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Evidence for another low-temperature phase transition in tetragonal P§Zr,Ti;_,) O3
(x=0.515,0.52p
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Results of dielectric and resonance frequenicy (neasurements below room temperature are presented for
Pb(ZTi;_,)O;, x=0.515 and 0.520. It is shown that the temperature coefficierft @hanges sign from
negative to positive around 210 and 265 K %ar 0.520 and 200 and 260 K for=0.515. Anomalies in the real
part of the dielectric constante() are observed around the same temperatures at which the temperature
coefficient of f, changes sign because of the electrostrictive coupling between the elastic and dielectric re-
sponses. Low-temperature powder x-ray-diffracti®iRD) data, however, reveal only one transition from the
tetragonal to monoclinic phase similar to that reported by Noleida. [Phys. Rev. B,61, 8687 (2000].
Electron-diffraction data, on the other hand, reveal yet another structural transition at lower temperatures
corresponding to the second anomaly in #ievs T andf, vs T curves. This second transition is shown to be
a cell-doubling transition not observed by Nohedal. in their XRD studies. The observation of superlattice
reflections raises doubts about the correctness ofCimespace group proposed by Nohedgal. for the
monoclinic phase of Pb(ZFi; _,)O; below the second transition temperature.
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[. INTRODUCTION phase coexistence at the MPB by Kakegawa and
co-workers:>!® who attributed the phase coexistence to
Recent years have witnessed a revival of interest in uneompositional fluctuations in samples prepared by the solid-
derstanding the stability of various phases in the technologistate route. However, even in highly homogeneous PZT
cally important Pb(ZfTi;_,)O3(PZT) ceramics:™® The samples prepared by a semiwet rotitéhe authors of Ref. 2
phase diagram of PZT shoWs morphotropic phase bound- showed that the; and Fg phases coexist fork=0.525,
ary (MPB) which separates the ferroelectric tetragorfa})(  while pureF; andFg phases are stable far<0.520 andx
and rhombohedralRg) phase fields on the Ti- and Zr-rich =0.530 compositions, respectively. This method of prepara-
sides, respectively. This phase boundary is of immense techion gives the narrowest composition widthX~0.01) for
nological importance since the dielectric constant)( pi- phase coexistence in the MPB region. Using the resonance
ezoelectric constantd(;), and electromechanical coupling frequency €,),2° the planar electromechanical coupling co-
coefficient(k) all show maximum response in the vicinity of efficient (k,),* and x-ray-diffraction® (XRD) measure-
the MPB2° However, the reason for this enhanced electroments as a function of temperature, Mishra and co-wotRers
mechanical response near the MPB is still not clear. Basedstablished the following sequence of phase transitions near
on the concepts of the thermodynamics of solutions, it washe MPBF+ to P. (paraelectric cubic phaséor x<0.520,
proposed*? in early literature that the stable state of the Fy+Fr—F;— P, for x=0.525, Fr—Fg+Fr—Fr—P;
system at the MPB should be a mixturefof andFy phases.  for 0.530=x=<0.545, andFr— P, for x=0.550 on succes-
The range of compositionA(x) over which such a coexist- sively increasing the temperatures. These results suggest that
ence should occur will be decided by the intersection of thehe phase coexistence at the MPB=0.525) is due to a
free energy AG) versusx curves for theF; and Fg  first-order phase transition between the low-temperature
phases!'? |t was arguetf that the availability of 14 pos- rhombohedralstable below room temperatyrand higher-
sible domain configurationgsix for F; and eight forFg ~ temperature tetragonal phases, since even thefwighase
phasesdue to the phase coexistence improves the alignmemiassed through a two-phase region consistinggand F
of polar direction in ceramic specimens on the application ofphases before transforming fully into tHe; phase. This
an intense dc electric field. This enhanced poling efficiencymodel of phase coexistence, in which only one of the phases
was regarded to be responsible for the high electromechanis a thermodynamically stable phase, whereas the other one
cal response of PZT ceramics for the MPB composition. Thés in the metastable state, is different from the phase coexist-
coexistence of the two phases over a composition range ence model of Refs. 11 and 12 where the free energy is
~0.15 in PZT samples prepared by a solid-state reactiominimum for the phase coexistence since a common tangent
method was takéh as evidence of this model, even though can be drawn to the intersectidgG vs x curves for theF ¢
Ax is now known to depend on the method of sampleand Fr phases. Mishra and Pandeslso proposed a phase
preparationt* diagram showing the phase coexistence region near the
However, doubts have been raised about this model ofPB. The work of Mishra and co-workérs revealed that
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the electromechanical response of PZT ceramics containingi* in the solid-state reaction method because the driving

the coexistence oF; and Fr phases X=0.525) increases force, mainly coming from the entropy of mixing, for Zr

with temperature due to decreasifig phase content, and diffusion at the calcination temperature is rather small.

reaches a maximum when the structure is purely tetragonal Our samples were prepared by a semiwet rlitewhich

(Ft). This was the first clinching evidence against the desubmicron size single-phase PZT powders are obtained at

cades old beliéf that the phase coexistence is responsibled73 K in 6 h in asingle-step reaction in a mixture of PbgO

for the r.n_aximum. electromechanical response near the MPRnd (ZxTi,_,)O, solid solution precursor. Use of a low cal-

compositions. Mishra and co-workersproposed that the cination temperature ensures goodPktoichiometry. The

enhanced electromechanical response near the MPB compgnit-cell level mixing of Zf* and T*" is pre-ensured in each

sitions is linked with the instability in the vicinity of thRto  precursor particle of (Zifi,_,) O, in the ratio desired for the

T phase transition. The first evidence for such an instabilitfinal PzZT compositiort* since (zgTi;_,)O, has been ob-

was found by Thapd in our laboratory, who observed a tained from the thermal decomposition of chemically copre-

dielectric anomaly in tetragonal PZT with=0.520 just be-  cipitated (ZTi;_,)(OH), powders, and also the fact that it

low the room temperature. Recently, Noheda ands 3 solid solution.

co-workeré® presented XRD evidence to show that there is  The PZT powders thus obtained were remilled and then

a tetragonal to monoclinic phase transition in PZT arountpressed into pellets of 13-mm diameter and 1.5-mm thick-

250 anq 200 K fox=0.520 and 0.50, respectively. ness at an optimum load of 100 kN. The final sintering was
~In this paper, we present the results of low-temperaturgarried out at 1373 K fo6 h in a PbOatmosphere, without

dielectric, resonance frequency, x-ray-diffraction, andadding any extra PbO, as usually done in the conventional

electron-diffraction studies on the tetragonal to monoclinicsolid-state reaction route. The weight loss due to possible

transition in PZT near the MPB. The dielectric constaft)(  PbO escape was less than 0.1%, and the sintered densities

and resonance frequency,] measurements show that te- were in excess of 97% of the theoretical density. The x-ray

tragonal PZT(x=0.515 and 0.520 undergoes two low- |ine profile analysis of the sintered powders has confifthed

temperature phase transitions, whereas low-temperatukgcellent chemical homogeneity. These powders $How

XRD studies indicate only one transition. Our XRD resultspure tetragonal structure for<0.520, and a rhombohedral

confirm that the first anomaly in’(T) andf(T) is due to  structure forx=0.530 with an extremely sharp MPB region

the tetragonal to monoclinic transition reported by Nohedayf Ax~0.01.

et al* The second anomaly observed by us is due to a cell-

doubling transition, leading to the appearance of weak super-

lattice reflections which are not seen in the powder XRD ) ) o

patterns but are clearly discernible on the selected area elec- For electrical measurements, fired-@iting temperature

tron diffraction patterns. The origin of cell-doubling transi- 773 K, duration: 30 minsilver electrodes were applied on

tion in the monoclinic phase is discussed in relation to a0th sides of the pellets. The samples were poled at a field of
similar transition in thd:R phasel'gvzo about 20 kV/cm at 373 K for 50 min. The dielectric and

resonance frequency measurements were carried out on
poled samples using impedance analyZ&wslartron model
SI-1260 and HP model 4192The sample temperature was
A. Sample preparation varied with an accuracy of aboutl K below room tempera-

In order to bring out the subtle features of the PZT phasdU'®: .
diagram near the morphotropic phase boundary, such as very FOf XRD measurements, pellets were crushed to fine
weak anomalies in the dielectric constant at the monocliniff}é)wders and annealed overnight at 773 K to get rid of strains
to tetragonal phase transition temperature, it is absolutef{firoduced during crushing. A Rigaku 12-kW Cu-rotating an-
essential to have samples of exceptionally high quality ifPd€ Was used as a source of x-t@uK« radiation). Powder
terms of chemical homogeneity. There are two sources oKRD data were collected on a Rigaku powder diffractometer
chemical heterogeneities in PZ{) the loss of PbO due to Pased on Bragg-Brentano geometry. A Ge crystal mono-

its high vapor pressure above 1023 K, &jigl nonuniform chrometer was gsed in the diffraction beam. For low-
mixing of Zr** and T#* at the B site of the ABQ struc- temperature studies, the powder sample was mounted on the

ture. In the conventional solid-state reaction technique, re€0!d finger of a Rigaku low-temperature attachment capable

quirement of high calcination temperatures, such as 1173 ff 90ing up to liquid-nitrogen temperature. The temperature
used by Guet al,® may promote PbO loss. To minimize the Was controlled manually within-2 K. .

PbO loss during sintering, a PbO source is commonly fised. 1ransmission electron microscog@EM) studies were
However, an excess of PbO may also promote phase coe&a/1€d out using a Philips model CM20 with Gatan liquid-
istence, as shown recently by KakegaetealX® The solid- nitrogen-cooling stage. The ion-milled samples were used for
state thermochemical reaction in this method takes place i€ TEM examinations.

more than one step. At the early stages of reaction, Phi§iO

B. Data collection

IIl. EXPERIMENT

formed first at a comparatively lower temperature, which ll. RESULTS AND DISCUSSION
then reacts with Zr@to give a PZT solid solution at higher
temperatures. This multistep reaction mechaffsremains The elastic constant of normal solids, which expand on

as intrinsic source of nonuniform distribution of“Zrand  heating, is known to decrease with increasing temperature.
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FIG. 2. Temperature variation of the real'{ part of the dielec-
tric constant for Pb(Zfi,_,)O5; ceramics with (a) x=0.520
(poled and(b) x=0.515(unpoled showing two anomalies.

FIG. 1. Temperature variation of the resonance frequeffigy (
of poled Pb(ZTi;_,)O3 ceramics:(a) x=0.520; (b) x=0.515
showing two anomalies.

The temperature around which the sign of TCF changes,
Sincef, varies as the square root of the elastic constant, ibne also observes anomalies in the dielectric constaht (
should also decrease with increasing temperature, i.e., thgecause of the electrostrictive coupling between the elastic
temperature coefficient df, (TCF) should be negative. This and dielectric responses. This is illustrated in Figs) 2nd
indeed is observed for the rhombohedral compositions ( 2(b) for x=0.520 and 0.515. Fox=0.520, there are two
=0.530) outside the MPB region, as already shown elseanomalies ine’(T) at 205 and 262 K. These temperatures
where by Mishra and Pand@yt,, can, however, show an are in fairly good agreement with the temperatui2s9 and
anomalous temperature dependence, i.e., a positive tempe261 K) around which the TCF changes its sign. For
ture coefficient, in the vicinity of a structural phase transition=0.515, also, there are two anomaliessif{T) as revealed
due to elastic instabilities. Figuredal and Ib) depict the by the change of slope around 197 and 253 K in Figp).2
variation of the resonance frequencf;)( with temperature Thus the dielectric studies also suggest the existence of two
below the room temperature for poled tetragonal PZT celow-temperature phase transitions in the tetragonal PZT
ramic samples withx=0.520 and 0.515. It is evident from compositions close to the MPB. It may be noted that the two
Fig. 1(a) that the TCF is positive below the room tempera-anomalies ine’(T) are superimposed on a quasilinearly in-
ture up to 261 K. The positive TCF in this temperature rangecreasinge’(T) background which continues beyond room
is anomalous and is a signature of an impending structurgemperature until it leads to a peak corresponding to the te-
phase transition which occurs below 261 K since the sign ofragonal to cubic phase transition, as already shown
TCF becomes negative below this temperature. The TCIRlsewherée. The observation of the low-temperature anoma-
again changes sign and becomes positive below 231 K, sigies in f,(T) as well ase’(T) implies the interaction of the
naling the onset of yet another phase transition occurring adcoustic and optical phonons.
209 K below which the negative sign of TCF is restored. For  Unlike the f,(T) ande’(T) measurments, XRD studies
x=0.515 also, one finds that the sign of TCF changes twiceeveal only one structural phase transition similar to that re-
below the room temperature, first at 249 K and subsequentlgorted by Nohedat al? This is illustrated in Fig. 3 which
around 201 K as shown in Fig(H). depicts the temperature evolution of 200, 220, and 222
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f\\ A indices 1/2h,k,l} in the patterns at 189 and 98 K are due to the
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26 (deg) — 220 reflection consists of four peaks of which only three are

resolved in the low-temperature plots in Fig. 3. The struc-

FIG. 3. Evolution of the XRD profiles as a function of tempera- tural phase transition temperature of about 263 K, based on
ture showing the tetragonal to monoclinic phase transition forihe appearance of the new peaks marked with arrows in Fig.
Pb(Zro 55Ti0. 4905 The profiles shown correspond to the 200, 2203 coincides with the first low temperature anomalyf jtiT)
and 222 pseudacubic indices. and &’(T) plots shown in Figs. () and 2a) respectively.
However, there is no signature of any further change of
structure in Fig. 3 on lowering the temperature below 263 K,
r(;orresponding to the second anomaly in thel') ande’(T)

pseudocubic reflections for=0.520. The pseudocubic 200
and 220 reflections form a doublé02 and 200, 202 and
220), while 222 is a singlet for pure tetragonal phase as ca o
be seen from the XRD profiles at 300 K in Fig. 3. For thedata. In Figs. ﬂa)_and 2a). .

rhombohedral structure, the 200 pseudocubic reflection is a Figure 4 depicts the temperature eVOllutlon[Ot)l] and
singlet, while the 220 and 222 reflections become doubletd.101] zone-selected area electron-diffracti®AD) patterns

The fact that forT<263K, the 200 pseudocubic peak is a for x=0.515. The behavior of the=0.520 sample also fol-
doublet, while 220 and 222 pseudocubic peaks split into triplows the same trend. Th_e monoclinic dlstortlons taking place
lets, suggests that the structureTat 263 K is neither tetrag- Pelow 263 K, observed in the XRD profiles, are too small to
onal nor rhombohedral. The third reflection in the pseudocub€ detected in the SAD patterns for both the zones [UB&]

bic 222 peak is visible in the lower-temperature plots in Fig.ZOne pattern remains unchanged, as can be seen from Fig. 4.
3. Following Nohedat al.* we propose that the structure of However, in the[101] zone patterns, weak superlattice re-
this phase is monoclinic with space gro@m It may be flections with pseudocubic indices of the typgh,k,I} with
mentioned that for the monoclinic phase, the pseudocubib,k,|=2n+1 appear at low temperatures as shown for
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189 and 98 K in Fig. 4. These superlattice reflections are natondensation of theR point (q=3,3,3) phonons at the
present in the SAD patterns corresponding to 219 K andrillouin-zone boundary. In the electron-diffraction patterns,
room temperature. The intensity of the superlattice reflecone also observés®* 1{h k,|}-type reflections withh=k
tions increases with decreasing temperature, as can be seert (denoted aRR; type in Ref. 20 whose origin cannot be
from a comparison of the SAD patterns corresponding to 18%ccounted for in terms of the octahedral tftsThe origin of
and 98 K. The appearance of these superlattice reflectiori¥2{h,k,I} with h=k=I1(=2n+1) type reflections was
clearly suggests that the pesudocubic unit cell is doubleéxplained® by postulating antiparallel displacement of?Ph
somewhere between 219 and 189 K. Since the sign of TCfons. The fact that thes®;-type superlattice reflections oc-
also changes at 201 K for=0.515, the second anomaly in cur uniquely in electror{fand not neutron or x-raydiffrac-
thef,(T) ande’(T) plots is due to a cell-doubling transition. tion suggests that the structures responsible for them are
The structure of this phase with a doubled cell also seems toaused by surface effects in the TEM specintériBhe su-
be monoclinic or at least pseudomonoclinic, since all theperlattice reflections observed by us areRgftype as well as
reflections in the XRD patterns below the second transitiorR, type. In close analogy with thEL phase, theR,-type
temperature could be indexed with respect to a monocliniguperlattice reflections observed by us in B¢ phase are
cell. The monoclinic unit cell dimensions of the lowest tem- clearly indicative of octahedral tilts, but tHe,-type reflec-
perature phasgy; are related to those of the higher tempera-tions could well be due to the surface effects in thin TEM
ture phaseF|}’ as ar=aur, br=byr, and cr=2cyr.  specimens. This needs to be verified in any future neutron-
Thus, while the XRD results confirm that the first transition diffraction study.
is from the tetragonal to a monoclinicFf}’) phase, the
electron-diffraction studies provide structural evidence for a
second transitiofii.e., anF ;' to Fi phase which is a cell-
doubling transition. The superlattice reflections observed by The MPB for PZT samples prepared by the semiwet route
us cannot be accounted for in terms of i@ space group lies in the composition range 0.52&<0.530 and its intrin-
proposed by Nohedatal® for PZT with x=0.52 atT  sic width is very narrow 4x<0.01). The temperature varia-
=20K (which is well below the second transition tempera-tion of the dielectric constant and resonance frequency for
ture for this composition tetragonal compositionsx=0.515 and 0.520close to the
The 3{h,k,I}, h,k,/=2n+1 type superlattice reflections MPB shows that there are two low-temperature phase tran-
observed below the second transition can arise either due &itions. Low-temperature XRD data confirm that the first
antiparallel displacements of heavy ions like?Pband transition is from the tetragondbpace grougP4mm) to a
Zr**Ti**, %% or due to antiphase rotation of the oxygen oc-monoclinic Fi (space groufCm) phase similar to that re-
tahedra in the neighboring unit cef&The fact that the su- ported by Nohedaet al? The second transition is a cell-
perlattice reflections due to the second transition are not oljoubling transition. The structure of this pha$g ) with a
served in the XRD patterns seems to suggest that their origigoubled cell also seems to be monoclinic or at least
lies in the antiphase rotation of oxygen octahedra. Such amsseudomonoclinic since all the reflections in the XRD pat-
tiphase rotations mainly affect the oxygen positions fortern pelow the second transition temperature could be in-
which the x-ray diffraction has a low sensitivity. Neutron- gexed with respect to a monoclinic cell. However, the ob-
diffraction data may probably reveal the presence of thesgened superlattice reflections B type in theFL phase,
superlattice reflections. L due to antiphase rotation of the oxygen octahedra, cannot be
A similar cell-doubling transition is known to occur for 5-.qunted for in terms of thEm space group assigned by
the rhombohedral phase of PZT on the Zr-rich side of MPB\ohedaet al. for the low-temperature phase of PZT with

as shown by several workers using neutfonand  _ 550 at 20 K. The assignment of the correct space group
electron-diffractioR’ data. The high-temperature rhombohe—fOr the lowest temperature phase of PZT with-0.50

dral phase k") transforms into a low-temperature rhombo- 0.515, and 0.520 has to await the results of neutron diffrac-
hedral F) phase in which the oxygen octahedra are rotatedion studies which are currently underway.

in an antiphase manner about the p¢lErl] axis, leading to

a doubling of the pseudocubic cell. Anomalies in the TCF

(Ref. 23 and dielectric constahtwere reported at thE_" ACKNOWLEDGMENTS
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IV. CONCLUSIONS
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