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Results of a powder neutron diffraction study of the high-temperature monoclﬁfﬁ‘ﬁ) (to a low-
temperature monoclinich,T) phase transition in Pb(Ti,Zr,)O; discovered recently by Ragimt al. are
presented fox=0.520. The powder neutron diffraction pattern of mg phase contains superlattice reflec-
tions which have all oddhkl (h#k=1) Miller indices with respect to a doubled elementary perovskite cell,
characteristic of antiphase tilting of oxygen octalzedn analogy to other perovskite systems, the appearance
of these superlattice reflections is attributed to an instability at the R point of the cubic Brillouin zone. We show
that the most plausible space group of FF@ phase is Pc. Results of Rietveld refinement for this space group
are presented to show that the oxygen octahedra indeed undergo antiphase rotatiof@0dbdirection.

DOI: 10.1103/PhysRevB.65.060102 PACS nunider77.84.Dy, 81.30.Hd, 61.12.Ld

The solid solution Pb(Ti,Zr,)O; (PZT) system is awell evidence for two low-temperature phase transitions Xor
known piezoelectric ceramic material with immense techno=0.515 and 0.520 in their piezoelectric resonance frequency
logical applicationd. The phase diagram of this system (f,) and dielectric ') studies. Correlating the two anoma-
shows a nearly vertical morphotropic phase boundityB)  lies in f,(T) ande’(T) data with XRD and electron diffrac-
aroundx=0.52 (Ref. 1) separating the ferroelectric tetrago- tion data, Raginietall® have confirmed that the first
nal (F1) and the ferroelectric rnombohedrdtg) phase re- anomaly occurring just below room temperature is due to the
gions. The most precise location of the MPB was made by to F}j' transition studied by Nohedet al>® The second
Mishra et al,>®> who showed that the room-temperature anomaly ine’(T) andf,(T), discovered by Ragiret al*°is
structure of PZT is tetragonal and rhombohedral for due to a phase transition froff}" to another monoclinic
=0.520 andx=0.530, respectively, while both the phases(FlTy phase whose andb parameters are identical to the

coexist forx=0..5.25 at 30Q KX Very interesti_ng aspects of FW phase but the parameter is doubled. It was shown by
the phase transition behavior of PZT ceramics near the MP%aginiet al10 that theF HT to Fk/T phase transition gives rise

cpmposmon were also repor‘ged by M'?“‘*" al: using 4o superlattice reflections in the electron diffraction patterns
high-temperature x-ray diffractio’KRD), piezoelectric reso- | i b oo ot discernible on the XRD patterns as a result of

nance freqqencyf(), electromechanical couplmg. coefficient which Nohedaet al®® missed this transition in their synchro-
(kp), and dielectric constant() measurements in the tem- tron XRD studies

Fhe;?:tur(i r:gge f)%(;fr?]?ny t.oTtrr]lzsea\;\ferll; ecrt?ichi\ljke;itsshzvc\:lg that Using first principle calculations, Bellaichet al* have
TSP 9 P P shown that even at room temperature, Eheand Fg phase

group Pm3m) phase transition is of first order in the com- . .
position range 0.515x<0.550 (To=676, 667, 662, and regions across the MPB are separated by a narrow composi-

_ ; tion range over which the}i" phase is more stable than the

651 K for x=0.0515, 0.520, 0.30, and 0535 during heat-F or Fg hases. Ragingt '\gl.lg have carried out a detailed
ing) while theF (space groufR3m) to P direct transition  ©T RP 9
(Te=634K for x=0.550 for x=0.550 is of second order Rietveld study of the room temperature structure of PZT
type implying thereby the possibility of a tricritical point for phases across the MPB and have come to the conclusion that
0.545<x<0.550* For x=0.525, the coexistence of tHe, the stable phase of PZT at 300 K for 0.52%<<0.70 is not
andF  phases at 300 K was shown to be linked with e~ rhombohedral but monoclinic. Further, the to F[T to Fiy
to F first-order phase transition. Tl to F; transition for ~ sequence of phase transitions, discovered by Raagial'°
0.530=x<0.550 was also found to be accompanied with afor x=0.515 and 0.520, is a common feature of all the PZT
coexistence region. compositions in the range 0.5&%<0.550%°

Recently, Nohedat al®>’ carried out a very careful high- ~ While the low and high temperature phase transition as-
resolution synchrotron study of low-temperature phase tranpects of PZT ceramics in the MPB region are now reason-
sitons in PZT and showed that thE; phase forx  ably well settled, the structure of thig; phase remains un-
=0.500,0.520 transforms at 200 K and 250 K into a ferro-known. Nohedaet al>® have proposed Cm space group for
electric monoclinic Ef{") phase with space group Cm. Phe-the low temperature monoclinic phase of PZT with
nomenological theory considerations of Fillt al® and =0.520 using a Rietveld analysis of the synchrotron data at
Vanderbilt and Cohehhave confirmed the stability of a 20 K. Since 20 K forx=0.520 is well below thé=};" to F
monoclinic phase. Ragirét al.'° on the other hand, found phase transition temperature of 210 K, Ragial*° have
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X1 ‘ ‘ =90.48°. The three weak reflections, marked with arrows in
Fig. 1, appear at<210K as can be seen from the ingat
which depicts the temperature evolution of one of these weak
reflections. This temperature-210 K) coincides with the
Fi' to Fy phase transition temperature of PZT with
=0.52 reported by Ragirét all° Indexing of all the reflec-
tions in Fig. 1, including the weak ones, requires a mono-
clinic cell whosec-parameter is twice that of tHéHT phase.
; The weak reflections are thus superlattice reflections linked
26 (deg) with a cell doubling transition.
Superlattice reflections in the AB(erovskites can result

FIG. 1. Powder neutron diffraction pattern of Ph{4¥r;s)O;  from antiferrodistortive(AFD) structural phase transitions.

at 10 K. The three arrows indicate superlattice reflections. Therhe most common AFD transitions in perovskites involve

Miller indices are with respect to a doubled elementary perovskitg;ctahedral tilts(rotations brought about by instabilities at
cell (2a,X2byx2c,). Inset(a) depicts evolution of superlattice the R (q= 1411

111y andM (g=1%10) points of the cubic Bril-
reflection 311 as a function of temperature. Indgt shows ob- louin zone2 %I'zh)e familia(rqex;r; )Iez are structural phase tran-
served(dots, calculated and difference profilésontinuous lingin : P P

the two-theta range 20—80 degree after Rietveld refinementReith sitions in SrT'_Q’M LaAIO317 and KMnF3.18 With respect to
space group. Insets) and (d) depict fit of two of the superlattice & Pseudocubic cell of the typeagx2b,X2c,,, wherea,,
reflections after the refinement. b,, andc, are the unit cell parameters of the elementary
perovskite cell, the main perovskite reflections are repre-
questioned the correctness of this space group at 20 K singgented by Miller indices which are all evé®) numbersii.e.,
it cannot account for the observed superlattice reflections ifhe Miller indices are ofeetype). The superlattice reflec-
the electron diffraction patterns. The purpose of this commutions arising due to AFD phase transitions correspond to
nication is to present powder neutron diffraction dataXor three or two odd(o) numbered Miller indices which arise
=0.520 in the temperature range 280 K to 10 K to ShOE’TV thajue to cell doubling along all the three or at least two of the
weak superlattice reflections appear below Fiff to Fii  elementary perovskitél00) directions!® As was shown by
phase transition temperature of 210 K. It is shown that thes%lazer,lg superlattice reflections with all-odtboo) (hkl,h
superlattice reflections have all ot (h#k=#1) Miller in- #k#1) Miller induces arise due to “anti-phasébr —ve)

dices. In analogy to other perovskite materfdithe appear- tilt of the neighboring octahedra whereas superlattice reflec-

ance of such superlattice reflections is attributed to an AFQions with two-odd and one-eveoe type Miller indices
phase transition involving oxygen octahedral tilts driven byare due to “in-phase’(or +ve) tilt. These “+” and * —”

111
tilts are believed to result from the freezing of the soft modes

instabilities at theR-point (Q=3,5,5) of the Brillouin zone.
Further, we propose a structural model forﬂté phase with of the M and R points of the cubic Brillouin zone as con-
firmed in materials like KMnE,*® CsPbC},%° and SrTiQ!*

space group Pc and refine the structure of Iﬂﬁé phase
using inelastic neutron scattering. With respect to the

using Rietveld technique.
%oubled perovskite cell, the superlattice reflections in Fig. 1

Highly homogeneous and strictly stoichiometric PZT
samples were prepared by a novel semi-wet route the deta'assume 311, 511, and 535 Miller indices which are 066’
type. This implies that these reflections have arisen due to

of which are described elsewhérePowder neutron diffrac-
7 Antiphase(—) tilting of TiOg octahedra in the neighboring

tion data were recorded in th&2ange of 20 to 130 degrees

at a step of 0.10 degree using neutron wavelength of 1.66 . 7 T

on a medium resolution powder diffractometer on High Flux€lementary perovskite cell. Thus tFg;" to Fyj phase tran-

Australian Reactor(HIFAR) operated by the Australian Sition discovered by Ragirét al'® is an AFD phase transi-

Nuclear Science and Technology OrganizatighNSTO).  tion involving R-point instability.

The powdered 5amp|e was Compacted in a thin walled 12 As said earlier, Nohedat a|.5’6 have refined the structure

mm diameter vanadium cylinder and then placed inside &f the low temperature phase of PZT witk0.52 using the

displex cryostat. The powder neutron diffraction data wereéCmspace group, but this space group cannot give rise to the

collected at various temperatures between 10 K to 280 Kuperlattice reflections present in Fig. 1. In the Glazer’s

while heating. The temperature was controlled withiad K. classification® of perovskite structures with tilted oxygen

Structure refinement was performed using Rietveld refineoCtahedra, there are only three monoclinic space groups,

ment program DBWS 941 The background was defined P21/m, C2/m and C2/c corresponding toa'b ¢,

by a sixth order polynomial in two-theta. A pseudo-Voigt a°b ¢~ anda b~ b tilt systems. Of these, the"b~c " tilt

function was chosen to generate profile shape for the neutrosystem is ruled out since the superlattice reflections observed

diffraction peaks. in Fig. 1 are of ‘ood’ type only. The remaining two tilt
Figure 1 depicts the powder neutron diffraction pattern ofSystems are although compatible with thedd’ type super-

PZT with x=0.52 at 10 K. All the peaks, except those lattice reflections, their space groups are centrosymmetric.

marked with arrows, in this figure can be indexed with re-Since theF,';,T phase is a ferroelectric phase, it rules out any

spect to a monoclinic cell of the type proposed by Noheda&entrosymmetric space group. Thus none of the space groups

et al>® with a=5.730A, b=5.709A andc=4.117A, B8 listed by Glazel’ can describe the structure of tAg phase.

Counts
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the origin, the total number of refinable positional coordi-
nates and isotropic thermal parameters, in principle, comes
out to be 37. But in keeping with theém framework, which
accounts for the intensity of all the main perovskite peaks,
the positions of both the Pb atoms in the asymmetric unit
were not refined. Similarly Zr/TL), Zr/Ti(2) atoms and the
0O(1) and 2) atoms in the asymmetric unit were treated as
identical, and their sense of displacements from their respec-
tive undisplaced coordinates were kept identical to those
given by Nohedat al® for the Cm space group. These dis-
placements contribute to the intensity of the main perovskite
reflections only and not to the weak superlattice reflections in
Fig. 1. As a result of an anticlockwise rotation of the lower
oxygen octahedra in Fig. 2 about th@01] direction, thex, y
coordinates of the four oxygen atoms 3, 4, 5, and 6 will
become (0.25% 6,0.25-6), (0.75+65,0.25+65), (0.75
—4,0.75+ 6), and (0.25- 6,0.75- 5) whered is the param-
eter to be refined for determining the magnitude of the frac-
tional displacements. In this model, there are six indepen-
dently refinable positional coordinates and four isotropic
FIG. 2. Schematic diagram of the doubled monoclinic unit cellth_ermaI param_eters. Refinement of these pgrameters a!ong—
showing superposition of antiphase rotation of octahedizout  With the half width, background, zero correction, and lattice
[001] direction and other atoms, i.e., @, O(2), Pk1), Ph2), Parameters led to smooth convergence of ®Réactors
Zr/Ti(1), and Zr/T{2), displaced as in th€m space group model. Within a few cycles with a satisfactory” (=1.59 value.
The open circles, filled big circles and the filled small circles rep-Table I lists the various structural parameters along with the

resent O, Pb, and Zr/Ti, respectively. The arrows indicate sense dR factors obtained at the end of the refinement. The ob-
displacements from their respective undisplaced positions. served, calculated and the difference profiles shown in inset
(b) of Fig. 1 indicate a reasonable fit for various reflections
including the weak superlattice reflections which is shown
insets(c) and(d) of Fig. 1 on a magnified scale. After having
ot a satisfactory? value, we allowed fractional displace-

Rietveld analysis of the powder neutron diffraction data
given in Fig. 1 usingCm space group accounts reasonably

wc_all for all the peaks excLTept the superlattice ones. In yiew ol ent parametefd) to be different for thec andy coordinates
th|§, the structure of thEy, phase should not only retain the of the 3, 4, 5 and 6 oxygen atoms of the asymmetric unit. As
main structural features of thém space group model but 5 reqyit, the number of refinable parameters is now one more
also account for the weak superlattice reflections present ifh5n that in the earlier model. Such a relaxatiorsiled to a

Fig. 1. For this, we propose here a new structural modelyecrease irR,, from 8.95 (obtained for model 1 with only
Consider the stacking of two monoclinic unit cells of @& 5.0 5 parameter to 8.84 (obtained for model Il with two
type in the[001] direction as shown in Fig. 2. On SUPerpos-« si5)  The various refined structural parameters alongwith

. O O — . .
ing aa’c" tilt on this structural moldel, the four oxygen ihe R factors for model Il are given in Table | along with
atoms labeled as 3, 4, 5 and 6 in the ; plane will rotate in  {h9se for model 1.

anticlockwise and another set of four oxygen atoms labeled A comparison of the refined structural parameters for

as 3, 4', 5’ and 6 in the z= plane in the clockwise model Il with those reported by Nohe@aal >° reveals that,
manner abouf001] by equal magnitude. As a result of such except for they-coordinates of the planar oxygen atofSs
an anti-phase tilt about thg01] direction, theC-centring 4 5 and 6 in Fig. 2 rest of the refined coordinates in model
and the mirror plane ag=0, ; of the Cm space group are |l are almost identical to those for th€m space group
destroyed. The doubled monoclinic unit cell is now a primi-model. On the otherhand, for model I, all the three coordi-
tive cell with c-glide planes ay=0,1/2. It is easy to see that nates of the four oxygen atom8, 4, 5 and § are quite
the pair of atoms 3-§ 4-5', 5-4', and 6-3 in the z=3 different from those for th€m model eventhough the coor-
and? layers are related throughcaglide aty=3. There are dinates of the other atoms are in good agreement for the two
only four non-centrosymmetric monoclinic space groupsmodels. It is however, difficult to make a choice between
viz., P2, P2,, Pmand Pc?! Of these, onlyPc has got a models | and Il using the present data since the reduction in
c-glide plane consistent with the model proposed by us, anthe agreement factoiR,;) for model Il is not very signifi-
was accordingly chosen for refining the structure oflﬂj,{k cant.
phase. To summarize, we have observed superlattice reflections
ThePc space group possesses only one site symn@@ary  in powder neutron diffraction data below thej)’ to Fy;
Wyckoff position having general coordinates. Therefore, inphase transition temperature f210 K in PZT with x
principle all the coordinates can be refined independently=0.520. These superlattice reflection are attributed to an an-
The asymmetric unit of the structure consists of two Pb attiferrodistortive (AFD) phase transition involving antiphase
oms, two Zr/Ti atoms and six O atoms. Fixing one atom attilts of the oxygen octahedra. In analogy to other perovskites
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TABLE I. Refined structural parameters aRdactors of PZT withx=0.52. In model |, thex andy coordinates of (8), O(4), O(5), and
O(6) were refined with one common fractional displacem@htparameter. In model Il the andy coordinates of these atoms were refined
with different § parameters.

Model | Model Il

Atom X y z B(A? X y z B(A?
Ph(1) 0.50 0.00 0.00 2@) 0.50 0.00 0.00 12
Ph(2) 0.00 0.50 0.00 2@) 0.00 0.50 0.00 1@
Zr/Ti(1) 0.0136) 0.00 0.22%2) 0.4(3) 0.0286) 0.00 0.2222) 0.303)
ZrlTi(2) 0.5136) 0.50 0.22%52) 0.4(3) 0.5286) 0.50 0.2222) 0.303)
o(1) 0.0562)  0.00 ~0.0451) 0102 0.0512) 0.00 ~0.0441) 1.202)
o(2) 0.5562) 0.50 —0.04581) 0.1(2) 0.5512) 0.50 —0.0441) 1.212)
o@3) 0.261(1) 0.2391) 0.2671) 0.31) 0.2898) 0.2351) 0.1951) 0.4(2)
O(4) 0.7611) 0.261(1) 0.2671) 0.31) 0.7898) 0.2651) 0.1951) 0.4(2)
O(5) 0.7391) 0.7611) 0.2671) 0.31) 0.791(8) 0.7651) 0.1951) 0.4(2)
Q(6) 0.2391) 0.7391) 0.2671) 0.31) 0.291(8) 0.7351) 0.1951) 0.4(2)

a=5.731(1) A,b=5.710(1) A,c=8.234(1) A a=5.732(1) A,b=5.708(1) A,c=8.2391)A

B=90.491)° B=90.491)°

Rs=6.01,R,=7.10,R,,,=8.95,R,= 8.09 Rs=4.23,R,=6.95,R,,,= 8.84,R,= 8.08

like SrTiO;, we propose that this transition is driven by in- blance with those obtained by Noheelaal. usingCm space
stabilities at theR-point (q=333) of the cubic Brillouin  group.

zone. TheCm space group proposed by Noheeteal® for Partial support from Inter University Consortium for the
the monoclinic phase of PZT witk=0.520 at 20 K cannot Department of Atomic Energy Facilities is gratefully ac-
account for the observed superlattice reflections. We havenowledged by the authors from BHU. S.K.M. is grateful to
shown that the correct space group of fFl}é phase isPc. CSIR for financial support. B.K.J. thanks the Australian In-
The positional coordinates of some of the atoms obtained bygtitute of Nuclear Science and Engineering for the provision
Rietveld refinement usingc space group bear close resem- of the neutron scattering facilities.
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