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Abstract
The pressure evolution of the local structure and dynamics of polar nanoregions in
PbSc0.5Nb0.5O3 relaxor ferroelectric is analysed by Raman spectroscopy. The pressure
dependence of phonon modes up to 10 GPa reveals three characteristic pressures related to
changes in the local structure: near 2 GPa, at which ferroic ordering in the Pb system occurs;
near 4 GPa, at which significant structural transformations, involving decoupling of Pb and
B-cations in polar nanoclusters and suppression of the B-cation off-centring take place; and
near 6 GPa, at which the system reaches a saturation state. The structural transformations
observed in PbSc0.5Nb0.5O3 are compared to those in PbSc0.5Ta0.5O3 and other Pb-based
perovskite-type relaxor ferroelectrics.

1. Introduction

Relaxors form a special group of ferroelectric materials
that exhibits strong dielectric permittivity ε in a relatively
large temperature range close to room temperature and
considerable nanoscale structural inhomogeneity. Unlike
normal ferroelectrics, they are characterized by a broad
diffuse phase transition over a temperature range, strong
frequency dispersion of ε as a function of temperature and
weak remnant polarization [1]. Lead-based perovskite-type
relaxors with the general formula Pb(B′, B′′)O3 are very
appealing for various technological applications [1]. In recent
years there has been an enhanced interest towards studying
their structure because of the outstanding piezoelectric and
electro-optic properties of solid solutions of such relaxors
and PbTiO3 [2, 3]. The relaxor structure comprises two
types of ordered/disordered states: (i) existence of polar
nanoregions within a paraelectric matrix and (ii) existence

4 Authors to whom any correspondence should be addressed.

of chemically B-site ordered nanoregions inside a B-site
disordered matrix [4, 5]. The polar nanoregions occur at
temperatures well above the temperature of the dielectric
permittivity maximum Tm and for canonical relaxors their
development into ferroelectric domains at low temperatures
is impeded. Besides, above and in the vicinity of Tm the
polar nanoregions are of dynamical character, i.e. they create
and annihilate with a life time of ∼10−5–10−6 s near Tm [6].
Although extensive work has been carried out on relaxors over
the past decade, the interplay between nanoscale structural
complexity and relaxor properties is still not clarified. Studies
on relaxors for a long time consisted of analysing the
temperature evolution of structure as well as the effect of the
degree of chemical B-site order, additional types of A- and B-
site cations and external electric field [5–8]. A new dimension
of investigations has been opened with the development of high
pressure (HP) experimental techniques. Pressure is a much
stronger driving force than temperature and it significantly
slows down the dynamical structural fluctuations. Hence,
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the pressure evolution of relaxors can provide deeper insight
into intrinsic structural peculiarities. So far, HP studies
on Pb-based perovskite-type relaxors have pointed to three
main features: (i) according to dielectric experiments at
moderate pressures (up to 1.5 GPa), pressure induces a
crossover from normal to relaxor ferroelectric state [4, 9];
(ii) the x-ray diffuse scattering, typical of relaxors at ambient
pressure and arising from the polar nanoclusters [10, 11] is
suppressed at HP [12–14] (iii) the Raman scattering at HP is
inconsistent with the cubic perovskite-type structure [13–16].
The pressure driven crossover has been assumed to result
from a decrease in the correlation length between polar
clusters under pressure and it was further speculated
that at higher pressures relaxors will reach a paraelectric
cubic state. However, Bokov et al [17] showed that a
pressure-induced crossover may not occur in some relaxor-
normal ferroelectric solid solutions, thus indicating that
the assumption for eventual transition to cubic structure is
oversimplified. Besides, the explanation that the suppression
of x-ray diffuse scattering reflects the vanishing of ferroic
displacements should be ruled out because the observed HP
Raman scattering indicates an enhancement of coherent non-
cubic atomic arrangements [13–16]. Recently, complementary
x-ray diffraction (XRD) and Raman spectroscopic analyses
on PbSc0.5Ta0.5O3 (PST) as a model relaxor ferroelectric
unambiguously revealed the occurrence of a pressure-induced
continuous phase transition, involving softening of the
structure when approaching the critical pressure from both
sides [18]. Pressure inhibits the dynamical coupling between
the Pb and B-cation systems in the existing polar nanoregions,
which results in a suppression of the existing off-centring of
the B-site cations and an increase in the coherence length of
correlated Pb off-centre displacements [18]. The regression
of off-centred shifts of B-site cations leads to fragmentation
of ferroelectric regions, which in many perovskite-type
compounds manifests itself as a pressure-induced crossover
to a relaxor state. However, the HP state differs from
cubic; pressure favours ordering of electronic lone pairs of
Pb2+ cations [18], i.e. of correlated Pb off-centre shifts,
which in some compounds may hinder the crossover to
a relaxor state. Monte Carlo simulations showed that
the observed x-ray diffuse scattering in relaxors is mostly
related to off-centred shifts of Pb atoms [11]. Therefore,
the pressure-enhanced ferroic ordering in the Pb system
explains the significant suppression of the observed x-ray
diffuse scattering. The diminishing of B-cation off-centred
shifts may also contribute to the reduction of the diffuse
scattering.

To further explore pressure-induced transformation pro-
cesses in Pb-based perovskite-type relaxors we applied HP
Raman spectroscopy on PbSc0.5Nb0.5O3 (PSN). PSN is com-
parable to PST because of the same 1:1 B-site stoichiometry,
which favours long-range B-site chemical ordering, the same
ionic radius of the ferroelectrically active B-site cation
(ri(Nb) = ri(Ta) = 0.64 Å [19]), i.e. the same tolerance factor
t = ri(A)+ri(O)√

2(ri(B)+ri(O))
and the occurrence of long-range

ferroelectric ordering at low temperature [20]. However, the
temperature evolution of Raman scattering indicates some

structural dissimilarities between PSN and PST: (i) at high-
temperature PSN exhibits smaller incipient ferroic species
related to coherent off-centred Pb shifts as compared to those
in PST and (ii) at low temperature a substantial fraction of
the PSN structure remains in a paraelectric state [8, 21],
whereas PST is characterized by an abundance of large
ferroelectric domains and additional lowering of the local
rotational symmetry [8, 22]. In this paper we present our
results on the pressure evolution of local structure and the
dynamics in PSN studied by Raman scattering.

2. Experimental details

Cubic-shaped single crystals of PSN were synthesized using
the high-temperature solution growth method by cooling from
1453 to 1173 K with a rate of 0.3 K h−1. The stoichiometry and
chemical homogeneity were verified by electron microprobe
analysis (Camebax microbeam SEM system). According to
in-house powder XRD studies (Philips X’Pert diffractometer),
the average structure is primitive cubic (Pm3̄m) at room
temperature, while synchrotron single crystal XRD (F1
beamline at DESY/HASYLAB) showed an abundance of polar
nanodomains and could resolve the presence of chemically B-
site ordered regions with Fm3̄m symmetry [21].

For HP experiments 〈100〉-oriented plates were polished
to a thickness of ∼50 μm and then samples of approximate
size 50 × 50 × 50 μm3 were cut from these plates.
The HP measurements were conducted in a gas-membrane
driven Diacell®μScopeDAC–RT(G) (EasyLab), using a
mechanically drilled stainless steel gasket. A methanol–
ethanol–water mixture in the ratio 16:3:1 was used as a
pressure transmitting medium, which ensured hydrostatic
conditions up to 10 GPa. The actual pressure values were
determined by the shift of the R1 photoluminescence peak of
ruby chips placed next to the sample [23].

Raman scattering measurements were performed with a
Horiba Jobin-Yvon T64000 triple-grating spectrometer, using
the 514.5 nm line of an Ar+ laser. The spectra were collected in
back-scattering geometry, with an Olympus BH2 microscope
and 50× long-working distance objective. At each pressure,
a background spectrum was collected and subsequently
subtracted from the sample spectrum in order to eliminate
possible artificial signals from the pressure medium. Then
the spectra were temperature reduced to account for the Bose–
Einstein occupation factor. The peak positions, full-widths-
at-half-maximum (FWHMs) and integral intensities were
determined by fitting the spectrum profiles with Lorentzian
functions. The repeatability of the spectral features and trends
was verified by measuring two different samples.

3. Results and discussion

Figure 1 represents the overall evolution of Raman scattering
of PSN from ambient pressure to 9.3 GPa. The Raman
spectra of Pb-based perovskite-type relaxors are commonly
analysed in terms of Fm3̄m symmetry, having the following
optical phonon modes at the centre of the Brillouin zone:
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Figure 1. Raman spectra of PbSc0.5Nb0.5O3 measured at different
pressures. The fitting Lorentzians (grey thin lines) of the
experimental spectrum measured at ambient pressure are also
included in the plot; the resultant spectrum profile matches very well
the experimental spectrum.

(This figure is in colour only in the electronic version)

A1g (Raman) + Eg(Raman) + 4F1u(infrared)+F1g(inactive)+
F2u(inactive) + 2F2g(Raman). Hence, the paraelectric cubic
matrix contributes to four experimentally observed peaks,
while the rest of the Raman signals result from vibrational
modes in polar nanoregions. Due to the complexity
of the structure, the observed Raman peaks are still
controversially attributed to various cubic modes of the
prototype structure [16, 24–26]. In the present study, we will
follow the peak assignment used in [18], which is based on
systematic studies of polarized Raman and infrared spectra
of stoichiometric, A-site and B-site doped PST and PSN,
measured at different temperatures [8, 22, 27–29]. There
are two major ranges in the Raman spectra of PSN: between
400 and 900 cm−1, which is dominated by internal BO6

modes, and between 20 and 400 cm−1, which is determined
by modes involving heavy cation motions as well as rigid-
unit (rotation and translation) BO6 modes. As can be seen
in figure 1, the latter spectral range is strongly affected by
pressure. The pressure evolutions of the wavenumber ω,
FWHM and integrated intensity for the Raman peak near
51 cm−1 are shown in figure 2. This peak is generated by
the F2g mode localized in Pb atoms [22], i.e. the amplitude
of Pb atom displacements is considerable, while the vibration
amplitude of the other types of atoms building the primitive

Figure 2. Pressure dependence of the wavenumber, FWHM and
intensity of the Pb-localized F2g mode near 51 cm−1.

unit cell (B-cations and oxygen atoms) is negligible [30]5. As
can be seen in figure 2, the wavenumber ω of the Pb-localized
F2g mode near 51 cm−1 as a function of pressure p exhibits
a minimum at 2.2 GPa. An additional soft mode that appears
in PST at nearly the same pressure is not resolvable for PSN,
most probably due to the smaller size of the ferroic species with
coherent off-centred Pb shifts. However, the ω(p)-dependence
clearly shows softening of the pseudocubic Pb-localized mode,
thus indicating pressure-induced ferroelectric ordering in the
Pb system, similarly to the case of PST. This is in agreement
with the XRD data on PSN reported by Somayazulu [31],
suggesting the occurrence of a phase transition at 2 GPa.
However, the FWHM of the Pb-localized F2g mode reaches
its maximum at a higher pressure, at about 4 GPa, while
the intensity has a broader maximum between 4 and 6 GPa
(figure 2). Phonon modes involved in a phase transition
experience substantial damping near the critical point because
of the structural instability. Besides, in systems with dynamical
structural fluctuations as in the case of relaxors, near the phase
transition an increase in both FWHM and intensity of the
lowest-energy mode is expected due to its coupling with the
flip mode [32]. Thus, the pressure dependence of the width and
intensity of the peak at 51 cm−1 indicates that most significant
structural transformations in PSN take place near 4 GPa.

5 The localization L S(t) of a certain mode S in a certain type of atoms t from
the primitive unit cell can be quantitatively expressed by the ratio L S(t) =
pS(t)/

∑
t pS(t) where pS(t) is the so-called participation ratio introduced

by Bell and Dean (see for example [30]) and represents the magnitude of the
vector displacements of atoms of type t for a normal mode S.
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Figure 3. Wavenumber (filled symbols) and FWHM (open symbols)
versus pressure for the Raman scattering near 155 cm−1 arising from
Pb–BO3 translation vibrations.

Further, we considered the Raman scattering near 155 and
260 cm−1. Both signals arise from infrared-active F1u modes
of the prototype cubic structure and their appearance in the
Raman spectra is due to the existing polar nanoregions. The
phonon mode near 155 cm−1 comprises in-phase vibrations of
the B-cation and oxygen atoms, which can be considered as a
translation of the ‘rigid’ BO3 group, as well as Pb vibrations
opposite to the BO3 motion. In the ideal perovskite-type
structure with a primitive cubic cell this type of vibration
is called the last mode [33]. In terms of rhombohedral
symmetry, which is typical of the low-temperature state of
perovskite-type relaxors, the Raman peak near 155 cm−1

results from a non-degenerate A-mode corresponding in
frequency to the longitudinal F1u cubic mode of the prototype
structure. This assignment is in good accordance with the
polar mode frequencies in PbMg1/3Nb2/3O3 determined by
infrared reflectivity spectroscopic analysis [34]. In the case
of PST, a splitting of this mode was observed upon pressure,
which indicates the suppression of the dynamical coupling
between the off-centred Pb and B-site cations [18]. No
apparent splitting of this mode was observed for PSN, which
is most probably due to the smaller size and fraction of polar
nanoregions as compared to PST [8]. However, the width of
the Pb–BO3 translation mode increases near 2.5 GPa, i.e. close
to the characteristic pressure at which softening of the Pb-
localized F2g-mode is observed (figure 2). Besides, the Pb–
BO3 mode wavenumber dependence on pressure for PSN (see
figure 3) resembles that observed for PST [18], indicating the
occurrence of similar phenomena in both compounds. Hence,
we assume that decoupling of the Pb and B-cation systems
in polar nanoregions occurs in PSN as well. The ω(p)-trend
suggests that this process abundantly takes place above 4 GPa,
where dω(p)/dp of the Pb–BO3 translation mode rapidly
increases. This is in accordance with observed structural
instability at about 4 GPa revealed by the maximum of the
FWHM of the Pb-localized F2g mode (figure 2). Near 6 GPa
the ω(p) dependence of the Pb–BO3 translation mode becomes
nearly constant, showing that the transformation processes
attain a saturation state.

The pressure evolution of the Raman scattering near
260 cm−1, which arises from the B-cation-localized mode in
polar nanoregions, also points out that 4 and 6 GPa are char-
acteristic pressures (see figure 4). The pressure dependence

Figure 4. Pressure dependence of the wavenumber, FWHM and
intensity of the B-cation-localized F1u mode near 260 cm−1, which is
observable in Raman spectra due to the presence of off-centred
displacements of the B-cations from their cubic positions.

of the wavenumber and FWHM shows, respectively, softening
and damping of the mode at 4 GPa. At this pressure a drop
in the intensity of the B-localized mode occurs, which reveals
massive movement of the B-site cations back to the octahedral
centres. At 6 GPa the intensity and FWHM reach a constant
value, suggesting a completion of the corresponding structural
changes. A pressure-induced decrease in the Raman scattering
intensity near 250 cm−1 is typical of all perovskite-type
relaxors studied [13, 16, 18] and, therefore, the suppression
of off-centred displacements of B-cations is a characteristic
structural feature of the HP state of relaxors. The intensity
decrease is not so well pronounced for relaxor-PbTiO3 solid
solutions [14, 15], which indicates that the addition of PbTiO3

stabilizes the B-cation off-centring.
Figure 5 presents the pressure dependence of the

wavenumber and intensity of the Raman scattering near
350 cm−1. This signal is associated with the silent F2u

mode of the prototype cubic structure, which involves Pb–O
bond stretching vibrations, and its appearance in the Raman
spectra is due to coherent off-centred shifts of Pb atoms
with respect to the oxygen atom planes perpendicular to the
cubic body diagonal [27]. The ω(p)-dependence of this
peak has a kink near 2 GPa, which corresponds well to
the minimum of ω(p) of the Pb-localized F2g mode near
51 cm−1 and also points to structural transformations in the Pb
system. The increase in the Raman intensity near 350 cm−1 is
enhanced above 4 GPa, i.e. when the suppression of off-centred
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Figure 5. Pressure dependence of the wavenumber and intensity of
the Raman scattering near 350 cm−1.

B-cation displacements takes place. Therefore, the PSN
structure responds to external elastic fields via enhancement
of the ferroicity in the Pb–O system. The same pressure-
induced increase in the Raman intensity near 350 cm−1 is
observed for all Pb-based perovskite-type relaxors and related
solid solutions [13–16, 18]. Hence, the pressure-enhanced
enlargement of the coherence length of off-centred Pb shifts
is a common structural feature for that class of materials.

The most evident pressure-induced change in the internal
octahedral modes (see figure 1, the range 400–900 cm−1) is
observed for the symmetrical bending mode of BO6 octahedra
(F2g in Fm3̄m). At ambient pressure this mode gives rise to
two components at 508 and 543 cm−1 due to the presence
of rhombohedrally distorted BO6 species in polar nanoregions
and consequent splitting of the triple-degenerate mode to one
non-degenerate and one double-degenerate mode. At pressures
above 3.5 GPa a second, lower-wavenumber component is not
required in order to rationally fit the spectrum profile. This
indicates that at high pressure the BO6 octahedra are ‘more
regular’ regarding the values of O–B–O bond angles.

4. Conclusions

The pressure evolution of the Raman scattering of PSN up to
10 GPa reveals three characteristic pressures, p1 ∼ 2 GPa,
p2 ∼ 4 GPa and p3 ∼ 6 GPa, at which the local structure
undergoes transformations. The first pressure is associated
with ferroic ordering processes in the Pb–O system, which,
however, cannot be followed by the existing off-centred B-
cations, triggering structural instabilities. As a result, at
the second characteristic pressure massive structural changes
take place, which involve violation of the dynamical coupling
between the off-centred Pb and B-cations and consequent
movement of the B-cations back to the octahedral centres.
At the third pressure the suppression of B-cation off-centred
shifts reaches saturation and upon further mechanical load

the structure relaxes mainly via enlargement of the size and
fraction of Pb–O ferroic clusters.

The comparison between PSN and PST shows that the
replacement of Ta by Nb increases the characteristic pressure
at which the decoupling of the Pb and B-cation systems in
polar nanoregions and consequent suppression of B-cation off-
centred shifts occurs. This indicates that ferroic Pb–O–Nb
atomic linkages are more stable than the corresponding Pb–
O–Ta linkages. Ferroic ordering in the Pb system takes place
at nearly the same pressure for both compounds. For PST this
structural transformation is revealed by the appearance of a soft
mode, whereas for PSN it is manifested by the softening and
damping of the Pb-localized Raman-active cubic mode. In the
case of PSN, the decoupling of the Pb and B-cation systems
in polar nanoregions happens at a pressure higher than the
pressure of ferroic ordering of the Pb system, while the two
transformation events take place at nearly the same pressure
for PST. This distinction between the two compounds is most
probably due to the difference in the stiffness of the Pb–O–B
linkages and B-cation masses.
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