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Local and long range polar order in the relaxor-ferroelectric compounds
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Structural evolutions of PMN/PT10% (PbMg0.3Nb0.6Ti0.1O3) and PMN (PbMg1/3Nb2/3O3) are studied and
compared using high-resolution x-ray and neutron diffraction. At high temperature, PMN-like diffuse scatter-
ing, associated with local disordered shifts, is evidenced by PMN/PT10%. A part of this intensity condenses at
Tc5285 K when PMN/PT10% exhibits a structural phase transition toward a long-range rhombohedral phase,
whereas in PMN the polar order remains short ranged. In the ferroelectric phase of PMN/PT10% local@100#
displacements of lead are evidenced, and are connected to the observation of diffuse scattering far belowTc .
The local symmetry in which oxygen and Ti/Mg/Nb cations are shifted along the@111# direction, but in which
the lead atoms are shifted along one of the tetragonal@100# directions is monoclinic. This short-range polar
order reconstructs on average a polar rhombohedral symmetry. A global picture for the structural evolution in
the PMN/PT compounds is proposed. It is based on competition between rhombohedral and tetragonal polar
order, which connects the relaxation properties of PMN and the high piezoelectric response of morphotropic
monoclinic PMN/PT with a high concentration of PT.

DOI: 10.1103/PhysRevB.65.024104 PACS number~s!: 77.84.Dy, 77.80.Bh, 77.90.1k, 61.10.2i
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I. INTRODUCTION

The complex perovskite lead magnonioba
PbMg1/3Nb2/3O3 ~PMN! belongs to the relaxor ferroelectri
family, and is considered to be the prototype compound
fundamental scientific understanding. In addition, PM
related materials display high dielectric constants, strong
roelectric and piezoelectric coefficients, or giant electrost
tion, which make them of a great interest for advanc
technologies.1 The main feature of a relaxor is a large diele
tric permittivity ~for PMN, «8520 000 atTmax5265 K and
f 51 kHz) ~Ref. 2! over a wide temperature range with
significant frequency relaxation. The relaxation phenome
is essentially observed on lead-based complex perovs
PbBB’O3 with the B site occupied by at least two differe
valence cations. Contrary to a normal ferroelectric, the
electric anomaly is not directly linked to a structural pha
transition in PMN, as evidenced by x-ray and neutro
diffraction studies, because the average symmetry of
compound remains cubic whatever the temperature i3,4

However, diffuse scattering in the neutron- and x-ra
diffraction patterns is observed, and has been interprete
the existence of polar nanometric regions with possi
rhombohedral symmetry, resulting from short-range cor
lated atomic shifts, and whose size freezes belowTf , the
freezing temperature (Tf'220 K).5 The dielectric relaxation
was therefore explained to arise from a size distribution
these polar regions.

On the other hand, it is possible to induce a phase tra
tion in PMN by application of a static external electr
field6,7 and the associated nucleation and growth of the fe
electric phase induces strong kinetic effects.8–10The electric-
0163-1829/2001/65~2!/024104~8!/$20.00 65 0241
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field-induced phase has a rhombohedral symmetry, whic
consistent with the structural hypothesis of short rang
rhombohedral polar regions in unpoled PMN.

Another way11 to induce long-range polar ferroelectric o
dering in PMN is to substitute Mg21/Nb51 with Ti41 by ad-
dition to PMN relaxor of PbTiO3 ~PT!, a true ferroelectric.
The (12x)PMg1/3Nb2/3O3 /xPbTiO3 ~PMN/PT! solid solu-
tions obtained, with 0<x<1, exhibit various ferroelectric
properties depending onx concentration.

In low PT content (x<0.13), dielectric and electrome
chanical properties at room temperature are typical of a
laxor behavior, and the average crystal structure is then c
sidered to be pseudocubic like pure PMN.12 These results are
consistent with x-ray studies ofx50.05 and 0.1 single
crystals13 and optical studies of PMN/PT10% sing
crystal.14 Nevertheless in the relaxor composition PMN
PT7%, an instantaneous transformation into a complex a
of ferroelectric macrodomains was observed by TEM a
attributed to the irradiation due to the electron beam.15 More-
over, a spontaneous rhombohedral-cubic phase transition
reported at 290 K in a PMN/PT10% ceramic sample.16 It
then seems that there is a need of clarification concerning
structural situation of PMN/PT10% compound.

One puzzling point in the structural interpretation of t
dielectric relaxation is the fact that the observation of lo
ranged polar order in PMN/PT does not result in the dis
pearance of this relaxation. Indeed when increasing the
content in a PMN/PT solid solution, the dielectric consta
becomes sharper, and a clear spontaneous rhombohe
cubic phase transitions occur forx>0.211, but dielectric re-
laxation is observed up to 30% content of Ti. In the sa
manner, dielectric relaxation is also observed in the fie
induced ferroelectric phase of PMN. Setter and Cross
ported a spontaneous ferroelectric long-range order in
©2001 The American Physical Society04-1
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laxor PST and PSN,17 which definitively showed that the
interpretation of dielectric relaxation based on short ran
polar order was simplistic~also see Malibertet al.18!. In
PMN/PT for x>0.4, a classical temperature dependence
the dielectric constant is recovered, similar to pure PT, wit
phase transition from a cubic phase to a tetragonal ph
The intermediate region aroundx50.35, called the morpho
tropic phase region by analogy with the well-known syst
PbZr12xTixO3 ~PZT!, is characterized by ultrahigh piezo
electric response. These unusual properties were suppos
result from the local texture of the adjacent rhombohed
and tetragonal competing phases.11 However, based on recen
theoretical considerations19–21and experimental discovery o
a ~Cm! monoclinic phase in ultrahigh piezoelectric syste
such as PZT ~Refs. 22 and 23! and poled
92%PbZn1/3Nb2/3O3/8%PbTiO3,

24 an other monoclinic phas
was evidenced in PMN/PT35% and unpol
90%PbZn1/3Nb2/3O3/10%PbTiO3.

25 This last unpoled mono
clinic phase is characterized by a~Pm! space group with a
polarization inside the pseudocubic~100! plane, i.e., between
the @001# tetragonal direction and the@011# orthorhombic
direction, allowing the rotation of this polarization betwe
the two adjacent phases when the Ti concentration
changed.

Recently, Blinc and co-workers proposed to explain
laxor features of a spherical random bond random fi
model26,27 which incorporates the previous models; the
pole glass~random bond! model28 and the random field~or
pinning! model,29,30 in a self-consistent manner. In this hy
brid model, the dynamic of the polarization is controlled
the random/spherical bond characteristics, which are indu
by random fields. Multiple competing orderings of the pol
ization along multiple directions are allowed. Such an a
proach allows for a sophisticated understanding of com
ing interactions on a mesoscale. Obtaining an atomic le
picture of competing interactions should therefore be help
understanding.

The purpose of this investigation is to study the structu
evolution of the ferroelectric relaxor PMN/PT10% com
pound, and to compare it with PMN using a combination
x-ray and neutron diffraction on single-crystal and powd
samples. A global picture for the structural evolution in t
PMN/PT compounds is proposed. It is based on the com
tition between rhombohedral and tetragonal polar ord
which connects the relaxation properties of PMN and
high piezoelectric response of morphotropic monocli
PMN/PT.

II. EXPERIMENTS

A powdered PMN/PT10% sample was synthesized by
Swartz-Shrout method.31 A single crystal with the same Ti41

composition and a PMN single crystal both with large fac
oriented along the@100# direction were grown by the flux
method.

The x-ray diffraction was performed with a high accura
2-axis diffractometer~Bragg-Brentano geometry! equipped
with a rotating anode generator of 18 kW, using a cryof
nace between 473 and 80 K. The neutron single-crystal
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fraction was performed atT5300 K (l50.9 Å) with sinu/l
up to 0.95 Å21 ~74 equivalent reflections! using a 6T2 four-
circle diffractometer, and the neutron powder diffraction p
terns were recorded atT580 and 523 K (l51.227 Å) with
sinu/l up to 0.73 Å21 using steps of 0.05° between 6 an
120° 2u, with a 3T2 powder diffractometer using the Orph´e
reactor facilities on a thermal source at Laboratoire Le´on
Brillouin ~Saclay, France!. A collection of neutron powder
diffraction patterns between 100 and 900 K was also p
formed using the high flux atl52.52 Å with a 80° multide-
tector of D1B two-axis diffractometer at Institut Lau¨e
Langevin~Grenoble, France!. Powder refinements based o
Rietveld method have been performed withXND software32

and the single crystal refinements withSHELXL-98 program.33

III. RESULTS

A. Phase transition and dielectric properties of PMNÕPT10%

The PMN/PT10% ceramic exhibits a strong value of t
dielectric constant«8 ~Fig. 1! over a wide temperature rang
with a dielectric relaxation~Tmax5315 K at f 51 kHz! simi-
lar to the one observed for PMN. However, x-ray-diffractio
patterns reveal a first-order phase transition which ta
place atTc5285(5) K from a cubic paraelectric phase to
rhombohedral ferroelectric phase. The~222! Bragg reflection
splitting ~left of Fig. 2! allowed us to extract the rhombohe
dral distortion a versus temperature~Fig. 1!. This result
clearly shows that, from a structural point of view, PMN
PT10% behaves differently from pure PMN, in which th
polar order remains only short ranged. Furthermore,
anomaly on«8 is detected aroundTc in either ceramic or
single crystal samples, and the dielectric relaxation exist
both parts, above and belowTc temperature~Fig. 1!.

In addition, the high-resolution x-ray-diffraction patter
reveals diffuse scattering, particularly strong close to$h00%
with odd h Bragg reflections~right of Fig. 2!. From ~300!
u/2u scans, we extracted the temperature dependenc
Bragg and diffuse scattering contribution. Figure 3 show
comparison of the temperature dependence of the diffuse
tensity and of the lattice parameter associated with the~300!

FIG. 1. Dielectric permittivity at different frequencies vs th
temperature of the PMN/PT 10% ceramic sample, and the rhom
hedral distortion vs temperature obtained from~222! Bragg reflec-
tion on the same sample.
4-2
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FIG. 2. Left: ~222! Bragg
peak. Right: ~300! Bragg peak.
~From x-ray diffraction.!
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peak, which behave very differently in PMN and PMN
PT10%. Indeed, in PMN on cooling from high temperatu
the diffuse intensity is detected atTL'350 K, and increases
and saturates belowTf5200 K, with corresponding anoma
lies in the lattice parameter evolution, whereas in PM
PT10% the diffuse intensity, detected next to 350 K,
creases, displays a critical divergence atTc5285 K, but does
not vanish to zero belowTc . It reaches a temperature
independent value belowTf5240 K. The lattice cell param
eter of PMN/PT10% shows anomalies atTc , Tf , and TL
'400 K, corresponding to a deviation to the linear evo
tion.

~111! and ~210! reflections have been measured in PM
PT10% by neutron-diffraction between 100 and 900 K~Fig.
4!. In this experiment, diffuse and Bragg diffraction intens
contributions are not separated due to poorer resolution c
pared to x-ray experiments. The integrated intensity displ
a slope change atTL'400 K, which shows that structura
02410
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modifications occur in the high-temperature averaged cu
structure. This change is stronger for~210! peak than for the
~111! peak which is known to be less sensitive to the diffu
scattering.3–5 The phase transition is expressed by a wea
anomaly atTc5285 K.

B. Structural evolution of PMN ÕPT10%

In order to clarify the structural evolution, we have pe
formed three data collections: two in the cubic phase aT
5523 K.TL ~powder! and at Tc,T5300 K,TL ~single
crystal!, and another one in the rhombohedral phase aT
580 K ~powder!.

1. Structure of the high-temperature cubic phase at TÄ523K
„TÌTLÌTc…

As a starting model for a refinement of the neutron po
der diffraction pattern, the ideal cubic perovskite~space
4-3
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FIG. 3. Temperature evolution
of the intensity of the diffuse scat
tering ~top! and the pseudocubic
lattice parameter~bottom! for a
PMN single crystal~on the left!
and a PMN/PT 10% single crysta
~on the right! @from the ~300!
Bragg peak#. Curves are to guide
the eyes.
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groupPm3̄m! was taken with the atoms fixed at their spec
Wyckoff positions. As the atoms Mg, Nb, and Ti are ra
domly distributed over the perovskiteB site, we have classi
cally considered an averaged atom on this site.

The refinement was first carried out with individual is
tropic temperature factorsBiso. Although satisfactory agree
ment factors (Rwp54.73%,RB53.43%,Go f51.67) were
achieved, Biso for O and for Pb are very large@B0

iso

51.75(1) Å2 and BPb
iso53.99(2) Å2#, much larger than

Biso for Mg/Nb/Ti @BMg/Nb/Ti
iso 50.81(1) Å2#, which is a nor-

mal value. Such highBiso values for O and Pb in lead-base
perovskites are well known in the literatur
(Pb/Mg1/3Nb2/3O3,

5,34 PbSc1/2Nb1/2O3,
18 PbZn1/3Nb2/3O3/

FIG. 4. Integrated intensity of~111! and ~210! Bragg peak re-
flection vs temperature~from neutron diffraction!.
02410
l 9%PbTiO3,
35 PbFe1/2Nb1/2O3,

36 etc.!, and are usually as
cribed to local disordered displacements~static and/or dy-
namic!.

Refinement with anisotropic temperature factors assig
to O gave an improved fit~Rwp53.60% andRB51.94%!
with the mean-square displacementA^u11&

25A^u22&
2

50.164(1) Å larger thanA^u33&
250.062(1) Å correspond-

ing to vibrations mainly within the faces of the cubic ce
This disk-shaped thermal ellipsoid of O atoms, which poi
out dynamic and/or static displacements with an amplitude
the $110% plane much more stronger than along the B-O
bonds in the ^110& perpendicular direction is also we
known. Such an anisotropy can be interpreted as a resu
low-frequency tilts of the oxygen octahedron.37 However, a
static component for these anomalous B parameter certa
arises from the existence of the random distribution of
cations on the Ti/Mg/Nb site. Indeed, the size of oxyg
octahedron surrounding Nb51 cation should be different to
the size of the octahedron containing Mg21 or Ti41.

In the next stage of our refinement, we have suppose
Pb atom located in a multiwelled potential around its spec
Wyckoff position. In this purpose, we have applied a co
monly used procedure38 consisting of a series of refinemen
in which the agreement factorRB is plotted as a function of
Pb atom shiftdPb with only the thermal factorB varying and
all the other parameters fixed. By this way, we avoid stro
correlations between the shift and theB factor. Four kinds of
Pb disorder directions have been tested—^100&, ^111&, ^110&,
and ^123&—corresponding, respectively, to 6, 8, 12, and
equivalent directions in the cubic symmetry. Figure 5 sho
that there is a well-defined minimum in theRB factor for a
displacement of aboutdPb50.27(2) Å whatever the teste
4-4
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LOCAL AND LONG RANGE POLAR ORDER IN THE . . . PHYSICAL REVIEW B 65 024104
directions. In this minimum, theB factor recovers a more
normal value ofBPb

iso51.7(1) Å2. These multiple-welled so
lutions indicate in fact, as we have discussed in Ref.
spherical shell-shaped positions for lead which can be
denced via anharmonic refinements based on Gram-Cha
expansion of thermal parameter determination when v
high sinu/l ~up to 2.5 Å21! data are available.39

2. Structure of the relaxor state at TÄ300K „TcËTËTL…

We have performed a structural refinement atT5300 K,
at a temperature close toTmax and just aboveTc . The struc-
ture can be satisfactorily (R55.21%) refined with the high-
temperature cubic phasePm3̄m space group and thermalB
parameters ofBPb53.98(22) Å2 andBO51.73(9) Å2, again

FIG. 5. Reliability factorR as a function of Pb shift in differen
directions atT5523 K. Neutron data~sin u/l up to 0.95 Å21!.
02410
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with a disk-shaped thermal ellipsoid withA^u11&
25A^u22&

2

50.161(1) Å larger than A^u33&
250.121(1) Å and

BMg/Nb/Ti50.79(10) Å2. Still BPb andBO factors are strong.
In a similar way as done in the high-temperature cu

phase we have performed some tests of disorder position
Pb atom for different directions. The results are clearly d
ferent from those obtained at high temperature. Indeed
^111& shifts model is now clearly rejected by the refineme
and only the^100& sixfold direction displays a clear mini
mum of the agreement factorR55.14% for aboutdPb
'0.21 Å ~Fig. 6!, the value for whichBPb recovers a value
of 2.8~1! Å2. One can also note that the^111& shifts model is
clearly rejected by the refinement.

FIG. 6. Reliability factorR as a function of Pb shift in differen
directions atT5300 K. Neutron data~sinu/l up to 0.95 Å21!.
TABLE I. Refinement results obtained in the ferroelectric phase atT580 K with a Pb disorder in plane
perpendicular to the@111# polar axis.

Lattice cell parameters
a ~°! ar ~Å!

4.039~1!
89.87~1!

Pb position dPb
' ~Å! 0.239~1!

Biso(Pb) ~Å2! 0.67~5!

Beq(Pb) ~Å2! whendPb
' 50 2.24

Mg/Nb/Ti position x5y5z 0.5290~4!

b11 0.0069~4!

b12 20.0025~17!

Beq ~Mg/Nb/Ti! ~Å2! 0.45

O position x5y 0.5444~7!

z 0.0350~8!

b11 0.0221~6!

b33 0.0111~6!

b12 0.0034~25!

b13 0.0201~18!

Beq(O) ~Å2! 1.21

Reliability factorsRwp ~%! 5.96
RBragg ~%! 3.20
Gof 2.19
4-5
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B. DKHIL et al. PHYSICAL REVIEW B 65 024104
3. Structure of the ferroelectric phase at TÄ80K „TËTc…

At T580 K, the structure is satisfactorily refined~Rwp
55.96%,RB53.20%, andGo f52.19! in theR3m symme-
try. In this noncentrosymmetric spatial group, we have fix
the lattice origin~0,0,0! on the Pb atom, as commonly use
in perovskite structure descriptions. Mg/Nb/Ti and O ato
have the positions (1/21«,1/21«,1/21«) and (1/2
1«8,1/21«8,«9), (1/21«8,«9,1/21«8), («9,1/21«8,1/2
1«8), respectively, with«85«9 if the oxygen polyhedra
~octahedra and cuboctahedra! remain undistorted.

The results of the final refinement are summarized
Table I. In this ferroelectric phase the lead atom and
cation Mg/Nb/Ti are now out off the center of the oxyge
polyhedron along the@111# threefold polar axis. The ferro
electric phase is characterized by weak displacements fo
Mg/Nb/Ti cation ~dMg/Nb/Ti

i
50.05 Å compared to dPb

i

50.27 Å, where thed’s are shifts of the cations from th
barycenter of the O atoms! and a small distortion of the
oxygen polyhedra„«850.0444Þ«950.0350, three shor
B-O bonds@2.800~3! Å#, and three long B-O bonds@2.894~3!
Å#….

The strong value for the lead atom thermal factor (BPb
52.24 Å2) is again an indication of disorder from avera
positions. In addition to the cooperative shift ofdPb

i

50.27 Å for a Pb atom along the polar@111# axis we have
tested disordered shifts, according to the procedure use
Sec. II B 2; however, due to the cooperative shifts along
@111# direction which break the cubic symmetry, it is n
possible to test directly disordered^100&-like shifts. Instead
we have tested̂2-1-1&-type directions which are perpendicu
lar to the@111# axis and which form, with the@111# axis, a
plane containing@100# direction: additional local shiftsdPb

'

50.239 Å ~Fig. 7! were evidenced throughRB minima, for
which the Pb thermal factor recovers a normal value
0.67~5! Å2 ~Table II!. The composition of cooperative shift
along the@111# polar direction with short-range shifts alon
the @2-1-1# direction gives the local position of the lead ato
inside the rhombohedral cell, which deviates slightly fro
the pseudocubic@100# direction ~' 14°!.

IV. DISCUSSION AND CONCLUSION

X-ray and neutron diffraction have allowed us to sho
that PMN/PT10% displays a structural phase transition

FIG. 7. Pb atom position in its oxygen cuboctahedron.
02410
d

s

n
e

he

in
e

f

t

Tc5285(5) K from a cubic phase to a rhombohedral pha
with a distortion a589.87° atT580 K, comparable to a
distortion of the field-induced phase of PMN.40 However,
local deviations from the average structure were prov
through large thermal factors which were modeled by int
ducing short-range shifts from atomic sites, and through
observation of diffuse scattering.

At high temperature (T.TL), the structural refinement
of the cubic phase showed that it is usually a disorder
positions for Pb atoms which are randomly distributed ove
sphere centered on a Pb atom special site. When the tem
ture is lowered, the appearance of diffuse scattering at a t
perature close toTL , as well as anomalies in th
temperature-dependence of the (h00) lattice parameter and
of neutron Bragg peaks intensities, indicate the progres
growth of local correlations, which finally diverge atTc , a
temperature below which a long-range ferroelectric rhom
hedral phase is established.

However, two-diffraction experimental results show
least, in addition to the dielectric behavior, a more comp
mechanism for this phase transformation than a cla
displacive/order-disorder mechanism. First, inside a cu
phase close toTc the structural refinements clearly show th
locally the lead atom is out of its symmetry site, along t
^100& directions, and that these short-range shifts are a
observed inside the rhombohedral phase: the rhombohe
symmetry is only an average symmetry. Such a local
displacement along the@100# direction was already reporte
in the rhombohedral phase of PbSc1/2Ta1/2O3 ~PST!, using
pair-density function analysis,41 and in PSN.18 Second, in
addition to the critical scattering, PMN-like diffuse scatte
ing, which does not condense atTc which and has no tem
perature dependence belowTf5240 K, is observed down to
the rhombohedral phase.

A possible global picture for both PMN and PMN/PT sy
tems, based on a competition between rhombohedral an
tragonal orders could be as follows. At high temperature
shifts of lead along a spherical shell are noncorrelated fr
one cell to another cell. Upon cooling, correlations app
and are detected in our experiments atTL . However two
local orderings are competing:~1! a polar tetragonal order in
which some atoms~Pb! are shifted along the@100# direction,
and~2! a polar rhombohedral order in which other atoms~O
and Ti/Mg/Nb! are shifted along the@111# direction. In pure
PMN none of these polar orders becomes long ranged:
deed, the diffuse scattering displays no critical behavior b
freezing belowTf . In PMN/PT10%, both freezing and criti
cal behaviors are observed, and a long-range rhombohe
order is established at low temperature. However the@111#
direction of displacements is only an average direction,
the lead atoms which are rather shifted in a^100&-type direc-
tion inside a unit cell.

From a chemical point of view thê100& direction of the
shift corresponds to a lead atom displacement in its oxy
cuboctahedron toward four of its oxygen neighbors~Fig. 7!.
This shift is the most chemically favored one, and is o
served in PbTiO3 or PbO, it is a consequence of the existen
of the lone pair electrons in PbO.42 In this cubic to rhombo-
hedral phase transition, the Pb atoms receive a reductio
4-6
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the number of their disordered positions from 6 in the cu
phase to 3 in the low temperature phase: this points ou
order-disorder aspect for the phase transition.

The local symmetry in which oxygen and Ti/Mg/Nb ca
ions are shifted along the@111# direction, but in which the
lead atoms displacements are correlated along one of
^100& directions, is therefore monoclinic. In this picture, th
monoclinic symmetry is only a short-ranged one, wher
the long-range structure remains rhombohedral in averag

When increasing the titanium content up to morphotro
concentrations a long, range polar monoclinic order is es
lished, as we recently reported,25 in PMN/PT35%, in a small
range of concentration, instead of the rhombohedral orde
a macroscopic level, this monoclinic phase allows the po
ization rotation between the tetragonal phase~high titanium
concentration region! and the rhombohedral phase~low tita-
nium concentration region!, in accordance with theoretica
considerations of Fu and Cohen21 and Vanderbilt and
Cohen.43 At higher concentration of titanium, a PbTiO3-type
tetragonal phase is established.
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Observation of dielectric relaxation below and aboveTc in
PMN/PT10% and in PMN could be a consequence of co
peting rhombo/tetra ordering of Pb atoms in the form
small monoclinic~rather than rhombohedral! polar regions
with size distributions.

This picture of course has to be checked and comple
from several points of view. In particular, the competitio
between rhombohedral and tetragonal local order may be
sociated with two competing soft modes. In this framewo
inelastic measurements in PMN have revealed a comp
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maxima in its temperature dependence,44 and a strong qua-
sioptic excitation.45 In this picture we have also neglected th
part played by the well-known local chemical ordering15 as-
sociated with a1
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1
2 composition, which is obviously impor

tant because possibly associated random fields have
shown to prevent the long-range polar order in PMN in t
random-bond–random-field model of Blincet al.26
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