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In spite of intensive experimental and theoretical studies, no model at the atomic scale has been
proposed to explain the large piezoelectric effect in PbZr0.52Ti0.48O3 (PZT) compared to the low
piezoelectric response in the simple end-member lead titanate PbTiO3. X-ray Absorption Spec-
troscopy (XAS) appears as the technique of choice not only to clarify the role of Zr, but also to
quantify the Zr displacement through the Ferroelectric-Paraelectric (F-P) transition. We clearly
show evidence of the polar character of the Zr-atoms in PZT with a Zr-shift which will produce
a small polarization. Such an atomic configuration for one type of atoms leads to relatively easy
switching, i.e. relatively low electric field to align the Zr-polar atoms, which will create a favourable
energetic situation for the cooperative switching of the strongly polar Ti-O dipole and would there-
fore account for the large piezoelectric effect in PZT.

PACS numbers: 77.65.-j, 61.05.cj, 61.50.Ks, 77.84.Cg

I. INTRODUCTION

Understanding the physical behavior of a material at
the atomic scale has always presented a great challenge
to condensed matter physicists and materials scientists.
The effort to elucidate the role played by Zr/Ti atoms
which are at the origin of the polar displacements in fer-
roelectric PbZr0.52Ti0.48O3 (PZT) is a prime example of
such a challenge1–3. PZT exhibits a F-P phase transi-
tion at a critical temperature TC (and a critical pressure
PC), which can be defined from a structural point of
view as a phase transition from a non-centrosymmetric
to a centrosymmetric structure and due to the disap-
pearance of the spontaneous polarization characterizing
these materials4, Figure 1. The origin of the large dielec-
tric susceptibility and piezoelectric properties in these
highly polarizable ferroelectric perovskite of general for-
mula ABO3 is due to the cooperative displacement of
the B cations, i.e. the Zr/Ti atoms in our case (Fig-
ure 1a), from the center of symmetry of their octahedral
sites below a critical temperature TC (and critical pres-
sure PC). These spontaneous displacements create local
dipoles that are aligned parallel one to another in order
to give a macroscopic dipole moment by application of
an electric field E.

PZT is widely used in technological applications due
to its high piezo-ferro electric properties. This particu-
lar composition, i.e. x = 0.48 in the Pb(Zr1−xTix)O3

solid solution, exhibits the highest electromechanical re-
sponse and is generally termed as the Morphotropic
Phase Boundary (MPB) separating the Zr-rich rhombo-
hedral from the Ti-rich tetragonal phase5. Recently, the
MPB has attracted particular attention due to the dis-
covery of a monoclinic phase (Cm) in this compositional
range at temperatures below 300K6. In the paraelec-
tric form (above TC = 664 K), PZT is cubic with a

FIG. 1. (color online) (a) Ferroelectric state with a tetrago-
nal (P4mm) crystal structure and (b) Paraelectric state with
a cubic (Pm3m) crystal structure. Pb atoms (grey) at each
corner of the pseudocubic lattice with Ti/Zr (white) in the
center. Oxygen atoms (red) are at the center of the faces. In
the ferroelectric form below TC or PC , both Pb and Ti/Zr
will have atomic displacements along [001] giving rise to the
spontaneous polarization. The spontaneous polarization dis-
appears in the paraelctric form above TC or PC .

Pb atom at each corner of the cubic lattice, the Ti/Zr
atoms in the center and the oxygen atoms are at the cen-
ters of the faces, Figure 1b. Upon decreasing tempera-
ture, both Pb and Ti/Zr will move along the pseudocubic
[001] direction giving rise to the tetragonal form, Figure
1a. As PZT is a ferroic material, it exhibits domain
configurations (elastic and electric) which make the
understanding of these compounds much more complex.
Different scales should be taken into account: from
the atomic scale (individual polar displacements) to the
macroscopic scale (macroscopic piezoelectric effect) and
finally the mesoscopic scale in between which is governed
by the domain wall motion. High piezoelectric properties
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(PZT, PMN, PZN) are structurally linked to strong
disorder which can be characterized by the presence of
diffuse scattering 7–9 in diffraction experiments and by
nanosized domains 10. In this XAS study and due to
the experimental technique used, we only focused on
the characterization of the Zr-polar displacements at
the atomic scale. In PZT, the role of Pb atoms is of
particular importance as it hybridizes with oxygen states
leading to a large strain 1. Since the only difference
between PbTiO3 end-member (d33= 35 pC/N) 11 and
PbZr0.52Ti0.48O3 (d33= 520 pC/N) 12 is the presence of
zirconium, so we focus our study on the role of the Zr
atom in PZT solid solutions to understand this difference
in the piezoelectric constants. The 3d0/4d0 state of the
Ti/Zr atoms can give an insight to the local shifts on
the same site, i.e. the center of the oxygen octahedron.
Zr4+ and Ti4+ have ionic radii of 0.72 Å and 0.605 Å
respectively13. One can therefore expect a much more
pronounced off-center shift of smaller Ti-atoms in their
oxygen octahedra cage in comparison to the larger Zr-
atoms. This scenario was confirmed based on XAS14 and
Pair Distribution Function measurements15; the Ti off-
center displacement is experimentally found to be about
0.2-0.3 Å, while Zr is found to have either a small shift
(0.07 Å)14 or no shift15. Additionally, although the
Zr-shift is found to be both temperature and composi-
tion independent14,16, the Ti-shifts appear to have an
order-disorder component as a function of temperature17

and pressure18 which was found to be quite unusual for
these ferroelectric displacive-type transitions19. This pa-
per provides the evidence of the ferroelectric character of
the Zr-atoms in PZT in the P-T space. The small Zr-
shifts (0.06 Å) are found to disappear with a small order-
disorder component above the ferroelectric-paraelectric
transition based on i- the behaviour as a function of pres-
sure of the EXAFS Debye-Waller factor (DWF) σ2 which
accounts for the disorder in the Zr-O distance and ii- the
smooth decrease in intensity of the Pre-edge Fine Struc-
ture (PEFS) which is associated with the loss of the dipo-
lar contribution.

II. EXPERIMENTAL

Zr K edge measurements (17998 eV) at high pres-
sure and high temperature were performed in transmis-
sion geometry at beamline BM29 of the European Syn-
chrotron Radiation Facility. A (311) Si monochroma-
tor with a resolution of 0.5 eV was used. A Paris-
Edinburgh press, equipped with sintered diamond anvils
and 5 mm boron/epoxy biconical gaskets with a high
X-ray transmission in the selected energy range were
used. A finely ground powder of PbZr0.52Ti0.48O3 was
mixed with boron nitride used as light element matrix
and known to be chemically inert to the materials, in
order to have the appropriate sample thickness for XAS
measurements. The sample-matrix mixture was pelleted
to a cylindrical shape, inserted into boron nitride capsule

itself inserted in a graphite furnace and finally placed into
the gasket. Note that the use of boron nitride capsule
was necessary in order to avoid the reduction of PZT
by graphite at high temperature. In order to charac-
terize the sample and to measure the P and T data,
a monochromatic beam (20 keV) was impinged onto the
sample and the diffraction rings from the sample were in-
tercepted by a MAR345 image plate detector mounted in
an offset position. This in-situ diffraction measurement
has also enabled us to check the tetragonal distortion of
PZT in P-T space. XAS data were collected in trans-
mission mode each 1-2 GPa along 2 isotherms (300 K,
450 K). The EXAFS data analysis was carried out with
the IFEFFIT package20. The contribution of interest to
the total EXAFS signal is given by the single scattering
between the photoabsorber and the first six neighbours,
i.e. the Zr-atoms and the six oxygen octahedra in the
whole pressure range.

At low photoelectron energy, single scattering or path
expansion are not sufficient to simulate the experiments.
Better techniques, such as the full multiple scattering
theory are thus required. For the XANES part of the
spectra we used the FDMNES code21 using the finite dif-
ference method with the full multiple scattering theory.
We chose in this study this theory which works within the
muffin-tin approximation on the potential shape, but is
more tractable with large systems. The PEFS are caused
by the unoccupied p and d states of the B atoms in the
perovskite22. For an absorbing atom out of a center of
symmetry, an increased dipolar contribution associated
to the hybridization of the d and p states appears in the
intensity at the pre-edge. The intensity of this peak is a
direct measurement of the polar shift. This implies that
in the paraelectric form only the quadrupolar contribu-
tion can be observed.

III. RESULTS AND DISCUSSION

High quality, high-pressure XAS data of PZT were nor-
malized to the jump at the absorption edge and the ap-
parent small effect of pressure on the Zr K edge spectra
can be seen, Figure 2a. Namely, the extracted χ(k) spec-
tra, Figure 2b, evidence above 6.1 GPa a disappearance
of some high frequency contributions: in particular the
split doubled features between k = 6 Å−1 and k = 7.5
Å−1 and between k = 8 Å−1 and k = 10 Å−1 merge into
two single oscillations respectively. Based on these data,
there might be a low pressure behavior below ∼ 6.1 GPa,
and a high pressure behavior above.

In figure 3a, we show Fourier transforms of the EXAFS
signal at 3.7 GPa and 7.0 GPa, first peak of which can be
correlated to the radial distribution function around the
photoabsorber. At 7.0 GPa, the maximum of the peak is
shifted with respect to that at 3.7 GPa indicating a weak
contraction of the Zr-O distance and the peak amplitude
is higher. Nonetheless the shape of the first peak of the
Fourier transform is a Gaussian at all pressures allowing
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FIG. 2. (color online) (a) Normalized XAS spectra obtained
at 300 K between 0.9 GPa and 12 GPa, (b) Extracted χ(k).
Both signals are vertically shifted for clarity.

us to use the same structural model given by six oxygen
atoms as first neighbours at the same distance. The fit-
ting was done in q space isolating the Zr-O peak of the
Fourier transform and the back transforming in q space
using a standard procedure. A symmetric distribution
of bond distances was used, characterized by the follow-
ing structural parameters: R (average bond distance),
σ2 (relative mean square displacement or EXAFS DWF:
exp(2σ2k2)), and the number of neighbours which was
kept fixed to six. Figures 3b and 3c show the Zr-O atom
pair distribution function, i.e. backward Fourier trans-
form, in the k3-weighted space along with the best fit
calculation obtained at 3.7 GPa and 7 GPa. The experi-
mental data are correctly reproduced within the pressure
range of investigation.

Figure 4 shows the pressure behavior of the experi-
mental σ2 for the Zr-O atom pairs at 300 K; σ2 accounts
for the mean square displacement of the Zr-O distance
and contains two contributions: a thermal (σ2

dyn.) and
a structural (σ2

stat.) contribution linked to the local vi-
brational dynamics and the local structural distortions,
respectively. One can first note that the fitted ambient
value is perfectly consistent with that reported in the
literature14 (the open star). Additionally, a noticeable
decrease of σ2 can be observed with increasing pressure
with a change in the trend at ∼ 7 GPa.

To interpret these data, it is important to compare
them with the σ2 of centrosymmetric Zr-based
oxide compounds. Since the PbZrO3 end-member
is antiferroelectric, it will have antiphase polar
displacements. Additionally, it was found that
its structure is disordered with two substructure
components related by a shear of c/2 23. In our
study, BaZrO3 (BZ) was chosen because the Zr-atoms
are known to be perfectly in the center of the oxygen
octahedra in the whole pressure-temperature range 24,
implying that the σ2 in BZ is only dependent on the

FIG. 3. (color online) (a) The k3-weighted EXAFS signals
(obtained in the 2-11 Å−1 range) are shown at 3.7 GPa
(dashed) and 7.0 GPa (full). The Zr-O first coordination shell
is extracted using a Hann window in the 1.2-2 Å range. (b)
and (c) The k3-weighted backward Fourier transforms along
with the resulting fits (dashed) are shown at 3.7 GPa and 7
GPa, respectively.

thermal vibrations (θE = 606 K) and does not contain the
static contribution 25. Note that other centrosymmetric
Zr-based oxide materials (for example, ZrW2O8

25) also
exhibit similar values of σ2.

The behavior of σ2
dyn.(BZ) at a fixed temperature (300

K) can be expected to smoothly decrease upon increas-
ing pressure. This decreasing behaviour of σ2

dyn.(dotted
line in Figure 2d) can be estimated using the equiva-
lent isotropic temperature factors of the B atom reported
in a high pressure single crystal diffraction study26 of
GdFeO3, a centrosymmetric perovskite (no static disor-
der) which exhibits no phase transition in the pressure
range of interest. The pressure dependence of σ2

dyn. cor-
responds to a decrease of about 1% per GPa26.

At ambient conditions, we can observe that the σ2 of
PZT is higher than that of BZ, this can be attributed to
the presence of static disorder in PZT, which is absent in
BZ. At high pressure, the σ2

dyn. estimation of BZ perfectly
fits the high pressure values of σ2 for PZT indicating that
pressure eliminates the static disorder for the Zr-atoms
of PZT above 7 GPa and that the only contribution to
the EXAFS DWF is dynamic above this pressure. Based
on previous studies, we have already characterized the
ferroelectric-paraelectric phase transition of PZT at 5-6
GPa9, Figure 4 (PC : dashed line). This phase transi-
tion can be linked to the change in the decrease of σ2 for
the Zr-O bond and the situation (low pressure regime)
in which the EXAFS DWF contains the static and dy-
namic contributions and that (high pressure regime) in
which only the dynamic part contribute to the σ2. This
implies that σ2

stat. of PZT is due to a small random Zr off-
center displacement in the oxygen octahedra cage, which
will produce a small polarization. This Zr-shift can be
roughly estimated ∼ 0.06 Å, i.e.

√
0.0067− 0.003 ∼= 0.06
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FIG. 4. (color online) Pressure behavior of the DWF for the
Zr-O atom pairs at 300 K. Values reported in the literature
for PZT14 (∗) and BaZrO3

24 (◦) are also included. PC (the
dashed line) corresponds to the paraelectric transition9. The
dotted line represents the decrease of σ2

dyn. as explained in
the text.

Å. The excess of σ2
stat. appears at pressures well above PC

suggesting an order-disorder nature of the transition, as it
has already been reported for Ti-shifts in P-T space17,18.
It is worth to stress that besides the displacement of Zr
from the offset position to the centrosymmetric position
of 0.06 Å, the average Zr-O distances contract by 0.01 Å
indicating the small compressibility of the oxygen octa-
hedra.

Let us now discuss about the XANES part of the spec-
tra. The p-d peak, linked to the dipole transition, is ex-
pected to disappear at the ferroelectric-paraelectric tran-
sition as in PbTiO3. However, it is difficult to observe
this effect in PZT16 at Zr K edge owing to the large Zr K
hole width (γK(Zr) ≈ 3.84 eV) as compared to that of
Ti K edge in PbTiO3 (γK(Ti) ≈ 0.8 eV). The very weak
variation of σ2

dyn. in this high-pressure experiment en-
abled us to distinguish a smooth, but observable decrease
in the PEFS intensity in the 0.9 GPa - 6.1 GPa pressure
range, as shown in Figure 5a. Above 6.1 GPa, the PEFS
spectra overlap almost perfectly. The critical pressure for
the change in behavior, i.e. 6.1 GPa, is roughly consis-
tent with the results described above, figures 2b and 4.
In order to determine the origin of the change in the be-
havior in the XANES spectra, we performed full multiple
scattering calculations. Based on our structural data ob-
tained from neutron diffraction9, an excited atom embed-
ded in a 10 Å-cluster was used to simulate the XANES
spectra in the ferroelectric and paraelectric state. In the
ferroelectric state, a Zr-displacement of 0.06 Å from the

FIG. 5. (color online) (a) High-pressure Zr K edge XANES
spectra obtained at 300 K. Note the pressure evolution of the
PEFS. (b) Experimental and simulated XANES spectra at 1.7
GPa and 7 GPa. In b), the origin (0) corresponds to the Zr
K edge. (c) The non-convoluted and convoluted theoretical
PEFS at 1.7 GPa and 7 GPa showing the disappearance of
the dipolar contribution at high pressure.

symmetric position was kept fixed consistent with the
EXAFS results. The theoretical spectra were convoluted
with contributions due to the Zr K hole width, the pho-
toelectron width and the experimental resolution. Figure
5b shows the experimental and simulated XANES spec-
tra obtained at 1.7 GPa and 7 GPa, which are consistent
with a long range polar and non-polar state. All the
features are correctly reproduced starting from the more
intense white line in the paraelectric state, centred at
30 eV, to the well-known shift to higher energy of the
XANES spectrum at high pressure. Note, however, that
large convolution with the contribution due to the Zr K
hole width hides the structure at low energy. We show
thus in Figure 5c, the non-convoluted (before broaden-
ing) and convoluted spectra at 1.7 GPa and 7 GPa. It is
here clearly possible to identify the dipolar contribution
in the low-pressure spectrum at about 8.2 eV due to the
breaking of the inversion symmetry induced by the small
Zr-shift from its symmetric position. At high pressure in
the paraelectric state, i.e. 7 GPa, only the quadrupolar
contribution for which intensities are only very weakly
affected by the Zr-shift can be observed. Therefore con-
trary to what was expected, these simulations confirm
that even a small Zr-shift can be observed in the PEFS
signal. This confirms that XAS measurements are a per-
fect probe of local polar displacements. Note that for the
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EXAFS analysis mentioned above, the small Zr-shift can
only be observed due to the high-pressure measurements
at constant temperature. As stated previously, the ther-
mal vibrations in our case are almost constant thereby
making the interpretation considerably easier.

FIG. 6. (color online) (a) Pressure behavior of the DWF
for the Zr-O atom pairs at 450 K. The calculated value for
BaZrO3 (◦)24 is also included. σ2

dyn. (the dotted line) corre-
sponds to a decrease of about 1% per GPa. (b) High-pressure
Zr K edge XANES spectra obtained at 450 K. Note the pres-
sure evolution of the PEFS.

Figure 6a shows the pressure behavior of the exper-
imental σ2 for the Zr-O atom pairs at 450 K. As ob-
served at ambient temperature, a noticeable decrease of
σ2 can be observed with increasing pressure followed by
a plateau at higher pressures. The calculated value of σ2

in BZ at 450K is plotted (θE = 606 K)25. As in Figure
4, the σ2

dyn. estimation of BZ (dotted line) is inserted
and perfectly fits again with the values of σ2 for PZT at
high pressure giving an additional evidence that pressure
eliminates the static disorder for the Zr-O bond in PZT
above 5 GPa; again the only contribution to the EXAFS
Debye-Waller factor above this pressure will be dynamic.
As observed previously, σ2

stat. of PZT comes from a small
random Zr off-center displacement in the oxygen octahe-
dron cage which will produce a small polarization. This
finding is supported by the high-pressure XANES spectra
obtained at 450 K, Figure 6b. It is possible to distinguish
a smooth decrease in the PEFS intensity in the 0.9 GPa -

5.7 GPa pressure range. Above 5.7 GPa, the PEFS spec-
tra overlap almost perfectly indicating the disappearance
of the dipolar contribution as shown by the full multiple
scattering calculations mentioned above.

IV. CONCLUSION

To conclude, this XAS study as a function of pressure
and temperature provides the first evidence of the polar
character of the Zr-atoms in PZT with a Zr-shift, which
will produce a small Zr polarization. This small polariza-
tion can therefore be aligned with a modest electric field
which would create a favourable energetic situation for
the switching of the strongly polar Ti-O dipole and would
therefore account for the large piezoelectric effect in PZT.
Viewed from the zirconium site, the local configuration is
similar to that expected close to TC in a classical ABO3

ferroelectric, at which a maximum in the dielectric con-
stant is observed, i.e. the coercitive electric field nec-
essary to switch the polarisation drastically decrease. In
mixed B -cation systems, such local configurations for one
type of B -cations leads to relatively easy switching giv-
ing rise to exceptional ferro/piezoelectric properties. It
is interesting to note that this MPB composition, which
exhibits the highest piezoelectric performances, has a
Zr/Ti compositional ratio of 1/1 which would optimize
the process described above. Furthermore, we can ana-
lyze other ferroelectric materials, which also present high
or giant piezoelectric effect, the PbMg1/3Nb2/3O3

27 and
PbZn1/3Nb2/3O3

28 systems for example. Looking at the
unoccupied or fully occupied d orbitals, d0 state of the
Mg/Nb and the d10 state of the Zn/Nb atoms, it is
possible to predict similar behavior. Here, the strong
dipole will be Nb-O with small Nb5+ of 0.64 Å, while the
small polarization will be produced by the larger Mg2+ or
Zn2+, 0.72 Å and 0.74 Å respectively13. One can clearly
expect that the Mg- and Zn- atom could be easily poled
with a modest applied electric field like the Zr-atom in
our study providing an effective way to align the Nb-O
dipoles. Finally, this result could be an interesting way
to predict new ferroelectric materials with optimal ferro-
piezo-electric properties.
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