41,43]. Kreisel et al. [50]
report the occurrence of four new Raman peaks in the range
250−420 cm−1 at 5 GPa in NBT powders. Two of those peaks
correspond to the peaks near 375 and 409 cm−1, which are
already included in our starting model at ambient pressure.
Although the goodness of fit did not require the use of addi-
tional peaks, we tried to include two more peaks at ∼260 and
∼395 cm−1, above 5 GPa. The uncertainties in the integrated
intensity, however, indicate only an extra peak at ∼395 cm−1
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FIG. 7. Pressure dependence of the Raman peak positions (ω), full widths at half maxima (FWHMs; �), and fractional intensities (In) of
the octahedral tilting modes in parallel polarized spectra of (a) NBT-0.048BT and (b) NBT as well as (c) in cross-polarized spectra of NBT. For
NBT-0.048BT, the trends in the cross-polarized spectra are the same as in the parallel polarized spectra shown here. Open symbols correspond
to data measured on decompression. The solid lines in the �(p) and In(p) plots in (b) and (c) are Gaussian fits to the data points with polynomial
baselines (dashed lines). For the sake of limited space, the baseline and individual Gaussian functions are not displayed for �374 in the Z̄ (XY )Z
spectra of NBT. The errors in the individual data points stem from the corresponding spectral fit. The errors in the characteristic pressures are
derived from Gaussian or linear fits to the data points.

in the parallel polarized spectra could be acceptable, which
has negligible effect on the trends of the other modes and does
not provide new information about characteristic pressures
(see Fig. S6 in the Supplemental Material [71]).

B. In-house single-crystal XRD

The variation of the two unconstrained unit-cell parameters
that were determined with high accuracy in the single-crystal
high-pressure XRD measurements (referred to hereafter as a1

and a2) is reported in Fig. 8(a). These two lattice parameters
are identical up to 4 GPa. At this pressure, the a1 and a2 axes
start to differ from each other, and the difference is above
the 2σ standard deviation at 5.4 GPa. The unit-cell lattice
parameters were, therefore, constrained to the cubic symmetry
(Table SIV in the Supplemental Material [71]) at all pressures,
which is a good approximation for the data points <4 GPa
and a fair approximation for the two highest data points
for sake of comparison. The variation with pressure of the
pseudocubic unit-cell volume of NBT-0.048BT, normalized

with respect to the respective value at ambient pressure, is
shown in Fig. 8(b). Since above 4 GPa the unconstrained
unit-cell lattice parameters start deviating from the cubic
symmetry, the P-V data have been fitted using a third-order
Birch-Murnaghan equation of state (EOS) only up to 3.3 GPa.
The resulting bulk modulus is K0 = 83.5 ± 1.7 GPa with a
pressure derivative K ′ = 11.4 ± 2.0. However, the weighted
χ2 of the fitting χ2

w = 2.42, is quite large, indicating that
such an EOS may not be representative for the entire dataset
[85]. Near 0.9 ± 0.1 GPa, V/V0 significantly deviates from
the EOS in a few points [see insert in Fig. 8(b)], indicat-
ing complex compressional behavior. Pressure-induced phase
transitions as well as changes in compressional mechanism
can be better revealed if the p-V data are recalculated in
terms of normalized pressure F = p/[3 f (1 + 2 f )5/2] vs Eu-
lerian strain f = [(V0/V )2/3 − 1]/2 [85]. Here, F( f ) data,
when lying either on a horizontal or straight line with a
positive slope, indicate the absence of a phase transition and
can be appropriately fitted using a second- or a third-order
Birch-Murnaghan EOS [85], whereas points in F( f ) at which
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FIG. 8. (a) Pressure dependence of the unconstrained lattice parameters a1 and a2; (b) pseudocubic unit-cell volume of NBT-0.048BT
normalized to the volume V0 measured at ambient pressure; (c) the normalized pressure F = p/[3 f (1 + 2 f )5/2] plotted against the Eulerian
strain f = [(V0/V )2/3 − 1]/2 with propagating errors calculated according to Ref. [85]; and (d) pressure evolution of the average full width at
half maximum (FWHM) of pseudocubic {301} Bragg reflections as representative for the broadening of the diffraction peaks. Vertical error
bars in (a) are smaller than the size of the symbols. The red dashed line in (b) is the third-order Birch-Murnaghan equation of state (EOS) fitted
to the data points up to 3.3 GPa. The lines in (c) show the linear fits of the data from 0.23 to 0.56 GPa, from 0.88 to 1.68 GPa (black, dotted),
and from 2.5 to 4.0 GPa (black, solid). The horizontal solid line in (d) at 0.082◦ represents the instrumental resolution via the average FWHM
of quartz Bragg reflections. Circles correspond to data points measured in the first pressure run, while triangles to data points measured in the
second run. Data points measured on decompression are given by open symbols.

dF/df = 3K0(K ′
0 − 4) f /2 = 0 are indicative of discontinuity

in the bulk modulus, its derivative, or both, which in turn
points to a phase transition [43,73,76]. In the pressure range
between 0.23 and 1.68 GPa, the F((f) plot of NBT-0.048BT
shows three discontinuities at 0.5, 0.9, and ∼2 GPa [Fig. 8(c)].
The maximum at ∼0.5 GPa as well as the minimum at ∼0.9
GPa has been observed for data collected in separate ex-
periments both on compression and decompression and thus
likely indicate changes in the elasticity triggered by structural
transformations. The feature at ∼0.5 GPa matches the kink
in ω(p) of the lower-energy B-cation mode [see insert in
Fig. 6(a)], whereas the feature at ∼0.9 GPa corresponds to
the pressure at which this mode disappears (1.0 ± 0.1 GPa).
Therefore, the rearrangements in the B-cation subsystem at
low pressures, occurring in NBT-0.048BT but not in NBT,
appear to also affect the macroscopic elastic strain, likely
because of the enhanced elastoelectric response of NBT-xBT
at the MPB, although it does not appear to affect the overall
pseudocubic symmetry. Above 2 GPa, F( f ) remains constant,
and the intercept with the F axis of the horizontal lines through
the data suggests K0 = 93.2 GPa (with K ′ = 4), indicating a
stiffer structure than that at atmospheric pressure. However,

the decrease in compressibility with pressure of this high-
pressure structure is not as pronounced as that occurring at
low pressures (0.23–0.56 and 0.88–1.68 GPa), where the F( f )
data lie on very steep straight lines. According to the Raman
data, the A- and B-cation subsystems rearrange between ∼1.7
and ∼4.5 GPa. Moreover, at 2.7 ± 0.1 and 4.0 ± 0.1 GPa,
there is the appearance of tilt modes [see Fig. 7(a)]. The tilting
may, therefore, act as a new compression mechanism allowing
the structure to better accommodate at larger pressures, giving
rise to a smaller K ′. The data point corresponding to 5.4 GPa
is slightly above the constant trend in the f -F plot [Fig. 8(b)].
This pressure matches the second maximum (5.6 ± 0.2 GPa)
in the �250(p) of the B-cation mode [see Fig. 6(a)], implying
a possible phase transition due to further rearrangements of
the B-cation subsystem at ∼5.5 GPa. At this pressure, the
violation of the pseudocubic symmetry starts to be signifi-
cant, as indicated by the unconstrained unit-cell parameters
[Fig. 8(a)] as well as by the extensive broadening of the Bragg
reflections [Fig. 8(d)]. Such broadening is unlikely to be due
to nonhydrostatic stresses, given the small crystal dimensions
and the hydrostaticity of the pressure medium used [64].
The broadening, however, hindered the determination of the
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TABLE I. Characteristic pressures/pressure ranges (in GPa) of structural transformations for NBT-0.048BT and pure NBT.

NBT-0.048BT NBT

Raman XRD Raman XRD/XDS [19] Structural transformation

0.5–1.0 0.5–0.9 Rearrangements of the B-site cations, suppression of the
Ba-induced uniaxial local octahedral anisotropy

1.2a ∼0.3a Decoupling of adjacent A- and B-site dipoles
1.9–4.3 1.5–2.2 1.6–2.0 Antipolar order of A-cation off-center shifts

1.6b–2.2 1.6–2.0 Change in the BO6-tilt order pattern
2.7b–4.0 2.5–4.0 Development of BO6 tilt order
4.8 3.7 2.8–3.7 Suppression of the directional dispersion of A-cation

off-center shifts and increasing of the length of
coherence of correlated antiphase A-cation shifts

4.5 5.0 Slowdown of the suppression of B-cation off-centering;
further readjustment in the BO6 tilt pattern

5.6 5.4 Possible further rearrangement in the B-cation
subsystem?

9.9–11.1 Phase transition to a another ferroic phase

aAnalog of p∗
1 in Pb-based relaxor ferroelectrics [40,73].

bAnalog of p∗
2 in Pb-based relaxor ferroelectrics [41,43].

symmetry of the evolving high-pressure phase, which might
be orthorhombic Pnma or a noncentrosymmetric subgroup of
Pnma, as it was proposed to develop in pure NBT already
above 2 GPa [49]. At 4.0 GPa, a second tilt mode occurs in
NBT-0.048BT, followed by a kink at 4.5 GPa of ω(p) of the
primary tilt mode that appeared at 2.7 GPa [see Fig. 7(a)].
Moreover, the evolving antipolar order of off-center shifts
of the A-site cations is completed at ∼4.5 GPa [Fig. 3(a)].
Therefore, the anomalous broadening of the Bragg peaks may
indicate an increase in the ferroic distortion of the atomic
structure and a consequent development of ferroic domains,
i.e., enhanced mosaicity. Variation in mosaicity should be
responsible for the slight difference between the Bragg-peak
FWHMs of the two specimens analyzed in the two runs (trian-
gles and circles in Fig. 8) as well as for the subtly incomplete
recovery of the Bragg-peak widths on decompression [open
symbols in Fig. 8(d)]. However, the broadening of the Bragg
peak observed at high pressures recovers on decompression,
in full accordance with the Raman data that indicate re-
versibility of all atomic-scale structural changes induced by
pressure.

The bulk modulus of NBT-0.048BT (K0 = 83.5 ± 1.7
GPa) is smaller than that of pure NBT (K0 = 95.2 GPa [86]).
BaTiO3 exhibits a bulk modulus ∼130 GPa [87], which is also
considerably larger than that of NBT-0.048BT. Therefore, Ba
doping of NBT to the level of MPB significantly softens the
material. The bulk modulus of NBT-0.048BT is also smaller
than that of Pb-based relaxor ferroelectrics and ferroelectric
solid solutions, which typically exhibit a bulk modulus in the
range 92–110 GPa [25,81,88,89].

IV. SUMMARY AND CONCLUSIONS

The characteristic pressures of structural transformations
in NBT and NBT-0.048BT revealed by Raman scattering and
XRD analyses are summarized in Table I.

Like Pb-based relaxor ferroelectrics [40,41,43,73], decou-
pling of dipoles at adjacent A and B sites takes place in

NBT-xBT at a characteristic pressure p∗
1 in the range 0.3–1.2

GPa [40,73], and a development or change of existing BO6

tilt pattern occurs at a higher characteristic pressure p∗
2 in the

range 1.6–2.7 GPa. Another common feature for both Pb-
and Bi-based perovskite-type ferroelectrics is that pressure
hinders the off-centering of the B-site cations while enhancing
antipolar order of A-site-cation displacements.

The comparison between NBT and NBT-0.048BT reveals
that Ba doping at the level of MBP composition affects the
structural response to pressure as follows:

(1) The substitution of Ba2+ shifts the rearrangements of
the A-site cations toward higher pressures, i.e., it hardens
the A-cation subsystem, most probably via the intrinsic local
stresses around Ba2+ [25,81] due to its larger ionic radius than
Na+ and Bi3+ [90]. By the same reason, it shifts p∗

1 to higher
pressures.

(2) The A-site Ba2+ hinders the suppression of the off-
centering for both A- and B-site cations at high pressures.

(3) The A-site Ba2+ enhances the elastic response of the
B-site cations and triggers structural alteration that affects the
macroscopic strain even before the decoupling of adjacent A-
and B-site dipoles. Moreover, A-site Ba2+ inhibits the harden-
ing of the B-cation subsystem at high pressures, likely driving
the reduction of the bulk modulus at the MPB.

(4) The intrinsic chemical pressures associated with the A-
site Ba2+ suppress the BO6 tilt order at ambient pressure, but
these Ba-related local stresses can be overcome by an external
high pressure, leading to BO6 tilt order.

To summarize, although the substitution of larger-sized
Ba2+ for smaller-sized Na+ and Bi3+ generates local stresses,
at the MPB, the incorporation of Ba into the structure softens
the material, mainly due to enhanced elastic response of the
B-cation subsystem.
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