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Room-temperature Raman scattering and x-ray diffraction measurements together with first-principles calculations were employed
to investigate the behavior of disordered Pb(In1=2Nb1=2ÞO3 (PIN) under pressure up to 50GPa. Raman spectra show broad bands but
a peak near the 380 cm�1 increases its intensity with pressure. The linewidth of the band at 550 cm�1 also increases with pressure,
while two of the Raman peaks merge above 6GPa. Above 16GPa, we observe additional splitting of the band at 50 cm�1. The
pressure evolution of the diffraction patterns for PIN shows obvious Bragg peaks splitting above 16GPa; consistent with a
symmetry lowering transition. The transition at 0.5GPa is identified as a pseudo-cubic to orthorhombic (Pbam) structural change
whereas the transition at 16GPa is isostructure and associated with changes in linear compressibility and octahedral titling, and the
transition at 30GPa is associated to an orthorhombic to monoclinic change. First-principles calculations indicate that the Pbam
structure is ground state with antiferrodisdortion consistent with experiment.

Keywords: Relaxor ferroelectrics; high-pressure; structural phase transition.

1. Introduction

Lead-based perovskite relaxor ferroelectrics and related
materials are being used in a new generation of electrome-
chanical devices. They have high piezoelectric coefficients
with electromechanical deformations that are one order of
magnitude larger than those of conventional high piezoelec-
tric PbZrO3–PbTiO3 (PZT) ceramics.1,2 The exceptional
electromechanical properties of these Pb-based materials
have generated intense interest in both scientific and indus-
trial communities. While extensive theoretical and experi-
mental studies have advanced our understanding of relaxor
ferroelectrics,3–9 their properties are still poorly understood.
These difficulties stem from the complexity of these materi-
als, which have a high degree of compositional, structural,
and polar disorder.

There are two groups of Pb-based relaxors, one is in
which two mixed metal ions occupy B-site of perovskite
structure with a molar ratio of 1/3 to 2/3, for example, Pb
(Mg1=3Nb2=3ÞO3 (PMN), and the other is in which two mixed
metal ions occupy B-site of perovskite structure with a molar
ratio of 1/2 to 1/2, for example Pb(Sc1=2Nb1=2ÞO3 (PSN).
Here we focus on the Pb(B 0

1=2B
00
1=2)O3-type relaxors, in par-

ticular on Pb(In1=2Nb1=2ÞO3 (PIN), and the degree of cation
ordering is known to depend on the heat treatment procedure
adopted at high temperature. For example, a well-annealed
samples of B-site ordered PSN,10 Pb(Sc1=2Ta1=2ÞO3 (PST),11

and PIN12 undergoes a normal ferroelectric/antiferroelectric
phase transition, while a quenched one with a B-site disor-
dered Pb(B 0

1=2B
00
1=2)O3 shows relaxor properties.

Three different PIN crystals, the ordered PIN, the disor-
dered PIN, and the partly disordered PIN, are obtained by
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different thermal treatments and which has different chemical
ordering in the arrangement of In3þ and Nb5þ on the B-
site,12–16 respectively. It was reported that the ordered PIN
shows a first-order phase transition from a paraelectric phase
(Fm-3m, Z ¼ 8) to an antiferroelectric phase (Pbam, Z ¼ 8)
at about 160�C, the disordered PIN shows the relaxor be-
havior characterized by a dielectric dispersion below
50�C;17,18 and the partly disordered PIN shows a broad peak
of dielectric constant without dielectric dispersion around
90�C.16 It should be noted that the ordered PIN undergoes an
antiferroelectric transition with lowering of temperature, and
in contrast to both ordered PSN17,18 and PST19 which un-
dergo ferroelectric transitions.

Application of pressure can tune the physical properties,
introduce new phenomena,7–9 suppresses the diffuse scatter-
ing, and induce structural change in relaxor materials.20–25

For example, disordered PIN undergoes a structural phase
transition under pressure from a pseudo-cubic to an ortho-
rhombic at 0.5 GPa.15,26 Furthermore, pressure can help to
resolve the structural complexities of relaxors because ex-
ternal elastic forces can slow down dynamic structural fluc-
tuations and thus reveal the intrinsic structural features better.
Reference 26 reported high-pressure Raman scattering and
X-ray diffraction indicating that disordered PIN undergoes
successive transitions under pressure. Here, we use high-
pressure Raman scattering, X-ray diffraction, and first-
principle calculations to systematically study the pressure
dependence of diffuse scattering, the pressure-induced
structural transitions, and the mechanism of these transitions
in disordered PIN at room temperature.

2. Methods

Single crystal samples of the PIN were prepared by solid-
state reaction according to the process described in Ref. 12. A
crystal with dimensions of 70� 70� 20�m3 was obtained
from a mm-sized grown single crystals and orientated with
the largest faces parallel to (001)cub. This was loaded into a
diamond anvil cell (DAC) with neon as the pressure medium
for single crystal diffraction. A chip of ruby was also loaded
for pressure determination. Small amounts of powder sam-
ples (crushed from single crystal) of PIN were loaded into
separate DACs with argon as the pressure medium for X-ray
powder diffraction and Raman scattering experiments.

The X-ray diffraction experiments were carried out at
beamline 16-ID-B of HPCAT at the Advanced Photon
Source, Argonne National Laboratory. In this experiment, a
pre-monochromator combined with a Si(311) crystal was
employed to provide the monochromatic incident beam with
a wavelength close to 0.4 Å. A MAR3450 image plate was
used to record oscillation photographs for powder diffraction
and a MARCCD was used for single crystal diffraction. The
standard ruby luminescence technique was used to determine
the pressure, with an estimated accuracy of 0.2 GPa. Addi-
tional experimental details about the beamline can be found

in Ref. 27; further information on the Raman scattering setup
as well as the procedures can be found in Refs. 24 and 28.

We also performed first-principles calculations using used
PBE pseudopotentials29 as implemented in the VASP pack-
age.30 Electron wave functions were truncated at 500 eV. We
considered several different unit cells with different geome-
tries in order to find the ground state and calculate the relative
enthalpies at 0 K.

3. Results

3.1. Raman spectroscopy

Figure 1 shows a set of representative Raman spectra of PIN
at selected pressures. The bands are broad in comparison to
the first-order scattering of conventional ferroelectrics, such
as PbTiO3, which show sharp peaks in their polar phases.
Because of their inherent complexity the measured spectra of
relaxor are consisted with the phonon densities of states as
well as excitations with intensities determined by frequency
dependent Raman matrix elements. However, reasonable
results could be achieved by careful examination of the
pressure dependences of fits to the spectra. Our results are
presented to reflect general trends observed in this class of
materials under pressure (Fig. 2). It should be noted that the
low frequency modes centered around 50 cm�1 show a slight
pressure dependence, hardening on compression up to
16GPa and consistent with previous measurements on sev-
eral other lead-based relaxors.22,24 Interestingly, this mode
displays obvious splitting above 16GPa, as shown in inset of
Fig. 2(b), indicating a possible symmetry lowering phase
transition. Five other regions in Raman spectra also show
interesting changes under pressure. The first is a peak around
130 cm�1 that appears as a shoulder of the main low fre-
quency peak above 0.5GPa (Fig. 3). This peak is associated
with the transition that occurs at 0.5 GPa and confirm the

Raman spectra

Fig. 1. Selected high-pressure Raman spectra of PIN. Solid lines
show the pressure evolutions trend of main Raman bands.
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observation by Nomura et al. using X-ray diffraction.12 The
next one is a sharp peak near 380 cm�1 that increases in
intensity with increasing pressure. The third is a broad band
around 550 cm�1 which we decompose into three peaks with
two broad peaks merge together around 16GPa. The fourth
region is centered around 800 cm�1, which show obvious
splitting above 16GPa. Finally, we note that the entire Raman
spectrum shows drastic change above 30GPa.

Previous studies of the pressure and temperature depen-
dence of Raman spectra of relaxor materials have used PMN

as a model system for interpretation. For example, PMN, an
end member of PMN–xPT solid solutions, has a cubic pe-
rovskite structure. It has a Raman spectrum similar to that of
the other compositions. The strong Raman scattering ob-
served in PMN has been attributed to local chemically or-
dered regions. Experimental evidence for the presence of
locally ordered regions has been obtained from transmission
electron microscopy (TEM) which indicates chemical short-
range order.31 Specifically, 1:1 ordered domains of 50 Å in
size are formed in these relaxors.31 These ordered clusters in
PMN reflected a cubic Fm-3m symmetry with the normal
mode decomposition of 2F2gþEgþA1g, which is consistent
with rocksalt-type ordering. Despite that our samples show
orthorhombic structures at modest pressure, the Raman bands
display similar features as that of the PMN samples. Al-
though, there exists high pressure Raman scattering mea-
surements on the relaxor materials such as PSN25,32 and
PST,33 they are more closer to our sample PIN in terms of two
metal cations occupy B-site of perovskite in a half and half
mole ratio. The Raman spectra of pseudo-cubic PIN sample
(at room temperature and ambient pressure) are also similar to
that of PSN32 or PST33 contrary to the structural difference,
i.e., PSN and PST have ferroelectric state (R3m) at room
temperature and ambient pressure. But considering PMN is a
prototype example, and can be used as a model system to
explain many features of relaxor materials with the perovskite
structure; we will use this simplified model (PMN system),
2F2gþEgþA1g, to explain observed Raman spectra up to
16GPa.

Within the frame of this model, the A1g band at 800 cm�1

results from the mode of fully symmetrical breathing vibra-
tion of oxygen octahedra. As shown in Fig. 2, this
mode slightly hardens with pressure, while its linewidth is
insensitive to pressure up to 16GPa. The Eg band at
550 cm�1 corresponds to the antiphase breathing mode of
oxygen octahedra. This mode is degenerate and splits into
two or more modes with a lower symmetry distortion.
However, the remaining complex Raman features are
the evidences for a lowering of symmetry from the Fm-3m
selection rules. We should note one important point in
relaxors, the polar and chemical disorder cause vibration
modes to have coherence lengths that are small compared
with their wavelengths. Such modes are not characterized by
a single wave vector and will not obey momentum selection
rules; all wave vectors contribute to the scattering process,
causing broad features.34 Thus direct use of group theory to
assign all Raman modes based on the crystal symmetry is
problematic.

One of the interesting results is our observation of the
splitting of the Raman band at 50 cm�1, which is not observed
for other Pb-based relaxor materials, for example, PMN,7 or
PMN–xPT,7,35 or PZN-xPT.24 Pressure suppresses the local
polar distortions in many relaxor ferroelectrics. In addition,
pressure enhances the tilting and can be seen in peak splitting
and observed antiferroelectric state in PIN at modest pressure.

(a) (b)

Fig. 2. High-pressure Raman spectra of PIN. (a) Spectra at 1.8GPa,
18GPa, and 46GPa and (b) pressure dependencies of the observed
Raman features. The vertical lines indicate the approximate phase
boundaries.

Fig. 3. Low-frequency Raman modes at selected pressures. Arrow
shows appearance of a peak around 130 cm�1 above 0.5GPa and
indicative of the first structural transition.
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3.2. Single crystal X-ray diffraction

A PIN crystal was contained in a diamond anvil high-pressure
cell (DAC) with a large opening angle (70�). Neon was used
as the pressure-transmitting medium and single-crystal dif-
fraction intensity measurements of PIN crystals up to 22GPa
were performed with an area detector (MarCCD) at 16-IDB,
HPCAT of APS, Argonne National Laboratory. Data collec-
tion and analysis were done based on the technique and
software developed by Dera et al.36 The unit cell parameters
were determined by least-squares refinement using the peak
positions of 77 reflections indexed to an orthorhombic cell.

Figure 4 shows a typical single crystal diffraction image.
An orthorhombic unit cell was used for indexing each Bragg
peak. Refined lattice constants were a ¼ 5:78 Å, b ¼ 11:2 Å,
c ¼ 8:2 Å, with the space group of Pbam at 1.2 GPa. The
diffuse scattering peaks were neglected during structure re-
finement; for example, at the lower part of the diffraction
image (Fig. 5), there exist two strong wings around Bragg
peak of [�16�2]. The same orthorhombic structure persists
up to 22GPa. It should be noted the refinements of atomic
positions and its thermal parameters had practical problems
because of the existence of strong diffuse scattering around
Bragg peaks, and therefore refinements were limited to lattice
parameters and determining space groups.

The butterfly-shaped diffuse scattering is the common
feature of relaxor ferroelectrics. It has been observed in all

Pb-based relaxor materials such as PMN,21 PZN–PT,24

PSN,37 etc. We also observed diffuse scattering in disordered
PIN. For example, we showed butterfly-shaped diffuse scat-
tering around (�1, 6, �2) Bragg peak in Fig. 5(c). In addi-
tion, we also observed diffuse scattering along the primary,
lattice zones as seen in Fig. 5(a). The diffuse scattering along
the lattice zones was reported in classic ferroelectric materials
such as BaTiO3 (BTO) by Comes et al.38 (reported in early
1970s). Consequently, Comes et al., proposed the 8-site
model to explain the transitions in BTO. It states that in cubic
phase of BTO there are 8-equivalent-sites for Ti atom
to occupy, these in turn generate diffuse scattering along
the lattice zones; on lowering temperature, BTO undergoes
a cubic to tetragonal transition. The Ti-atom continues to
occupy a 4-fold degenerate site and still generate diffuse
scattering along the lattice zones. This is followed by an
orthorhombic phase in which BTO exhibits diffuse scattering
with a 2-fold symmetry and eventually no diffuse scattering
in the rhombohedral phase.

By comparing the form of the diffuse scattering streaks
between BTO and PIN, we find that in PIN, the diffuse
scattering is more complex than that reported in BTO.
However, pressure suppresses diffuse scattering in both the
materials. In Figs. 5(e) and 5(f), we plotted the pressure de-
pendencies of integrated intensity and correlation size for the
butterfly shaped diffuse scattering (we first convert the one
wing (upper right wing in Fig. 5(c)) of butterfly shaped dif-
fuse scattering from 2D image into an intensity profile at each
pressure and the spectra are shown in Fig. 5(e). Then we fit
each spectrum by a Lorentzian function, which provides the
integrated intensity and line width of each peak). Correlation
size is therefore proportional to the inverse of half-line width.
Both of them decrease with pressure and our observation is
hence consistent with previous studies.21,24,37

3.3. Powder diffraction

Powder diffraction data were collected directly from the
powder samples within the DAC using an area (Mar3450)
detector. The samples were oscillated from �6� to 6� in
omega to improve powder averaging. The pressure depen-
dence of the diffraction patterns was measured between am-
bient pressure and 50GPa, and selected spectra were shown
in Fig. 6(top panel). Figure 6(middle panel) shows the pressure-
dependent pseudo-cubic (111)pc and (210)pc Bragg peaks.

A major change in the spectrum occurs around 30GPa,
when the structure transforms from orthorhombic to mono-
clinic, as indicated by the appearance of the triplet at
2� ¼ 12�. Spectral changes also occurred at above 16GPa,
but the changes are possible due to the different linear com-
pressibilities along the three axes. The presence of similar
features in the spectra between 30 and 50GPa indicates that
no major structural change takes place in the high-pressure
region.

Fig. 4. Single crystal diffraction pattern at 1.2 GPa. An ortho-
rhombic unit cell is used for indexing each Bragg peak. Refined
lattice constants are: a ¼ 5:78 Å, b ¼ 8:2 Å, c ¼ 11:2 Å, with the
space group of Pbam. Each Bragg peak was boxed by a sqaure;
arrows indicates the Bragg peaks originated from diamond anvils
and circles indicate the main diffuse streaks. Note the diffuse scat-
tering peaks are neglected during structure analysis.
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We carried out the least-squares fitting for the diffraction
data (GSAS39) obtained below 30GPa; above 30GPa, using
diffraction peak positions via Dicvol-program calculated
monoclinic lattice parameters, the �-angle, and volumes. As
an example, Fig. 6(bottom panel) shows Rietveld fitting
results for the spectrum at 3.9 GPa. In the figure, the dots are
experimental data, solid curves are fitted results, and residual
is shown as well. The pressure dependencies of the lattice
parameters (a, b, c), and the unit cell volume are plotted in
Fig. 7 and numerical values (including the �-angle) are tab-
leted in Table 1. Rietveld fitting parameters such as atomic
positions at 3.9 and 24 GPa are shown in Table 2. Lattice
parameters a; b and c behave normally (Fig. 7), i.e., they all
decrease smoothly with pressure up to 50GPa, however, the
linear compressiblities are different for each of them. Figure 7
shows that the unit cell volumes of all phases vary smoothly
with pressure and the volume changes at the transitions seem
to be small. However, the normalized pressure,40

P=f3f ð1þ 2f Þ5=2g� �
; ð1Þ

where P is pressure and f is Euler strain, as the function of
Euler strain,

f ¼ fðV0=VÞ2=3 � 1g=2� �
; ð2Þ

where V0 is initial volume and V is volume at P, shows
changes around 16 and 33GPa indicative of the transitions

(inset of Fig. 7(d)). A third-order Birch–Murnaghan equation
of state (EOS)

P ¼ ð3K0=2Þ V0=Vð Þ7=3 � V0=Vð Þ5=3� �

1þ 3=4 K 0
0 � 4

� �
V0=Vð Þ2=3 � 1

� �� �
; ð3Þ

where K0 is bulk modulus and K 0
0 is its pressure derivative,

is applied to fit the pressure dependence of unit cell vol-
ume, which yields a bulk modulus of 99 (� 16) GPa, its
pressure derivative of 8 (� 2), and an initial volume of 560
(� 3) Å3 below 33GPa; a separated fit to the data above
33 GPa yields a bulk modulus of 316 (� 20) GPa, its
pressure derivative of 4 (fixed), and an initial volume of
521 (� 15) Å3. Figure 8 shows a structure model (ortho-
rhombic Pbam) constructed from the parameters obtained
from a Rietveld fitting at 3.9 GPa. The structural model
indicates the Pb displacements in the

P
-mode (antiferro-

electric displacements), and oxygen-octahedra rotations in
the R-mode in Brillouin zone are co-existing. These results
are consistent with the highly compacted nature in the pe-
rovskite structure with Inþ3

1=2þNbþ5
1=2 and Pbþ2 cations being

6- and 12-coordinated, respectively. The subtle changes
between the high-pressure polymorphs are in part due to the
tilt and/or the rotation of the In1=2Nb1=2O6 octahedrons and
in part due to the distortion of the octahedral (In1=2Nb1=2O6)
and dodecahedral (PbO12) sites. The fundamental units

Fig. 5. Diffuse scatterings in PIN crystal. (a) Diffraction image including diffuse scatterings at 1.2GPa. (b) Diffraction image including diffuse
scatterings at 6.5 GPa. (c) Butterfly-shaped diffuse scattering around (�16�2) Bragg peak at 1.2 GPa. (d) Butterfly-shaped diffuse scattering
around (�16�2) Bragg peak at 6.5 GPa. (e) Intensity profile for diffuse scattering (from one wing: upper right wing in of butterfly-shaped
diffuse scattering at selected pressures. (f) Pressure dependencies of integrated intensity (solid circles) and correlation size (solid squares) of
butterfly-shaped diffuse scattering.
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such as the octahedral In1=2Nb1=2O6 and dodecahedral
PbO12 in the PIN structure are therefore believed to be
preserved all the way to 50 GPa. The pressure evolution of
X-ray diffraction pattern in PIN samples is consistent with
the results deduced from Raman scattering.

3.4. Theoretical calculations

To understand the atomistic mechanism of phase transitions
in PIN under pressure, we performed first-principles calcu-
lations. We considered several different structures with dif-
ferent geometries up to 10GPa. We started from the BaZrO3

(BZO) geometry given by Pbam space group symmetry,
and then supplemented this structure with R3c and Pnma,
for the sake of comparison. After that, these configurations
were relaxed from the initial atomic displacements provided
by BZO geometry, but already with the In and Nb ions
substituting the Zr ions and Pb substituting Ba, in the NaCl
structure. In the result, the R3c symmetry is lowered to
R3, while both Pbam and Pnma convert to the monoclinic
space group P21/c. The latter fact is of interest because the
different ions in the B-positions produces the monoclinic
distortion automatically. The strength of this monoclinic
deformation can be different at different pressures. Our
simulations show that the monoclinic distortion increases
at high pressure.

The dependencies of the relative volumes on pressure of
these phases are given in Fig. 9(a). We show here the starting
symmetries of BZO, in order to distinguish between the two
different P21/c structures. One can see that Pbam phase has
the largest volume, followed by R3c and Pnma. Other phases
in between are possible owing to different twin's configura-
tions, as it has been found recently in first-principles calcu-
lations of BiFeO3.41 Figure 9(b) shows the enthalpies (in eV
per 5-ion unit cell) calculated for different phases of PIN
under pressure. All enthalpies are given with respect to P21/c
phase, which in the initial state has Pbam symmetry. One can
see that, according to this simulation, the Pbam (P21/c) phase
is the ground state until approximately 3GPa, where R3
phase proves to be slightly more stable. Above 5GPa, Pnma
(another P21/c) phase becomes the ground state. Recall that
all these data were calculated for the Fm-3m chemical con-
figuration, which is for the NaCl structure. In contrast to this,
the experiments were performed for disordered relaxor PIN.
This disordered crystal may have a different phase diagram.
Thus, from one point of view, if one changes the degree of
order in PIN then the phase diagram can become richer. On
the other hand, some phase transitions can fail, because of
large energy barriers between the phases. For example, R3c
group is not a subgroup or a parent group for Pbam. Thus, the
phase transition between these two phases might require
specific additional conditions. More experiments and first-
principles analyses are necessary to understand the phase
diagrams revealed in the present study.
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Fig. 6. Powder diffraction patterns. (Top panel) Diffraction patterns
at selected pressures. Orthorhombic Pbam Indexing was used below
33GPa, and monoclinic indexing was used above 33GPa. (Middle
panel) Pressure dependencies of the pseudo-cubic (110)pc and
(210)pc Bragg peaks. (Bottom panel) A typical example of Rietveld
refinement fitting at 3.9 GPa. R-factors for this fit are: Rp ¼ 0:0099
and wRp ¼ 0:0144.
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(a) (b) (c)

(d)

Fig. 7. Pressure dependencies of lattice parameters and unit cell volume. (a) a-axis, (b) b-axis, (c) c-axis, and (d) volume. Solid circles
represent the unit cell volumes obtained from powder diffractions and crosses represent the single crystal data. Solid curve is a fit by third-
order Birch–Murnaghan EOS, which yields a bulk modulus of 79 (� 5) GPa, its pressure derivative of 12 (� 4), and an initial volume of 560
(� 5) Å3. Inset shows the normalized pressure (Eq. (1)) as the function of Euler strain (Eq. (2)).

Table 1. The lattice parameters and unit cell volumes at selected
pressures. The lattice parameters were obtained by Rietveld fitting up
to 23.5GPa, however, the Rietveld fitting did not work well above
28GPa.

P (GPa) a (Å) b (Å) c (Å) � (�) V (Å3)

Orthorhombic (II)

2.2 5.787(10) 11.549(27) 8.156(22) 90 545.0(5)
3.9 5.7851(11) 11.449(30) 8.122(22) 90 537.9(1)
6.9 5.686(2) 11.463(5) 8.063(5) 90 525.5(1)
11 5.699(18) 11.258(1) 8.001(25) 90 513.3(1)

Orthorhombic (II 0)

17 5.668(15) 11.156(37) 7.921(27) 90 500.9(2)
24 5.644(16) 11.048(35) 7.838(23) 90 488.8(2)
28 5.61076 11.0143 7.81628 90 483.03

Monoclinic

34 5.592(6) 10.959(1) 7.721(97) 91.1(5) 473.2(9)
38 5.671(5) 10.850(1) 7.816(27) 100.7(6) 472.6(1)
43 5.657(32) 10.850(1) 7.774(6) 100.5(5) 468.4(1)
47 5.634(46) 10.812(4) 7.751(23) 99.0(6) 465.2(7)
50 5.669(66) 10.691(2) 7.755(5) 102.0(7) 458.6(5)

Fig. 8. Orthorhombic (Pbam) unit cell is shown for 3.9 GPa and
obtained from our Rietveld refinement. Largest solid circles repre-
sent the Pb-cations, medium sized solid circle represent the In- or
Nb-cations, and smallest solid circle represent the oxygen-anions.
The figure shows Pb displacements in the

P
-mode (antiferroelectric

displacements); and oxygen-octahedra rotations in the R-mode in
Brillouin zone.
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4. Discussion

Previous studies have shown that the dielectric properties of
PIN depend strongly on heat treatment and synthesis con-
ditions. A well-annealed PIN crystal shows chemical or-
dering in the arrangement of In3þ and Nb5þ on the B-site16

and no frequency dispersions near the transition tempera-
ture. On the other hand, quenched PIN crystal shows dis-
ordering on the B-site with broad frequency dispersive
dielectric permittivity.16 Here we studied the disordered
PIN samples and observed that the sequence of pressure-
induced transitions in disordered PIN crystal are rather
similar to that of PbZrO3.42 The first transition occurs in
disordered PIN at around 0.5 GPa, we observe strong dif-
fuse scattering even at 1.2 GPa (Fig. 4) and it is believed
that diffuse scattering strongly correlates to the polar
nanoregions (PNRs) and relaxor behavior. Thus our result
indicates that the PNRs may not affect the mechanism of
pressure-induced transitions in PIN. It is generally accepted

the B-site chemical disorder and related local charge im-
balance in Pb-based perovskites are the major factors for
the occurrence of relaxor behavior.16,31,43 In addition, the
coexistence of competing forces of ferroelectric and anti-
ferroelectric forces may play a certain role in the formation
of the relaxor state.32,33,37,44–48

We observe two type of diffuse scatterings, one is along
reciprocal lattice lines, and the other one is butterfly shaped
around Bragg peak. We show that both type of diffuse scat-
tering are suppressed by pressure. It has been shown that the
butterfly shaped diffuse X-ray scattering is originated from
PNRs in relaxors and is gradually suppressed with increasing
pressure.21,22,24,37,49 The Raman spectra obtained at high
pressure in Pb-based relaxors is inconsistent with paraelectric
cubic symmetry, and it also differs from the Raman spectra
observed at low temperatures and ambient pressures. Several
high-pressure studies on Pb-based relaxors such as PSN,20

PMN,22 PZT,23 PZN–xPT,24 PMN–xPT,7,35 and PST,33

Table 2. Rietveld fitting parameters at 3.9 bottom and 24GPa. Note that the occupancy for In and Nb was not
sensitive to the fitting; the Rietveld fitting did not work well above 28GPa.

P (GPa) 3.9 24

Symmetry Pbam Pbam

Atomic coordinate x y z Uiso x y z Uiso
Pb1 0.747(5) 0.146(5) 0 0.048 0.735(5) 0.385(5) 0 0.015
Pb2 0.716(5) 0.126(5) 0.5 0.022 0.730(5) 0.130(6) 0.5 0.029
In3 (50%) 0.235(6) 0.124(5) 0.251(4) 0.088 0.244(4) 0.136(5) 0.25 0.072
Nb4 (50%) 0.235(6) 0.124(5) 0.251(4) 0.088 0.244(4) 0.136(4) 0.25 0.072
O5 0.292(5) 0.099(4) 0 0.086 0.282(5) 0.049(5) 0 0.013
O6 0.271(4) 0.152(4) 0.5 0.028 0.261(5) 0.135(5) 0.5 0.03
O7 0.025 0.260(5) 0.227(5) 0.086 0.025 0.266(6) 0.230(4) 0.017
O8 0 0.5 0.293(5) 0.02 0 0.5 0.282(5) 0.019
O9 0 0 0.273(5) 0.03 0 0 0.263(5) 0.066
Rp (%) 1.0 2.0

Rwp (%) 1.4 3.5

R(F2) (%) 22 32

(a) (b)

Fig. 9. (a) First-principles calculation of the pressure volume relations of the R3c (R3), Pbam (P21/c), and Pnma (P21/c) phases. (b) Pressure
dependence of the relative enthalpy (in eV per 5 ion unit cell) for the Pbam (P21/c)– R3c (R3) and Pbam (P21/c)– Pnma (P21/c) phases.
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suggested that the transition to the high-pressure phase
involves octahedral tilting. These experimental findings in-
dicate that pressure suppresses the ferroic atomic displace-
ments existing at ambient conditions while favoring a long-
range antiferrodistortive ordering. The difference with respect
to the low temperature phases can be ascribed to the mech-
anism being similar but the structural subunits being distinct.
In fact, our Rietveld refinement of the powder patterns (fitting
example was shown in Fig. 6 (bottom) at 3.9 GPa) show that
the isotropic thermal parameter, U, for Pb atom decreases
with pressure from UPb ¼ 0:048 at 3.9 GPa to UPb ¼ 0:015 at
23GPa.

Recent theoretical calculations and experiments point out
that the displacement of Pb cation in these materials have
strong correlations along particular crystallographic direc-
tions, that gives diffuse scattering in relaxor materials.37,49 A
common feature of high-pressure phase of Pb-based relaxors
is a new peak appearing around 380 cm�1 in Raman spectra
for all these studied Pb-based relaxor samples including
PbTiO3. A similar peak appeared in PIN above 1GPa, and the
frequency of this peak is located around the bending mode
region in general. Such a mode would appear from the dis-
torted bending motion of oxygen due to tilting of octahedral
units and their AFE displacements. At the same time, cal-
culations50 show that, above about 40GPa, a ferroelectric like
displacement of O might compete with the ferroelectric dis-
placements of Nb or/and Pb, and this displacement might
compete also with the tilting.

Our experiment is not definite about such ferroelectric like
displacements and this can be also a consequence of the high
potential barriers between the Pbam and R3c phases, pre-
venting the appearance of the ferroelectric phase. Addition-
ally, the random distribution of In over the lattice can also
prevent the emergence of the R3c ferroelectric phase at high
pressure. Indeed, it was shown51 that the emergence of the
ferroelectric phase at high-pressure stems from the interaction
of d-transition-elements with oxygen ions, but In is not a
d-element because its d-shell is fully occupied.

The coupling between PNRs and the soft-ferroelectric-
mode also has been considered as a general feature of
Pb-based perovskite relaxor ferroelectrics. For example, a
highly damped soft mode was observed in PMN system by
using neutron scattering,52 and this behavior was attributed to
the strong coupling between PNRs and the soft mode (the
waterfall effect). In general, Samara et al.53 suggested that the
frequency of soft ferroelectric mode in ferroelectric materials
is controlled by the delicate balance between long-range force
and short-range force; and pressure can tune this balance and
force the soft-mode to decrease its frequency with pressure.
Alternatively, Kornev et al. proposed50 that above about
40GPa, oxygen bending can become ferroelectric. In relaxor
ferroelectrics, additional forces can stem from the influence
of pressure on the PNRs, by making PNRs to disappear with
pressure. In particular, the emergence of the Pbam phase at
low pressure can owe, in part, to this effect (at zero pressure,

the presence of PNRs can prevent the appearance of the ho-
mogeneous orthorhombic phase). Indeed, contrary to the
ordered PIN, which has an antiferroelectric ground state with
orthorhombic symmetry, the disordered PIN has a relaxor
state with pseudo-cubic symmetry.

Thus, one can imagine that there exist more than two
competing forces involved in the pressure induced successive
transitions in the disordered PIN. They are soft mode (com-
petition between ferroelectric long-range and short-range
forces), octahedral titling (the force which drives octahedral
tilting), the PNRs. As observed, at the transition point be-
tween the relaxor and orthorhombic structures, happening for
most Pb-based perovskite materials around 3–7GPa, octa-
hedral tilting overtakes the competition from the PNRs. After
this transition, the enhanced octahedral tilting is the main
force. We see this effect from the diminished diffuse scat-
tering and the increased intensity of Raman peak around
380 cm�1 with pressure. In spite of this fact, at higher pres-
sure, another force enters the game and competes with the
octahedral tilting, because at the second transition we observe
clear splitting of the Bragg peak, around 16GPa. At around
33GPa, we observe further splitting of the Bragg peaks. This
indicates that the orthorhombic symmetry is lowered in two
steps. Such transitions are rather similar to ferroelastic tran-
sitions.54 We believe that these transitions manifest a mono-
clinic distortion, which we also see in our first-principles
calculations, but performed for the ordered PIN. At the same
time, we cannot guarantee that the ground state of PIN at high
pressure is nonpolar, because the bending displacements, in
principle, can also lead to ferroelectricity,51 while one should
expect a first-order phase transition. But in our case, we have
not detected the first-order jump. The fact that we have not
detected it can be a consequence of the difficulty to overcome
the large potential barriers (because of possible wide pressure
hysteresis), or because of the random distribution of the
nonferroelectric In over the lattice. The Raman line splitting
can be also a consequence of increasing inhomogeneity of the
lattice, under pressure, due to precursor phenomena.

5. Conclusions

A combination of Raman scattering, DFT calculations, and
X-ray diffraction have been employed to investigate the be-
havior of PIN up to 50GPa at 300K. The structural transition
from pseudo-cubic to orthorhombic at 0.5 GPa is associated
with the appearance of a new peak at 130 cm�1 and is con-
sistent with the previous study. The transition at 16GPa is
accompanied by the splitting of the 50 cm�1 peak above
16GPa. We also observed a sharp peak near the 380 cm�1

appears above 1GPa and increases its intensity with pressure.
The linewidth of the band at 550 cm�1 also increases with
pressure, and two of the Raman peaks merge toward 16GPa.
The third transition is observed at above 30GPa. Raman
spectra show drastic change below and above the transition.
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The pressure evolution of the diffraction patterns for PIN
shows obvious splitting above 30GPa, particularly for
pseudo-cubic [110] and [210] diffraction peaks; the results
indicate a lowering symmetry transition in PIN. Our results
indicate that PIN undergoes successive structural phase
transitions under pressure. Changing balances between
competing forces that result in octahedral tilting, long range
ferroelectric ordering, and short range ordering is proposed to
be the main mechanism for the transitions in PIN. The
structure remains orthorhombic below and above 16GPa
through the transition, and is possibly the iso-structure tran-
sition due to the linear compressibility changes. The transi-
tion at 33GPa is shown to be an orthorhombic to monoclinic
transition. DFT calculations predict orthorhombic to mono-
clinic transitions under pressure, which is consistent with the
experimental results.
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