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Ti K edge x-ray absorption near-edge structure �XANES� measurements across the pressure induced
ferroelectric–paraelectric phase transition in PbTiO3, a prototypical ferroelectric perovskite, are reported. A
quantitative analysis of the XANES allows us to obtain the relative local displacement, directly related to the
local electric polarization, of Ti and Pb atoms under pressure. In particular, we found that above the critical
pressure, in the so-called cubic-paraelectric phase, the Ti atoms remain locally displaced from their cubic site,
indicating that this phase transition has, in a general way, an essential order-disorder component. However, the
magnitude of these local displacements is strongly affected by the applied pressure as opposed to what happens
as a function of temperature. These conclusions have important consequences in the long standing controver-
sial debate on the interpretation of the ferroelectric phase transition of PbTiO3 and related family compounds.
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I. INTRODUCTION

Perovskites are an extremely important class of ferroelec-
tric materials. Their importance is not restricted to their tech-
nological interest, but also more fundamentally to the under-
standing of structural phase transitions in solids and related
symmetry breaking. The perfect ABO3 perovskite structure
has a fully cubic symmetry. Thanks to this simple structure,
the nature of ferroelectric phase transitions in perovskites has
been the subject of intense investigations since the discovery
of ferroelectricity in barium titanate. Among these materials,
PbTiO3 is a classical example of ferroelectric perovskites. Its
temperature-driven cubic to tetragonal phase transition at
Tc=763 K is taken as a textbook example of a purely displa-
cive transition.1–3 The origin of this temperature-induced
phase transition has been reopened to debate due to new
experimental evidence of the existence of a significant order-
disorder component by using extended x-ray absorption fine
structure,4 Raman spectroscopy,5 and x-ray diffraction.6 This
revival and apparent discrepancy between experimental re-
sults have been discussed recently for the temperature-
induced transition in the case of barium titanate7 and related
systems.

In 1975, Samara et al.11 demonstrated that, unlike tem-
perature, electric field, or atomic substitution, pressure is one
of the parameters able to control ferroelectricity in
perovskites.12 This reduction can be understood by recalling
that external pressure modifies the delicate balance between
long-range Coulomb interactions and short-range electronic
forces, favoring, respectively, ferroelectric distortions and a
paraelectric cubic structure.13 Although recent theoretical
work predicted either enhancement of the piezoelectricity14

or even of ferroelectricity,15 only a few experimental high-
pressure x-ray studies of PbTiO3 have been reported with a
maximum pressure limited at 8 GPa.16,17 It is only recently
that x-ray diffraction experiments have been successfully
carried out under pressure up to 37 GPa �Ref. 18 and 19� in

PbTiO3 or related materials.8–10 The authors18,19 report that
at room temperature, PbTiO3 has a tetragonal structure
�P4mm space group a=3.9036�1� Å and c=4.1440�2� Å�,
with a decrease of the Pb-O and Ti-O bond lengths under
pressure. At room temperature, they show that the tetragonal
to cubic phase transition takes place at 11.2 GPa and is of
second order. More interestingly, they conclude that when
applying pressure at room temperature, the order-disorder
contribution is absent or at least strongly reduced. However,
the order-disorder component in the phase transition consists
of a local displacement from cubic symmetry that partially
loses long-range order, while the displacive component con-
sists of a displacement going to zero at critical pressure.
Unless one performs careful analysis of diffuse x-ray scatter-
ing, made difficult by the high-pressure environment, x-ray
diffraction is not the best technique to detect the existence of
an order-disorder component. X-ray absorption spectroscopy
is a powerful probe of local structure in ABO3
perovskite,4,20–23 but the extremely severe experimental con-
ditions have prevented studying the pressure-induced phase
transition at the local scale in PbTiO3 up to now. In this
paper, we report on the local structure in the pressure-
induced decrease of the ferroelectric distortion. Our aim is
twofold. First, we want to test the general character of the
order-disorder component reported in temperature-driven
transitions in BaTiO3 �Ref. 4� and PbTiO3,22 and address the
limitations of diffraction using x-ray absorption spectros-
copy, especially well suited to probe the local displacement
of the Ti atoms from their cubic position.7 Second, it has
recently become possible to perform x-ray absorption near-
edge structure �XANES� full-potential cluster calculations.23

So our objective is also to clarify the scenario of this famous
phase transition by providing a quantitative estimate of the
local Ti and Pb displacements relative to their surrounding
oxygen polyhedron. According to Ref. 15, antiferrodistortive
instabilities, i.e., tilt of the octahedra, are expected to appear
for pressure above 20 GPa. Therefore, in the pressure range
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reported in our work, we can safely consider only the Ti and
Pb displacements along �001� in PbTiO3.

II. EXPERIMENTAL DETAILS

Ti K edge measurements were performed in the transmis-
sion geometry at beamline ID12 �Ref. 24� of the European
Synchrotron Radiation Facility. The experimental conditions
and the sensitivity of the measurement have already been
reported elsewhere25 for a reference sample, i.e., CaTiO3,
showing no phase transition. Usually the main difficulty in
such experiments is that the absorption of the x rays by the
diamond anvils make it impossible to measure the transmit-
ted beam. In our experiment, this problem was much more
dramatic due to the presence of lead atoms in the sample. In
order to reduce this effect, we have used thin diamonds
mounted on fully perforated diamond anvils.26,27 Despite a
1:4 dilution of the sample in boron nitride powder leading to
an estimated final transmission of 10−6 at 5 keV, high quality
XANES spectra �see Fig. 1� were successfully recorded for
several pressures across the phase transition.

The preedge features observed at the K edge of the B
atom have been shown to be very sensitive to the distortion
of the local environment around the B atom.20,21,28 In par-
ticular, when the B atoms are displaced from their cen-
trosymmetric positions, an additional peak appears due to
transitions into unfilled atomic d level. This feature is far
weaker otherwise. This transition from the s to d states is
forbidden in the electric dipole approximation and is usually
very weak because its existence is only due to a small elec-
tric quadrupole matrix element in the absorption cross sec-
tion. However, the B atom displacement from the cubic site
breaking inversion symmetry induces a mixing of the p and
d states and thus introduces a large dipole transition. The
intensity of this peak is, therefore, a direct probe of the local
displacement of this atom.20,28

III. RESULTS AND DISCUSSION

The left part of Fig. 1 shows the XANES spectra of pow-
dered PbTiO3 for several pressures from ambient to 13 GPa.
If one focuses on the low energy part, the peak already men-
tioned above, labeled �, can be observed. However, one can
also observe several other features, labeled �, �, and ��. The
interpretation of these peaks has been widely discussed,28–30

but a general assessment28,29,31 can be given. The � peak is
of quadrupolar origin �t2g�, the � peak is dipolar in nature but
also includes a small �eg� quadrupolar contribution, and the
peaks � and �� are pure dipolar features. Let us now turn to
check how their respective intensities behave under pressure.
Starting from ambient pressure, the � peak is strongly de-
creasing up to 5 GPa. Finally, above 8 GPa, the � peak is
still slowly decreasing but remains intense up to 13 GPa and
a new feature, labeled ��, starts to appear and even finishes
by dominating the � one. Assuming negligible anharmonic
vibrations,20 the strong intensity of peak � shows that the Ti
atom is still out of the center of the oxygen octahedron in the
high-pressure phase. This qualitative analysis allows us to
dissociate two main regions of interest, the low pressure one
�from 0 to �5 GPa� and one located close to the critical
pressure �11.2 GPa� where the �� peak appears.

In order to quantify the respective Ti and Pb local dis-
placements as a function of the applied pressure, we per-
formed full-potential cluster calculations of XANES spectra.
In order to avoid any approximation on the potential shape,
we use the finite difference method implemented in the
FDMNES code.32 Before going further into the results, let us
describe the parameters and the procedure we used for the
simulations. The core-hole effect on the XANES spectra was
taken into account using an excited atom embedded in a
cluster containing 146 atoms. In agreement with Refs. 23 and
28 the assumption of a completely screened core-hole
charge, according to which the 3d-shell occupation is in-

FIG. 1. �Color online� Left:
Experimental Ti K XANES for
PbTIO3 at various pressures from
0 to 13 GPa. Right: Preedge fea-
tures in details.

JAOUEN et al. PHYSICAL REVIEW B 75, 224115 �2007�

224115-2



creased by one electron, led to a too small separation be-
tween peaks � and �. In our simulations, we employed a
model of incomplete extra atomic screening and we found
best agreement when the 3d-shell occupation is increased by
0.8 electron. The calculated spectra were broadened taking
into account the Ti K hole width, photoelectron width, and
the experimental resolution. For ambient pressure, the calcu-
lations have been performed using the P4mm space group
and the atomic positions reported in Ref. 16. Concerning
those for the high pressure, we use as fixed parameters the
lattice parameters from x-ray diffraction18,19 and, as a start-
ing point, the relative Ti and Pb local displacements along
�001�, proportional to the lattice parameter reduction.28 Then
several models for the respective displacement of the Ti and
Pb atoms were tried.

The left panel of Fig. 2 shows simulations corresponding
to the 2 GPa lattice parameters. We represent the calculated
Ti K edge spectra for several models accounting for relative
local displacements of the Ti and Pb atoms �Table I� with
respect to their surrounding oxygen polyhedron. It should be

noted that we choose to refer to this local displacement as
depicted in the right part of Fig. 4 rather than the distortion
of the polyhedron. We prefer to consider such displacements
because they can be directly related to the spontaneous po-
larization existing locally in the crystal, i.e., one of the com-
ponents of the electric polarization vector. However, this
choice results in the same pressure dependence and does not
affect the discussion that follows. From this panel, one can
clearly see that the � peak varies drastically depending on
the respective Ti and Pb displacements. Even more reliable is
the intensity ratio between peaks � and �. For example, if
one looks at the difference between models 3 and 6, only a
small displacement of 0.03 Å of the Pb atom toward their
symmetric position is sufficient to reduce the � peak inten-
sity, which becomes equivalent to the � one. In addition, to
illustrate the extreme sensitivity of XANES to a local dis-
placement, it also suggests that the error made in our analysis
is smaller than 0.03 Å. The � peak is found to be sufficiently
higher than the � one only for model 2, in agreement with the
experimental data. From this result, we conclude that, at
2 GPa, model 2 is correct and, therefore, that the Pb dis-
placement �15%� is bigger than the Ti one �12%�. In that
sense, these results reveal that in the low pressure range, the
Pb atoms move faster toward the symmetric position than the
Ti ones. It means that for PbTiO3 the contribution of lead
atoms is not negligible in the reduction of
ferroelectricity11,12,18,19 at low pressure and this has to be
related to the importance of lead atoms in stabilizing the
exceptionally strong ferroelectricity in this compound.

We consider now the pressure range close to the critical
pressure. We have already noticed the appearance of an ad-
ditional feature when going to the high-pressure range and
the persistence of the � one. The right panel of Fig. 2 exhib-
its simulated spectra at 13 GPa, considering various off-
center Ti positions along the �001� direction and by keeping
the oxygen atoms in cubic positions according to diffraction
results.18,19 For comparison, we show also the theoretical

FIG. 2. Left: View of the
preedge region for calculated Ti K
edge at 2 GPa with various local
displacements of the Ti and Pb in-
side their coordination polyhe-
dron. See Table I for details.
Right: View of the preedge region
for 13 GPa with various off-center
Ti position. �R is the shift of Ti
along the �001� direction.

TABLE I. Ti and Pb displacements from symmetric position
inside the coordination polyhedra. See Fig. 4 for details.

Displacement
�Å�

Ti Pb

Model 1 0.3 0.39

Model 2 0.28 0.39

Model 3 0.25 0.36

Model 4 0.22 0.34

Model 5 0.28 0.42

Model 6 0.25 0.39
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spectra calculated at atmospheric pressure. All the features
are correctly reproduced as illustrated by the appearance of
the �� peak, which corresponds to the hybridization of the
empty p states of the absorbing atoms with the unoccupied
orbital of the neighboring atoms. Moreover, according to this
figure, the Ti displacement from the centrosymmetric site at
13 GPa can be precisely quantified. Thanks to the high qual-
ity of the data and to our simulations, we can estimate a
value of 0.09±0.015 Å for this displacement at a pressure
well above the critical pressure. We would like to point out
that this remaining displacement is far from being negligible
and is close to the one reported at room temperature for the
parent compound SrTiO3.33 It also supports the view that

thermal vibrations alone cannot explain this remaining
displacement.20

IV. CONCLUSIONS

In summary, we display in Fig. 3 the XANES simulations
made with the same values of pressure as the experimental
data of Fig. 1. It allows us to describe and quantify the whole
scenario, illustrated in Fig. 4, which occurs at the local scale
when applying hydrostatic pressure on the ferroelectric pro-
totype compound PbTiO3. From Fig. 4, it is clear from the
local perspective that the transformation is continuous.
Therefore, the dashed line could be used as a guide for the

FIG. 3. �Color online� Left:
Calculated Ti K XANES for
PbTiO3 at various pressures from
0 to 13 GPa. Right: Preedge fea-
tures in details.

FIG. 4. �Color online� Left:
Local displacements of Ti and Pb
with respect to their coordination
polyhedron under pressure. Right:
Picture of these displacements.
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eyes for the whole pressure range reported in Fig. 4. Thanks
to full-potential calculations, we are able to extract detailed
information on the relative local displacement of Pb and Ti
under pressure, directly related to the local electric polariza-
tion. We show that the local displacement of the Ti atom
along �001� in PbTiO3 is still persistent after the pressure
phase transition, but partially loses this long-range order.
Moreover, a precise estimate of this remaining Ti displace-
ment after the critical pressure is given, clearly indicating
that the existence of an order-disorder component is a gen-
eral feature in the ferroelectric to paraelectric phase transi-
tion in PbTiO3 and related compounds. Interestingly, the re-
ported change in magnitude of local Pb and Ti displacements

under pressure is clearly bigger than those reported for the
temperature-induced phase transition.22 In other words, this
classical phase transition is dominantly an order-disorder one
with a dramatic increase of the atomic displacements from
the high pressure to the high temperature transition due to
different thermodynamic conditions. Let us emphasize that
these conclusions have important consequences in the long
standing debate on the interpretation of the ferroelectric
phase transition for PbTiO3. Moreover, we would like to
point out that the recent report of a reenhanced ferroelectric-
ity in PbTiO3 at very high pressure15 above the phase tran-
sition calls for more experimental work under much higher
pressure.
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