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We report highg-resolution neutron scattering data on PMRT single crystals witlx=20% and 27%. No
rhombohedral distortion occurs in the 20PT sample for temperatures as low as 50 K. On the other hand, the
27PT sample transforms into a rhombohedral phase b&lw375 K. Our data provide conclusive evidence
that a phase with an average cubic lattice is present in the bulk of this relaxor system at low PT concentration,
in which the ferroelectric polarization and lattice distortion are decoupled. The rhombohedral distortion is
limited to the outermost tens of microns of the crystal.
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The complex perovskite system Pb(i#lb,)O;  diagram(see Fig. 1 Our data show that these two com-
(PMN) is a close analog to Pb(ZgNb,5) O; (PZN), both of ~ pounds are notably different. One of thé@0PT) exists as
which have been studied extensively because of their exphaseX at low temperatures, which has an undistorted lat-
traordinary piezoelectric properties. The addition of PRTiO tice, inconsistent with the previously reported rhombohedral

(PT) enhances the piezoelectricity significantly, forming distortion by x-ray measurements on similar compounds.
solid solutions PMN¢PT and PZNxPT for 0<x<1.12This ©On the other hand, 27PT shows a clear rhombohedral distor-

discovery has motivated numerous studies of the structurdlon below Tc~375 K. We Dbelieve that phasg is one in
phase transitions in these systems as a functior. afhe which an undistorted lattice is ferroelectrically polarized, and

current zero-field phase diagrams of PMRT and thus highly unusual. This decoupling breaks down with in-

PZNXPT share many common features, including a pur/€2Sing PT concentration and allows the local atomic dis-

ported cubic-to-rhombohedral phase transition at small Valplacements to develop into a global rhombohedral phase.

. : L Our samples are high quality single crystals of
ues ofx (Refs. 2-4 (s_ee '.:'g' 1 One except!on to this is PMN-20PT and 27PT, having dimensions 3x 3 mnt and
pure PMN &=0), which is reported to retain an average

. 6 10X 3x 3 mn?, respectively. Both of them have been de-
cubic structure down to temperatures as low as 5'Rhe poled before the neutron measurements. The neutron-
rhombohedral distortions in both PMART and PZNXPT  gcattering experiments were performed on the BT9 triple-
have been observed directly by x-ray scatteringayis spectrometer at the NIST Center for Neutron Research.
experimentd”®and related to the establishment of ferroelec-Measurements were made using a fixed incident neutron en-
tric order in each system.

Several recent studies have now uncovered evidence of a
different phase located on the rhombohedral side of the —
phase diagram. Electric-field studies of PZN-8PT by Ohwada
et al® show that the unpoled system does not exhibit a rhom- 600 -
bohedral unit-cell distortion beloW. . This was a hint that a
different phase, which was labeled phagemay exist there.
Subsequent high energy x-ray structural studies by Xu
et all° prove that the inside of single-crystal PZN has an
undistorted lattice, providing conclusive evidence of this <
phase. While phas¥ has an average undistortéattice (a g
=b=c,a=B=7y=90°), the truesymmetryof the phase is
still unknown. Motivated by these findings, Gehriagal 1
performed neutron-scattering measurements with verydfine 200
resolution on a single-crystal sample of PMN-10PT. In con-
trast to previous 8.9 keV Cu Kx-ray measurements by
Dkhil et all? on a powder sample of the same compound,

Phase Diagram
—

the neutron data show no evidence of a rhombohedral distor- 0
tion belowT, and are consistent with the presence of phase 0 10 20 30 40 50
X PMN—x%PT
In this paper we present higlg-resolution neutron- FIG. 1. Schematic of the revised phase diagram of PAIN-in

scattering data on PMXPT with x=20% (20PT) and 27%  zero field. The arrows indicate compositions that have been studied
(27PT), both of which are on the thR(X) side of the phase using highg-resolution neutron-scattering techniques.
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FIG. 2. Profiles of thg220) Bragg peaks for 20PTtop panel
and 27PT(bottom panelare shown at 100 Kopen circlesand 500
K (solid circles. The solid lines are fits described in the text. The . ) )
horizontal bar indicates the resolution along th€220) direction. circles, compared with data from 27Plose circlg and 10PT

; 11 < latti
The inset shows the temperature dependence of the rhombohedr( guare: by G_ehrlnget al.”* Bottom panel: Iattl_ce parame_tarvs T
anglea for the 27PT sample The dotted line represents thermal-expansion behavior typical of

normal ferroelectrics. The solid lines are guides to the eye.

FIG. 3. Top panel: the resolution corrected Full width at half
maximum (") of the (2200 Bragg peak vsT for 20PT (open

ergy E; of 14.7 meV, obtained from th@02) reflection of a  taken on heating and cooling yield similar results and thus no
pyrolytic graphite(PG) monochromator and horizontal beam hysteretic effects. The 20PT Bragg profile is sharp and al-
collimations of 10-46'-20'-40'. We exploited th€004) re-  most resolution limited at high temperature, but begins to
flection of a perfect Ge crystal as analyzer to achieve unusubroaden belowT-~300 K, which is indicative of a true
ally fine q resolution near the relaxof220) Bragg peak phase transition. For comparison, we also show the values of
thanks to a nearly perfect matching of the sample and an&I" at 100 K for the 27PT samplsolid circle and the PMN-
lyzer d spacings. Close to th@20) Bragg peak, the reso-  10PT sampldopen rectanglemeasured by Gehringt al!
lution along the wave-vector direction is about 0.0012'A  Clearly the broadening develops not only with cooling, but
(8g/q~2x10"%4).12 also with increasing PT concentration.

Figure 2 shows longitudinal &—26) scans along the For normal ferroelectric oxides, the lattice parameter de-
(220 pseudocubic Bragg peak both above and below  creases linearly on cooling down 1., then increases in the
The relative intensities have been scaled for ease of comparfierroelectric region, as shown by the dotted line in Fig. 3. In
son. The Bragg profile for 20PT can be fit to a single peak atelaxors, the linearity breaks down at a temperaiyrabove
all temperatures and shows no evidence of any rhombohedr@l.. Experimental evidence for this have been provided by
splitting. AboveT~300 K the profile fits well to a Gauss- the independent measurements of Dkikl}? and Yeet al’
ian line shape with a narrow width only slightly larger than on a series of PMNPT samples. The 20PT lattice parameter
that of the instrumental resolution. However the Bragg peakollows the linear behavior seen in conventional ferroelec-
broadens considerably beldlix and is better described by a trics at high temperature, but shows a break at 380 K,
Lorentzian function. This broadening indicates the presencand remains almost constant beldy. In addition, the unit-
of a large internal strain within the crystal bulk beldw . cell volume does not increase with cooling in the ferroelec-

By contrast, 27PT has a rhombohedral structure at lowric region. This anomalous feature is characteristic of phase
temperature. The(220) Bragg peak splits belowT: X, and has also been observed in pure PkRefs. 14,12
~375 K, and is an unambiguous sign of the expected rhomand PMN-10P#!
bohedral phase transition. The rhombohedral distortion in- Our results provide additional evidence that PMRT
creases on cooling, as shown by the plot of the rhombohedratansforms into phasX at low temperature for small PT
anglea vs T (inset of Fig. 2. concentrations. The studies by Ohwaadal® and Xuet al°

These results clearly indicate that the low temperaturgrovide compelling evidence that the same picture is true for
phase of bulk 20PT is different from that of the rhombohe-PZNxPT. By using x rays with different incident energies,
dral phase observed in 27PT. The longitudinal full width atXu et al° also found out that the outermost50 um of the
half maximum (2") of the (220 Bragg peak is plotted ver- PZN crystal does exhibit a rhombohedral distortion. The
sus temperature in Fig. 3 as is the lattice paramat&ata  thickness of the outer layer is estimated from the penetration
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belowT-~213 K. Similar measurements on PZN were later

performed by Stoclet al,'® where To~410 K. The linear

* relationship between the soft TO phonon energy squared
& (hwo)?=1/e andT (see inset of Fig. ¥is a clear signature of

PZN an ordered ferroelectric phase beldw.

ePMN O In ferroelectric systems, the primary order parameter is

40 i the polarizationP caused by ionic shifts. It is usually
To/g 1 coupled to a secondary-order parameter—the lattice distor-
¢ tion, which changes the shape of the unit cell and is more
readily accessible by scattering methods. Recent reports on
PMN epitaxial films of SrTiQ and BaTiQ!’ show that this cou-
pling is broken in these systems, possibly due to epitaxy
strain and substrate clamping effects. The coexistence of
ferroelectric spontaneous polarization and an undistorted lat-
tice is an example of the decoupling inside a free-standing
L L L L crystal.
<00 300 400 500 In pure PMN, polar regions, with sizes of a few nanom-
T (K) eters, start to form at the Burns temperatfirfgy~600 K,

FIG. 4. A schematic comparison between PMN and PZN, show@nd contribute directly to diffuse scatterifi?° Both neutron
. 4. : 1-23 : :
ing the frequency dependent dielectric constants T. The inset ~and x-ray measurement show that in relaxors, the dif-

shows the soft TO phonon energy squared /& for PMN®and ~ fuse scattering intensity starts to be visible arodid and
pzZN15 increases monotonically on cooling. An important step in

understanding the nature of these polar nanoreg(BhNR)

depths of different x-ray energies, and may vary with differ-has been made by Hirott al,* with the concept of phase-
ent compounds. However, it is important to note that theshifted PNR. The atomic displacements derived from previ-
existence of an outer layer with a structure different fromous neutron diffuse scattering data on PMRef. 25 by
that of the inside naturally explains the discrepancies beVakhrushewet al. were reexamined and decomposed into the
tween earlier x ray powder diffraction and the recent neutrorsum of two terms with comparable magnitudes. The first
and high-energy x-ray scattering results. And the fact thaterm satisfies the center-of-mass condition and is consistent
x-ray studies of pure PMN have not observed a rhombohewith the values derived from inelastic-scattering intensities
dral phase could be understood if PMN represents the limitirom the soft TO modé®?® The second term represents a
ing case of phas¥ with a very thin outer layer. uniform shift along the polar directions of the PNR relative

Our results, together with other neutron-scattering meato the surrounding lattices. In this picture, the PNR condense
surements of phas,''!® show that all measured Bragg from the soft TO mode, and exhibit a “uniform phase shift,”
peaks broaden significantly in the longitudinal direction be-or displacement, below y. Experimental evidence of this
low the Curie temperatur€.. These neutron results are in uniform phase shift has been observed by Geheinagl 2" by
contrast to the high-energy x-ray caSewhere the Bragg applying an external electric field along th@01] direction
profiles are sharp for temperatures both above and belowf a PZN-8PT single crystal. The diffuse scattering intensity
Tc. We speculate that these differences are due to the faeround the(003) Bragg peak is considerably reduced at alll
that the incident neutron beam has a much larger size ari@mperatures beloW, while the diffuse scattering around
divergence than the x-ray beam, therefore more sensitive t&300) remains strong. The size of this phase shift is compa-
the inhomogeneity of the whole crystal. More measurementgable to the first term and is estimated to be around 1/10 of
are currently underway for better understanding of these difthe lattice spacing. This large phase shift creates a huge en-
ferences. ergy barrier, making it extremely difficult for the PNR to

In phaseX, the crystal lattice is undistorted, and the Braggmerge into the surrounding lattice.
peaks do not split in diffraction measurements. However, the The interaction between the PNR and the surrounding lat-
true symmetry is not yet determined. To get detailed infortice can be viewed as a coupling parameter between the
mation on average atomic positions, we are planning furtheferroelectric polarization and lattice distortion. We conjecture
investigations on refinements from single-crystal diffrac-that the balance between the energy barrier caused by the
tions. Unfortunately, extinction effects arising from those uniform phase shift and this coupling parameter is the key in
near-perfect crystals are making this quite difficult. understanding phas¢ For T<T, the entire system is po-

Both PMN and PZN are relaxors that exhibit a broad andarized. Nevertheless, in order for a long range rhombohedral
strong frequency-dependent dielectric constaas shown in  distortion to develop, the energy barrier must be overcome
Fig. 4. Despite the absence of a rhombohedral distortion ifbefore the PNR can merge and grow into macroscopic rhom-
phaseX, ferroelectric polar order is still present in the sys- bohedrally distorted domains. This can only be achieved
tem. Recently, neutron inelastic scattering measurements byhen the interaction between the PNR and the surrounding
Wakimotoet al X6 of the ferroelectric soft TO phonon in pure environment is sufficiently strong. Otherwise, the lattice will
PMN revealed that the soft mode recovers at temperaturgemain undistorted, with confined ferroelectric polarization.
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In other words, phas¥ is a special confined form of rhom- field, even pure PMN can be transformed into a rhombohe-
bohedral phase. Electric-field studies on PZN-8PT bydral phase belovT.?® With increasing PT concentration,
Ohwadaet al® confirm this by showing that phasealways the coupling becomes stronger and the instability increases.
transforms into thevl , phase first with increasing field, fol- Eventually, the “confinement” breaks down and the usual
lowing the polarization rotation path ®—M,—Mc—T,  coupling between rhombohedral distortion and ferroelectric
i)?dicating a{111 rhombohedral type of polarization in phase polarization is reestablished for larger PT concentrations.

The confinement of local rhombohedral order in phAse We would like to thank C. Stock and S. B. Vakhrushev
inevitably induces instability in the system. The interactionfor stimulating discussions, and H. C. Materials for provid-
between the PNR and the surrounding undistorted lattice créng the single crystals. Financial support from the U.S.
ates strain and stress in the system, which leads to the broaBepartment of Energy under Contract No. DE-ACO02-
ening of the Bragg profile belowl. A small external 98CH10886 and Office of Naval Research under Contract
“force” may be able to drive the whole system into a more Nos. N000140210340, NO000140210126, and MURI
stable phase. For example, by application of a small electridl000140110761 is also gratefully acknowledged.
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