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Local and long range polar order in the relaxor-ferroelectric compounds
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Structural evolutions of PMN/PT10% (PblylgNb, ¢Tip1O3) and PMN (PbMg;sNb,:05) 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
T.=285K 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¢4006¢tal
displacements of lead are evidenced, and are connected to the observation of diffuse scattering f&¢ .below
The local symmetry in which oxygen and Ti/Mg/Nb cations are shifted alon§lttH direction, but in which
the lead atoms are shifted along one of the tetragfit@0] 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.
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[. INTRODUCTION field-induced phase has a rhombohedral symmetry, which is
consistent with the structural hypothesis of short ranged
The complex perovskite lead  magnoniobaterhombohedral polar regions in unpoled PMN. _
PbMgysNb,:05 (PMN) belongs to the relaxor ferroelectric ~ Another way™ to induce long-range polar ferroelectric or-

. . . . 5 . -4
family, and is considered to be the prototype compound fog_e_rlng In FE’I\I>I/|IL\] |s|t0 SUb?t'FElt‘)tTe_ M%/Nb " with le ’ bly ad-
fundamental scientific understanding. In addition, PMN-31ton to relaxor o iQ (PT), a true ferroelectric.

related materials display high dielectric constants, strong p The (1~ x)PMgyNby505 /xPbTIO; (PMN/PT) solid solu-

. ) . - . PYfions obtained, with &x=<1, exhibit various ferroelectric
roelectric and piezoelectric coefficients, or giant electrostric- roperties depending anconcentration

tion, which make them of a great interest for advanced’ In low PT content ¥<0.13), dielectric and electrome-

teChnOlOgieé.The main feature Of a I‘elaXOI‘ iS a |arge die|eC- Chanical properties at room temperature are typ|ca| Of a re-
tric permittivity (for PMN, &£’=20000 atT,,,=265K and  |axor behavior, and the average crystal structure is then con-
f=1kHz) (Ref. 2 over a wide temperature range with a sidered to be pseudocubic like pure PN hese results are
significant frequency relaxation. The relaxation phenomenogonsistent with x-ray studies of=0.05 and 0.1 single

is essentially observed on lead-based complex perovski@ystals® and optical studies of PMN/PT10% single

PbBB'O; with the B site occupied by at least two different Crystal* Nevertheless in the relaxor composition PMN/

valence cations. Contrary to a normal ferroelectric, the di’T7%; an instantaneous transformation into a complex array
electric anomaly is not directly linked to a structural phaseOf ferroelectnc r'nacr.od'omams was observed by TEM and
transition in PMN, as evidenced by x-ray and neutron_attrlbuted to the irradiation due to the electron bedmore-

. ) . .over, a spontaneous rhombohedral-cubic phase transition was
diffraction studies, because the average symmetry of th'?eported at 290 K in a PMN/PT10% ceramic samiglét

compound remains cubic whatever the temperaturt® is. then seems that there is a need of clarification concerning the
However, diffuse scattering in the neutron- and Xx-ray-structural situation of PMN/PT10% compound.

diffraction patterns is observed, and has been interpreted by One puzzling point in the structural interpretation of the
the existence of polar nanometric regions with possiblydielectric relaxation is the fact that the observation of long
rhombohedral symmetry, resulting from short-range correranged polar order in PMN/PT does not result in the disap-
lated atomic shifts, and whose size freezes belqw the  pearance of this relaxation. Indeed when increasing the PT
freezing temperaturel~ 220 K) ° The dielectric relaxation content in a PMN/PT solid solution, the dielectric constant
was therefore explained to arise from a size distribution obecomes sharper, and a clear spontaneous rhombohedral-
these polar regions. cubic phase transitions occur foe=0.2!, but dielectric re-

On the other hand, it is possible to induce a phase translaxation is observed up to 30% content of Ti. In the same
tion in PMN by application of a static external electric manner, dielectric relaxation is also observed in the field-
field®” and the associated nucleation and growth of the ferroinduced ferroelectric phase of PMN. Setter and Cross re-
electric phase induces strong kinetic effétt® The electric-  ported a spontaneous ferroelectric long-range order in re-
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laxor PST and PSN, which definitively showed that the T R R R AR AR e
interpretation of dielectric relaxation based on short ranged B O Dl £
polar order was simplistitalso see Maliberet al*®). In —%— [0 kHz
PMN/PT forx=0.4, a classical temperature dependence of .  **°[ | = 100kHz
the dielectric constant is recovered, similar to pure PT, with az
phase transition from a cubic phase to a tetragonal phases
The intermediate region arounxd=0.35, called the morpho-
tropic phase region by analogy with the well-known system
Pbzr, _,Ti,O5 (PZT), is characterized by ultrahigh piezo-
electric response. These unusual properties were supposed £
result from the local texture of the adjacent rhombohedral
and tetragonal competing phasésiowever, based on recent Rl — e e PR AR L L -
theoretical consideratiofs2and experimental discovery of B P
a (Cm) monoclinic phase in ultrahigh piezoelectric systems
such as PZT (Refs. 22 and 28 and poled FIG. 1. Dielectric permittivity at different frequencies vs the
92% sz@/ssz/soJS%PbTiQ,m an other monoclinic phase temperature of the PMN/PT 10% ceramic sample, and the rhombo-
was evidenced in PMN/PT35% and unpoled hedral distortion vs temperature obtained fr@@22) Bragg reflec-
90% PbZn,3Nb,,504/10%PbTiQ.2° This last unpoled mono- tion on the same sample.
clinic phase is characterized by(Bm) space group with a
polarization inside the pseudocul$io0) plane, i.e., between fraction was performed &t=300 K (A =0.9 A) with sing/\
the [001] tetragonal direction and thE911] orthorhombic  up to 0.95 A (74 equivalent reflectionsising a 6T2 four-
direction, allowing the rotation of this polarization between circle diffractometer, and the neutron powder diffraction pat-
the two adjacent phases when the Ti concentration iterns were recorded at=80 and 523 K §{=1.227 A) with
changed. siné/\ up to 0.73 A using steps of 0.05° between 6 and
Recently, Blinc and co-workers proposed to explain re-120° 29, with a 3T2 powder diffractometer using the Q?phe
laxor features of a spherical random bond random fieldeactor facilities on a thermal source at LaboratoirerLe
modef®?” which incorporates the previous models; the di-Brillouin (Saclay, Frande A collection of neutron powder
pole glassirandom bong modef® and the random fieldor ~ diffraction patterns between 100 and 900 K was also per-
pinning model?**°in a self-consistent manner. In this hy- formed using the high flux at=2.52 A with a 80° multide-
brid model, the dynamic of the polarization is controlled bytector of D1B two-axis diffractometer at Institut Lau
the random/spherical bond characteristics, which are induceldangevin(Grenoble, Frange Powder refinements based on
by random fields. Multiple competing orderings of the polar-Rietveld method have been performed withp softwaré?
ization along multiple directions are allowed. Such an ap-and the single crystal refinements withELXL-98 program:>
proach allows for a sophisticated understanding of compet-
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ing interactions on a mesoscale. Obtaining an atomic level Il. RESULTS
picture of competing interactions should therefore be help in
understanding. A. Phase transition and dielectric properties of PMNPT10%

The purpose of this investigation is to study the structural The PMN/PT10% ceramic exhibits a strong value of the
evolution of the ferroelectric relaxor PMN/PT10% com- dielectric constang’ (F|g 1) over a wide temperature range
pound, and to compare it with PMN using a combination ofyith a dielectric relaxationT ,5,=315 K atf=1 kHz) simi-
x-ray and neutron diffraction on single-crystal and powder|ar to the one observed for PMN. However, x-ray-diffraction
samples. A global picture for the structural evolution in thepatterns reveal a first-order phase transition which takes
PMN/PT compounds is proposed. It is based on the compesjace atT,=285(5) K from a cubic paraelectric phase to a
tition between rhombohedral and tetragonal polar orderghombohedral ferroelectric phase. Ti%22) Bragg reflection
which connects the relaxation properties of PMN and thespiitting (left of Fig. 2) allowed us to extract the rhombohe-
high piezoelectric response of morphotropic monoclinicqra| distortion « versus temperaturéFig. 1). This result
PMN/PT. clearly shows that, from a structural point of view, PMN/
PT10% behaves differently from pure PMN, in which the
polar order remains only short ranged. Furthermore, no
anomaly one’ is detected around in either ceramic or

A powdered PMN/PT10% sample was synthesized by theingle crystal samples, and the dielectric relaxation exists in
Swartz-Shrout methott.A single crystal with the same “i both parts, above and beloW, temperaturéFig. 1).
composition and a PMN single crystal both with large faces In addition, the high-resolution x-ray-diffraction pattern
oriented along thg¢100] direction were grown by the flux reveals diffuse scattering, particularly strong clos¢ o0}
method. with odd h Bragg reflectiondright of Fig. 2. From (300

The x-ray diffraction was performed with a high accuracy 8/26 scans, we extracted the temperature dependence of
2-axis diffractometer(Bragg-Brentano geometnequipped Bragg and diffuse scattering contribution. Figure 3 shows a
with a rotating anode generator of 18 kW, using a cryofur-comparison of the temperature dependence of the diffuse in-
nace between 473 and 80 K. The neutron single-crystal diftensity and of the lattice parameter associated with(30€)

Il. EXPERIMENTS
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peak, which behave very differently in PMN and PMN/ modifications occur in the high-temperature averaged cubic
PT10%. Indeed, in PMN on cooling from high temperaturestructure. This change is stronger f@10) peak than for the
the diffuse intensity is detected @f ~350K, and increases (111) peak which is known to be less sensitive to the diffuse
and saturates beloW;=200K, with corresponding anoma- scattering’~> The phase transition is expressed by a weaker
lies in the lattice parameter evolution, whereas in PMN/anomaly afT .=285K.

PT10% the diffuse intensity, detected next to 350 K, in-

creases, displays a critical divergencd gt 285K, but does B. Structural evolution of PMN/PT10%

not vanish to zero belowl.. It reaches a temperature-
independent value beloWw;=240K. The lattice cell param-
eter of PMN/PT10% shows anomalies B, T¢, and T,

In order to clarify the structural evolution, we have per-
formed three data collections: two in the cubic phasd at

~400K, corresponding to a deviation to the linear evoly-~ 223 K=T, (powdey and' at To<T=300K<T_ (single
tion. crysta), and another one in the rhombohedral phasé at

(111) and (210) reflections have been measured in PMN/ = 80 K (powdey.
PT10% by neutron-diffraction between 100 and 900Hg.
4). In this experiment, diffuse and Bragg diffraction intensity
contributions are not separated due to poorer resolution com-
pared to x-ray experiments. The integrated intensity displays As a starting model for a refinement of the neutron pow-
a slope change ar, ~400K, which shows that structural der diffraction pattern, the ideal cubic perovskitepace

1. Structure of the high-temperature cubic phase at=623K
(T>T . >T)
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groupPm3m) was taken with the atoms fixed at their special 9%PbTiQ,*® PbFg,,Nb;,,05,%¢ etc), and are usually as-
Wyckoff positions. As the atoms Mg, Nb, and Ti are ran-cribed to local disordered displacemertssatic and/or dy-
domly distributed over the perovskigsite, we have classi-
cally considered an averaged atom on this site.
The refinement was first carried out with individual iso- to O gave an improved fitR ;o= 3.60% andRg=1.94%
tropic temperature facto8'°. Although satisfactory agree-
ment factors R,,=4.73%Rg=3.43% Gof=1.67) were

achieved, B® for O and for Pb are very larg¢Bg

iso

=1.75(1) & and BjS2=3.99(2) A?], much larger than

B for Mg/Nb/Ti [

iso

mgiorri=0.81(1) A°], which is a nor-

namio.
Refinement with anisotropic temperature factors assigned

with the mean-square displacemen{({u;y)2= \(Uy)?
=0.164(1) A larger than/(u33)°=0.062(1) A correspond-
ing to vibrations mainly within the faces of the cubic cell.
This disk-shaped thermal ellipsoid of O atoms, which points
out dynamic and/or static displacements with an amplitude in

mal value. Such higBISO values for O and Pb in lead-based the {110} p|ane much more Stronger than along the B-O-B

° 3’ literature ponds in the (110 perpendicular direction is also well
(Pb/MgyaNb,305,>°"  PbSg/oNby505,™  PbZnysNb,z04/

perovskites
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FIG. 4. Integrated intensity afl11) and (210 Bragg peak re-

known. Such an anisotropy can be interpreted as a result of
low-frequency tilts of the oxygen octahedrdnHowever, a
static component for these anomalous B parameter certainly
arises from the existence of the random distribution of the
cations on the Ti/Mg/Nb site. Indeed, the size of oxygen
octahedron surrounding Rib cation should be different to
the size of the octahedron containing Mgpr Ti**.

In the next stage of our refinement, we have supposed a
Pb atom located in a multiwelled potential around its special
Wyckoff position. In this purpose, we have applied a com-
monly used procedut®consisting of a series of refinements
in which the agreement factdty is plotted as a function of
Pb atom shiftép, with only the thermal factoB varying and
all the other parameters fixed. By this way, we avoid strong
correlations between the shift and tBdactor. Four kinds of
Pb disorder directions have been testéd89), (111), (110,
and (123—corresponding, respectively, to 6, 8, 12, and 48
equivalent directions in the cubic symmetry. Figure 5 shows
that there is a well-defined minimum in th®; factor for a
displacement of aboudp,=0.27(2) A whatever the tested
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directions aff =523 K. Neutron datdsin 6/\ up to 0.95 A'%). FIG. 6. Reliability factorR as a function of Pb shift in different
directions afT =300 K. Neutron datdsin g/A up to 0.95 A'%).

directions. In this minimum, th& factor recovers a more

normal value ofB55=1.7(1) A%. These multiple-welled so- ith a disk-shaped thermal ellipsoid witf{u;2)2= v{Up)2
Iution; indicate in fact, as we have discussed in Ref. 39_':0.161(1) A larger than WzO.lZl(l)A and
zphencallshell-shapeq pos_mons for lead which can be evig gnom=0.79(10) R. Still B, and By, factors are strong.
enced via anharmonic refinements based on Gram-Charlleern a similar way as done in the high-temperature cubic
Eixgphars]isr:(;/n)\ (()lljptft]gr?gl APgrzg]tthrred:\t/zriglbqg} lon when Ve%hase we have performed some tests of disorder positions for
' ' Pb atom for different directions. The results are clearly dif-
ferent from those obtained at high temperature. Indeed the
(112 shifts model is now clearly rejected by the refinement
We have performed a structural refinemenffat300K,  and only the(100) sixfold direction displays a clear mini-
at a temperature close W, and just above;. The struc-  mum of the agreement factoR=5.14% for aboutdpy,
ture can be SatISfaCtorll)RiSZI%) reﬁned with the h|gh' %OZlA (F|g 6), the Va'ue for WhiCkpr recovers a Va'ue
temperature cubic phaggm3m space group and thermBl  of 2.8(1) A2 One can also note that ti&11) shifts model is
parameters oBp,=3.98(22) & andBo=1.73(9) A%, again  clearly rejected by the refinement.

2. Structure of the relaxor state at F300K (T, <T<T),)

TABLE |. Refinement results obtained in the ferroelectric phase=a80 K with a Pb disorder in plane
perpendicular to thgl11] polar axis.

Lattice cell parameters 4.0391)

a () a, (A) 89.871)
Pb position Spp (R) 0.2391)
Biso(P) (A% 0.675)
Be Pb) (A% when 8p,=0 2.24
Mg/Nb/Ti position X=y=2z 0.529@4)
Bu 0.00694)
B2 —0.002517)
Beq (Mg/Nb/Ti) (A?) 0.45

O position X=y 0.54447)

z 0.035@8)
Bi1 0.02216)
Bas 0.01116)
B1o 0.003425)
B13 0.020118)
BefO) (A9 1.21
Reliability factorsR,,, (%) 5.96
Reragg (%) 3.20
Gof 2.19
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T.=285(5) K from a cubic phase to a rhombohedral phase
with a distortion «=89.87° atT=80K, comparable to a
distortion of the field-induced phase of PMR However,
local deviations from the average structure were proven
through large thermal factors which were modeled by intro-
ducing short-range shifts from atomic sites, and through an
observation of diffuse scattering.

At high temperature T>T), the structural refinements
of the cubic phase showed that it is usually a disorder of
positions for Pb atoms which are randomly distributed over a
sphere centered on a Pb atom special site. When the tempera-
ture is lowered, the appearance of diffuse scattering at a tem-
perature close toT,, as well as anomalies in the
. temperature-dependence of tHe0Q) lattice parameter and

FIG. 7. Pb atom position in its oxygen cuboctahedron. ot heytron Bragg peaks intensities, indicate the progressive
3. Structure of the ferroelectric phase atF80K (T<T,) growth of local correlations, which finally diverge @t, a
temperature below which a long-range ferroelectric rhombo-
hedral phase is established.

However, two-diffraction experimental results show at

111

At T=80K, the structure is satisfactorily refind®,,
=5.96%,Rg=3.20%, andG0f=2.19 in the R3m symme-
:quye Ilgt:ihclz gtr)igicne(gtgoaygnnn;ﬁglgsp;gﬁ g;zufamm\fug)é% east, in addition to the dielectric behavior, a more complex

in perovskite structure descriptions. Mg/Nb/Ti and O atomsmechanism for this phase trans.format.ion Fha_n a clasgic
have the positions (1e,1/2+¢,1/2+s) and (1/2 displacive/order-disorder mechanism. First, inside a cubic

+e' 1246’ ,8"), (U2+s',e" 12+¢'), (s 12+e 1/2 phase close td the structural refinements clearly show that
" g s ’ ’ i locally the lead atom is out of its symmetry site, along the
+¢&'), respectively, withe’=¢" if the oxygen polyhedra S ;
o) P y NI ygen poly (100 directions, and that these short-range shifts are also

octahedra and cuboctahefdramain undistorted. e
( The results of the finallj refinement are summarized ir°PPserved inside the rhombohedral phase: the rhombohedral

Table I. In this ferroelectric phase the lead atom and theymmetry is only an average symmetry. Such a local Pb
cation Mg/Nb/Ti are now out off the center of the oxygen displacement along tHeL00] direction was already reported

polyhedron along thé111] threefold polar axis. The ferro- 1" the rhombohedral phasefé)f quﬁal,zoﬁllgPS'D, using
electric phase is characterized by weak displacements for tH&i-density function analysfs, and in PSN." Second, in
Mg/Nb/Ti cation (5! yr=0.05A compared to 5Hb addition to the critical scattering, PMN-like diffuse scatter-
Mg/Nb/Ti — Y- P ; : i -
=0.27A, where theds are shifts of the cations from the "% ¥vh|cz doesdnot cc;)nclieniez‘i%v&/h[ch :;nd haz 30 terrt1
barycenter of the O atomsand a small distortion of the perafure dependence beldiy= » IS observed down 1o

oxygen polyhedra(s’=0.0444#¢"=0.0350, three short the rhombohedral phase.

) ) A possible global picture for both PMN and PMN/PT sys-
E];D bonds{2.800(3) A], and three long B-O bond€.8943) tems, based on a competition between rhombohedral and te-

tragonal orders could be as follows. At high temperature the
shifts of lead along a spherical shell are noncorrelated from
one cell to another cell. Upon cooling, correlations appear
. and are detected in our experimentsTat. However two
=0.27 A. for a Pb atom along the polgt1l] axis we have local orderings are competingt) a polar tetragonal order in
tested disordered shifts, according to the procedure used Which some atoméPh) are shifted along thEL00] direction
Sec. 11 B 2; however, due to the cooperative shifts along theand(Z) a polar rhombohedral order in which other atof@é

[111] direction which break the cubic symmetry, it is not : - o
. . . . . and Ti/Mg/Nb are shifted along thgl11] direction. In pure
possible to test directly disorderédl00-like shifts. Instead PMN none of these polar orders becomes long ranged: in-

}Ne havhe testedz-l'-b—type g.'ricpons Wh'ﬁh ﬁre perpendicu- deed, the diffuse scattering displays no critical behavior but a
artot e[ll.l]. axis and- which torm, \.N't thel11] a.X'Sla freezing belowT; . In PMN/PT10%, both freezing and criti-
plane conta|_n|ng[100] d|re9t|on: additional Ioca} _Sh'ﬂng cal behaviors are observed, and a long-range rhombohedral
=0.239 A (Fig. 7) were evidenced througRg minima, for o qer s established at low temperature. However[ ]
which the Pb thermal factor recovers a normal value Ofgirection of displacements is only an average direction, for
0.675) A* (Table l). The composition of cooperative shifts the lead atoms which are rather shifted itLa0-type direc-
along the[111] polar direction with short-range shifts along tion inside a unit cell.
the[2-1-1] direction gives the local position of the lead atom From a chemical point of view thé100) direction of the
inside the rhombohedral cell, which deviates slightly fromgpiti corresponds to a lead atom displacement in its oxygen
the pseudocubif100] direction (~ 14°). cuboctahedron toward four of its oxygen neighb@i). 7).
This shift is the most chemically favored one, and is ob-
served in PbTiQor PbO, it is a consequence of the existence
X-ray and neutron diffraction have allowed us to showof the lone pair electrons in Pb¥.In this cubic to rhombo-
that PMN/PT10% displays a structural phase transition abedral phase transition, the Pb atoms receive a reduction of

The strong value for the lead atom thermal factBipy
=2.24 A?) is again an indication of disorder from average
positions. In addition to the cooperative shift aff,

IV. DISCUSSION AND CONCLUSION
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the number of their disordered positions from 6 in the cubiccenter positions of Pb induce large dipolar moments. When
phase to 3 in the low temperature phase: this points out acorrelations start to grow, a mesoscale polarization appears.
order-disorder aspect for the phase transition. Observation of dielectric relaxation below and abdyein

The local symmetry in which oxygen and Ti/Mg/Nb cat- PMN/PT10% and in PMN could be a consequence of com-
ions are shifted along thil11] direction, but in which the peting rhomboltetra ordering of Pb atoms in the form of
lead atoms displacements are correlated along one of thgnall monoclinic(rather than rhombohediapolar regions
(100 directions, is therefore monoclinic. In this picture, this \yith size distributions.
monoclinic symmetry is only a short-ranged one, whereas Thjs picture of course has to be checked and completed
the long-range structure remains rhombohedral in average ¢,y several points of view. In particular, the competition

When increasing the titanium content up to morphOtrOpICbetween rhombohedral and tetragonal local order may be as-

concentrations a long, range polar monoclinic order is estab-_ . - - :
lished, as we recently reportadin PMN/PT35%, in a small _souated with two competing soft modes. In this framework

ST |{1elastic measurements in PMN have revealed a complex
range of concentration, instead of the rhombohedral order. Asituation with the existence of a central peak with two
a macroscopic level, this monoclinic phase allows the polar="""" i its t ture d deftband P ‘
ization rotation between the tetragonal phésigh titanium maxima In 1ts temperature dependericand a strong qua-

concentration regionand the rhombohedral phadew tita- sioptic excitatiorf®® In this picture we have also neglected the
nium concentration regionin accordance with theoretical Part played by the well-known local chemical orderihgs-
considerations of Fu and CoHénand Vanderbilt and Sociated with a-3 composition, which is obviously impor-
Cohen?® At higher concentration of titanium, a PbTj@ype  tant because possibly associated random fields have been
tetragonal phase is established. shown to prevent the long-range polar order in PMN in the

In both cubic and rhombohedral phases, the strong offtandom-bond—random-field model of Bliet al*®
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