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Origin of the High Piezoelectric Response in PbZr—,Ti, O3
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High resolution x-ray powder diffraction measurements on poled PbZr,_, Ti, O; (PZT) ceramic samples
close to the rhombohedral-tetragonal phase boundary (the so-called morphotropic phase boundary) have
shown that for both rhombohedral and tetragonal compositions the piezoelectric elongation of the unit
cell does not occur aong the polar directions but along those directions associated with the monoclinic
distortion. This work provides the first direct evidence for the origin of the very high piezoelectricity

in PZT.

PACS numbers: 77.84.Dy, 61.10.—i, 77.65.—j

The ferroelectric PbZr,—, Ti,O; (PZT) system has been
extensively studied because of its interesting physica
properties close to the morphotropic phase boundary
(MPB), the nearly vertical phase boundary between the
tetragonal and rhombohedral regions of the phase diagram
close to x = 0.50, where the material exhibits outstand-
ing electromechanical properties [1]. The existence of
directional behavior for the dielectric and piezoelectric
response functions in the PZT system has been predicted
by Du et al. [2,3] from a phenomenological approach [4].
These authors showed that for rhombohedral compositions
the piezoelectric response should be larger for crystals
oriented along the [001] direction than for those oriented
along the [111] direction. Experimental confirmation of
this prediction was obtained [5—7] for the related ferro-
electric relaxor system PbZn;3Nb,/3-PbTiOs (PZN-PT),
which has a rhombohedral-to-tetragonal MPB similar to
that of PZT, but it has not been possible to verify similar
behavior in PZT due to the lack of single crystals. Fur-
thermore, ab initio calculations based on the assumption
of tetragonal symmetry, that have been successful for
calculating the piezoelectric properties of pure PbTiO;
[8-11], were unable to account for the much larger
piezoelectric response in PZT compositions close to the
MPB. Thus, it is clear that the current theoretical models
lack some ingredient which is crucial to understanding the
striking piezoelectric behavior of PZT.

The stable monoclinic phase recently discovered in
the ferroelectric PbZr,_,Ti,O; system (PZT) close to
the MPB [12] provides a new perspective to view the
rhombohedral-to-tetragonal phase transformation in PZT
and in other systems with similar phase boundaries as
PMN-PT and PZN-PT [13]. This phase playsakey rolein
explaining the high piezolectric response in PZT and, very
likely, in other systems with similar MPBs. The polar
axis of this monoclinic phase is contained in the (110)
plane along a direction between that of the tetragonal
and rhombohedral polar axes [12]. An investigation of
several compositions around the MPB has suggested a
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modification of the PZT phase diagram [1] as shown in
Fig. 1 (top right) [13].

A local order different from the long-range order in the
rhombohedral and tetragona phases has been proposed
from a detailed structural data analysis. Based on this,
a model has been constructed in which the monoclinic
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FIG. 1. Schematic view of the PZT phase diagram in the vicin-
ity of the MPB showing the monaclinic region (top right). A
projection of the rhombohedral (top left), monoclinic (bottom
left), and tetragonal (bottom right) unit cells on the pseudocubic
(110) plane is sketched. The solid circles represent the observed
lead shifts with respect to the ideal cubic structure and the grey
circles the locally disordered shifts, four in the tetragona phase
and three in the rhombohedral phase. The heavy dashed arrows
represent the freezing-out of one of these shifts to give the ob-
served long-range monaclinic structure [13].
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distortion (Fig. 1, bottom left) can be viewed as either
a condensation along one of the (110) directions of the
local displacements present in the tetragonal phase [13]
(Fig. 1, bottom right), or as a condensation of thelocal dis-
placements along one of the (100) directions present in the
rhombohedral phase[14] (Fig. 1, top left). The monoclinic
structure, therefore, represents a bridge between these two
phases and provides a microscopic picture of the MPB re-
gion [13].

In the present work experimental evidence of an en-
hanced elongation along [001] for rhombohedral PZT and
along [101] for tetragonal PZT ceramic disks revealed by
high resolution x-ray diffraction measurements during and
after the application of an electric field is presented. This
experiment was originally designed to address the question
whether poling inthe MPB region would simply changethe
domain population in the ferroel ectric material, or whether
it would induce a permanent change in the unit cell. As
shown below, from measurements of selected peaks in the
diffraction patterns, a series of changesin the peak profiles
from the differently oriented grains are reveal ed which pro-
vide key information about the PZT problem.

PbZr,_,Ti, O3 ceramic samples with x = 0.42, 0.45,
and 0.48 were prepared by conventiona solid-state reac-
tion techniques using high purity (better than 99.9%) lead
carbonate, zirconium oxide, and titanium oxide as start-
ing compounds. Powders were calcined at 900 °C for 6 h
and recalcined as appropriate. After milling, sieving, and
the addition of the binder, the pellets were formed by uni-
axia cold pressing. After burnout of the binder, the pel-
lets were sintered at 1250 °C in a covered crucible for 2 h,
and furnace cooled. During sintering, PbZrO; was used as
a lead source in the crucible to minimize volatilization of
lead. The sintered ceramic samples of about 1 cm diameter
were ground to give parallel plates of 1 mm thickness, and
polished with 1 um diamond paste to a smooth surface
finish. To eliminate strains caused by grinding and pol-
ishing, samples were annealed in air at 550 °C for 5 h and
then slow cooled. Silver electrodes were applied to both
surfaces of the annealed ceramic samples and air dried.
Disks of all compositions were poled under a dc field of
20 kV/cm at 125°C for 10 min and then field cooled to
near room temperature. The electrodes were then removed
chemically from the x = 0.42 and 0.48 samples. For the
x = 0.45 sample (which had been ground to a smaller
thickness, about 0.3 mm), the electrodes were retained, so
that diffraction measurements could be carried out under
an electric field.

Several sets of high-resolution synchrotron x-ray pow-
der diffraction measurements were made at beam line X7A
at the Brookhaven National Synchrotron Light Source. A
Ge(111) double-crystal monochromator was used in com-
bination with a Ge(220) analyzer, with a wavelength of
about 0.8 A in each case. In this configuration, the instru-
mental resolution, A26, is an order-of-magnitude better
than that of a conventional laboratory instrument (better
than 0.01° in the 260 region 0°-30°). The poled and un-

5424

poled pellets were mounted in symmetric reflection geom-
etry and scans made over selected peaks in the low-angle
region of the pattern. It should be noted that since lead
is strongly absorbing, the penetration depth below the sur-
face of the pellet at 26 = 20° isonly about 2 wm. In the
case of thex = 0.45 sample, the diffraction measurements
were carried out with an electric field applied in situ via
the silver electrodes.

Powder diffraction measurements on aflat platein sym-
metric reflection, in which both the incident and the dif-
fracted wave vectors are at the same angle, 6, with the
sample plate, ensuresthat the scattering vectors are perpen-
dicular to the sample surface. Thus only crystallites with
their scattering vector parallel to the applied electric field
are sampled. Scans over selected regions of the diffrac-
togram, containing the (111), (200), and (220) pseudocu-
bic reflections, are plotted in Fig. 2 for poled and unpoled
PZT samples with the compositions x = 0.48 (top) and
x = 0.42 (bottom), which are in the tetragona and rhom-
bohedral regions of the phase diagram, respectively. The
diffraction profiles of the poled and unpoled samples show
very distinctive features. For the tetragonal composition
(top), the (200) pseudocubic reflection (center) shows a
large increase in the tetragonal (002)/(200) intensity ratio
after poling due to the change in the domain population,
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FIG. 2 (color). Comparison of (111), (200), and (220) pseu-
docubic reflections for the x = 0.48 (tetragonal), and x = 0.42
(rhombohedral) PZT compositions before and after poling.
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which is also reflected in the increased (202)/(220) inten-
sity ratio in the right side of the figure. In the rhombo-
hedral composition with x = 0.42 (bottom of Fig. 2), the
expected change in the domain population can be observed
from the change of theintensity ratios of the rhombohedral
(111) and (111) reflections (left side ) and the (220) and
(220) reflections (right side).

In addition to the intensity changes, the diffraction pat-
terns of the poled samples show explicit changes in the
peak positions with respect to the unpoled samples, cor-
responding to specific aterations in the unit cell dimen-
sions. In the rhombohedral case (x = 0.42), the electric
field produces no shift in the (111) peak position (see bot-
tom left plot in Fig. 2), indicating the absence of any elon-
gation along the polar directions after the application of the
field. In contrast, the poling does produce a notabl e shift of
the (00I) reflections (center plot), which corresponds to a
very significant change of d spacing, with Ad/d = 0.32%,
Ad/d being defined as (d, — d,)/d., where d, and d,
are the d spacings of the poled and unpoled samples, re-
spectively. This provides experimental confirmation of the
behavior predicted by Du et al. [3] for rhombohedral PZT,
as mentioned above. The induced change in the dimen-
sions of the unit cell is also reflected as a smaller shift in
the (202) reflection (right side plot), corresponding to a
Ad/d aong [101] of 0.12%.

In the tetragonal casefor x = 0.48 (top of Fig. 2), there
is no peak shift observed along the polar [00l] direction
(center plot), but the (202) and the (111) reflections exhibit
striking shifts (right and left sides, respectively). Further-
more, this composition, which at room temperature is just
at the monoclinic-tetragonal phase boundary, shows, af-
ter poling, a clear tendency towards monoclinic symmetry,
in that the (111) and (202) reflections, aready noticeably
broadened in the unpoled sample and indicative of an in-
cipient monoclinicity, are split after poling. These data
clearly demonstrate, therefore, that whereas the changes
induced in the unit cell after the application of an electric
field do not increase either the rhombohedral or the tetrag-
onal strains, a definite elongation is induced along those
directions associated with the monoclinic distortion.

In addition to the measurements on the poled and un-
poled samples, diffraction measurements were performed
in situ on the rhombohedral PZT sample with x = 0.45
as afunction of applied electric field at room temperature.
The results are shown in Fig. 3 where the (111), (200),
and (220) pseudocubic reflections are plotted with no field
applied (top) and with an applied field of 59 kV /cm field
(bottom). The top part of the figure also shows data taken
after removal of the field. As can be seen, measurements
with the field applied show no shift along the polar [111]
direction but, in contrast, there is a substantial shift along
the [001] direction similar to that for the poled sample with
x = 0.42 showninFig. 2, proving that the unit cell elonga-
tion induced by the application of afield during the poling
process corresponds to the piezoelectric effect induced by
the in situ application of a field. Comparison of the two
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FIG. 3 (color). (111), (200), and (220) pseudocubic reflections
for PZT with x = 0.45 measured on an unpoled sample (open
circles) and on asimilar sample after the application and removal
of afield of 59 kV/cm at room temperature (solid circles) are
plotted in the upper part of the figure. The scattered intensity at
260 = 19.52° from the second sample corresponds to the (111)
reflection from the silver electrode. Measurements on the latter
sample under an electric field of 59 kV /cm applied in situ are
plotted in the lower part of the figure.

sets of data for x = 0.45 before and after the application
of the field shows that the poling effect of the electric field
at room temperature is partialy retained after the field is
removed, although the poling is not as pronounced as for
the x = 0.42 sample in Fig. 2.

A quantification of the induced microstrain along the
different directions has been made by measuring the peak
shiftsunder fieldsof 31 and 59 kV /cm. InFig. 4, Ad/d is
plotted versus the applied field, E, for the (200) and (111)
reflections. These data show an approximately linear in-
creasein Ad/d for (200) with field, with Ad/d = 0.30%
at 59 kV /cm, corresponding to a piezoelectric coefficient
d3; = 500 pm/V, but essentially no change in the d spac-
ing for (111).

Itisinteresting to comparein Fig. 4 the results of dilato-
metric measurements of the macroscopic linear elongation
(Al/1) on the same pellet, which must also reflect the ef-
fects of domain reorientation. At higher fields, this con-
tribution diminishes and one could expect the Al/l vs E
curve to fal off between those for the [100] and [111]
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FIG. 4. Fractional change of d spacing, Ad/d for PZT with
x = 0.45 from the rhombohedral (200) and (111) reflections
as a function of electric field (closed symbols). Dilatometric
measurements of the macroscopic Al/I for the same pellet are
also shown (open circles).

oriented grains, typical of the strain behavior of polycrys-
talline ceramics [15]. Although such atrend is seen above
30 kV/cm, itisintriguing to note that below this value, the
macroscopic behavior is essentially the same as the micro-
scopic behavior for the (200) reflection.

Itisof interest to relate our observationsto the more con-
ventional description of piezoelectric effects in ceramics,
in which the dielectric displacements would be attributed
to tilts of the polar axis. What we actually observe in the
diffraction experiment is an intrinsic monoclinic deforma-
tion of the unit cell as a consequence of the rotation of the
polar axis in the monoclinic plane. However, large atomic
displacements can occur only in compositions close to the
MPB, and it is this feature which accounts for the sharp
peak in the piezoel ectric d constants for compositions close
to 52:48 Zr/Ti [1].

We therefore conclude that the piezoelectric strain in
PZT close to the morphotropic phase boundary, which pro-
duces such striking electromechanical properties, is not
aong the polar directions but along those directions as-
sociated with the monoclinic distortion. This work sup-
ports a model based on the existence of local monoclinic
shifts superimposed on the rhombohedral and tetragonal
displacements in PZT which has been proposed from a
detailed structural analysis of tetragonal [13] and rhombo-
hedral [14] PZT samples. Very recent first-principle cal-
culations by Bellaiche et al. [16] have been able not only
to reproduce the monoclinic phase but also to explain the
high piezoel ectric coefficients by taking into account rota-
tions in the monoclinic plane.

As demonstrated above, these high resolution powder
data provide key information to understanding the piezo-
electric effect in PZT. In particular, they allow an accurate
determination of the elongation of the unit cell along the
direction of the electric field, although they give no infor-
mation about the dimensional changes occurring along the
perpendicular directions, which would give a more com-
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plete characterization of the new structure induced by the
electric field. It is interesting to note that in the case of
the related ferroelectric system PZN-PT, the availability
of single crystals has allowed Durbin et al. [7] to carry
out diffraction experiments along similar lines at a labora-
tory x-ray source. Synchrotron x-ray experiments by the
present authors are currently being undertaken on PZN-PT
single crystals with Ti contents of 4.5 and 8% under an
electric field, and also on other ceramic PZT samples. Pre-
liminary results on sampleswith x = 0.46 and 0.47, which
are monoclinic at room temperature, have already been ob-
tained. In these cases, the changes of the powder profiles
induced by poling are so drastic that further work is needed
in order to achieve a proper interpretation.
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