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Evidence for Mg and M phases in the morphotropic phase boundary region
of (1—x)[Pb(Mgy3Nb,3)O3]—XxPbTiO;: A Rietveld study

Akhilesh Kumar Singh and Dhananjai Pantiey
School of Materials Science & Technology, Banaras Hindu University, Varanasi 221 005, India
(Received 10 June 2002; revised manuscript received 14 November 2002; published 6 February 2003

We present here the results of the room-temperature dielectric measurements and Rietveld analysis of the
powder x-ray diffraction data on (1x)[ Pb(Mg,sNby3) Os]1—xPbTiO;(PMN-xPT) in the composition range
0.20=x=0.45 to show that the morphotropic phase boundary region contains two monoclinic phases with
space groups Cnfor Mg type) and Pm(or M type) stable in the composition ranges 0s2¥<0.30 and
0.31=x=0.34, respectively. The structure of PMIRT in the composition rangessk=<0.26 and 0.35x
<1 is found to be rhombohedréR3m) and tetragonalP4mmj, respectively. These results are compared with
the predictions of Vanderbilt & Cohen’s theory.
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I. INTRODUCTION phase in the poled state. Thus, according to Ragiil,1>*°
the field-induced rhombohedral to Cm transition reported by
Relaxor ferroelectric based morphotropic phase boundar@uo et al!! is really a transition from a small-domain Cm
(MPB) ceramics such as (Ax)[Pb(Mg;sNb,3) O3] phase to large-domain Cm phase. Based on Rietveld analysis
—XPbTiO;(PMN—xPT) (Ref. D and (1—x) of the XRD data, Raginet al? have also shown that the
X[ Pb(Zn5Nb,,5) O3] —xPbTiO;(PZN—xPT) (Ref. 2 show tetragonal and monoclini€Cm) phases coexist across the
much higher electromechanical response about their MPB'MPB in the composition range 0.52x<0.525 due to
in comparison to the well-known Pb(dri,_,)O; (PZT)  nucleation barrier to the first-order transition between the
systent The reason why relaxor based MPB systems havdigh-temperature tetragonal and the low-temperature mono-
much higher electromechanical response is still not verglinic Cm phased?
clear eventhough recent theoretical and experimental devel- These recent developments in PZT have been followed up
opments in PZT have improved our understanding of théby similar studies on the structure of MPB phases in the
phase stabilities in the vicinity of the MPB'?Nohedaet al. = PMN-xPT (Refs. 16—20 and PZNxPT (Refs. 21,22 sys-
have discovered that the tetragonal phase of PZT with comtems. In these systems also, the structure of the morphotropic
positions &=0.50, 0.52 close to the MPB transforms to a phase in the unpoled state is monoclinic but with a space
monoclinic phase with space group Cm at lowgroup Pm‘® which is different from that in the PZT sys-
temperature$® Ragini et al® and Ranjanet al’” have dis- tem. The Pm space group proposed by Singh and Pahdey
covered yet another low-temperature phase transition, iand Kiatet al!’in the MPB region of the PMNPT system
which the Cm monoclinic phase transforms to another monohas recently been confirmed in the high resolution powder
clinic phase with Cc space grofipThe Cm to Cc phase XRD studies by Nohedat al?® contradicting an earlier re-
transition is an antiferrodistortiveAFD) transition leading to  port of Cm space group by the same workers for a similar
superlattice reflections which are observable in the eledtroncompositiont® However, in the PZNPT system, the possi-
and neutroh diffraction patterns only, and not in the x-ray bility of monoclinic Pnt’ or orthorhombic Bmm?% struc-
diffraction (XRD) patterns as a result of which Noheetaal.  tures in the MPB region continues to be debated. More in-
missed the Cc phase in their high resolution XRD studies aterestingly, Nohedaet al** and Ohwadaet al®® have
low temperatures. The tetragonal to Cm, and Cm to Cc tranebserved a field-induced irreversible rhombohedral to Pm
sitions are accompanied with pronounced anomalies in theonoclinic phase transition in PZN-0.08PT through the Cm
elastic constant and dielectric constdntt has been monoclinic phase.
argued'! that the monoclinic Cm phase provides the path Using eighth-order expansion of the Devonshire theory,
for polarization rotation between tetragond®4mmn) and  Vanderbilt and Cohéfi have predicted different regions of
rhombohedral(R3m) phases. X-ray Rietveld analysis by stability for the monoclinic Pm and Cm phases that are des-
Ragini et al,'? has, however, revealed that the hitherto be-ignated asM and M,/Mg, respectively, in their paper.
lieved rhombohedral phase of PZT for 058<0.62 (Ref.  Although bothM, and Mg phases belong to the Cm space
13,14 is indeed monoclinidCm) with very small domain group, the difference lies in the magnitudes of the compo-
size leading to composition-dependent anomalous broadements of the polarizatiofP) corresponding to the pseudocu-
ing of various reflections. Thus the MPB in the PZT systembic cell. For theM, phase Py=Py# P, with P,>Py,
separates the stability fields of tetragonal and monoclinic Cnwhile for the Mg phase Py=Py# Pz with P,<Px. As per
phaseg? On application of dc field, these monoclinic do- the phase diagram of Vanderbilt and CokBone expects a
mains get aligned and merged as a result of which some afarrow stability field of theM gz phase between the rhombo-
the XRD peaks showing anomalous broadening in the unhedral andM ¢ phases. The present work was undertaken to
poled state start exhibiting splittings characteristic of the Cnverify the existence of the CnM) phase for compositions
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in between those for the rhombohedral and monocliRit)  theoretical density. Sintered pellets were crushed into fine
phases using the Rietveld analysis of x-ray powder diffracpowders and then annealed at 500°C for 10 h to remove the
tion data on PMNxPT samples withx varying from 0.26 to  strains introduced during crushing for x-ray characteriza-
0.39 at an interval oAx=0.01. From a careful study of the tions. XRD measurements were carried out using a 12 kW
variation of the dielectric constant and crystal structure withrotating anodeCu) based Rigaku powder diffractometer op-
composition(x) on unpoled PMNXPT ceramics, we show erating in the Bragg-Brentano geometry and fltt_ed with a
that the dominant phases in the composition ranges 0 graphite monochromator in the d!ffracted t_)eam. Fired-on sil-
<0.26, 0.2%x=<0.30, 0.3kx=0.34, and 0.35x<1 are VeI paste was used for electroding the smtered peIIets.. The
thombohedra(R3m), monoclinicM g (Cm), monoclinicM dielectric measurements at 1 kHz were carried out using a
(Pm) and tetragonal(P4mm), respectively, in reasonable HIOKI 3532 LCR HiTester.

{ahgreeyznéent with the predictions of Vanderbilt and Cohen’s IIl. DETAILS OF THE RIETVELD REFINEMENT

eory:

Rietveld refinement was carried out usimgws-9411
programi® except for the section 5.7, whemsAs program
packagé' was used which incorporates anisotropic peak

Samples used in the present work were prepared by 8hape proposed by Stephéfsin all other refinements
modified solid state rout¥. One of the common problems Pseudo-Voigt function was used to define the peak profiles
associated with the solid-state synthesis of PXE ceram- while a fifth-order polynomial was used for describing the
ics is the appearance of an unwanted pyrochlore page. Packground. Except for the occupancy parameters of the
get rid of this unwanted phase, off-stoichiometric composi-°S: which were kept fixed at the nominal composition, all

tions, with excess of MgO and PbO, are ué&Bor example, gﬁgﬁadpagﬁmsh I-sé,rasr;:gizr ;‘agtlgggzsvritt)h cr%z;?rfgogérgﬁ::k-
23 0 ’ - -
Nohedaet al™ have used 15.5 and 2 wi% excess of Mgoeters, lattice parameters, positional coordinates, and isotropic

S o Xhermal parameters were refined. The isotropic thermal pa-
perturbs the phase Stab'“t'e."s in the V'C.'T“W of the MPBrameter values for Pb was invariably found to be high as
where the crystal structure is very sensitive to even Smallleported by Kiatet al. alsol’ Use of anisotropic thermal pa-

variations in the composition because of nearly degeneratg,meters for Pb did not lead to any improvement in the
nature of various phases. In order to bring out the intrinsicagreement factors.

features of the PMNPT system, it is imperative to prepare |n the tetragonal phase with P4Amm space group, tHé Pb
pyrochlore phase free PMNPT ceramics in stoichiometric jon occupies 14) sites at(0,0, z), Ti**/Nb°*/Mg?" and
compositions(i.e., W_ithout u_sing any excess of PbO and OIZ’ occupy 1b) sites at(1/2,1/27), and C,’q’ occupy 2c)
MgO). We have achieved this by using PbC@nd MgCQ  sites at(1/2,07). For the rhombohedral phase with R3mH
-3H,0, instead of PbO and MgO, respectively, and intro-space group, we used hexagonal axes with lattice parameters
ducing one more step in the reaction sequence for mixing oéH: b, =+2ag and c,=3ar, whereag corresponds to
TiO,.?" In the present work, AR grade BNOs (99.95%,  the rhombohedral cell parameter. In the asymmetric unit of
TiO, (99%), Mg(NO;),-6H,0 (99%), Pb(NG;), (99%),  the structure of the rhombohedral phase with R3mH space
and ammonium carbonate were used. Mg€gH,O and group, PB* and NB*/Ti**/Mg?" ions occupy 34) sites at
PbCQ were prepared from Mg(Ng,-6H,0 and (0,0z) and G~ at the 9p) site at &,2x,z). In the mono-
Pb(NG,), by precipitation. Mixing of various ingredients in clinic phase with space group Cm, there are four ions in the
stoichiometric proportions was carried outr & h using a asymmetric unit with Pb", Ti**/Nb°*/Mg?* and G in

ball mill (Retsch, Japarwith zirconia jars and zirconia balls. 2(a) sites at ,02) and Cﬁ_ in 4(b) sites at &,y,2). The

AR grade acetone was used as the mixing media. Heat trealsy mmetric unit of the monoclinic phase with space group

ments for calcination were carried out in alumina cruciblesPm has got five ions with B and d_ in 1(a) site at
using a globar furnace. The columbite precursor MgDip (x,02), Ti4*INb5+/Mg2*+ O|2|_ and Cf'n_ in 1(b) sites at

(MN) (Ref. 28 was prepared by calcining ? stoichiometric (x,1/27z). Following the established conventions,?Ptwas
mixture of MgCG;- 3H,0 and NBOg at 1050°C for 6 h. At 116
.2 . . . fixed at(0,0,0 for the tetragondf and monoclinié*® struc-
the next stage, stoichiometric amount of Ji@as mixed . . X
) . . o tures. Following Megaw and Darlingtofi,the z coordinate
with MgNb,Og and the mixture was calcinated at 1050°C for o :
; . of O“~ was fixed at 1/6 for the rhombohedral structure. Ad-
6 h to obtain (1—x)/3]MgNb,Og— (x) TiIO, (MNT) precur- . : .
: . : o ._ditionally, space group Bmm2 was also taken into consider-
sor. This MNT precursor was then mixed with stoichiometric _. . .
ation for a few compositions. For this space group? ‘Pion

amount of PbC@and calcined at 750°C for 6 h. The powder . . i e i
obtained at this stage consists of pure perovskite phase greupies 2b) sites at (1/2,1/2),Nb™ /Ti""/Mg=" ions oc

. 2_ . .
PMN-xPT free from the pyrochlore phase. Cold compactioncuey_z(a) sites at_(O,(Z),O, in 4(d) 5s+|te§4§t ((’02’5) .and
of calcined powders was done using a steel die of 12-mnPii [N the 2() sites at (0,1/2). Nb>"/Ti /NLQ lons
diameter and an uniaxial hydraulic press at an optimized loat¥/€re kept at the origiri0,0,0 for the refinement
of 65 kN. 2% polyvinyl alcohol solution in water was used
as binder. The green pellets were kept at 500°C for 10 h to V. LOCATION OF TBH(EU'QASA?;HOTROMC PHASE
burn off the binder material and then sintered at 1150°C for
6 h in sealed crucibles with controlled PbO atmosphere. Lead magnesium niobat®MN) is a relaxor ferroelectric
Density of the sintered pellets was higher than 98% of thawith very high value of room temperature dielectric constant

II. EXPERIMENT
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FIG. 1. Variation of the real part of the dielectric constaat)( %
with composition(x) at room temperature for PMMPT ceramics. &
2z 0.32
(=12000 in ceramic forn® With the addition of lead ti- 2 A
tanate(PT), whose dielectric constant is very lowc@00) 2 E oot
it is expected that the dielectric constant of the resulting solid '
solution will decrease in comparison with PMN with increas-
ing PT content. Figure 1 shows the variation of room- 0.30

temperature dielectric constaat with composition(x) for

the PMNxPT ceramics in the composition range 020
=<0.45. As expected, dielectric constant decreases with in-:
creasing value ok up tox=0.26. However, fronx=0.27,

the €’-x plot takes an upward trend marking the onset of the
MPB region. This upward trend continues upts 0.30, and
thereafter shows a plateau region for 6:30<0.34. Kelly

et al®” have also observed a similar plateau region but in
poled PMNxPT samples. The dielectric constant again
shows an upward trend leading to a peak aroxsd.35,
and thereafter it decreases monotonically with increaging

|~

NEEaas

AN

The results shown in this figure correspond to averaging ovel 0.25
at least five samples for each composition. The sample tc
sample variation of dielectric constant for each composition
. 0.20
was less than 1% for various PMANRT samples. In analogy
with the well-known PZT systemithe observation of peak in — =
dielectric response at room tempereature as a function o 446 45.1 65.3 Two thee-’;f

composition confirms the MPB characteristic of the
PMN-xPT. However, unlike PZT where one observes only FIG. 2. Evolution of the x-ray diffraction profiles of the 200,
one peak, we have found evidence for two peaks in th€20, and 222 pseudocubic reflectiof@rresponding to Culkl
PMN-xPT system. only) with composition(x) for PMN-xPT ceramics.

Figure 1 reveals the presence of four different regions.
For correlating these regions with a corresponding change ianalysis of the XRD data reveals that the structure of the
the crystal structure as a function of compositio),(we  dominant phase in the composition range 826<0.31 is
present in Fig. 2 the powder XRD profiles of the 200, 220,monoclinic (Mg type) with Cm space group. The nature of
and 222 pseudocubic reflections for various PMIRNF com-  the 200 profile again changes arouxd 0.31 leading to the
positions. In all these profiles, theéx2 component has been appearance of a shoulder on the highérsitle which even-
removed by using a standard software. For the compositiotually becomes a distinct peak with increasixgs can be
range 0.26:x<0.26, the 200 is a singlet, while 220 and 222 seen from Fig. 2 for 0.38x<<0.35. In this composition
are doublets with weaker reflections occurring on the lowerange, the dominant phase is monoclini¢ £ type) with Pm
26 side. This characterizes a rhombohedral phase that space group® For x=0.35, the profiles shown in Fig. 2 ex-
stable forx=0.26. Forx>0.26, the width of the 200 profile hibit further changes. In particular, 200 pseudocubic reflec-
increases eventually leading to an asymmetric tail on théion splits into 002 and 200/020 with nearly 1:2 intensity
higher 29 side which has become quite apparent for ratio. Further, the shoulder/peak on the lower fdde of the
=0.29 and 0.30. As shown in the following section, Rietveld220 pseudocubic profile is replaced by a distinct peak on the
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FIG. 3. Observeddots, calculated(continu-
ous ling, and difference(bottom line profiles
obtained after the Rietveld refinement of
PMN-xPT withx=0.20 andx=0.26 using rhom-
bohedral space group R3m in thef Zrange
20-60 deg. Inseta) shows the patterns in thed2
range of 60—120 deg while inséb) illustrates
the quality of fit for the 200 reflection. Tick
marks above the difference profle show peak po-
sitions for Cukal.

Intensity (Arbitrary units)

Two Theta

higher 26 side. In addition, the 222 profile becomes a sin-of PMN-xPT for x<0.26 in region | of Fig. 1. The refined
glet. All these features correspond to the tetragonal structurgtructural parameters and various agreement factors are
and hence the dominant phase fe#0.35 is tetragonal, as given in Table .
confirmed by the Rietveld analysis also, the results of which
are presented in the following section. Thus the different
regions shown in Fig. 1 correspond to four different crystal-
lographic phases of PMMPT, which are stable over differ- For compositions withx=0.27, the 200 reflection be-
ent ranges of composition. comes broader which cannot be accounted for in terms of the
rhombohedral structure for which 200 is a singlet. This
anomalous broadening is similar to that reported in
V. RIETVELD ANALYSIS OF XRD DATA Pb(Fg :Nby 2 O; (Ref. 3§ and PZT with 0.536x=<0.602
where it has been attributed to the Cm phase. The anomalous
broadening is absent for=<0.26 as can be seen from the
excellent fit shown in the insets of Fig(lI8 for the 200
Figure 3 depicts the observed, calculated and differencerofile. To determine the true symmetry in the composition
profiles obtained by Rietveld analysis of the XRD data forrange 0.2%&x<0.30, we first carried out Rietveld refine-
PMN-xPT with x=0.20 and 0.26 using rhombohedral spacements using various plausible space groups i.e., rhombohe-
group R3mH. The fit between the observed and calculatedral R3mH, monoclinic Cm, monoclinic Pm, and orthorhom-
profiles is quite good confirming the rhombohedral structurebic Bmm2. Figure 4 shows the observed, calculated, and

B. Monoclinic structure with space group Cm (0.27=x=<0.30

A. Rhombohedral structure with space groupR3mH
(0=x=<0.26

TABLE I. Refined structural parameters of PMMRT for x=0.20 and 0.26 using rhombohedral space

group R3mH.
Composition lons Positional coordinates Thermal parameters
(x) X Y z BA?)
0.20 PB* 0.00 0.00 0.54Q) 3.021)
0.26 PB* 0.00 0.00 0.54@) 2.91(2)
0.20 THH N> /Mg " 0.00 0.00 0.02) 0.61(7)
0.26 TH /N> /Mg?* 0.00 0.00 0.014) 0.144)
0.20 G- 0.3533) 0.1763) 0.1667 0.01)
0.26 ey 0.3253) 0.1623) 0.1667 0.81)
0.20 a=b=5.69211)(A) c=6.98872)(A)
0.26 a=b=5.68411)(A) c=6.980q1)(A)
0.20 Ryp=14.76 Rexp=6.46 Rg=10.12 x>=5.06
0.26 Ryp=12.98 Rexp=7.45 Rg=9.93 x?>=3.01
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R, =17.30
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| Pe =007 FIG. 4. Observeddots, cal-

culated(continuous ling and dif-

ference (bottom line profiles of

R 1267 the 200, 220, 310, and 222

pseudocubic reflections obtained
= |Re =819 after the Rietveld refinement of

) PMN-xPT with x=0.29 using dif-
ferent structural models: (a)
Rhombohedral R3m(b) mono-
clinic Pm, (c) orthorhombic
Bmm2, (d) monoclinic Cm, and
(e) monoclinic Pm and Cm coex-
istence.

Intensity (Arbitrary units)

”“’”\«/\/\/L,\,/\Ww Ner\\/\‘W (Pm)
74.2 74

7 75.2 82.8 83.2 83.6

Two theta

difference profiles alongwith the various agreement factorgrofiles for all the four reflections as can be seen from Fig.
for the pseudocubic 200, 220, 310, and 222 reflections using(d). This is corroborated by the lowest value of the agree-
four different space groups far=0.29. For the R3mH space ment factors also. Figure 5 depicts the observed, calculated,
group[Fig. 4a], we see that the mismatch between the ob-and difference profiles in the 2ranges 20-120 deg for
served and calculated profiles is quite prominent for 200 and=0.29. The overall fit is quite satisfactory. The refined struc-
310 pseudocubic reflections, which is also confirmed bytural parameters are given in Table Il. From an analysis of
highest value of the agreement factors. Thus R3mH spacdie refined positional coordinates given in Table I, it is
group is simply ruled out. For the space group Pm, the misfifound that the Cm phase of the PMNRT system is oMy
between the observed and calculated profiles for the 220 anglpe (Px=Py>P2) in contrast to the PZT system, where
222 pseudocubic reflections is very large. In particular, forthe Cm phase corresponds to g type (Px=Py<Pz).%¢

the 222 pseudocubic profile, the observed and calculated

peaks are appearing at different Zalues ruling out the
possibility of the Pm phase. A similar misfit for the 220 and
222 profiles is observed for the Bmm2 space group also as On increasing the PT content beyorer 0.30, new fea-
can be seen from Fig.(d). The Cm space group gives the tures, like a shoulder in the 200 pseudocubic profile, appear.
most satisfactory fit between the observed and calculatebh order to determine the correct space group of PN in

C. Monoclinic structure with space group Pm(0.31=x=0.34)

i FIG. 5. Observeddots, calculated(continu-

ous ling, and difference(bottom line profiles

obtained after the Rietveld refinement of

% pa— s hate i —— PMN-xPT with x=0.29 using monoclinic space

—A 60 , 80 A 100 120 group Cm in the 2 range 20-60 deg. Inset
1

Intensity (Arbitrary units)

shows the patterns in thef2range 60—-120 deg.

] Tick marks above the difference profle show peak
. positions for Cukx1.

20 40 60

Two theta
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TABLE Il. Refined structural parameters of PMINRT for x=0.29 using monoclinic space group Cm.

lons Positional coordinates Thermal parameters
X Y z B (A?)

Pt 0.00 0.00 0.00 3.02)

Ti**/Nb®* /Mg?* 0.525@8) 0.00 0.4982) 0.734)

or 0.541) 0.00 —0.01(2) 0.23)

0%~ 0.3172) 0.2674) 0.481) 0.32)

a=5.69512)(A) b=5.68132)(A) c=4.01381)(A) B=90.13§3)(°)

Rwp=12.24 Rexpt = 6.46 Rg=7.10 x?=3.59

this composition range, we considered Cm, Bmmz2, and Prspace group as can be seen from Fig. 8 ¥er0.39. The
space groups in our Rietveld analysis. Figure 6. depicts theefined structural parameters are listed in Table IV along with
observed, calculated and difference profiles of PMF  the agreement factors for this composition.

with x=0.32 for the pseudocubic 200, 220, and 310 reflec-
tions for the three space groups. It is evident from this figure
that the best fit is obtained for the Pm space group which
corresponds to th& phase in the notation of Vanderbilt ~ One often observes coexistence of neighboring phases in
and Coherf® The agreement factors given in the last columnthe MPB region due to extrinsic factors such as composi-
of Fig. 6 are the lowest for the Pm space group. Figure tional fluctuation?® and intrinsic factors such as a first-order
depicts the observed, calculated, and difference profiles iRhase transition between the low- and high-temperature
the 26 range of 20—120 deg. The overall fit is quite satisfac-Phases>*>*>*The results of the preceding section show
tory. Table IlI lists the refined structural parameters. It maythat in the PMNxPT system, there are three phase bound-
be noted that the convention used f&¢>90) in Table Il is ~ aries occurring around 0.26¢<0.27, 0.36<x<0.31, and
different from that € 90)used in Ref. 16 as a result of which 0.34<x<0.35 separating the stability fields of rhombohedral

the positional coordinates also appear to be different. and Cm, Cm and Pm, and Pm and tetragonal phases, respec-
tively. In order to see if further improvements in the agree-

ment factors can result from a consideration of the coexist-
ence of a minority neighboring phase, we carried out the
The Rietveld analysis fox=0.35 confirmed that the Rietveld refinements for the composition ranges &R7
dominant phase of PMNXPT for these compositions has got <0.30, 0.3kx<0.34, and 0.35x<0.39 using various
tetragonal structure. Very good fit between the observed anglausible coexisting phases. It was found that in the compo-
calculated profiles were obtained using tetragonal P4mrsition range 0.2%x<0.30, consideration of a minority

E. Phase coexistence

D. Tetragonal structure with space group P4Amm(0.35=x=<1)

200 220 310

R, =11.79

R, =13.22

R, =5.42
exp

R,,=11.70
R, =127 FIG. 6. Observeddots, calculated(continu-
ous line and differencgbottom ling profiles of
the 200, 220, and 310 pseudocubic reflections ob-
tained after the Rietveld refinement of PMRT
with x=0.32 using different structural models:
(a) Monoclinic Cm,(b) orthorhombic Bmmz2(c)
monoclinic Pm, ande) monoclinic Pm and te-
tragonal PAmm coexistence.

R,,=10.63
R, =9.58

Intensity (Arbitrary units)

R,,=10.28
R, =5.08
(Pm)

R, =20.35
(P4mm)

T ] e AN

T T T T T T
446 45.1 65.3 65.8 74.2 74.7 752

Two theta
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FIG. 7. Observeddots, calculated(continu-
ous ling, and difference(bottom line profiles
obtained after the Rietveld refinement of
! i i-m - m PMN-xPT for x=0.32 using monoclinic space
— ——— : — 1 group Pm in the 2 range 20-60 deg. Inset
—ﬁ Aj) Jt 8 J\ 100 A 120 shows the patterns in the62range of 60-120
A ' \ " S\ ' deg. Tick marks above the difference profle show

' — peak positions for Cukl.
20 40 60

Intensity (Arbitrary units)

Two theta

rhombohedral phase led to higher agreement factors, whil€he[100] and[010] directions of the tetragonal phase corre-
minority monoclinic Pm phase decreased the agreement fagpond to the[010] and [100] directions of the Pm phase,

tors. The fits between observed and calculated profiles hav@spectively. Thg001] direction of the Pm phase deviates
improved for the (Cm-Pm) model as can be seen from a gjightly from [001] direction of the tetragonal phase towards
comparison of Fig. @) with Fig. 4d). Similarly, for the o 110] direction of the Pm phase giving rise to a mono-
composition range 0.34x<0.34, consideration of & MiNor- e ¢l with uniqueb axis. The[100] and[010] directions

ity tetragonal phase decreased the agreement factors -
whereas the minority Cm phase increased the agreement fa%t the Cmf phhase, on the otherh?ng, are aI(r)]ng(ﬂtlilkﬁ) di
tors. The presence of minority tetragonal phase improves thEctions of the Pm and tetragonal phases. The cell parameters

fit, especially on the lower @ side of the 200 pseudocubic @m: bm Of the Cm phase are related to the elementary per-

profile, as can be seen from a comparison of Fig) @ith  ovskite cell parameters,, b, as a,~ay,/\2 and b,

6(d). Further, monoclinic Pm phase was found to coexist as ab,,/\2. For the sake of easy comparison with the corre-

minority phase in the tetragonal region 0s86<0.39 in  sponding cell parameters of the tetragonal and Pm phases,

agreement with the results of Ref. 23. The molar fractions ofye have plotteca, and b, instead ofa,,, by, for the Cm

the minority and majority phases obtained by the Rietvelqypase in Fig. 10. In order to maintain the polarization rota-

refmer_nent_ are plotted inFig. 9 as a function of PT content; patt??® in going from tetragonal to Pm to Cm phases,

(x). It is evident from this figure that pure R3m phase emstsmr which Pz#0 (Px, Py=0), Pz#Px#0 (Py=0), and

for x<0.27. Forx=0.27, the structure corresponds to that of  TY=Y), y '

pure Cm phase. On increasing the PT contedt the Cm Px=Py#0, Pz#0, respectively, '_[ha, b, c axes of the Pm

phase fraction decreases while the fraction of minority PnPhase becomb,, ¢y, a,, respectively, of the Cm phase. It

phase increases. However, on Crossing the Cm-Pm phas?eevujent from F|g 10 that for the tetragonal CompOS|t|0nS,

boundary at 0.3@x<0.31, the fraction of the Pm phase the a parameter increases while tleeparameter decreases

increases abruptly. For=0.31, the structure corresponds to continuously with decreasing Around 0.34x<0.35, thea

pure Pm phase. On increasirfurther (>0.31), the fraction parameter of the tetragonal phase matches wittbtharam-

of the majority Pm phase decreases, while that of the minoreter of the monoclini€dPm) phase while the parameter of

ity PAmm phase increases with increasinig the composi-  the tetragonal phase, which remains asdiparameter of the

tion range 0.3¥x<0.35. For compositions witk>0.34,  Pm phase, shows a discontinuous drop. @tendc param-

the P4mm phase becomes the majority phase whose fracti@flers of the Pm phase are nearly independent of composition,

increases wittx, while the fraction of the minority Pm phase put theb parameter increases continuously with decreasing

continuously decreases. Further, the monoclinic angl@ decreases continuously with

decreasing in the Pm phase field. Thie, a, andc param-

eters of the Pm phase, which becomg b,, anda, of the
Variation of lattice parameters with compositiéx) for ~ Cm phase, do not show any discontinuity at the Pm-Cm

the majority phase is plotted in Fig. 10 for 028=<0.45.  phase boundary. Similarly, there is no discontinuous change

F. Variation of lattice parameters with composition

TABLE lll. Refined structural parameters of PMRART for x=0.32 using monoclinic space group Pm.

lons Positional coordinates Thermal parameters
X Y z BA?)

PEZ* 0.00 0.00 0.00 3.28

Ti*t/NB® T /Mg?* 0.5092) 0.50 0.54797) 0.2003)

o7 0.471) 0.00 0.571) 0.22)

03~ 0.4178) 0.50 0.05%) 0.22)

(orm —0.021) 0.50 0.5T1) 0.03)

a=4.01832)(A) b=4.00461)(A) c=4.02762)(A) B=90.143)(°)

Rwp=10.63 Rexpt = 5.42 Rg=9.56 x>=3.84
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FIG. 8. Observeddots, calculated(continu-
ous ling, and difference(bottom line profiles
obtained after the Rietveld refinement of
PMN-xPT with x=0.39 using tetragonal space
group P4mm in the & range 20-60 deg. Inset
shows the patterns in thef2range 60—-120 deg.
Tick marks above the difference profle show peak

y positions for Cukx1l.
20 40 60

Two theta

Intensity (Arbitrary units)

in the b, and c,, cell parameters at the Cm-R3m phaseone intercept on thg axis. It is hard to believe that compo-
boundary but, drops discontinuously. Table V lists the lat- sitional heterogeneities can lead to anisotropic peak broaden-
tice parameter values of the majority phases for all the coming for one compositionX=0.30), but not for the otherx(
positions studied by us. =0.39) in samples prepared by the same method under iden-
tical conditions. The possibility of anisotropic peak broaden-
ing being due to the highly anisotropic coherently scattering
domain size is also ruled out, since all the three straight lines
Singh and Pandéy first reported the stability oMc  corresponding to h00, hhO, and hhh reflections in the
phase with Pm space group at room temperature in the MPRyilliamson-Hall plots forx=0.30 intersect thg axis at the
region of PMNxPT for x=0.34. In an independent study, same poinisee Fig. 3 of Ref. 23
Kiat et al'” reportedM ¢ phase fox=0.35 at 90 K. Subse- In a recent work on PZN-0.08PT single crystals, Ohwada
quently, Nohedat al** confirmed that théM ¢ phase is the et al*! have shown that the so-called rhombohedral structure
majority phase of PMNKPT in the composition range 0.30 is not rhombohedral, but possesses a different symmetry with
<x<0.35, which is consistent with the present findings also* ¢” parameter less thand” similar to the Mg phase with
(see Fig. 9. Nohedaet al*® have analyzed the XRD profiles Cm space group as shown in Fig. 10 of the present work. The
of samples withx=0.30 and 0.39, which according to them analysis of Ohwadat al*! shows that the peak center of 002
possess rhombohedral and tetragonal structures, respectively.shifted to higherg compared with that of 200 which is
The main finding is that the so-called rhombohedral compoirreconcilable with the rhombohedral symmetry. In the re-
sition x=0.30 exhibits very pronounced anisotropic peaklated PZT system, Raginét al? have reported that the
broadening which is absent in the tetragonal composition anomalous broadening of h00 reflections of the so-called
=0.39. In particular, it is found that fox=0.30, the hO0 rhombohedral phase shows a very systematic variation with
reflections are maximum broadened, followed by hhO refleceomposition for 0.53&x=<0.60. Similar to the case of
tions and then the hhh reflections. It is generally believed irPMN-xPT,2® this anomalous broadening is structure sensi-
the literaturé'’ that PB* based compounds exhibit aniso- tive and is absent in the tetragona@<0.520) and mono-
tropic peak broadening. However, the fact that only the comelinic compositions of PZT? This anomalous broadening is
positionx=0.30, and nok=0.39, for the PMNxPT system inconsistent with the R3m space group since the h00 reflec-
exhibits anisotropic peak broadening suggests that the origition is a singlet. It can, however, be accounted for in terms of
of such peak broadening is structure sensitive and not a gethe Cm space grouf3.A similar anomalous broadening in
eral feature for all the phases in this system.The Williamsonthe Pb(Fg:Nb, ) O; system has been attributed to the Cm
Hall plot for x=0.39 given in Ref. 23 clearly reveals that the space group® Thus there is sufficient evidence to suggest
peak broadening is isotropic and is essentially due to comthat the hitherto believed rhombohedral compositions in the
positional fluctuations and small coherently scattering doPZT, PZNxPT, and Pb(FgNb, -) O; do not possess rhom-
main size, since bothd/d and the intercept on theaxis are  bohedral symmetry.
nonzero. For the composition=0.30, there are three differ- In the PMNxPT system, our dielectric data clearly re-
ent slopes giving three different values fad/d but only  veals the existence of a new phase between the R3m and Pm

G. Comparison of our results with earlier work

TABLE IV. Refined structural parameters of PMNRT for x=0.39 using tetragonal space group P4mm.

lons Positional coordinates Thermal parameters
X \4 z BA?)

PR+ 0.00 0.00 0.00 2.92)

Ti** /N T /Mg?* 0.50 0.50 0.53¢1) 0.764)

o 0.50 0.50 0.054) 0.803)

0i~ 0.50 0.00 0.60(2) 0.42)

a=3.992q0)(A) c=4.051§1)(A)

Ryp=13.85 Rexpt=6.75 Rg=10.12 x2=4.21
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1.0 Jo—e : ; the (110 directions are invoked. These local displacement
] : : ‘ directions in the light of the discovery of the monoclinic
0.6 - R3m phase by Nohedat al* correspond to the monoclin[c.00]
0.2 : : : and [010] directions. It is obvious from the experimental
§ [ AT E DS P TR facts presented in the preceding paragraphs as well as the
g 1.0 oo | findings of Corkeret al* that some of the compositions in
g 06 3 5 “ : these MPB systems, which were earlier regarded as rhombo-
e T Cm hedral, do not possess rhombohedral symmetry as a result of
£ 024 : : : local monoclinic displacements. The Williamson-Hall plots
5 o for PMN-xPT system have revealed much smaller coherently
@ ] : : : scattering domain size of about Qu2n for such composi-
-% 0.6 Pm tions as compared with that for the tetragonal composition
g ] for which it is 0.5 4m.?3 Since the monoclinic distortions are
3 02+ , small and correlated monoclinic displacements occur over
2 1.0 very small regions 0.2 um), the characteristic mono-
] : clinic splittings are not observable in the XRD pattern due to
0.6 ‘e P4mm . S .
] : the large broadening of the individual profiles for small co-
0.2 : : / herently scattering domain size. As a result, the only signa-
B PRSP PSSR PO, ST RN ture of a lower symmetry phase in such compositions is
0.20 0.25 0.30 0.35 0.40 found in the anomalous anisotropic peak broadening, as was
Composition (x) first reported by Raginét al*? in the PZT context, and now

observed in the present work also. Both in PREf. 12 and
FIG. 9. Variation of molar fractions of different phases with ppN-xPT, anomalous anisotropic peak broadening can be
composition(x) as obtained by the Rietveld refinement. accounted for if one uses Cm space group in the Rietveld
refinement. In the absence of any observable monoclinic
(M¢) compositions. According to Vanderbilt and Cohen’s splitting, the observed powder diffraction pattern from such
theory?® Mg phase(with Cm space groupshould occur in  compositions mimicks that expected for the rhombohedral
between the rhombohedral ail: (Pm space grouphase phase, except, of course, for the anomalous anisotropic peak
regions. Our Rietveld analysis of the XRD data indeed conbroadening of some reflections. In view of such a similarity
firms the existence oMy phase with space group Cm be- of the powder diffraction patterns, some workers prefer to
tween theM ¢ and rhombohedral compositions. use the term “average rhombohedral structure with local
In the PZT system, Corkeet al'* have reported that ac- monoclinic displacements” for such compositions. Such us-
ceptableR factors in the Rietveld analysis of neutron powderage may be accepted only if one knows very clearly that the
diffraction data for the so-called rhombohedral compositiongrue structure is definitely not rhombohedral but monoclinic
could not be obtained unless local cationic displacements ias a result of loca{110) displacements.

4.06 - : - 90.50

4.05 90.45

4.04 S
90.40

4.03
90.35

o

4.02
90.30

4.01 _ . .
FIG. 10. Variation of lattice parameters with

composition (x) for the majority phases of
PMN-xPT.

90.25
4.00

90.20

Angle (degrees)

3.99

Lattice parameters (A)

90.156
3.98

297 4 90.10

90.05

3.96 +————m———————————————————————
0.20 0.24 0.28 0.32 0.36 0.40 0.44

Composition (x)
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TABLE V. Refined cell parameters of PMKPT for the major-  pseudocubic reflections, but fails to give satisfactory fit for

ity phases in the composition range 0s20<0.45. 220 and 222 pseudocubic reflections. In fact, use of aniso-
— tropic peak profile leads to more mismatch between observed

Composition Cell parameters and calculated patterns near the 220 and gsfections of

) a(A) b(A) ¢(A)  Bldegre¢  he rhombohedral phase. As can be seen from Fi@)1Cm

0.20 5.69211) 6.98822) space group model with isotropic peak profiles gives better

0.26 5.68411) 6.98001) match for these two reflections. We also considered the effect

0.27 570012) 5.68512) 4.01861) 90.1263) of anisotropic peak profiles for the §tructure reflnemgnt using

0.28 56978) 5.68142) 4.01592) 90.1333) Cm space group, and found that it worsens the fitting near

0.29 5.605@) 568132 4.01381) 90.1363) the 220 position of the “rhombohedral” structure. Thus it

030 5.60613) 5.68062) 4.01232) 90.1313) can be concluded tha_t the obsgrved broadenlng. p(hﬁ@) _

0.31 40198) 4.00822) 4.02882) 90.1453) and (hhO pseudocubic reflecyons for compositions with

0.32 4018%) 4.00461) 4.02762) 901463 0.27=x=<0.30 may be predomlnantly due to the presence of

0.33 40188) 4.00261) 4.02741) 90.1692) a lower symmetry phase having space group Cm.

0.34 4.0174) 4.00192) 4.02892) 90.1773)

0.35 4.00041) 4.04641) VI. CONCLUDING REMARKS

0.36 3.997Q1) 4.04681)

0.37 3.99581) 4.04921) The phase diagram of Vanderbilt and Coffefor an

0.38 3.99380) 4.04951) faighth-_order expansion of the free energy predicts the stabil-

0.39 3.99200) 4.05161) ity regions (_)f_ three types of monoclinic phasés,, Mg,

0.45 3.98321) 4.05791) Mc, in addition to the tetragonalT(), rhombohedral R),

and orthorhombic(O) phases(see Fig. 12 The R-M,-T

sequence of phase transition observed in PZT as a function

Before we close this discussion, we would like to mentionof composition has been attributed to the region near
that we also considered the possibility if the anisotropic peaks 7/2, $=0.102 by Vanderbilt and Cohen. For the
broadening for 0.2%x=<0.30 compositions can be due to PMN-xPT system, we have shown that the stable phases in
the compositional fluctuations and not due to the presence dfhie composition ranges<0.27, 0.26<x<0.31, 0.36<x
a lower symmetry phase. For this, we carried out the Ri-<0.35, andx>0.34 correspond t®R, Mg, Mc, and T
etveld refinement for the composition=0.29 usingcsas  phases, respectively. In the phase diagram shown in Fig. 12,
program packagé which incorporates anisotropic peak the R-phase region is followed by a narrow stability region
shape proposed by StephéfsFigure 11 shows the ob- of the Mg phase in broad agreement with our observations.
served, calculated, and difference profiles for tki¢  However, as per this phase diagram, g andM¢ regions
pseudocubic 200, 220, 310, and 222 reflections using R3rashould be separated by a very thin orthorhomi@g phase
space group with isotropic and anisotropic peak profiles andegion. According to our Rietveld analysis results, g
(i) Cm space group with isotropic peak profiles. As can be— M phase boundary occurs around 6:30<0.31. Inter-
seen from Figs. 11a) and(b), the use of the anisotropic peak estingly, in the Rietveld refinement for=0.30, which is
profiles somewhat improves the fit for 200 and 31Onear this phase boundary, we found thég, M-, and O

@
R3m(iso)

200

310

FIG. 11. Observeddots, cal-
culated(continuous ling and dif-

(b)

R3m(aniso)

200

ference (bottom line profiles of
the 200, 220, 310, and 222
pseudocubic reflections obtained
after the Rietveld refinement of
PMN-xPT with x=0.29 using(a)
rhombohedral R3m structure with

Intensity (Arbitrary units)

isotropic peak profile(b) rhombo-
hedral R3m structure with aniso-
tropic peak profile(c) monoclinic
Cm structure with isotropic peak
profile.

Two theta
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T

- e

MC
a 0O MB R
n/2 /
3n/4
FIG. 12. Phase diagram for ferroelectric perovskites in the space

of the dimensionless parametergvertical axig and 8 (horizontal
axis) (after Ref. 26.
phases give the same valueRyf;p (12.92, but theRg is the FIG. 13. Polarization rotation path for the crystallographic

lowest for theO phase Rg=12.84, 10.04, 9.92 for th¥l g phases of the PMNPT system as per the theory of Vanderbilt and
M. andO phases, respectivélyaising the possibility of the ~Cohen(after Ref. 26
existence of th€ phase in between thielg and M phase

; o In the PZNXPT system, there is some controversy about
regions. Thus the phase transition sequeaRdd z-O-M -T y y

. X the structure of the MPB phase. According to Orauttapong
predicted by Vanderbilt and Cohen fomBi<S<0.8m may ot 5 21 the sequence of phase transition in unpoled samples

indeed correspond to the PMRRT system. Obviously, the g r.o_T which is expected forr< B<3/2 in the Vander-
structure of the PMN«PT system in the MPB region is much it and Cohen’s phase diagram. Kigttal. havel” however

more complex as compared o that in the PZT system with 2hown that the structure of PZRRT in the MPB region for

simple R-M ,-T sequence of phase transitions. The polariza—xzo_og corresponds to thd < phase. If it is so, we suspect

tion r_o_tation path corresponding to the succession of phaSﬂ?]e existence oM phase and possibl§ phase also inter-
transitions from rhombohedral tdl g to O to M to tetrag- posed betweeR and M. phases, similar to what we have

onal in the PMNXPT system is shown_ in Fig. 13. Although observed in the present study on the PMRF system. The
Vanderbilt and Cohen’s theory predicts thRtMg phase so-called X" phase reported by Ohwadzt al*! may indeed

boundary to be of first-order type, our Rietveld analysis doeg, esnond to thet ; phase. It is likely that the relaxor ferro-

not revr(]aal any coixEte;%eDﬁa‘ ar;_clj M? phﬁses. Hor;/vever, electric based MPB systems may have similar sequence of
since the nature of the profiles for the two phases areyaqe transitions. Further, we suspect that the higher electro-
quite similar, except for the anomalqus broadening of h0Qye hanical response of these relaxor based MPB systems
and hh reflections for thblg phase, it may never be pos- may be linked with the ease of polarization rotation in the

sible to settle the issue of coexistence of these two phases ;
. . ; ! _ esence oMy, M, and probabl hases in the mor-
a reliable fashion by the Rietveld refinement. The coexst-m 8 c P Yop

hotropic phase boundary region as compared to the pres-
ence ofM - andT phases revealed by our Rietveld analysis isp pe B y red P P

f onl h in the PZT system.
not expected on the basis of the Vanderbilt and Cohen’s?nce of only one phasif,) in the system

theory, since the corresponding boundary is of second-order

type. This could be due to the limitations of the eighth-order ACKNOWLEDGMENT
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