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Neutronelasticdiffuse scattering experiments performed on Ph¢Rib,3) O; (PZN) and on its solid solu-
tion with PbTiQ;(PT), known as PZNPT, with x=4.5 and 9 % around many reflections show that diffuse
scattering is observed around reflections with mixed indices in the transverse and diagonal directions only.
From the width of the diffuse scattering peak a correlation length is extracted. In PZN, we have reported that
the diffuse scattering is more extended in the transverse than in the diagonal dirgotibmsOrauttapong, J.
Toulouse, J. L. Robertson, and Z.-G. Ye, Phys. Re¥4B212101(2003)]. In the present work, the results
show that the addition of PT leads to a broadening of the diffuse scattering along the diagonal, relative to the
transverse directions, indicating a change in the orientation of the polar regions. Also, with the addition of PT,
the polar nanoregions condense at a higher temperature above the transition than in pure4@Zi) ( due
to stronger correlations between the polar regions. Neutrelastic scattering measurements have also been
performed on PZN«PT. The results show the broadening of the transverse acoustic phonon mode at a small
momentum transfeq upon cooling. We attribute this broadening to the appearance of the polar nanoregions.
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[. INTRODUCTION with the discovery of a sliver of a new monoclinic phase in
PZT> New orthorhombic and monoclinic phases have also

Lead-based complex perovskite relaxor ferroelectricsbeen found in PZNPT and PMNxPT.S8 These new
such as the mixed compound §QPb(Zn;Nb,3)Os- phases play a key role in explaining the high piezoelectric
xPbTiO; (PZNxXPT) and (1x)Pb(Mg;sNb,5) O3-xPbTiO;  and electrostrictive responses near the MPB. In RPEN;
(PMN-xPT), have recently attracted a great deal of attentiorthe new phase is of orthorhombic symmet&nin2) and
because of their exceptional piezoelectric and dielectriextends in a narrow concentration range around the MPB
properties. Particularly important are the compositions neaf8%<x<11%) with almost vertical phase boundaries on
the morphotropic phase boundiPB), where these prop- either side(see Fig. 1’ This new phase can be described as
erties are further enhanced. The high values of the piezoelee “matching” phase between the rhombohedral and tetrago-
tric and electrostrictive coefficients of PZRRT and PMN-  nal phases. This means that the polarization vector, instead of
XPT crystals of the compositions near the MPB, when meabeing aligned with a particular crystal axis, may be pointing
sured in the proper orientations, are an order of magnituda an arbitrary direction within a plane, allowing for a very
greater than those of PbZr,Ti,O; (PZT) ceramicss?As a  easy reorientation of the polarization vectoRecently, a
result, PZNxPT and its magnesium analogue PMRT are  model® has been proposed that connects the structural
now being considered as the most promising candidates fdeatures of the lead relaxor systems with their unusual
the next generation of electromechanical transducers. polarization propertieS.

In the phase diagram of these systems, the MPB was ini- In addition to the above structural features, there exists
tially believed to be an almost vertical boundary that sepaanother aspect of the polarization properties of relaxor sys-
rates the rhombohedréépace grougR3m) from the tetrag- tems whose precise connection to these structural features
onal (P4mm) phase and located close to the valuexof has not been established yet. It is now a well recognized fact
~10% for PZNxPT and ~35% for PMNxPT.3* When that as relaxors are cooled from high temperatures, any long
crossing this boundary along the horizortatoncentration range structural change, if it develops, is preceded by the
axis, the system would change abruptly from one phase teppearance and growth of polar nanoregions. The first indi-
the other. However, near the boundary, there is a delicateect observation of such regions came from birefringence
microstructural equilibrium that should favor easy localmeasurements by Burns and Dacol on PMN and PZN.
atomic rearrangements. This explains the very large coeffiThese measurements revealed deviations from a linear tem-
cients observed. In addition to the known rhombohedral angerature dependence of the birefringense(T) (=n
tetragonal phases, a recent breakthrough has been achieved, ) at a temperaturdy, i.e., far above the temperature
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T the polar order and verify its temperature evolution, &ndl
2/3)1_XT1X 03 to investigate the local structural and polar order at higher PT
concentrationsX). In order to understand the dynamic be-
havior of the polar regions, acoustic phonon measurements
were also made.

PZN is a prototype relaxor ferroelectric that possesses an
ABO; cubic perovskite structure in which thisite can be
occupied by two different cation$Zn’" and 2Nb°*. Be-
cause of the different radii and valences of these two cations,
PZN exhibits short-range chemical ordering and local fluc-
tuations in composition on a nanometer scai¥ It begins
to transform from a cubic to a rhombohedral phaseT at
~410 K, which falls in the temperature region of the maxi-
mum of the dielectric peak. PbTKOPT), on the other hand,
is a normal perovskite-type ferroelectric that develops a typi-
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0 . LLE ' cal long-range ferroelectric order, when transforming from a
8 ki 8 .12 16 20 cubic to a tetragonal phase 8t~ 760 K. In the 1980’s, a
% of PleO3 series of complete solid solutions of the relaxor PZN and

ferroelectric PT were synthesized in the range>G<0.2.
FIG. 1. Phase diagram of PZRRPT around its MPB from Ref. This led to a very important development in the field of
7. The results of this work are also plotted as triangles showing théerroelectrics’ In the present paper, we report the results of a
phase transition. diffuse neutron scattering study of several PXRF single
crystals withx=0, 4.5, and 9% and propose a model that

range in which PZN displays the relaxor behavior. It is nowprovides a physical basis for the easy reorientation of the
believed that this birefringence is due to local asymmetrigPolarization in lead relaxors.

structural distortions that do not yet have a polar character.
Since then, several other experimental observations have
been reported, that support the appearance of the local dis-
tortions in lead relaxors below 650 K for PMN and below  Single crystals of PZN and PZN-9%PT were grown by
750 K for PZN. The most direct ones have come from measpontaneous nucleation from high temperature solutions, us-
surements of diffuse x-ray or neutron scatterihg® Re-  ing an optimized flux composition of PbO ang®;.*° The
cently, we have reported diffuse neutron scattering results oRZN-4.5%PT single crystal was grown by the top-cooling

a PZN single crystal upon coolingp50-295 K, which  solution growth technique, using PbO fle&All as-grown
clearly reveal the development of a medium range or mescerystals used in the experiment exhibited a light yellow color
scopic ordet* The width of the diffuse scattering peak, and high optical quality.

which is related to a correlation length, is shown to provide a The neutron experiments were carried out on BT2, BT7,
measure of the size of the polar nanoregions. At high temand BT9 triple-axis spectrometers at the NIST Center for
perature, the temperature dependence of the correlatiddeutron ResearciNCNR) and on HB1 and HBI1A triple-
length is consistent with the Curie-Weiss dependence of thaxis spectrometers at the High Flux Isotope ReadtIR)
dielectric constant. This indicates the purely dynamic charof Oak Ridge National Laboratory. Highly oriented pyrolytic
acter of the polarization, characteristic of paraelectric behavgraphite(002 (HOPG was used to monochromate and ana-
ior. At a temperaturd* =T+ 6T (6T=40 K) in pure PZN, lyze the incident and scattered neutron beams. A HOPG filter
the lifetime of the polar correlations becomes progressivelyas used to suppress harmonic contamination. The samples
longer, leading to the formation of the polar nanoregionswere mounted on an aluminum sample holder, wrapped in a
Their formation is accompanied by the development of percopper foil and held in place with either an aluminum or a
manent strain fields, which cause the Bragg intensity to incopper wire. To prevent contamination of the spectra by scat-
crease rapidlyrelief of extinctior). Other indirect evidence tering from aluminum, the sample holder was painted with
for the formation of the polar regions comes from inelasticgadolinium oxide or boron nitride paste. The sample was
neutron scattering measuremett® Particularly noticeable then placed inside a closed-cycle helium refrigerator capable
are the results of Gehrirgt al. showing the disappearance of of reaching temperatures up to 675 K. It is very important to
the soft transverse optidO) mode from the inelastic neu- note here that, if the aluminum sample holder is present in
tron scattering spectra of PZN and PZRT (as well as the incident neutron beam, it will contribute an extraneous
PMN and PMNxPT).1® This disappearance has been attrib-signal near thé200) reflection. This signal is generated from
uted to a coupling of the TO and TA modes, enhanced by théhe Al (200) peak and overlaps with that of the sample,
formation of the polar regions but no precise mechanism hasince both have similar lattice constants 4.05 A). The
been proposed and the role of the polar regions has not beeneasurements were made around several reciprocal lattice
clearly explained. The goal of the present study Wiago  points in the[100]-[011] or [100]-[010] scattering planes,
extend the previous PZN study to several reflections in othewhich allowed access to t§&00], [011], and[111] symme-
scattering zonegji) to identify more definitely the onset of try directions. Data were collected upon cooling and no ex-

Il. EXPERIMENT
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TABLE |. Samples and experimental parameters.

Mass Collimation \i hw range T range
Sample (g  Spectrometer "= min) R) (meV) (K)

PZN 0.55 HB-1 48-20'-20'-70 2.45 0 550-295
HB-1A 40'-20'-20'-68' 2.36 0 550-295

PZN-4.5%PT 2.87 BT2 60'-20'-20' -open 2.361.7) P 0 720-300
BT7 20'-20'-20"-open 2.47 0 650-375

BT9 40-22'-20'-80' (or open  2.36(1.64 © 0 650-300

40'-44'-60'-80' 2.36¢ 0-10 650-375

PZN-9%PT 5.15 HB-1A 4020'-20'-68' 2.36 0 600—295
HB-1 48 -40'-40'-240 2.45¢ 0-14 600-400

@0nly BT2 was set to measure in the00]-[010] scattering zone.

b1.71 A was used only fof300) and (310) reflections.

¢1.64 A was used only fof400) reflection.

dnelastic scan by holding the momentum trans@er |2i—|2f constant, while scanning the energy transfer
ﬁw = Ei - Ef .

ternal electric field was applied. All samples and experimenphase transition temperat(sg T.. Pure PZN and PZNPT
tal conditions, including the spectrometers, the c;olllmatmnsare seen to behave very differently. The former undergoes a
the neutron wavelengths\], the range of energiesif),  continuous structural transition, or freezing, while the latter
and the temperature rangeB are listed in Table I. undergoes abrupt structural changes. The particularly strong
increase in Bragg intensity, observed for PZN beldw
~410 K corresponds to the relief of extinction caused by a
rapid increase in mosaicity.In 4.5%PT, the Bragg intensity
Our previous repotf contained results on neutron elastic increases moderately as the transition is approached but
diffuse scattering from a PZN single crystal around (®&1) abruptly drops atT.~430 K, when the crystal structure
Bragg reflection. These results provided a measure of th#ansforms from a cubic to rhombohedral symmetry. In the
correlation length or size of the polar nanoregions as a func9%PT crystal, two sharp transitions are observed, respec-
tion of temperature. In the present work, we have extendetlvely at 450 and 340 K both marked by an abrupt increase in
the investigation of pure PZN to solid solution crystals of Bragg intensity. From these results, it is evident that the ad-
PZNxPT with x=4.5 and 9%, and explored several otherdition of PT triggers sharp structural changes that are other-
reflections. wise absent. The transition temperatures observed in the
Typical neutron elastic diffuse scattering spectra aroungresent work are in agreement with those previously
the (01 reflection along th¢100] direction in a[100]-[011] reported and plotted in Fig. 1.
zone are shown in Fig.(8) (left) for x=0, 4.5, and 9 %. In order to obtain information about the size and orienta-
Each spectra exhibits a narrow Bragg peak and a relativeltion of the polar regions, we fitted the spectra with a combi-
broad diffuse scattering peak. When the temperature deation of a Gaussia(Bragg function and a Lorentziafdif-
creases, the diffuse scattering peaks broaden and becorfuse function’® which was then convoluted with the
more extended in the transveldé0] direction in pure PZN  experimental resolution function, shown as solid lines in Fig.
and in the diagonal111] direction in PT-doped PZN. The 2(b). The fit was excellent in almost all cases, wjth being
width of the peak also depends on concentration: the peak idose to 1. For higher order reflection., (300 and(310)],
broader for the 4.5%PT than for the 9%PT crystal. Thethe Bragg intensity is relatively low, which makes the data
broader peak means a shorter correlation length. Accordanalysis easier. However, for lower order reflections the data
ingly, in pure PZN the correlation length is found to be was difficult to analyze because of the very intense Bragg
longer in the[111] direction but with adding PT it becomes intensity, which was several orders of magnitude stronger
longer in the[100] direction. It is also longer for 9%PT than than the diffuse intensity pafsee Figs. ) and 3. The fit
for 4.5%PT. Below the transition, the width of the diffuse was nevertheless successful, but the data were fit by the sum
scattering peak remains constant, despite a continuing iref several Gaussian functions plus a Lorentzian function.
crease in strength of the Bragg peak with decreasing temFable Il lists the Bragg and diffuse intensities and their ratio
perature. The fitted spectra around several reflection along gimuse/ | sragy - This ratio is very large at310 but small at
[010] direction in a[100]-[010] zone are shown in Fig.(B) (100). The values found in the present study are in agreement
(right) for x=4.5%. This figure shows that, the higher the with those reported in earlier neutron scattering studies by
order reflections, the lower the Bragg intensities relative tdVlathanet al!® and Vakhrusheet al?? The model calcula-
the diffuse scattering. We will discuss this point later. tion of both intensities by Mathaet al. is close to the polar
The temperature dependence of the Bragg intensities, prestructure of BaTiQ with antiparallel displacements of cat-
sented in Fig. 3 for PZN, 4.5%PT, and 9%PT, reveals theons against oxygen ions.

IIl. BRAGG AND DIFFUSE SCATTERING IN PZN- xPT
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Two major observations can be made in this figure. Firstconcentrations indicates that the internal structure of the new
diffuse scattering is observed near the same reciprocal lattigghase, and therefore of the polar regions, is the same for all
points for all three concentrations. Diffuse scattering waghree concentrations. The second observation contains infor-
mation on the preferred directions in which the polar corre-
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FIG. 2. Neutron elastic diffuse
scattering for PZNkPT (a) in the
[100]-[011] scattering zone fox
=0% (top), x=4.5% (middle),
and x=9% (bottom near the
(01 reciprocal lattice point along
the transversd100] direction at
different temperatures, showing
the narrow Bragg peak and the
relatively broad diffuse scattering
peak and(b) in the [100]-[010]
scattering zone forx=4.5% at
several reflections along the trans-
verse[010] direction, showing the
relatively low Bragg intensity at
higher order reflections. Solid
lines are fits of the data to a com-
bination of the Gaussian and
Lorentzian functions.

The diffuse scattering results are summarized in Fig. 4is observed at the same reciprocal lattice points for all three

only found for reflections with mixedik! indices(i.e., oee
or eoo). None of the unmixedhkl indices(i.e.,eeeor 000)
showed any diffuse scatterings summarized in Table)ll
Secondly, the diffuse scattering spots or ellipses are prefethe change in orientation of the diffuse scattering ellipses
entially oriented in transverse directions for PZN and in thefrom PZN to PZNxPT indicates that, upon adding PT, the
diagonal directions for PZNXPT. No diffuse scattering was correlations tend to grow in a different direction.

In PZN, the polar regions are preferentially more ex-
tains information on the internal structure of the polar nantended in the diagonafl11] than in the transversgl00] or
oregions. Because diffuse scattering can be regarded as thELQ] directions, which is consistent with the larger Pb dis-
Bragg scattering of a nascent phase, the diffuse intensity gglacement alond111]. However, upon adding PT, the pre-
different reciprocal lattice points is expected to be proporferred orientation evolves to the transverse directions. This
tional to the static structure factors for this new phase atrend is clearly illlustrated in Fig. 5, in which the correlation
these different points. Hence, the fact that diffuse scatteringength around th€011) and (100 reflections is shown as a

found in purely longitudinal scans. The first observation con-
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The absence of diffuse scattering around (@0 reflec-

4000 tion (hkl unmixed in PZN as well as in PZNPT is of
particular significance. A calculation of the dynamic struc-
ture factor for a perovskite ferroelectric indicates that the

2000 diffuse scattering intensity should be large around (20

Bragg Intensity x 10” (counts/ 1 min.)

reflection, if it were due to correlations associated with the
usual soft polar mod& The present results therefore indi-
cate that the diffuse scattering observed is not due to the soft
mode but, rather, to the polar regions that are ubiquitous in
relaxor ferroelectrics. This important point is discussed in
detail in Sec. V.

R
The temperature dependencies of the Lorentzian fit pa-
1300l rameters, i.e., the diffuse intensifjop), the square of the
O L . diffuse scattering width at half maximumgz,,.,, (middle),
(300) : PZN-9% and the correlation lengttibotton) are presented in Fig. 6 for
I : . 4.5% at the(100 reflection. The diffuse scattering intensity,
1000 |- _,,// i in ferroelectrics, is expected to be proportional to the average
o . T \‘L,_ polarization squaredP? ). In Fig. 6a), the diffuse scatter-

: * ing intensity increases continuously with decreasing tem-
500k : i) perature, first slowly down to 500 K, then faster as it ap-
Jo . L . = proachesT,=430 K. Also, the overall diffuse intensity is

200 300 400 T(K)SOO 600 700 found to be lower in thd111] direction than in thg011]

direction. This is consistent with the observations made ear-

FIG. 3. Bragg intensities vs temperature for PZNGit1), PZN- lier Concerning the preferred direction of the correlations in
4.5%PT at(100), and PZN-9%PT at300 along the diagondl111] the PT crystals by contrast with the preferred direction in
directions, showing the phase transitions. Solid lines are drawfpure PZN. In Fig. @), the full width (at half maximum
through the data points as guides to the eye. Dashed lines mark tltmquaredAq,Z:WH,\,I is plotted as a function of temperature. As
phase transitions. we have explained earlié?, the initial linear dependence,

down to 500 K, corresponds to a Curie-Weiss behavior ex-
function of concentratiorx and at temperatures far above pected in a temperature range in which the polar correlations
T¢. The crossover from one orientation to the other appeargre purely dynamic. At approximately* =500 K (or Te
to be aroundk=2%. Values of the correlation lengths ob- 1 5T with §T~70 K), Aqyuy deviates from a straight
tained from measurements around different reflections ifne and finally levels off at lower temperatures. The devia-
4.5%PT at three temperatures 720 K<Tq), 500 K (T tjon from this linear dependence marks the appearance of
~T*), and 300 K T<T*), are also summarized in Table |ong lived and slowly relaxing polar regions. Not unexpect-
IIl. For this concentration, the correlation lengths are, respece(ly, the appearance of the polar regions and the process of
tively, about 418 Alor 1-4 unit celly, 13-30 A(3-7), and  glowing down begins at a higher temperature in PZF
51-91 A(13-22, small at high temperature and growing than in pure PZNfor which 6T~40 K). This fact can be
upon cooling. The longest correlation length is observedscribed to the enhanced correlations between polar clusters
around(110 and the shortest one arouli8L0. The corre-  and their stabilization by the tetragonal strain introduced by
lation lengths measured around different reflections are okne presence of PT. Below a certain temperature, the size of
dered similarly at all three temperaturiesg., the size mea- the polar regions saturates and “freezing” may occur, as in-
sured at(110 is always found to be larger than the one atgicated by a constant width of the diffuse scattering peak. In
(210]. Fig. 6(c), we present the temperature dependence of the cor-
relation length for 4.5%PT at thel00) reflection along the
[01Q] direction. Upon cooling, the correlation length in-
creases continuously, but more rapidly below 500 K, and
also tends to saturate at low temperatures. It is important to
emphasize that the correlation length in this direction is

TABLE Il. Bragg and diffuse scattering intensitigarbitrary
units) in the [100]-[010] scattering zone along the transverse direc-
tion at 500 K in PZN-4.5%PT crystals.

a
(h kl) I Bragg Idiffuse Idiffuse“ Bragg

smaller than in the transverf@l11] direction, as measured in
100 263 5.8 0.02 the [100]-[011] scattering plane. This is primarily associated
011° 982 44 0.04 with the short-range correlated displacements of the Pb
210 63 33 0.05 atoms'*
300 17 3.9 0.23
310 21 5.6 0.27 IV. TRANSVERSE ACOUSTIC PHONON (TA) DAMPING

@ther observed reflectiong.e., unmixed hkl) indices, (111), The electrostrictive effect arises from the coupling be-

(200, (022, and(400)] have no diffuse scattering.
bResults from th¢100]-[011] scattering zone.

tween polarization and acoustic waves or strain. In relaxors,
the polarization originates from the polar nanoregions. Be-

134110-5



D. LA-ORAUTTAPONG et al. PHYSICAL REVIEW B 67, 134110 (2003
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cause of the unusually strong electrostriction exhibited bygragg points, measured along fi@11] and[111] symme-

2 ; ; . . ' . o
relaxor_sl, one should expect changes in the behavior of theyy girections, respectively. The peak position of the scattered
acoustic phonons when the polar regions appear. Sucheytron intensity as a function gf(top) and the full width at
changes should also be e>_<pectec_i in coupling between the Tﬁ%llf maximum(FWHM) as a function of temperatur@ot-
and TA phonons. Recent inelastic neutron scattering studle[Bm) are presented for 4.5%PT in Figiay and for 9%PT in
have revealed a very anomalous damping of the TO phonoEig_ 7(b). The most important feature of these data is the

in lead relaxors® This so-called “waterfall” effect has been . : .
attributed to the TO-TA coupling. However, because the waqcrease in the FWHM of the TA phonon peak upon cooling

. : . ) . ._for intermediateq values. The results obtained on the
terfall is not observed in conventional ferroelectrics, it is o -
clear that the TO-TA coupling cannot, by itself, explain this 4-5%PT are shown in Fig.(@ for Q=(2,—0.07-0.07)
effect. The strong electrostriction and the polar nanoregionfor q~0.10 rlu (Ref. 24], Q=(2,-0.14-0.14) (g
must, therefore, play an essential role. In order to understand g 20 rju), andQ=(2,—0.25-0.25) (~0.35 rlu). For
this role, we have carried out acoustic phgnon meafur%meng%a” q~0.10 rlu, the phonon peak remains narrow at all
in 4.5%PT and 9%PT crystals. Consté&ytscans Q=d  temperatures, and may even be narrower at 375 K. This is
+G) were used to collect data on each sample, wigie  consistent with the fact that no corresponding diffuse scatter-

the momentum transfer relative to tBe=(2,0,0) and2,1,1) ing was observed a(§=(2,0,0). Broadening of the phonon
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FIG. 5. £ vs concentratiox for x=0 (at 550 K), x=4.5(at 600 : o
K), andx=9 (at 600 K at the(011) point along thg100] and[111] 20r e ]
directions in thd100]-[011] zone. An inset is fox=4.5 (at 650 K) 0 . P . . L
andx=9 (at 600 K at the (100 point along the(011] and [111] 300 400 300 600 700
directions in thg100]-[011] zone. T (K)

FIG. 6. Temperature dependence(af Lorentzian peak inten-
occurs only for longeq’s. For q~0.35 rlu, the peak is al- sity, (b) AgZ,uu. and(c) correlation length for PZN-4.5%PT at the
ready quite broad at 650 K, suggesting that, the greatey,the (100 reciprocal lattice point along th@10] direction in the[100]-
the higher the temperature at which the phonon becomd®10] zone. A triangle and a square represent the regalté50 K
heavily damped. This behavior is definitely consistent withalong the[011] and[111] directions in thg100-[011] zone.
the formation of the polar nanoregions, smaller at high tem-
perature and growing with decreasing temperature. These red.?! have also reported a similar increase of the TA phonon
sults are also consistent with other neutron studies of similadlamping. Finally, it is worth noting that the values @fat
systems. For example, in an earlier inelastic neutron study ofthich the TA phonon is observed to broaden in both the
PMN, Naberezhnoet al. reported the broadening of the TA previous studies as well as in the present one, are clagg to
mode at 3=(2,2,0.2), near the Burns temperatufigy, ~ at Which the waterfall effect has been reportéd.
~650 K.2° Very recently, in a study of PMN-20%PT, Ka The phonon results obtained on the 9%PT crystal are

shown in Fig. Tb). The peak positioit is clearly tempera-
TABLE Ill. Correlation length €) around the(100), (011), tgre independgnt in both d.irectio(\sompare S.O”d and open
(210), (300), and(310 reflections in th¢100]-[010] scattering zone Clrcﬁg. The width or damping of the phonon is greater in the

of PZN-4.5%PT crystals at three temperatures: 720K T,), 500  [111] direction than in th¢011] direction. However, in the

K (T~T*), and 300 K T<T*). [011] direction, it is smaller for this crystal than for the
: 4.5%PT one and it does not increase as fast with decreasing
Correlation Iengtl’(A) temperature[compare the FWHM vsT at Q=(2,—0.2,

T (K) around ikl) reflections —0.2) org~0.28 rlu]. This observation suggests that the TA

1002 110 210 300 310 damping decreases with increasing PT concentration. So far
720P 10 18 4 10 9%PT is the highest concentration that we have studied. It
500¢ 25(30,18 15 27 13 yvoqld be interesting to foII_ow the evolution of the TA damp-
3009 87 91 51 65 ing in PZNxPT crystals with highek.
8Results from thélOO_]—[Ol_l] scattering_zone are in parentheses for V. DISCUSSION
the[011] and[111] directions, respectively.
PAt 720 K, é~1—4 unit cells. It is by now well established that compositional and/or
At 500 K, £~3—7 unit cells. site disorder brings about the formation of local polar nan-
At 300 K, £~13-22 unit cells. oregions in mixed perovskite ferroelectrics, including PMN,
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(a) PZN-4.5%PT (b) PZN-9%PT [0g1]
Tno 650K o o 600K
200 2000 \211 O 400K
12t 1 12t > 1
—~ = [011]
?é on] &
z 8 1 B 8 Along[0TT) T Along [17T)
oy 2 [111]
g m
is /
at ™ 4
% o1 02 03 04 o s e s AR > [010]
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10 T4 TQ=(025025 A7Q=(220808) :
{0 Q=(2-0.14,-0.14 A Q=(2-:03-03) :
P e Q=(2,-0.07,007 O Q=(2-02-02)
8t % :
: ~ 4f
: o
£ L\K\l s 100 ¢
§ T~ 1 E [160] [110]
ar ; ; 1
2 o N
' : FIG. 8. Polarization vector and growth direction of the polar
2r 1 nanoregions in PZNPT with increasing concentration
- & ) :
200 50 &0 700 O a0 500 &0 700  tent with the[111] displacement of the Bb ions* If the
T (X) TX) internal structure and the direction of the polarization vector

are the same in both PZN and P&RT, the direction in

FIG. 7. Top: (a) dispersion curve of the TA mode in PZN- hich the polar regions grow is different in both systems. In
4.5%PT at 650 K angb) phonon peak positions taken alof@11]  pure PZN, the diffuse scattering was found to be more ex-
as well as[111] in PZN-9%PT at 600 K and 400 K. The inset tended in a transverse directigil00] or [011]), indicating
shows scan trajectory. Botton) temperature dependence of the the growth of the polar regions in[d11] direction. By con-
FWHM of the TA mode in PZN-4.5%PT antb) temperature de- trast, in PZNxPT, the diffuse intensity becomes more ex-
pendence of the FWHM of the TA and tfi@¢11] modes in PZN-  tended in the diagonal111], indicating the preferential
9%PT. growth of the polar regions in f100] or [011] transverse

direction. As shown in Fig. 5, the higher the PT concentra-

PZT, and PZN. These regions result from short-range corretion and the closer to a tetragonaloQ], the higher the ratio
lated ionic displacements.They nucleate at a temperature of the correlation lengths in the transverse &hdl1] direc-
well above the transition temperatufg and are dispersed as tions. This trend is represented schematically in Fig. 8, for
islands throughout the lattice. Diffuse neutron and x-ray scatPZN, 4.5%PT, and 9%PT in[d10]-[001] plane. Thus, with
tering provide the most direct evidence for the morphologyincreasing PT, the local polarization direction remains un-
of these regions. changed([111] direction, but the polar regions now prefer-

Diffuse scattering results provide two distinct types ofentially grow in a different direction, closer to tetragonal.
information. The reciprocal lattice points around which dif- The picture presented in Fig. 8 illustrates the concept of
fuse scattering is observed provide information on the symlocal polarization and strain fields pointing in two different
metry of the local lattice distortions or internal structure of directions. The present picture provides a physical basis for
the polar regions, and the shape or distribution of the diffusehe model proposed earlier by Fu and Cohen, in which the
scattering intensity around these points gives information omacroscopic polarization vector may be pointing in an arbi-
the morphology of the polar regions or the direction in whichtrary direction within a plané.The ease of rotation of the
they grow. The first type of information concerns the direc-macroscopic polarization can now be understood to be due to
tion of the polarization vector within the polar regions, andthe fact that the local strain fields only need to reorient by a
the second type, the orientation of the strain fields associateduch smaller angle than the local polarization. However, it is
with them. In PZNxPT, the present data show that elasticimportant to note that, although the results reported here
diffuse scattering is only observed around points where thelearly support such a picture, the diffuse scattering ellipse
(hkl) indices have mixed parities, in particuld@00), (110), observed in a particular scattering plane may only be the
(210, (300, and(310. Diffuse scattering is also strongest projection of the 3D scattering ellipsoid. Additional measure-
around(110. These results are identical to those reported forments would be necessary to map out entirely the diffuse
pure PZN, which we interpreted earlier as revealing thescattering ellipsoids. The temperature dependence of the dif-
rhombohedral internal structure of the polar regions, consisfuse scattering intensity in PZN and PZRT further dem-
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onstrates that it is related to the appearance of the polar nad30 K and two in 9%PT, at 450 and 340 K, respectively. The
oregions. Another equally strong element of proof is theabrupt character of these transitions suggests the first order
absence of diffuse scattering around (@0 reflection. This ~ character of strain-driven transitions. _

was checked in all possible directions and in two different N summary, the present elastic scattering results can be
scattering zone$100]-[011] and [100]-[010]. Because, in conveniently interpreted within the framework of three main
perovskites, the static structure factor that corresponds to tHgMPerature regionsi) dynamic polarization fluctuations at
soft phonon mode is largest at tf200 reflection, the ab- igh temperature'l(~ 700_690 K)'.(") condensgmon of po-
sence of diffuse scattering around this point clearly indicate&2” N@noregions that can still reorient as a unit and progres-
that it is related to the presence of the local order that develSVe SIoWing down of the reorientational motion at interme-
ops below 700—-600 K. A similar result had been obtaineodlate temperaturesT( T7), and (i) 0r|entat|onal*free;|ng
earlier by one of us in two different relaxors, KL, TaO; of thihpm? ;ga: orlgcglltogtsr acttl?g tt?;?]gi.rg:]ugf:g )Wvﬂg;]
(KLT) and KTa_,Nb,O; (KTN).25 Hirota et al?® have re- . o ou @M EXPUC Structu ron a= e

X . dnvestigating the polarization dynamics of relaxors, it is also
cently reported a similar result in PMN and have proposedynortant to examine the TA phonons, since these can couple

the concept of the phase-shifted condensed soft mode, 1§ the reorientation of the localized strain fields that are
account for the contribution of the polar nanoregions. In theifknown to accompany the formation of the polar
dynamic calculation, the atomic displacements include botthanoregiong’ In PMN and PMN-20%PT, Naberezhnov
the optic mode displacemen®yy), satisfying a center of et al. and Kooet al'*>?'have reported broadening of the TA
mass condition and the single phase shif,) within polar  phonon starting af 4, and near the wave vectqy, at which
nanoregions. the TO phonon has been reported to disappear
The result presented above also reveal three importaritwaterfall” ).1® These authors have linked the onset of
temperature ranges in the behavior of PZN and RBY;  damping of the TA and the onset of birefringencé gto the
which seems to be characteristic of all relaxor ferroelectricsappearance of the polar nanoregions. However, both these
(i) At high temperatureT* <T<T, the correlation length results only indicate the appearance of local distortions and
Squaredgz is inverse]y proportiona] to temperature. Becausestrain fields but do not provide information as to the possible
£ is also proportional to the dielectric constant, this tem-Polar character of these local distortions. In our measure-
perature dependence corresponds to a Curie-Weiss lafents of 4.5%PT and 9%PT, damping of the TA phonon is
which indicates that, in this range, the polarization is entirelySe€en to increase, starting®t. It also starts at a larggfirst
dynamic and the system behaves as a normal paraelgiiric. and at smalleq with decreasing temperature. In other words,
Below T*, the deviation from this Curie-Weiss law reflects We find that, at a given temperature, the larger thethe
the appearance of long-lived polar fluctuations in the crystalhigher the damping. In fact, we do expect such a trend from
accompanied by local strain fields; it is also in this range thathe coupling to smaller distorted regions at higher tempera-
the dielectric constant begins to exhibit a strong frequencyures and to larger and slower ones at lower temperatures. In
dispersion, the relaxor behavior. This behavior is clearly dudact, our results show that, in the temperature rangecT
to the reorientation of the polarization or, as seen from the<Tq, the correlation length follows a Curie-Weiss law, char-
structural results reported here, of the long-lived polar nanacteristic of a paraelectric state in which the polarization is
oregions. With the addition of PTT* increases fromT,  completely dynamic. The polar nanoregions only appear in
+40 Kin PZN toT.+70 K in 4.5%PT. This trend is due to €arnest aff*, which is also the temperature at which the
enhanced correlations between polar regions with increasingiélectric constant begins to exhibit frequency dispersion,
PT concentrationiii) As the temperature is further de- i.€., the relaxor behavior. As seen from Figaj7for 4.5%PT,
creased beloW*, and as the polar regions grow, their local the phonon damping begins to increase-&00 K (i.e., at
strain fields increase in strength and their reorientation beT*) andQ=(2,—0.14~0.14) (or q~0.20 rlu), which cor-
comes slower. In PZN, it is believed that there is no overalresponds to about 5 unit ceflThis result is consistent with
preferred[111] orientation, so that individual polar nanore- the size of the polar regions derived from our diffuse neutron
gions eventually freeze out with their polarization in one ofelastic scattering datérable Ill). Such an agreement pro-
eight possibld 111] axial directions, each according to their vides evidence that the increase in TA phonon damping is
local strain field. Hence, the mosaicity increases and, due toonnected to the appearance of the polar regions. The hyper-
the relief of extinction below ;~410 K, the Bragg intensity sonic damping properties studied by the Brillouin scattering
rapidly rises. This interpretation is borne out by the fact thathas provided a clear indication of ferroelectric ordering in
the Bragg intensity remains high at lower temperatures. It isomplex relaxor ferroelectrit. In 9%PT, the TA phonon
also interesting to note that, simultaneously, the dielectriddamping is lower than in 4.5%PTbottom of Fig. 7 but
constant decreases rapidly at lower temperatures, which alsthows a similar trend. It is important to note that the mea-
confirms the freezing-in of the polar regions in PZN. sured TA phonon corresponds to thg,@lastic modulus,
The addition of PT increases the magnitude of the localvhich can couple to the reorientations of a strain field with
distortions, with a tendency towards tetragonal symmetry, ashombohedral symmetry between differg¢afl] directions.
in PbTiO;. In all of this, it is important to remember that The higher frequency of the TA phonon in 9%PT than in
strain is the dominant cause of orientational freezing and that.5%PT(top of Fig. 7 indicates that &, is higher in 9%PT.
the strain energy is the same whether the polarization point8oth observations, lower damping and higher TA phonon
up or down. Further addition of PT increases the tetragonarequency, suggest that, with increasing PT, the polar regions
strain, leading to an abrupt structural transition in 4.5%PT atre less able to reorient and the lattice becomes more rigid.
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Further work is in progress on the TA phonons as well agorrelations may constitute an essential feature of the Pb-
on the low frequency rotational dynamics associated withrelaxor ferroelectrics. Upon cooling, PZN and PZRT un-
the reorientation of the polar regions in single crystals ofdergo three distinct stages: purely dynamic polarization
PZNxPT. about ~700-600 K, reorienting polar regions, and, finally,
polar regions with fixed orientations due to freezing in pure
VI. CONCLUSIONS PZN and phase transitions in PANRT. In the middle range,
o o it appears that the reorienting polar regions couple to the TA
Neutronelastic diffuse scattering in PZN, PZN-4.5%PT, nhonons, leading to their softening and increased damping.
and PZN-9%PT appears at temperatures well above thgsmparison of the phonon results with the temperaturegand
phase transition700-600 K), marking the formation of gependence of the diffuse scattering results does indeed sug-
local distortions aff 4, which acquire a polar character at the gests that the TA broadening originates from the reorienta-
lower temperatur@™. In both pure PZN and PZMPT, dif-  tjon of strain fields associated with the polar nanoregions.

points with mixed parity indices, which is indicative of the

rhombohedra'l internal symmetry of the poIar_ nanoregiqns. ACKNOWLEDGMENTS
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