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Pressure-induced rotation of spontaneous polarization in monoclinic and triclinic PbZg 5,Tig 4803
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The morphotropic composition of lead zirconate titan@2&T), PbZp, 5,Tig 4403, was studied as a function
of temperaturé47—-310 K and hydrostatic pressutgom 0.1 MPa to 7.6 GPay neutron powder diffraction.
Series of monoclini¢space group€mandCc) and triclinic phasegspace group&1 andF1) were observed
at various points in th®-T phase diagram of Pbdg,Tig 4d03. The high-pressure behavior is characterized by
two mechanisms, a rotation and reduction of the spontaneous polarization and the onset of octahedral tilting
leading to unit cell doubling. The results show that pressure, as in the case of temperature and external electric
fields, can induce polarization rotation.
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[. INTRODUCTION pear; however, spatial inhomogeneity is probably unavoid-
able in the PZT solid solution. It can also be ndt&d>16
Lead-based ferroelectric perovskites represent an impothat very often a second pha@®m or PAmm) coexists with
tant class of piezoelectric materials. Due to their high piezothe monoclinic form. The phases observed for a given
electric performances, lead-zirconate—lead-titanate solid s@ample will be highly dependent on the exact chemical com-
lutions PbZ;_,Ti,O5 (PZT) with x values close to 0.48 are of position, spatial inhomogeneity, and method of synthesis.
particular interest. This composition lies on what is termed In addition to the ongoing investigation of the relatively
the morphotropic phase bounddiMPB) between the ferro- well-studied, highly complex, composition-temperature
electric trigonal(space groupgR3m) and tetragonal phases phase diagram of PZT, it is also very important to understand
(space groufP4mm). The high piezoelectric coupling con- the effect of hydrostatic pressure on the phase diagram of
stants in these materials have long been attributed to thehis material. This is of particular interest as the dielectric
simultaneous presence of trigonal and tetragonal domairsnd piezoelectric properties of PZT ceramics, which depend
near the MPB. Recently, it has been shown that there is inon the nature of the phases present and on domain wall mo-
fact a monoclinic phaslspace groutm (Refs. 2—4] in this  tion, are known to be sensitive to stress induced by external
region of the phase diagram. The polar axis of this phase caglastic or electric fields. Previous studied® on
lie anywhere between the pseudoculi6l] and[111] direc-  PbZiys,Tig4d05 by x-ray diffraction, Raman spectroscopy,
tions, thus providing a polarization rotation mechariimms  and dielectric measurements indicate that the stable forms
a possible origin for the high piezoelectric response. A secat high pressure are the monocliic form and a pseudocu-
ond monoclinic phasgspace grougCc (Refs. 7-9] with a  bic form. The latter is characterized by cubic unit-cell
doubled unit cell due to antiferrodistortive tilting of the parameters and a strong Raman spectrum, which is not
(Zr,Ti)Og octahedra has been observed below 210 K at ameonsistent with the cubic paraelectric form found at high
bient pressure in Pbgk,Tig 4405 based on the appearance of temperature and ambient pressure. A different high-pressure
superlattice reflections in electron and neutron diffractionphase transition sequence involving rhombohedral forms
data. (CmR3m-R3c) was proposed, based on a subsequent
The origin of the stability of the monoclinic phase is still investigatiod* using x-ray diffraction, Raman spectroscopy,
a subject of discussion. From a theoretical point of view,and theoretical methods. The monoclit@en and Cc forms
Devonshire theory has to be expanded to eighth order ihave also been observed at high pressure by neutron diffrac-
order for the monoclinic phase to be allow®dRecent Ra- tion in Ti-rich PZT compositions, which are tetragonal under
man scattering and electron diffraction studi&sindicate  ambient conditiond® Up to now, the structures of the high-
that on a local level the structure of PZT is monoclinic overpressure forms of Pbgk,Tiy 4405 have not been determined.
a very wide compositional range due to off-center lead dis-The high-pressure behavior and crystal structures of
placements. Condensation of these displacements leads RiZr, 5,Tig 4403 Mmay be expected to be particularly complex
the formation of the observed, long-range monoclinic struc-due to the possible coexistence of rotational and ferroelectric
ture. Neutron diffraction resuftd*show that the monoclinic lattice distortions for compositions close to the MPRef.
phase exhibithkl-dependent broadening of the diffraction 26) linked respectively tdR;- andT',-type phonong’ In the
lines, which has been related to spatial variation of the Zr/Tipresent study, the structure of PRZjTiy 4405 is refined at
ratio. In the same study,it was predicted that in the absence several(P,T) points in the pressure-temperature phase dia-
of spatial inhomogeneity the monoclinic phase would disapgram of PZT in order to determine the phase transition se-
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TABLE |. Cell parameters for monoclinic and triclinic PlygiTig 4803 as a function of? andT.

P(GPa T(K) a(h) b(A) c(A) a(deg B(deg y(deg V(A3

0.0001 47 10.0062) 5.70331) 5.7149(1) 90 124.3381) 90 269.3218)
0.0001 150 10.0138) 5.70571) 5.7167(1) 90 124.3671) 90 269.6118)

0.0001 230 5.7160) 5.70941) 4.1342(1) 90 90.3872) 90 134.9183)
0.0001 280 5.7168) 5.71081) 4.1342(1) 90 90.3472) 90 134.9583)
0.7 150 9.978&) 5.70073) 5.7200(4) 90 124.593) 90 267.863)
11 280 5.711®@) 5.70893) 4.0944(3) 90 90.3567) 90 133.501)
2.4 281 9.895@) 5.69733) 5.7067(3) 90 124.99%3) 90 263.563)

3.8 288 8.059@) 8.02913) 8.05464) 90.14113) 90.1869) 90.05111) 521.234)
4.9 295 8.040(%) 8.00723) 8.02984) 90.2247) 90.12211) 90.067100 516.944)
7.2 128 7.98943) 7.9544(4) 7.98214) 90.265(8) 90.11410) 90.13914) 507.274)
7.1 306 7.9898) 7.96374) 7.9850(4) 90.20810) 90.10812) 90.11@16) 508.05(5)
7.6 310 7.977@) 7.95184) 7.97874) 90.267100 90.09311) 90.19812) 506.185)

quence of this material and to investigate the relative roles obf the cell. The temperature stability was better than £2 K.
rotation and reduction of the spontaneous polarization an®ressure was always increased at close to ambient tempera-

octahedral tilting at high pressure. ture, at which the deuterated 4:1 methanol:ethanol remains
liquid in the pressure range studied in order to limit
Il. EXPERIMENT reflection-broadening problems due to vitrification of the

pressure transmitting fluid, which occurs at low temperature.

PbZ1y 55Tig.4603 Was prepared by the conventional solid- Low-temperature point§128 K,150 K were thus always
state reaction from high-purity=>99.9% oxides via a two-  obtained along isobars. Data were collected at a diffraction
stage calcination proce$5'® The resulting powder samples angle 2=90° using a bank of ZnS scintillator detectors.
were analyzed by inductively coupled plasma and electromData acquisition times were of the order of 10 h. The data
microprobe analysis. The following Pb:Zr:Ti compositional were normalized with respect to those of a standard vana-
ranges were found: respectively, 1(000.521):0.481)  dium sample and corrected for incident beam attenuation due
and 1.001):0.531):0.471). Ambient-pressure, time-of- to the tungsten carbide anvils of the pressure cell.
flight neutron diffraction data at room temperature and at low Structure refinements were performed with the Rietveld
temperature were first obtained using an orange cryostat afinement prograncsas (Ref. 30. Four phases were in-
the Polaris medium resolution diffractometer at the ISIScluded in the refinements of the high-pressure data: PZT,
spallation source of the Rutherford Appleton Laboratory. Thetungsten carbide and nickérom the anvils of the pressure
21.8-g sample was placed in a 10-mm-diam standard vanaell), and lead. In the refinements, the cell parameters,
dium sample can in the cryostat. Data were collected usingtomic positions, atomic displacement parameters, scale fac-
detector banks centered at=290° (ZnS scintillator$ and  tor, and line shape parameters were varied along with up to
26=145° (*He ionization countebs The acquisition time 15 background parameters. The data were first refined using
was of the order of 4 h. The data were corrected for absorpsotropic atomic displacement parameters. Anisotropic
tion. atomic displacement parameters were also refined for the

PbZr 5,Tig 44053 was then studied as a function of tem- lead and oxygen atoms of PZT. Symmetry- and
perature (128-310 K and pressure(0.7—-7.6 GPa in a  hkl-dependent anisotropic microstrain parameters as imple-
Paris-Edinburgh pressure cell, which was placed in a liquicnented inGsAs line shape 4 were also includé®* in re-
nitrogen cryostat, on the high-pressure facililyiPr) of the ~ cent studied®!“ this line shape function was found to be
PEARL beamline at ISIS. The sample was loaded into arparticularly well suited to model the microstrain present in
encapsulated null-scattering TiZr gasket with deuterated 4:PZT ceramics. All figures in parentheses refer to estimated
methanol:ethanol as a pressure-transmitting medium. Thetandard deviations.
pressure was estimated based on the thermoelastic equation
of state(EO9 of lead?® which had also been introduced into ll. RESULTS AND DISCUSSION
the sample volume. The pressure variation was obtained .
based on a third-order Birch-Murnaghan EGRf. 29 with A. Vanable-tempe_rature study
an ambient temperature bulk modulBg=41.84 GPa and of PbZro.szTl0.4605
first pressure derivativB;=5.72. The temperature variation  The diffraction data obtained as a function of temperature
was introduced by modifying the value Wf due to thermal at ambient pressure confirmed the presence of the ambient-
expansionBy(T) is modeled by a quadratic ifi andBj(T)  temperature(Cm) and low-temperaturg/Cc) monoclinic
by a simple linear expression. The temperature was mederms in PbZ 5,Tig 403, Tables | and Il. The structural data
sured with a type< thermocouple attached to the rear anvil are similar to those reported in previous studié3As is
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TABLE II. Fractional atomic coordinates, isotropi@so), or TABLE IIl. Microstrain Sy, and Gaussian-Lorentzian mixing
equivalenteg) atomic displacement parametéss?) and agreement  coefficient » from the Rietveld refinement of monocliniE€m
factors(%) for monoclinic PbZg 55Tig 4¢05 as a function ofl. Cm PbZr 5,Tig 405. The d-dependent Gaussian contribution to the

site occupancies Pb, Zr/Ti, (®) 2a(x,0,z), O(2) 4b(x,y,z). Ori- linewidth, o4=32 at 280 K.
gin at Pb positionCc: site occupanciesadx,y,z). Origin based on
Pbx andz coordinateg0,y,0). PbZ1y 55Tig 4803
T(K) 280
Cc Cc Cm Cm
7 0.5165)
T(K) 47 150 230 280 Si0 0.70q11)
y-Pb 0.742(12) 0.74283) 0 0 Soao 0.2857)
Ueq-Pb 0.0171) 0.01482) 0.01782) 0.019%2) Sooa 5.365)
x-Zr, Ti  0.21942)  0.21932) 0.47835) 0.48156) Srao 0.4678)
y-Zr,Ti 0.25987) 0.25987) 0 0 S0 -0.51318)
zZr,Ti  0.19214)  0.19514) 0.56233) 0.56194) Som ~0.23§14)
Uigo-Zr 0.005@1) 0.00521) 0.00471) 0.00431) Sios ~0.58713)
Uigo T 0.01965) 0.017@G5) 0.00843) 0.00763) Sio3 1.993)
x-0(1) -0.04331) -0.04311) 0.467%3) 0.46983) Sior ~0.5817)
y-0(1) 0.24396) 0.24558) 0 0

z0() ~0.0842)  -0.08062) 0.08712)  0.08613) and rhombohedral forms were found to be present, respec-
UegO(1)  0.008%4) 0.01047)  0.01073) 0.011%3) tively. This distinct behavior in the present study would ap-
x-0(2)  0.19583)  0.19541) 0.22092) 0.22313)  pear to be due to slight differences in composition. It has
y-0(2) 0.48611)  0.48883) 0.245@2) 0.24513) been shown that the/a ratio for the elementary perovskite
z-0(2) -0.101643) -0.09593) 0.61022) 0.60892) unit cell depends closely on the composition in the
UegO(2)  0.00663)  0.00733)  0.010§3) 0.011G2) Pbzr,_,Ti,O; solid solgti(_)n‘."16 The value obtained for the
x-0(3) 0.19211) 0.19441) pres.ent.samplél.oza is intermediate with r_especF to those
y-0(3) 0.00333) 0.00134) srt]ud|ed in Rgf. 151.026 and Ref. 16{1.019, |nd|c§1t|ng that_
20(3) 0.417G3) 0.42083) the composition of the present sample is a!so |nterm§d|ate.
This would be in agreement with the chemical analysis re-

UegO@B)  0.00942)  0.01133) sults (see Experiment sectinin the present circumstances,
Rup 3.8 4.2 4.0 4.0 it appears that the composition studied lies intermediate be-
Ro 4.2 4.0 4.0 4.2 tween those, which were found to exhibit tetragonal and

rhombohedral secondary phases, respectively, in addition to

commonly encountered for samples which lie on the morthe principle monoclinic phase, yvhich may thus explain the
photropic phase boundary, the line shape of many reflection@Psence of a secondary phase in the present study. It can be
is complex. The reflections are broader than those of non2oted that the spatial homogeneity of the samples investi-
morphotropic samples. If one takes the pseudocubic 200 ar@@ted in the present work can be expected to be very similar
002 reflections, for example, even though these reflectiont those described in previous w6 as the linewidths of
are well separated for PhzTig 4405, the intensity does not  the principal reflection$~0.015 A) are essentially identical.
descend to the background level over the interval between Superlattice reflections are present in the diffraction data
them as has been observed in previous studies. This behaviobtained at 47 and 150 K, indicating a doubling of the mono-
has in the past been attributed to either the presence of ainic unit cell as found previously at 10 ¥° These all-odd
second phasémost commonly the rhombohedral foymr to  hkl reflections with respect to a doubled elementary perov-
the presence of diffuse scattering due to disorder. In thekite unit cell indicate the presence of an antiphase tilt
present study, the scattering between the 200 and 002 reflesystem®? This phase transition from monoclini€m to
tions had no well-defined structure that could be associateghonoclinic Cc involves antiferrodistortive tilting of the
with a reflection arising from a second phase. Two-phaséZr, Ti)Og octahedra, leading to cell doubling. The superlat-
refinementg Cm+R3m) thus did not improve the fit to the tice reflections are essentially due to these oxygen displace-
data. The best fits were obtained using single-plf@seor  ments and can be expected to be of extremely low intensity
Cc with microstrain broadening to account for the distortedin x-ray diffraction. In theCc phase, which corresponds to a
line shapes due to true microstrain and also to different relaa a c” tilt sytem33 the rotation angles about axes parallel to
tive contributions under the peaks corresponding to differenthe pseudocubia (or b) andc directions can be calculated,
classes of reflections due to diffuse scattering. Typical valuegable 1V. It is found that the forme®, is much smaller that
of the Sy, parameters used to model the microstrain areghe latterw., which reaches a value of 2.3° at 47 K.
given in Table III. If electronic polarization and domain contributions are ne-
The presence of a single phase is in contrast with previouglected, the structural data can be used to calculate the spon-
neutron powder diffraction results on PRZsTiy 4405 (Ref.  taneous polarization along with the polarization rotation
15) and PbZg s5Tip 405 (Ref. 16, for which the tetragonal angle(6) with respect to the pseudotetragozadxis in the
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TABLE IV. Octahedral tilt angle$w,, w,, w.) as a function oP TABLE V. Spontaneous polarizatioRg and rotation angle®
andT for PbZi 55Tig 4603 and ¢ as a function ofP and T for PbZr, 55Tig 4603.

P (GPa T (K) w, (deg wy (deg w. (deg P (GPa T (K) P, (uC/cn?) 0 (deg ¢ (deg

0.0001 47 0.15 0.15 2.3 0.0001 47 40.3 23.4 0

0.0001 150 0.2 0.2 1.7 0.0001 150 39 22.3 0

0.0001 230 0 0 0 0.0001 230 38.2 19.3 0

0.0001 280 0 0 0 0.0001 280 37.6 19.5 0
0.7 150 0.5 0.5 2.3 0.7 150 38.6 39 0
11 280 0 0 0 11 280 32.4 18.3 0
2.4 281 11 11 2.9 2.4 281 274 235 0
3.8 288 1.6 0.5 34 3.8 288 17 30 4
4.9 295 15 1.8 2.7 4.9 295 21 71 12
7.2 128 25 2.2 5.7 7.2 128 19 67 28
7.1 306 25 2 6 7.1 306 0 - -
7.6 310 25 2 6 7.6 310 0 - -

. . . . broad hysteresis loop in the pressure range up to 1.8 GPa,
monoclinic phase using the following relationshfp: which may be linked to th€m-Cc phase transition. This is
P.= (IM)Zqgr;, (1) c_o_nsis_tent with the first-order_nature of the equivalen_t tran-
sition in PbZp 40Tig /O3 OCcurring at close to 3 GPa with a
whereq; andr; are, respectively, the point charges and their0.7% volume chang€2>It can also be noted that, based on
positions in the unit cell of volum&. It can be seen from a close inspection of published Raman spetif4the stron-
Table V that the effect of temperatuat P,,,=0.0001 GPa  gest peak related to octahedral tilting in the doubled unit
from 47 to 280 K is to decrease both the rotation artgtend  cell'® actually begins to appear as a weak shoulder in the
Ps. Over this temperature range, only minor variations are360-cni* region at close to 2 GPa.
observed. At higher temperatures batland Ps tend to zero A transition from monoclinicCm to rhombohedraR3m
(6—0 at the monoclinic-tetragonal phase transitiorear ~symmetry was proposed to occur in the 2—3 GPa pressure
300 K andPs—0 at the transitioff 3¢ to the paraelectric range based on x-ray diffraction d&fsThe present evidence
cubic phase at 667 K for unit-cell doubling due to octahedral tilting in this pres-
sure range eliminates these two space groups, which are not
compatible with such tilting. If there is a tendency towards
PbZr 05Ti0.460 rhombohedral symmetry above 3 GPa, the space gR3ep
0.52770.46-'3 (tilt systemaa"a"), which is a supergroup dEc, should be

The structure of PbZrs,Tig 4405 could be successfully re- considered instead. Various structural models were used for
fined using a monoclini€m structural model, Tables | and the refinement of the structure using the data obtained at
VI, using the neutron diffraction data obtained at 1.1 GP&3.8 GPa and 288 K, including monoclin@@c, rhombohedral
and 280 K(Fig. 1), as was the case at ambient pressure. Th&3c, and triclinicF1. The latter group is a direct subgroup of
results indicate a slight reduction in the spontaneous polai€c and corresponds to theeb ¢ tilt system3233 This struc-
ization, Table V. ture was found in a recent neutron diffraction stéfdyf 7%

The data obtained both &=0.7 GPa,T=150 K (Fig. 20 lanthanum-doped Pbgg:Tiy 305 (PLZT) and it was pro-
and P=2.4 GPa,T=281 K indicate a transition to a high- posed that this structure may exist in certain regions of the
pressure form and confirm that the structure is monoclinicphase diagrams of both the PLZT and PZT systems instead
space groupCc, as found at low temperature and ambientof the R3c structure. Triclinic forms have also been identified
pressure. The same all-odikl superlattice reflections are in theoretical calculation¥:383° Of the three candidate
present, indicating a doubling of the monoclinic unit cell. structures, the poorest fit was obtained with B8 model
The superlattice reflections increase in intensity as a functio(Rwp=3.0% Rp=3.1%. This was particularly noticeable
of pressure due to the increased tilting of (@&, Ti)Os 0c-  for the strong pseudocubic 111 and 200 reflectionsR3n
tahedra, Table IV. In fact, at 2.4 GPa and higher pressuresymmetry only the former is split. In the calculated profiles
all the possible all-odchkl superlattice reflections in the using this model the width of the 111 reflection is systemati-
d-spacing range between 1.3 and 3(#11, 331, 333, 511, cally overestimated, whereas that of the 200 reflection is un-
533 and their permutatiopare clearly visible in the diffrac- derestimated even when a line shape function with micros-
tion patterns. The observation of these superlattice reflectiongain contributions is used. ThR3c model thus does not
confirms the presence of the monoclirie form and indi-  accurately reproduce the experimental data. The present re-
cate that cell doubling occurs at a much lower pressure thajult is in agreement with previous x-ray diffraction
the 6—7 GPa proposed based on x-ray diffraction and Ramastudiest’>* which indicate that the cell parameters have not
spectroscopy* Recent dielectric measuremefitindicate a  yet merged to a single pseudocubiparameter at 3.8 GPa.

B. Variable-pressure, variable-temperature study of
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TABLE VI. Fractional atomic coordinates, isotrofiso), or equivaleni{eg atomic displacement param-
eters(A?) and agreement facto(%6) for monoclinic and triclinic PbZys,Tig 4405 as a function oP. Data for
WC, Ni, and Pb included in the multiphase refinements are also giensite occupancies Pb, Zr/Ti,(®)
2a (x,0,2), O(2) 4b(x,y,2). Origin at Pb positionCc: site occupanciesatx,y,z). Origin based on Pk and
z coordinateg0,y,0). F1: site occupanciesagx,y,z). Origin at(0,yPb-0.25,0 to permit comparison with
the coordinates in the=1structure. F1: Site occupancies Zt)/Ti(1) 4f (0.75,0,0.259, Zr(2)/Ti(2)
4c(0.25,0,0.25, Pb, 1), O(2) O(3) 8i(x,y,z). Origin at inversion center. Additional phases:
WC-6m2 W(0,0,0 C (2/3,1/3,1/2, Ni-Fm3mNi (0,0,0, PbFm3m Pk(0,0,0. The values obtained for
the pressure cell components WC and Ni are not representative of these materials as they are in a highly
strained state and in addition are not centered on the diffractometer.

Cm Cc F F1
T (K) 280 150 288 310
P (GPa 11 0.7 3.8 7.6
y-Ph(1) 0 0.741711) 0.25 0.250127)
UeqP(1),Pl(2) 0.0211) 0.02Q1) 0.02Q3) 0.0193)
x-Ph(2) 0.019339)
y-Ph(2) 0.748320)
z-Ph(2) -0.013910)
x-Zr(1),Ti(1) 0.469422) 0.21978) 0.242536) 0.25
y-Zr(1), Ti(1) 0 0.265621) 0.014629) 0
z-Zr(1),Ti(1) 0.547117) 0.206512) 0.272221) 0.25
Uiso-Zr(1),Zr(2) 0.0111) 0.00587) 0.004@7) 0.00245)
Uiso- Ti(1),Ti(2) 0.0343) 0.0353) 0.041(3) 0.009415)
x-2Zr(2),Ti(2) 0.7465835) 0.75
y-Zr(2),Ti(2) 0.007640) 0
z-Zr(2),Ti(2) 0.264623) 0.25
x-0(1) 0.465714) -0.03774) 0.732913) 0.71915)
y-O(1) 0 0.247435) 0.759120) 0.751828)
z-0(1) 0.0707(13) -0.08427) 0.225713) 0.259214)
UeqrO(1) 0.0152) 0.0082) 0.0173) 0.0132)
x-0(2) 0.217612) 0.19695) 0.731813) 0.757922)
y-O(2) 0.244811) 0.48417) —-0.003332) -0.012122)
z-0(2) 0.590%7) -0.097710) 0.023§9) -0.002736)
UeqO(2) 0.0142) 0.0041) 0.006%2) 0.0534)
x-0(3) 0.20295) 0.007726) 0.002625)
y-O(3) 0.005110) -0.017711 -0.02074)
z-0(3) 0.427815) 0.234218) 0.259@13)
UeqO(3) 0.0141) 0.0173) 0.0112)
x-O(4) 0.227212)
y-O(4) -0.003332)
z-O(4) 0.01639)
UeO(4) 0.006%2)
x-0O(5) 0.757@18)
y-O(5) 0.264414)
z-0(5) 0.254719)
UeqO(5) 0.0164)
x-0O(6) 0.509924)
y-O(6) 0.016612)
z-0(6) 0.231216)
UeqO(6) 0.0164)
awc (R) 2.89975) 2.90124) 2.89315) 2.890@5)
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TABLE VI. (Continued).

Cm Cc F F1
cwe (A) 2.83448) 2.82946) 2.83468) 2.82338)
Ui W -0.007%9) -0.00697) —-0.006Q9) -0.0081)
Uiso-C -0.00168) -0.00226) —-0.00526) —-0.00398)
ani (A) 3.525@8) 3.532(6) 3.52898) 3.51698)
Uijso-Ni 0.001(2) -0.00276) 0.00089) 0.0021)
app (A) 4.9082) 4.9081) 4.8301) 4.7452)
Uiso-Pb 0.0113) 0.0143) 0.0062) 0.0062)
Rup 3.0 2.6 2.5 2.4
Ro 3.0 2.6 2.4 2.2

In contrast to the above, the best fit was obtained with thgresent at high pressure and to less diffuse scattering linked
triclinic F1 model (Rwp=2.5% Rp=2.4%), Fig. 3. In this  to disorder(primarily due to off-center lead displacements
structure, the tilt angle®, and wy, are no longer required to With respect to that existing in the monoclin@m phase in

be equal as in the monocliniec phase and the spontaneous the present sample at lower pressures. The recent results on
polarization can now adopt any given orientation. This ori-the tetragonal composition PlZiTio 64O at high pressure
entation can be described using a second rotation apgle SUpport the presence of these two phenomena ikthéorm
(calculated from the spontaneous polarization component@S; in contrast to the present work on PhZTio 4603, the

Py andPgy)) in addition toé. The angley is defined as the neutron diffraction linewidths were found iacreasewith
rotation angle in thexy plane with respect to theaxis in the pressuré as a consequence of tRdmm-Cm phase transi-
monoclinicCm phasd(i.e., ¢=0°), which is equivalent to the tion. The presence of significant disorder in tm phase of

[110] direction in both the primitive cubic perovskite struc- szrO-SZTiO-4§893 _is . a!so supported by the(_)ret!cal
ture and in the triclinice1 structure. Such a triclinic structure c@lculations;” which indicate the presence of contributions

is particularly interesting with respect to its piezoelectric re-foM phonons at points lying outside the center of the Bril-
sponse as the polarization vector can adopt any orientation §3uin zone. The data obtained at 4.9 GPa and 295 K and at
space. It can therefore align itself with an electric field via aloW temperaturg7.2 GPa, 128 K were also fitted with the
polarization rotation mechanism without the requirement foi?€St agreement factors using B structural model.
electric-field-induced phase transitions with their corre- Previous x-ray diffraction studiés* indicated that at
sponding energy barriers. It may also be noted thaFthér ~ close to 5 GPa at room temperature, the unit cell of
P1) space group is the only group in which there are noPPZhs2llo4gOs IS strongly pseudocubic. At this pressure,
nonpolar directions. several Raman modes in 125—145‘érreg|on_were found

A significant reduction in line broadening was observedt© disappedr*®as was the case for the transition to the cubic
with increasing pressure. The data obtained at 3.8 GPa weR&raelectric ) phase at ambient pressure and high
essentially limited by the instrumental resolution. This reduc{€mperaturé: It can be noted that for the ferroelectric
tion in linewidth can be linked to decreased microstrainPhases, the Raman spectra are similar, and in contrast to
broadening due to a lower susceptibility to spatial innomo-¥hat occurs at thgltranséglon at 5 GPa, new modes appear at
geneity of Zr/Ti(Refs. 13 and 1@for the crystal structures the various transition¥:*® The disappearance of modes at

Cc 0.7 GPa, 150 K

@
Q Cm 1.1 GPa, 280 K '§ i
SN gl
2 S| st
| - | -
:é E N ) 3 1 200 ‘Z:f' 2.10 2
& ) 200 j:' 210 215 E‘
2 2 W Y RO
s S 05 10 15 20 25 30
05 10 15 20 25 3.0 d (A)

d(A
@ FIG. 2. Experimental and calculated profiles from the Rietveld
FIG. 1. Experimental and calculated profiles from the Rietveldrefinement of the monoclinicCc phase of PbZyssTig.dO3 at

refinement of the monoclinicCm phase of PbZys,TigsdO3 at 0.7 GPa and 150 K. The difference profile is on the same scale.
1.1 GPa and 280 K. The difference profile is on the same scalé/ertical ticks indicate, from the top down, the calculated positions
Vertical ticks indicate, from the top down, the calculated positionsof the Cc phase, tungsten carbide and nickel from the anvils of the
of the Cm phase, tungsten carbide and nickel from the anvils of thepressure cell and lead. Arrows indicate the most prominent super-
pressure cell and lead. lattice reflections.
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F13.8 GPa, 288 K
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FIG. 3. Experimental and calculated profiles from the Rietveld
refinement of the triclinid=1 phase of PbZs,Tig 4403 at 3.8 GPa
and 288 K. The difference profile is on the same scale. Vertical
ticks indicate, from the top down, the calculated positions offthe FIG. 5. Crystal structure of the triclinicFl phase of
phase, tungsten carbide and nickel from the anvils of the Pressutiehzy, < Tig 460s.
cell and lead. Arrows indicate the most prominent superlattice
reflections. active at low temperature and ambient pressure. High pres-
sure is also shown to drive this process. It should be noted
&hat, whereas polarization rotation decreases as a function of
temperature and increases as a function of pressure, the mag-
nitude of P decreases as a function Bfand T. Particularly
high values ofé are obtained at high pressure in thé&

5 GPa and the similarity with respect to the high-temperatur
behaviof! give supporting evidence for a transition from a
polar, noncentrosymmetric group to a nonpolar, centrosym

metric group. Cubic symmetry is, however, incompatible hase. Furthermore, an additional degree of freedom is al-

with the antiphase tilting, which gives rise to the superlattic owed: rotation in thecy plane described by the angte The
reflections found in the present study. A centrosymméific g yajues obtained at the two highest pressures forFthe
model structure was thus also tested for the points obtaineghase, Table V, are very close to that corresponding to the
above this pressure in the 306-310 K temperature ranggseydocubid112] direction (§=70.59. This indicates that
The agreement factors obtained with this structural modejq rotation of the in-plane componeie., § angle of the
(Rwp=2.4% Rp=2.2%, Fig. 4, at the highest pressure g,qntaneous polarization occurs principally between the
(7.6 GPa,310 Kare equivalent to those obtained using the[oo1] and[112] directions and is not limited to the pathway

polar F1 space group. In this structure, Fig. 5, the Zr,Tipetween thd001] and the[111] direction (6=54.79, corre-
cations are located on inversion centers and the constitueghonding to rhombohedral symmetry, as proposed

octahedra are tilted about directions parallehtd, andc. previously® In the recent studf of the F1 structure in
PLZT, the polarization direction was also found to lie close
C. Polarization rotation and octahedral tilting at high to [112], and it was proposed that the observed domain
pressure morphology?*3 may be explained by the complex domain

structure due to the change in polarization direction between
equivaleng112) directions. In addition, such a domain struc-
ure indicates that the triclinic phase may extend to compo-
ditions with lower La content. This prediction is verified by
the present study as this phase is shown to occur for pure,
undoped PZT at high pressure.

The phase transition behavior of PRZsTip.dO5 as a
function of pressure and temperature is dominated by th
rotation and reduction of the spontaneous polarization and b
octahedral tilting, Tables IV and V. Polarization rotation is

7| F17:5GPa, 310K The spontaneous polarization decreases as a function of
5 increasing temperature and/or pressure indicating a tendency
E. towards a paraelectric state. A centrosymmetric structure is
Z obtained at the highest pressures at room temperature corre-
5; sponding to theF1l phase. It can be noted, however, that
3 Phmirord broad features are still present in the Raman spectrum of this
g M phasé”1824in addition to the sharp bands characteristic of
0. : 35 3.0 an ordered form. This may be evidence for the persistence of
d @A) F1-like “polar nanoregions”(PNR) (Refs. 44-4% in the

“paraelectric” phase. Whereas the sharp bands persist, these
FIG. 4. Experimental and calculated profiles from the Rietveldbroad features slowly decrease in intensity with further in-
refinement of the triclinidc1 phase of PbZys,Tip 4405 at 7.6 GPa  creases in pressure corresponding to the reduction in size and
and 310 K. The difference profile is on the same scale. Verticagradual disappearance of these PNR’s.
ticks indicate, from the top down, the calculated positions offthe Octahedral tilting is already present at ambient pressure at
phase, tungsten carbide and nickel from the anvils of the pressut@mperatures below 210 K in the monoclin@c phasé®

cell and lead. Arrows indicate the most prominent superlattice(@ a c™ tilt sytem) in PbZr, 5,Tig 4403, Polyhedral tilting in
reflections. general can be an efficient compression mechanism in the
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TABLE VII. Polyhedral interatomic distance§l) for monoclinic and triclinic PbZys;Tig 4405 as a
function of P.

Cm Cm Cc A F1
T (K) 280 280 150 288 310
P (GPa 0.0001 1.1 0.7 3.8 7.6
Pb-O 2.4951) 2.5175) 2.3835) 2.61Q010); 2.61424) 2.5998)
Pb-0G, 2.4951) 2.5175) 2.5917) 2.72620); 2.66525) 2.65517)
Pb-O; 2.7072) 2.6748) 2.6115) 2.74120); 2.71717) 2.7069)
Pb-O, 2.6851) 2.7396) 2.7038) 2.83511); 2.71913) 2.70923
Pb-G; 2.6851) 2.7396) 2.7537) 2.84315); 2.74117) 2.75016)
Pb-G; 2.8832) 2.87638) 2.84821) 2.84413); 2.81717) 2.79023
Pb-G, 2.8832) 2.8768) 2.91221) 2.861(12); 2.88817) 2.83724)
Pb-G; 3.1441) 3.0515) 3.0746) 2.86412); 2.94318) 2.879198)
Pb-Q, 3.1441) 3.0515) 3.0897) 2.87015); 2.981(17) 2.93323
Pb-O 3.0542) 3.0618) 3.1445) 2.96419); 3.01513) 2.9508)
Pb-O; 3.3181) 3.2585) 3.2106) 2.97519); 3.07622 2.99217)
Pb-O,, 3.3181) 3.2585) 3.3915) 3.081(10); 3.11322) 3.0548)
Pb-Q, 2.9011) 2.8856) 2.8939) 2.85417) 2.81416)
Ti,Zr-O4 1.9682) 1.9539) 1.90612 1.93328); 1.92734) 1.99022); 1.977129)
Ti, Zr-O, 2.0163) 2.01411) 2.0048) 2.00128); 1.94620) 1.99022); 1.97129)
Ti, Zr-Og 2.0163) 2.01411) 2.01813 2.01726); 2.02040) 2.01929); 1.98120)
Ti,Zr-O4 2.0453) 2.04011 2.04511) 2.033198); 2.03620) 2.01929); 1.981(20)
Ti, Zr-Og 2.0453) 2.04011 2.1277) 2.06918); 2.06534) 2.02420); 2.01922)
Ti, Zr-Og 2.1692) 2.1429) 2.15713 2.181(34); 2.13035) 2.02420); 2.01922)
Ti, Zr-Op, 2.0433) 2.03410 2.04311) 2.03029 2.00224)

Two distance values are given in triclinic symmetry, in which there are two inequiva@pt[Ph(1),Ph2)]
and/orBOg [Zr(1),Ti(1);Zr(2),Ti(2)] polyhedra.

ABOg; perovskite structures provided that there is a differ- The present results permit an updatddT phase
ence in compressibility between thé&O,, and BOg;  diagram of PbZys,Tip.dO; to be proposed, Fig. 6. Two
polyhedra’ If the AO,, polyhedra are more compressible, phase boundaries have been measured experimentally. The

octahedral tilting is predicted to increase, whereas in the casggmm Pm3m phase boundary was shown to be negative by
of less compressibl&0O,, polyhedra, octahedral tilting de- (%ielectric measuremerif&® up to 0.8 GPa. The boundary
0

creases with pressure. This will also depend on the value _ Lo —
P P separating the paraelectric high-presskfiephase from the

the tolerance facté? t=dn o/ (2Y9)dg.o. In the case of an , _
ol (2")deo lower-pressure ferroelectric phases was obtained from x-ray

undistorted perovskite=1, whereas octahedral tilting is ex- " e . 5
pected to be present for 1 as theA cation is too small for  diffraction” and Raman scattering resulfs.® The present

A-cation site in the perovskite structure. The compressibility T . . . .

of the average Pb-O distance in the Rb@olyhedron is 700 Pm3m P
50% greater than that of the avera@a, Ti)-O distance in 600F \ .
the (Zr,Ti)Og octahedron for PbZrs,Tig 4405, Table VII. It 501 pamm ]
can be noted that for Pbgi,Tig 4405 at ambient temperature ot Fl )
and pressure, is very close to the limiting value of {ob- X t o

servgd valuet:1.004)./ At the highest presgsure reached, this - 3°°'-I{°f!sl/ -I/ ¥ ++ ]
value decreased to 0.994. It can thus be expected that octa- 200¢ 1[4/ 1
hedral tilting will act as an important compression mecha- 100l fee A ]
nism. This is true at low temperatur€6<210 K) over the o1 . ) ) ,

entire pressure range investigated and at higher temperatures ° 2 P4(GPa)8 8 10

beginning at theCm-Cc transition pressure above 1.1 GPa.

In the triclinic F1 andF1 phaseS, although the tilt SyStem is FIG. 6. Pressure_temperature phase diagram OfCPE;Q-ZrO48C)3
a’b7c’, the actual tilt configuration witlwe> w,, w, is very  The solid lines represent phase boundaries obtained from x-ray dif-
similar to that present in th€c phase. Thus, even at the fraction, Raman spectroscopy, and dielectric measurements. Dashed
highest pressure the structure does not approach rhombohgres correspond to proposé® T boundaries. Neutron diffraction
dral R3c symmetry, in which all three tilt angles are required data are represented kby) along with the in-plane contributiofy

to be identical. not shown to the calculated spontaneous polarization vector.
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neutron diffraction results establish certain pointsRAT  |gw-symmetry monoclinic(Cm,Cc) and triclinic (F1,F1)
space, where. these ferroelectnc. phases were found to k& ctures are identified for PhzgTi 4605 as a function of
present. Possible phase boundaries are thus proposed bagggssure. However, no transitions to rhombohedral or cubic
on these data. The Iow—temperat'ure section of the bounda®yms were observed. The high-pressure structure present
between theCc and F1 phases is supported by changes,ahove 6 GPa is centrosymmetric and triclinic. The principle
which are found at low pressure in the published Ramarompression mechanisms active at high pressure are the ro-
spectra obtained at 44 and 154KA hypothetical 1 ation and reduction of the spontaneous polarization and ilt-
-Pm3m phase boundary is proposed with a positive slope asng of the (Zr, Ti)Og octahedra. Low temperature and high

due to the increase in tilt angle in tid phase as a function pressure have similar but contrasting effects on
of pressure, more thermal energy will be required to return td®bZf 52Tig 4¢03. In both cases, polarization rotation and oc-
an undistorted cubic perovskite structure. The polarizatioiahedral tilting increase; however, the magnitude of the spon-
rotation mechanism and the associated reduction in polarizdaneous polarization increases with decreasing temperature,
tion as a function o andP are also clearly evident from the but decreases at high pressure. The combined effect of these
polarization vectors given for each point corresponding to @nechanisms leads to the observed complex phase diagram of
structure refined by neutron diffraction. this material involving a number of low-symmetry struc-
tures.
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