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Antiferrodistortive phase transition in Pb „Ti0.48Zr 0.52…O3:
A powder neutron diffraction study
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Results of a powder neutron diffraction study of the high-temperature monoclinic (FM
HT) to a low-

temperature monoclinic (FM
LT) phase transition in Pb(Ti12xZrx)O3 discovered recently by Raginiet al. are

presented forx50.520. The powder neutron diffraction pattern of theFM
LT phase contains superlattice reflec-

tions which have all oddhkl (hÞkÞ l ) Miller indices with respect to a doubled elementary perovskite cell,
characteristic of antiphase tilting of oxygen octahedr´a. In 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 theFM

LT phase is Pc. Results of Rietveld refinement for this space group
are presented to show that the oxygen octahedra indeed undergo antiphase rotations about@001# direction.

DOI: 10.1103/PhysRevB.65.060102 PACS number~s!: 77.84.Dy, 81.30.Hd, 61.12.Ld
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The solid solution Pb(Ti12xZrx)O3 ~PZT! system is a well
known piezoelectric ceramic material with immense tech
logical applications.1 The phase diagram of this syste
shows a nearly vertical morphotropic phase boundary~MPB!
aroundx50.52 ~Ref. 1! separating the ferroelectric tetrag
nal (FT) and the ferroelectric rhombohedral (FR) phase re-
gions. The most precise location of the MPB was made
Mishra et al.,2,3 who showed that the room-temperatu
structure of PZT is tetragonal and rhombohedral forx
<0.520 andx>0.530, respectively, while both the phas
coexist forx50.525 at 300 K.1 Very interesting aspects o
the phase transition behavior of PZT ceramics near the M
composition were also reported by Mishraet al.2–4 using
high-temperature x-ray diffraction~XRD!, piezoelectric reso-
nance frequency (f r), electromechanical coupling coefficien
(kp), and dielectric constant («8) measurements in the tem
perature range 300–800 K. These workers have shown
theFT ~space groupP4mm! to the paraelectric cubic~space
group Pm3m! phase transition is of first order in the com
position range 0.515<x,0.550 ~TC5676, 667, 662, and
651 K for x50.0515, 0.520, 0.530, and 0.535 during he
ing! while theFR ~space groupR3m! to PC direct transition
~TC5634 K for x50.550! for x>0.550 is of second orde
type implying thereby the possibility of a tricritical point fo
0.545,x,0.550.4 For x50.525, the coexistence of theFT
andFR phases at 300 K was shown to be linked with theFR
to FT first-order phase transition. TheFR to FT transition for
0.530<x,0.550 was also found to be accompanied with
coexistence region.

Recently, Nohedaet al.5,7 carried out a very careful high
resolution synchrotron study of low-temperature phase tr
sitions in PZT and showed that theFT phase for x
50.500,0.520 transforms at 200 K and 250 K into a fer
electric monoclinic (FM

HT) phase with space group Cm. Ph
nomenological theory considerations of Filhoet al.8 and
Vanderbilt and Cohen9 have confirmed the stability of a
monoclinic phase. Raginiet al.,10 on the other hand, found
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evidence for two low-temperature phase transitions fox
50.515 and 0.520 in their piezoelectric resonance freque
( f r) and dielectric («8) studies. Correlating the two anoma
lies in f r(T) and«8(T) data with XRD and electron diffrac
tion data, Ragini et al.10 have confirmed that the firs
anomaly occurring just below room temperature is due to
FT to FM

HT transition studied by Nohedaet al.5,6 The second
anomaly in«8(T) and f r(T), discovered by Raginiet al.10 is
due to a phase transition fromFM

HT to another monoclinic
(FM

LT) phase whosea and b parameters are identical to th
FM

HT phase but thec parameter is doubled. It was shown b
Raginiet al.10 that theFM

HT to FM
LT phase transition gives ris

to superlattice reflections in the electron diffraction patte
which are not discernible on the XRD patterns as a resul
which Nohedaet al.5,6 missed this transition in their synchro
tron XRD studies.

Using first principle calculations, Bellaicheet al.11 have
shown that even at room temperature, theFT andFR phase
regions across the MPB are separated by a narrow comp
tion range over which theFM

HT phase is more stable than th
FT or FR phases. Raginiet al.12 have carried out a detaile
Rietveld study of the room temperature structure of P
phases across the MPB and have come to the conclusion
the stable phase of PZT at 300 K for 0.525<x,0.70 is not
rhombohedral but monoclinic. Further, theFT to FM

HT to FM
LT

sequence of phase transitions, discovered by Raginiet al.10

for x50.515 and 0.520, is a common feature of all the P
compositions in the range 0.515<x,0.550.13

While the low and high temperature phase transition
pects of PZT ceramics in the MPB region are now reas
ably well settled, the structure of theFM

LT phase remains un
known. Nohedaet al.5,6 have proposed Cm space group f
the low temperature monoclinic phase of PZT withx
50.520 using a Rietveld analysis of the synchrotron data
20 K. Since 20 K forx50.520 is well below theFM

HT to FM
LT

phase transition temperature of 210 K, Raginiet al.10 have
©2002 The American Physical Society02-1
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questioned the correctness of this space group at 20 K s
it cannot account for the observed superlattice reflection
the electron diffraction patterns. The purpose of this comm
nication is to present powder neutron diffraction data fox
50.520 in the temperature range 280 K to 10 K to show t
weak superlattice reflections appear below theFM

HT to FM
LT

phase transition temperature of 210 K. It is shown that th
superlattice reflections have all oddhkl (hÞkÞ l ) Miller in-
dices. In analogy to other perovskite materials,14 the appear-
ance of such superlattice reflections is attributed to an A
phase transition involving oxygen octahedral tilts driven
instabilities at theR-point (q5 1

2 , 1
2 , 1

2 ) of the Brillouin zone.
Further, we propose a structural model for theFM

LT phase with
space group Pc and refine the structure of theFM

LT phase
using Rietveld technique.

Highly homogeneous and strictly stoichiometric PZ
samples were prepared by a novel semi-wet route the de
of which are described elsewhere.15 Powder neutron diffrac-
tion data were recorded in the 2u range of 20 to 130 degree
at a step of 0.10 degree using neutron wavelength of 1.66
on a medium resolution powder diffractometer on High Fl
Australian Reactor~HIFAR! operated by the Australian
Nuclear Science and Technology Organization~ANSTO!.
The powdered sample was compacted in a thin walled
mm diameter vanadium cylinder and then placed insid
displex cryostat. The powder neutron diffraction data w
collected at various temperatures between 10 K to 280
while heating. The temperature was controlled within62 K.
Structure refinement was performed using Rietveld refi
ment program DBWS 9411.16 The background was define
by a sixth order polynomial in two-theta. A pseudo-Voi
function was chosen to generate profile shape for the neu
diffraction peaks.

Figure 1 depicts the powder neutron diffraction pattern
PZT with x50.52 at 10 K. All the peaks, except thos
marked with arrows, in this figure can be indexed with
spect to a monoclinic cell of the type proposed by Nohe
et al.5,6 with a55.730 Å, b55.709 Å andc54.117 Å, b

FIG. 1. Powder neutron diffraction pattern of Pb(Ti0.48Zr0.52)O3

at 10 K. The three arrows indicate superlattice reflections.
Miller indices are with respect to a doubled elementary perovs
cell (2ap32bp32cp). Inset ~a! depicts evolution of superlattice
reflection 311 as a function of temperature. Inset~b! shows ob-
served~dots!, calculated and difference profiles~continuous line! in
the two-theta range 20–80 degree after Rietveld refinement withPc
space group. Insets~c! and ~d! depict fit of two of the superlattice
reflections after the refinement.
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590.48°. The three weak reflections, marked with arrows
Fig. 1, appear atT<210 K as can be seen from the inset~a!
which depicts the temperature evolution of one of these w
reflections. This temperature~;210 K! coincides with the
FM

HT to FM
LT phase transition temperature of PZT withx

50.52 reported by Raginiet al.10 Indexing of all the reflec-
tions in Fig. 1, including the weak ones, requires a mon
clinic cell whosec-parameter is twice that of theFM

HT phase.
The weak reflections are thus superlattice reflections lin
with a cell doubling transition.

Superlattice reflections in the ABO3 perovskites can resul
from antiferrodistortive~AFD! structural phase transitions
The most common AFD transitions in perovskites invol
octahedral tilts~rotations! brought about by instabilities a
the R (q5 1

2
1
2

1
2 ) and M (q5 1

2
1
2 0) points of the cubic Bril-

louin zone. The familiar examples are structural phase tr
sitions in SrTiO3 ,14 LaAlO3

17 and KMnF3.
18 With respect to

a pseudocubic cell of the type 2ap32bp32cp , whereap ,
bp , and cp are the unit cell parameters of the elementa
perovskite cell, the main perovskite reflections are rep
sented by Miller indices which are all even~e! numbers~i.e.,
the Miller indices are ofeeetype!. The superlattice reflec
tions arising due to AFD phase transitions correspond
three or two odd~o! numbered Miller indices which arise
due to cell doubling along all the three or at least two of t
elementary perovskitê100& directions.19 As was shown by
Glazer,19 superlattice reflections with all-odd~ooo! (hkl,h
ÞkÞ l ) Miller induces arise due to ‘‘anti-phase’’~or 2ve!
tilt of the neighboring octahedra whereas superlattice refl
tions with two-odd and one-even~ooe! type Miller indices
are due to ‘‘in-phase’’~or 1ve! tilt. These ‘‘1’’ and ‘‘ 2’’
tilts are believed to result from the freezing of the soft mod
of the M and R points of the cubic Brillouin zone as con
firmed in materials like KMnF3,18 CsPbCl3 ,20 and SrTiO3

14

using inelastic neutron scattering. With respect to
doubled perovskite cell, the superlattice reflections in Fig
assume 311, 511, and 535 Miller indices which are of ‘‘ooo’’
type. This implies that these reflections have arisen due
antiphase~2! tilting of TiO6 octahedra in the neighborin
elementary perovskite cell. Thus theFM

HT to FM
LT phase tran-

sition discovered by Raginiet al.10 is an AFD phase transi
tion involving R-point instability.

As said earlier, Nohedaet al.5,6 have refined the structur
of the low temperature phase of PZT withx50.52 using the
Cmspace group, but this space group cannot give rise to
superlattice reflections present in Fig. 1. In the Glaze
classification19 of perovskite structures with tilted oxyge
octahedra, there are only three monoclinic space gro
P21 /m, C2/m and C2/c corresponding to a1b2c2,
a0b2c2 anda2b2b2 tilt systems. Of these, thea1b2c2 tilt
system is ruled out since the superlattice reflections obse
in Fig. 1 are of ‘‘ooo’’ type only. The remaining two tilt
systems are although compatible with the ‘‘ooo’’ type super-
lattice reflections, their space groups are centrosymme
Since theFM

LT phase is a ferroelectric phase, it rules out a
centrosymmetric space group. Thus none of the space gr
listed by Glazer19 can describe the structure of theFM

LT phase.
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Rietveld analysis of the powder neutron diffraction da
given in Fig. 1 usingCm space group accounts reasonab
well for all the peaks except the superlattice ones. In view
this, the structure of theFM

LT phase should not only retain th
main structural features of theCm space group model bu
also account for the weak superlattice reflections presen
Fig. 1. For this, we propose here a new structural mo
Consider the stacking of two monoclinic unit cells of theCm
type in the@001# direction as shown in Fig. 2. On superpo
ing a0a0c2 tilt on this structural model, the four oxyge
atoms labeled as 3, 4, 5 and 6 in thez5 1

4 plane will rotate in
anticlockwise and another set of four oxygen atoms labe
as 38, 48, 58 and 68 in the z5 3

4 plane in the clockwise
manner about@001# by equal magnitude. As a result of suc
an anti-phase tilt about the@001# direction, theC-centring

and the mirror plane aty50, 1
2 of the Cm space group are

destroyed. The doubled monoclinic unit cell is now a prim
tive cell with c-glide planes aty50,1/2. It is easy to see tha
the pair of atoms 3-68, 4-58, 5-48, and 6-38 in the z5 1

4

and 3
4 layers are related through ac-glide aty5 1

2 . There are
only four non-centrosymmetric monoclinic space grou
viz., P2, P21 , Pm and Pc.21 Of these, onlyPc has got a
c-glide plane consistent with the model proposed by us,
was accordingly chosen for refining the structure of theFM

LT

phase.
ThePc space group possesses only one site symmetry~2a

Wyckoff position! having general coordinates. Therefore,
principle all the coordinates can be refined independen
The asymmetric unit of the structure consists of two Pb
oms, two Zr/Ti atoms and six O atoms. Fixing one atom

FIG. 2. Schematic diagram of the doubled monoclinic unit c
showing superposition of antiphase rotation of octahedra~about
@001# direction! and other atoms, i.e., O~1!, O~2!, Pb~1!, Pb~2!,
Zr/Ti~1!, and Zr/Ti~2!, displaced as in theCm space group model
The open circles, filled big circles and the filled small circles re
resent O, Pb, and Zr/Ti, respectively. The arrows indicate sens
displacements from their respective undisplaced positions.
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the origin, the total number of refinable positional coord
nates and isotropic thermal parameters, in principle, com
out to be 37. But in keeping with theCm framework, which
accounts for the intensity of all the main perovskite pea
the positions of both the Pb atoms in the asymmetric u
were not refined. Similarly Zr/Ti~1!, Zr/Ti~2! atoms and the
O~1! and O~2! atoms in the asymmetric unit were treated
identical, and their sense of displacements from their resp
tive undisplaced coordinates were kept identical to th
given by Nohedaet al.6 for the Cm space group. These dis
placements contribute to the intensity of the main perovs
reflections only and not to the weak superlattice reflection
Fig. 1. As a result of an anticlockwise rotation of the low
oxygen octahedra in Fig. 2 about the@001# direction, thex, y
coordinates of the four oxygen atoms 3, 4, 5, and 6 w
become (0.251d,0.252d), (0.751d,0.251d), (0.75
2d,0.751d), and (0.252d,0.752d) whered is the param-
eter to be refined for determining the magnitude of the fr
tional displacements. In this model, there are six indep
dently refinable positional coordinates and four isotro
thermal parameters. Refinement of these parameters al
with the half width, background, zero correction, and latti
parameters led to smooth convergence of theR-factors
within a few cycles with a satisfactoryx2 ~51.59! value.
Table I lists the various structural parameters along with
R factors obtained at the end of the refinement. The
served, calculated and the difference profiles shown in in
~b! of Fig. 1 indicate a reasonable fit for various reflectio
including the weak superlattice reflections which is sho
insets~c! and~d! of Fig. 1 on a magnified scale. After havin
got a satisfactoryx2 value, we allowed fractional displace
ment parameter~d! to be different for thex andy coordinates
of the 3, 4, 5 and 6 oxygen atoms of the asymmetric unit.
a result, the number of refinable parameters is now one m
than that in the earlier model. Such a relaxation ind led to a
decrease inRwp from 8.95 ~obtained for model I with only
one d parameter! to 8.84 ~obtained for model II with two
‘d ’s!. The various refined structural parameters alongw
the R factors for model II are given in Table I along wit
those for model I.

A comparison of the refined structural parameters
model II with those reported by Nohedaet al.5,6 reveals that,
except for they-coordinates of the planar oxygen atoms~3,
4, 5 and 6 in Fig. 2!, rest of the refined coordinates in mod
II are almost identical to those for theCm space group
model. On the otherhand, for model I, all the three coor
nates of the four oxygen atoms~3, 4, 5 and 6! are quite
different from those for theCm model eventhough the coor
dinates of the other atoms are in good agreement for the
models. It is however, difficult to make a choice betwe
models I and II using the present data since the reductio
the agreement factor (Rwp) for model II is not very signifi-
cant.

To summarize, we have observed superlattice reflecti
in powder neutron diffraction data below theFM

HT to FM
LT

phase transition temperature of;210 K in PZT with x
50.520. These superlattice reflection are attributed to an
tiferrodistortive ~AFD! phase transition involving antiphas
tilts of the oxygen octahedra. In analogy to other perovsk

l

-
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TABLE I. Refined structural parameters andR factors of PZT withx50.52. In model I, thex andy coordinates of O~3!, O~4!, O~5!, and
O~6! were refined with one common fractional displacement~d! parameter. In model II thex andy coordinates of these atoms were refin
with different d parameters.

Model I Model II

Atom x y z B~Å2! x y z B~Å2!

Pb~1! 0.50 0.00 0.00 2.8~2! 0.50 0.00 0.00 1.4~2!

Pb~2! 0.00 0.50 0.00 2.8~2! 0.00 0.50 0.00 1.4~2!

Zr/Ti~1! 0.013~6! 0.00 0.225~2! 0.4~3! 0.028~6! 0.00 0.222~2! 0.3~3!

Zr/Ti~2! 0.513~6! 0.50 0.225~2! 0.4~3! 0.528~6! 0.50 0.222~2! 0.3~3!

O~1! 0.056~2! 0.00 20.045~1! 0.1~2! 0.051~2! 0.00 20.044~1! 1.2~2!

O~2! 0.556~2! 0.50 20.045~1! 0.1~2! 0.551~2! 0.50 20.044~1! 1.2~2!

O~3! 0.261~1! 0.239~1! 0.267~1! 0.3~1! 0.289~8! 0.235~1! 0.195~1! 0.4~2!

O~4! 0.761~1! 0.261~1! 0.267~1! 0.3~1! 0.789~8! 0.265~1! 0.195~1! 0.4~2!

O~5! 0.739~1! 0.761~1! 0.267~1! 0.3~1! 0.791~8! 0.765~1! 0.195~1! 0.4~2!

O~6! 0.239~1! 0.739~1! 0.267~1! 0.3~1! 0.291~8! 0.735~1! 0.195~1! 0.4~2!

a55.731(1) Å,b55.710(1) Å,c58.234(1) Å a55.732(1) Å,b55.708(1) Å,c58.235(1)Å
b590.49(1)° b590.49(1)°
RB56.01,Rp57.10,Rwp58.95,Re58.09 RB54.23,Rp56.95,Rwp58.84,Re58.08
n-

a

b
-

e
c-
to
n-
ion
like SrTiO3 , we propose that this transition is driven by i
stabilities at theR-point (q5 1

2
1
2

1
2 ) of the cubic Brillouin

zone. TheCm space group proposed by Nohedaet al.6 for
the monoclinic phase of PZT withx50.520 at 20 K cannot
account for the observed superlattice reflections. We h
shown that the correct space group of theFM

LT phase isPc.
The positional coordinates of some of the atoms obtained
Rietveld refinement usingPc space group bear close resem
an

. E

. E

C.
ys

en
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blance with those obtained by Nohedaet al. usingCmspace
group.
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