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High-pressure phases in highly piezoelectric PbZys,Tig 4805
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Two novel room-temperature phase transitions are observed, via synchrotron x-ray diffraction and Raman
spectroscopy, in the Phgi,Tip.dO5 alloy under hydrostatic pressures up to 16 GPa. A monoclinic
(M)-to-rhombohedral R;) phase transition takes place around 2—3 GPa, whileRhighase transforms into
another rhombohedral phade;, at =6—-7 GPa. First-principles calculations assign the R3m and R3c sym-
metry toR; andR,, respectively, and reveal thR, acts as a pressure-induced structural bridge between the
polar R3m and a predicted antiferrodistortive_mase.
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PbZr,_,Ti,O; (also called PZT solid solutions withx  in PbZrQ,.® These opposite effecté;*the fact that Cm is a
=0.5 are used, already for decades, in virtually all piezoelecstructure bridging the R3m and P4mm phakasd is thus
tric devices from ultrasound generators to micropositionersyery sensitive to a small change of interactidiRef. 16],
due to their outstanding electromechanical performamde. and the observed coexistence of polar displacements and
PZT compositions have the cubic perovskite structure at higloxygen rotation suggest that the phase diagram of PZT ver-
temperatures, while they undergo a phase transition, at abostis pressure can be extraordinarily rich.
650 K, to a ferroelectric rhombohedral R3m phd&séth a Motivated to precisely determinand fully understand
polarization pointing along thEl11] pseudocubic direction this phase diagram, we combined three complementary tech-
for Zr-rich samples and to a ferroelectric tetragonal P4Ammmiques, synchrotron x-ray diffraction, Raman spectroscopy,
phase (with a polarization lying along001]) for Ti-rich and first-principles  calculations, to investigate
samples:? Recently, higher resolution synchrotron x-ray ex- PbZp, =,Tig 4605 under hydrostatic pressure. These studies re-
periments at low temperatures in high quality samples haveealed (1) two novel phase transitiong2) two different
made possible the resolution of the region around the R3mpressure-induced bridging structures, @8dthe absence of
P4mm boundary, and have revealed the existence of a thira high-pressure cubic paraelectric phase.
ferroelectric phase with a lower monocliniigl) Cm symme- The same PbZr,Tig 4405 ceramic pellets of Ref. 3 were
try within a narrow compositional rangeThis M phase can used. A piece was crushed into powder and loaded in a dia-
be considered as a structural bridge between the R3m antond anvil cell using both nitrogen and a 4:1 methanol-
P4mm phases since its polarization continuously rotates iethanol mixture as pressure media for the x-ray and Raman
the (110) plane from theg[111] to the [001] pseudocubic measurements, respectively. A maximum pressure of 16 GPa
directions, as the Ti content increadd®aman measurements was reached in hydrostatic conditions. The pressure was
in PZT have also found mode splitting which are consistenteasured by the ruby fluorescence methoX:ray diffrac-
with monoclinic symmetry;® and first-principles calcula- tion data were taken at room temperature in the ID9 beam-
tions have shown that the polarization rotation is responsibléne at the ESRF with a monochromatic beam pf
for the large piezoelectric coefficients observed in PZT. =0.414 A focused to a 3030 um? spot and using an angle

Furthermore, antiphase oxygen rotations, superimposedispersive setup with image plate detector. The unit cells for
on polar displacements, have been recently observed withitne different pressures were obtained by means of a full pro-
the monoclinic phase of PZT at low temperatifté! Thisis  file Le Bail analysist®'® using a pseudovoigt peak shape
consistent with first-principles calculations predicting thatwith asymmetry correctiof? A second cubic phase was used
oxygen rotations and polar displacements are close i account for the diffuse scattering found in the monoclinic
energy'? Interestingly, the energetical order between differ-phase, as in Ref. 3. Depolarized Raman spectra of the sample
ent phases in perovskite materials can be modified by applypowders were recorded at room temperature in back-
ing an external pressure. This is clearly evidenced by earliescattering geometry with a Jobin Yvon T64000 spectrometer
works observing that pressure lowers the Curie temperaturequipped with a microscope objective and the 514.5 nm line
of phase transitions induced by softening of zone-centeof an Ar+ ion laser as excitation line. The Raman spectra

phonons, such as tHg5 polar modes in PbTiQ(Ref. 13—  after pressure release were identical to the initial spectra at-
and thus leads to a cubic paraelectric phase at high enoudbsting the reversibility of pressure-induced changes.
pressure, as recently reported for Ph#lig.dO; (Ref. As shown in Fig. 1(top), at atmospheric pressure

14)—uwhile it increases the temperature of the transitions rePbZr 5,0l 4405 IS just at the monoclinic-tetragonal phase
lated to zone-boundary modes like the antiferroelectric modéransition showing a very small monoclinic distortion, with
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FIG. 1. (Color online Evolution of the lattice parameters with
increasing pressun@op). Solid lines are a guide to the eye. Evolu-
tion of the (222 x-ray diffraction peak with pressurg@ottom).

FIG. 2. Evolution of the Raman spectra with increasing pres-
sure. Arrows mark new reflections in the high-pressure phase. The
inset shows the softening of the modes at 200 and 280'@hthe
) R;-R, phase transition.
lattice constants,g b, ¢,, and aB angle. Pressure in-
duces fairly large and continuous changesify in agree- o of zone-boundary mode®g:) and thus double the unit
ment with Ref. 14, and far more subtle changesin Bn, el 2% This type of rotations is also observed in Zr-rich PZT
andB. Small pressures below 2 GPa increase the monoclinigy atmospheric pressure and low temperature, although in
distortion by increasing botjg and the difference between s case polar displacements are also present and the struc-
an and k,. At ~2-3 GPa, @=by,=cy, and the triplet of  ,1e has the space group R3c with< 90° 24
the pseudocubi¢222) reflection[see Fig. 1(bottom] ob- Raman measurements were performed to complement the
serveq at low pressures changes into a doublet. The. COM&-ray data. Figure 2 presents the evolution of the Raman
sponding new phase, denoted By, is rhombohedg:i\l With  spectra of the same sample with increasing pressure until
an anglea<<90° , or unit cell elongated alond 11" The 102 GPa. A particularly striking finding is that the Raman
most plausible space group f&; is R3m since this latter is  sjgna| is fairly well defined for any pressure, including those
ferroelectric with polarization alongl11]. For P>3 GPa, ground 5-7 GPa for which x ray shows a cubic-like struc-
the rhombohedral distortion @, decreases with increasing tyre, implying the existence of noncubic distortions on the
pressure, until at about 5 GPa when the diffraction patteriRaman characteristic length scéédout 5—10 unit cells too
seems to be cubic with no visible peak split in agreemengmg]| for x rays to resolve it. Furthermore, the spectra at low
that they are not resolution limited, suggesting local noncutiterature*®*for similar compositions. Several changes are
Cl’eased, abOVe 7 GPa, the diStOI’tion from CUbiC COHIihUOUSl}he appearance of Severa' new bands at h|gh pressures
increases and the diffraction peaks start splitting again. A$marked with arrows in the figureand the suppression of
seen in Fig. Xbottom), the diffraction pattern is again that of some others. Most of the changes appear in between 5.5 and
a rhombohedral phase but this time with- 90° * This new 7.2 GPa, in agreement with the critical pressure observed by
phase(denoted byR,) is thus associated to a unit cell flat- x-ray diffraction for the transition to thé&R, phase. The
tened alond111]. One good candidate for the symmetry of strong and sharp band at 380 chhas been observed under
R, is R3c since all known rhombohedral perovskites with pressure in other perovskites and has been associated with
a>90° adopt this space grodpa well-known example be- rhombohedral symmet&7:%8 Its narrow width at high pres-
ing LaAlOs. In this nonpolar structure the distortion from sures is indicative of the long-range character of the distor-
cubic is due to antiphase rotations of the oxygen octahedron, and the increase in the number of bands is also consis-
around thg111] direction, which results from the condensa- tent with a doubling of the unit cell. Furthermore, we
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observe a softening of the two modes in the
200-t0-350 cm* range(inset Fig. 2, accompanied by a pro-
gressive disappearing of the 200 thmode, both observa-
tions clearly supporting the occurrence of a phase transition,
most possibly related to fundamental changes of the Zr/Ti-
cation displacement.

In order to gain further insights, we also perform 0 K
calculations within the local-density approximatitiDA ),%”
using the virtual crystal approximatiofy CA) proposed in
Ref. 28 (in which further details of the calculations can be
found). We limit ourselves to the study of seven phases: the
paraelectriccubic Pm-3m state; thierroelectricmonoclinic
Cm, rhombohedral R3m, and tetragonal PAmm phases; the

antiferrodistortiverhombohedral R8 and tetragonal 14/mcm
phases; and the rhombohedral R3c state that can exiwithit
polar and antiferrodistortive degrees of freedom. The lattice
vectors of the Cm, R3m, and P4Amm phases are those experi-
mentally determined in Refs. 29 and 30 for an atmospheric
pressure, and the associated strain tensors—with respect to

T~ I €V)

Local Mode (a.2.)

-0.03

-0.06

-0.09

-0.12

0.16

0.12

0.08

0.04

RAPID COMMUNICATIONS

PHYSICAL REVIEW B9, 02010%R) (2004

i DboxX %

u_of Cm

u=u of Cm
u=u=u of R3m
u=u =u, of R3¢

4

the cubic case—are kept frozen in our calculations. On the
other hand, for computational convenience, the lattice vec-

tors of the R®, 14/mcm, and R3c phases do not contain any
strain with respect to the cubic phase. Figu(a@ 3hows the
AH=H—H_pi. difference between the enthalpy of each
phase and thel ;i enthalpy of the cubic paraelectric phase
as a function of pressure. It is well known that LDA usually
underestimates the lattice constant, which explains why the
LDA-predicted pressure corresponding to the experimental
volume determined in Ref. 29 for the Cm phase, at low tem-
perature and at an atmospheric pressure, is found to be
—8 GPa. Therefore, in order to compare with the experi-
ments, we have performed an uniform shift of the theoretical oo B | i i ;
P scale by 8 GPa, as indicated in Fig. 3 by tlescaled EE) 8 13 18 23

theoretical pressur. 8) (3 © O 19 @1
One can note that our simulations yield a R3m phase that Rescaled Pressure P, GPa (LDA Pressure P, GPa)

is slightly more favorable than C_m fa?=0. This discrep- FIG. 3. (Color onling First-principles prediction of the pressure
ancy between theory and experiments for the ground-staigpayior of () AH (see text for all the considered phaséthe
symmetry is likely due to the fact that we neglect an impor-phase corresponding to a minimsH at a givenP is thus the most
tant feature of monoclinic phases in our VCA calculations,staple one for this pressureb) the polar local soft mode for the
namely the Signiﬁcant disorder eXiSting betWeen |Oca| di'Cm’ Ram’ and R3c phases’ e(mmthe rotation ang|e of the oxygen
poles located in different five-atom cefts®> On the other  octahedra with respect to the pseudoculitt] direction for the
hand, further using this rescaled pressure scale leads tor: and R@ phasesP is the rescaled pressutsee text LDA-
R3m-R3c transition occurring around 6 GPa. This is in re-pressurer is indicated in parentheses.

markable agreement with the experimentally determined

R;-R, transition pressures mentioned abd¥eand thus
strongly suggests that the spaces group&fpfand R, are
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respondingx andy components are barely affected by this
. : ._change of pressuréNote that thex, y andz axes are chosen
R3m and R3c, respe_ctlveli The calculations flﬂther predlc{;Iong the pseudocubd00], [010], and[001] directions, re-
that R3c transforms into a R3phase for pressuf@ around g ctively) These predicted behaviors are consistent with the
20 GPa.(Note thaiAH of the R3c and R8 phases are quite pressure Changes Ortmabma and G depicted in F|g 1 for the
negative even foP larger than 20 GPa, which further con- M phase, since ferroelectrics are well known to exhibit a
firms theabsenceof a high-pressure cubic phagse. coupling between polarizatiotrelated tou) and strain(re-
Figures 3b) and 3c) show the pressure behavior of the lated to lattice vecto)s’* Similarly, the continuous decrease
local soft-modeu (directly related to the spontaneous predicted for every component ofin the R3m phase—when
polarizatiort®) and the rotation angle of the oxygen octahe-increasingP from 2 to 6 GPa—is consistent with the experi-
dra, respectively, for the relevant phases. One can clearly sggentally observed increagsee Fig. 1 towards 90° for the
that thez coordinate ofu in the Cm phase significantly de- rhombohedral angle oR; in this range. Figures (B) and
creases when increasifgyfrom 0 to 2 GPa, while the cor- 3(c) further indicate that in the R3c phase for rescaled pres-
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sures above 3 GPa, the spontaneous polarization decreasedtires. The first transition thus involves polarization rotation,
magnitude while the rotation of the oxygen octahedra in-while the second transition leads to a smooth suppression of
creases, at increasing pressure. First-principles calculationse polar displacements and continuously increases the oxy-
thus provide a successful explanation for the unusual phasgen rotations around the Zr/Ti cations with increasing pres-
that is Raman active but characterized by angle=90°  sure. The pressure phase diagram of PZT thus contains two

between its lattice vectors, and that is observed for pressuigeculiar bridging structures: polar Cm that can be seen as the
ranging between 5 and 7 GPsee Figs. 1 and)2this phase

is simply a R3c structure in which polar displacemetfiés

voring «<90°) compete with the rotation of the oxygen
octahedrafavoring a>90°). When further increasing pres-

sure, the simulations yield a significant increédecreasgof

the antiferrodistortive(polan structural features. This ex-

plains why « increases with pressure after 7 GR@ae Fig.

1), and also indicates that R3c behaves as a pressure-induc

bridging structure between the R3m anEd%Shases{which
are not in a simple supergroup or subgroup relation

In summary, complementary synchrotron x-ray diffrac-
tion, Raman spectroscopy, and first-principles calculations i
piezoelectric PbZs,Tig 403, under pressure, reveal two

natural evolution of polar PAmm to polar R3m, and R3c that

brings polar R3m to antiferrodistortive R3The absence of

a high-pressure cubic phase is, therefore, reported. Our re-

sults may also be relevant to thin films because of the crucial

role played by the stress in these two-dimensional systems.

Finally, we would like to raise the possibility that the mys-
ious (cubiclike while polay so-called x phase, recently

reported in some complex perovskit€ss a phase similar to

the one we observe at the R3m-R3c transition, namely a

phase in which polar distortions compete with antiphase oxy-

r?en rotations.
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