PHYSICAL REVIEW B 68, 104107 (2003

Polarized Raman study of the phonon dynamics in PGMg,,3Nb,3) O3 crystal
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Pb(Mg,;,sNb,,5) O3 is one of the simplest members of the class of lead relaxors and often serves as a model
system for more complicated compounds. In this paper, we analyze both polarized and depolarized Raman-
scattering spectra, measured in the temperature range between 1000 and 100 K, using a multiple-peak decom-
position. Based on this analysis, we propose a comprehensive picture of the structural transformations in the
crystal and associated dynamics. According to our model, the formation OF rth@m symmetry in the
chemically ordered regions as well as the appearance and freezing of the polar nanoregions are the conse-
guences of the same phenomenon: the off-centered displacements of ions and their fast reorientational thermal
motion. Short-lived dynamic lattice distortions are present even at the highest measured temperatures. From the
Burns temperatureT4~620 K, their motion becomes progressively more restricted. Temperdttire
~350 K marks the beginning of the freezing process which continues down to the temperature of the electric-
field-induced phase transitio,jo~210 K. Raman scattering exists due to the presence of local lattice
distortions. It is characterized by phonons with different wave vectors interacting with dynamic and static
disorder.
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. INTRODUCTION Pb(Mg1/,Nb;,,) 05.8° Such 1:1 clusters carry an excessive
negative charge, which is compensated by the positively
Pb(Mg5Nb,5) O3 (PMN) is one of the earliest members charged host matrix. The network of such charges acts as a
of the growing family of lead ferroelectric relaxors, which, source of random fields and may prevent the occurrence of a
due to its application potential, has been attracting attentioAnormal” phase transition. Alternatively, thEm3m clusters
of researchers for many years. However, despite significarthight be explained by a local order in the form of
efforts, many properties of lead compounds are still uncleapty B2 B%*1, 1B5"1,,05.2% This hypothesis avoids as-
and the very nature of the relaxor behavior has yet to b&umption of considerable space charges and calls for other
understood. The difficulties stem from the complexity of reasons to explain the relaxor behavior, including random
these materials with a high degree of compositional, chemifields due to disorder-induced local anisotrépeffects re-

cal, and structural disordéfor review, see Ref.)L lated to different ionic radit?® or both!* To establish the
Pb(Mg,,sNb,,3) O; has a perovskite structure witbn av-  correct model, additional investigations are needed.
erage a cubicPm3m symmetry, with Mg* and N&* ions The presence of areas with a special order causes the crys-

interchanging oB sites. Measurements of the dielectric con-talline structure to change in an intricate way. In the high-
stant show that the crystal does not undergo a sharp trandgmperature limit, the crystal has a uniform primitive cubic
tion to a ferroelectric phase. Instead, the dielectric constartPm3m) structure. Lowering the temperature leads to the
exhibits a broad maximum al,,,,~270 K2 Below T, distinguishability between Mg and NB* sites and to the

~620 K, it deviates from Curie-Weiss ldvand, atT<350 formation in the chemically ordered regions of a face-
K, exhibits strong frequency dispersiériThe structure of centered Fm3m) superstructure. The temperature, when
PMN is not homogeneous. If Mg and Nb occupation ratioy,eser m3m clusters form, is yet to be determined. Husson's
was uniformly and ideally equdl:2) throughout the crystal, data suggest their presence Bt 850 K.1° Our data(see

it would have a rhombohedral symmetﬂ??{m). But, a net- . below) raise the upper limit to a temperature higher than
work of superstructure clusters with face-centered cublc1000 K.

symmetry E£m3m) destroys the picture. The size of these  Cooling the sample leads to the nucleation of polar nan-
clusters is of the order of 2—3 nm; the distance between thgregions(PNR’s) characterized by local distortions. These
centers of neighboring clusters is2.5 nm>° distortions are responsible for the deviation of the dielectric
The most widely accepted hypothesis, so-called “spaceconstant from a Curie-Weiss law 8. Their presence also
charge model,” associates thiem3m clusters with anti- causes a nonlinearity in the temperature dependence of the
ferroelectrically orderedregions where the Mg:Nb occupa- optical refractive index® The size of the PNR's is
tion ratio is equal to 1:1, i.e., with local composition ~30-80 A, depending on temperatdfeThe appearance of
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TABLE I. Interpretations of Raman-scattering spectrum from PMN offered by various research groups. Note, many of the entries in the
table mutually exclude each other.

Research 45 cmt 130 cni! 260 cni! 420 cnit 500-600 780 cm?
Group cm?
Husson(Ref. 15 Pb-O Stretching modes 0-B-O Mg-O-Mg Nb-O. Nb Nb-O. .. Mg
(1990 Bending Stretching Stretching Stretching
Dimza (Ref. 49 Coexistence of tetragonal
(1992 and rhombohedral phases
Krainik (Ref. 27 (1993 TO,
Idink (Ref. 41 All spectrum is due to one phonon processes, originates
(19949 from rhombohedral symmetry clusters and consists of nine modes
Marssi(Refs. 28—-31 TO, TO, TO; TO, TO,+TO, or LO, (1996
(1996-98 Nb-O-Mg or LO, (1998
Jiang(Ref. 33 (1999 Due to positional disorder of lead Due toFm3m clusters and vibration of oxygen octahedra
All spectrum originates fronFm3m clusters, similarly to the case of Phgta,;,03

VV-E¢??
Lushnikov (Refs. 34,3% VH-2T,g Agg
Siny (Refs. 36—-40 or Disorder-induced scattering from silent modes Breathing mode
(1999 VV and one VH and second-order scattering of oxygen

have fractal
character

another VHT 54
Dujovne (Ref. 32 (2002 TA+disorder

polar distortions is a consequence of the ion off-centering Raman spectra of PMN have been measured and reported
that is a common property of many perovskites. By structuraby several research group¥®® But, the site disorder, the
similarity, one could expect that the mechanism of the polapresence of chemically ordered regions, the off-center ionic
region’s formation in PMN is analogous to the one in displacements, and the resulting high complexity of the scat-
KTa;_Nb,O; (KTN).!® However, unlike KTN where Nb" tering processes have caused difficulties in their interpreta-
is the only off-centered positive ion, PMN represents a moreion. Although in cubic crystals first-order Raman scattering
difficult case. Here, not onlpoth ions of B typeMg?* and s prohibited by symmetry, the above-mentioned factors re-
Nb>*, are shifted by~0.1-0.2 A, but also P, the ion of  sult in the major spectral lines observed having a first-order
A type is off-centered by~0.25-0.35 A>3 The Bions  character but broadened by the disorfen particular, the
tend to shift along a(11l) direction, thus having eight question of the soft ferroelectric mode (7)Cand the strong
equivalent positions. The shifts of the Pbions exhibit a Raman line at-45 cm %, which is close to where TDis
spherically symmetric distributiof®.It is often assumed™°  expected to be found, has been a stumbling block for inves-
that NI°*, due to its position in the cell and small radius, tigators. The interpretations of the PMN Raman spectrum
acts as the main ferroelectric agent. offered by various research groups are summarized in Table
At high temperatures, the off-centered ions are free td. As seen in the table, these interpretations are often mutu-
reorient among all allowed off-centered positions. Coolingally exclusive, ranging from those that explain the light scat-
down and the growing role of the dipole interactions causeering bydisorder in generalgroups of Hussof® Krainik,’
the appearance of correlated regions, consisting of severtarssiZ®—3! and Dujovné? to those that connect it to the
neighboring cells. Each such region is characterized by @resence of somgarticular type of disorderwhich can lead
giant electric dipole moment and a local distortion from theto the appearance of clusters with face-centered cubic
cubic symmetry. The PNR’s are capable of reorientationalgroups of Jiang® Lushnikov?*2® and Siny®~*9, rhombo-
motion as whole units. In KTN, for sufficiently high Nb hedral(Idink*?), or tetragonalDimz&*?) symmetry. The as-
concentrations, the development of these regions leads, aignment of particular lines is even more contradictory. A
some critical temperature, to a phase transition. However, idetailed review on this subject is presented in Ref. 40. The
PMN, the polar regions develop under constraints imposedlose similarity between the Raman spectra of the PMN and
by the local anisotropy. As a result, no ferroelectric phasef the ordered PbS$gNb,,0; and PbSg,Ta; ;05 crystals
transition, but a glasslike freezing of the polar regions, is(compare, e.g., with Ref. 4®oints out the importance of the
observed? A bias electric field of magnitude-1.8 kV/cm,  1:1 ordered regions for the light-scattering processes.
applied in the(111) direction, is sufficient to compensate for ~ Recently published low branches of phonon-dispersion
the frustrating effects and to induce, Bfy~210 K, a tran-  curvest*~*’ measured by neutron scattering, can be helpful
sition to the rhombohedrd&3m ferroelectric phasé* for the phonon assignment of some of the Raman lines. Ac-
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cording to these data, the strong 45—cnfine has an energy
close to the energy of the zone-centé€) TO; or the zone
boundary(ZB) TA phonon, propagating i§100 direction.
Therefore, the presence of a strong light scattering in the
depolarized geometry points out the importance of the
disorder-related processes. Lowering the temperature, the
TO, zone-center phonon exhibits softeningTat T4, and a
drastic increase in damping leads to its disappearance. This
overdamping persists down T~ 210 K.* It also causes a
significant, almost sixfold, broadening of the TA phonon
branch?® It would therefore seem reasonable to expect that
the Raman line at 45 cit should also be affected. How-
ever, none of the known Raman reports show any sign of
such an overdamping of this line. Neither is it observed in
the infrared spectr®

The formation of them3m clusters and/or PNR'’s is ac-
companied by the appearance of relaxational and reorienta-
tional dynamics. This dynamics can be reflected in the light-
scattering spectrum either directly or, indirectly, through
interaction with the phonon modes. This was demonstrated
in earlier works on the central peakP) in PMN (Ref. 50
and related material$e.g. model relaxor KTa ,Nb,O;
(Refs. 51-5Y]. A careful Fabry-Perot study of several
KTa,_,Nb,O; crystals®* has to be mentioned separately, -—
since it allowed to model the CP as a result of relaxations 0 200 400 600 800 1000
coupled to the soft mod¥. Theoretical consideratiorfs
show that the appearance of the central peak in the Raman
spectrum is not the only consequence of this internal relax- FIG. 1. Examples of Raman-scattering spectra measured at vari-
ational motion. Interactions of this motion with phonons canous temperatures without polarization analysis and corrected by the
cause their damping and softenitigThese predictions have population factor.

been tested on several types of crystals with internal o ) ]
degrees of freedom, such as alkali-halide-cyanideétS-grown crystal exhibits a pseudocubic morphology with

[K(CN),-KBr;_,,K(CN),-KCl,_,] (Refs. 59-62 com- (100 cubic growth steps. A(100)/(110) cubic-oriented
pounds. Recently, we have analy%¥the reorientational mo- crystal of a volume of 53 m?‘nvyas cut from a large as-
tion in ferroelectric KTa_,Nb,O; crystals. grown crystal and polished wlth flng dlamond pa(stewn.to'

In the present, paper we continue this work and discus8-25 mm). It showed very high optical quality and satisfied
the role of the relaxational and reorientational dynamics irfh® requirements for light-scattering studies. The scattering
the scattering processes from a PMN crystal. We offer avas excited by propagating, in(d00) direction, 514.5-nm
complex analysis of the temperature dependencies of the p$ght from a 200-mW Ar -ion laser focused to a 0.1-mm
larized (VV) and depolarizedVH) Raman spectra from a SPOt. The scattered light was collected at an angle of 90°
single crystalline PMN sample. This analysis is based on th&ith respect to the incident beafiee., in(010) direction by
multiple-peak decomposition suggested by Siey al®® @ double-grating ISA Jobin Yvon spectrometer equipped with
However, to obtain a more complete picture, we have exa Hamamatsu photomultipli€?-649. For most of the mea-
tended our study to a higher spectfap to 1000 cm') and ~ surements, the slits were opened to 1.7 émHowever, in
broader temperature rangieom 100 to 1000 K . We inter- order to acquire more precise data in the central peak region,
pret our results in light of recently published neutron-at temperatures close to the maximum of the dielectric con-
scattering data and use the concept of the interaction c¢ftant (108<T<350 K), the slits were narrowed to
phonons with internal relaxational motion. As a result of this0-5 cni *. Each polarization of the scattered ligkix|zZy)

work, we present a comprehensive picture of the structuraiVV) and(x|zxy) (VH), was measured separately. In order
transformations in PMN and the origin of its Raman spec10 exclude differences in sensitivity of the monochromator to

trum. different polarizations of light, a circular polarizer was used
in front of the entrance slit. For control purposes, we also
took measurements without polarization analysis. To protect
the photomultiplier from the strong Rayleigh scattering, the
We have investigated Raman scattering frofL@0)-cut  spectral region from-4 to +4 cm ! was excluded from the
PMN single crystal. The crystal was grown by the high-scans. The data were collected in the temperature range from
temperature solution technique using 30 wt% PbO as flux1000 to 100 K. The cooling rate was 0.5—-1 K/min. Every
The growth conditions were optimized based on the pseudd0-20 K the temperature was stabilized and the spectrum
binary phase diagram established for PMN and BbThe recorded. In agreement with a previous papene noted

Reduced intensity (arb. units)

Wavenumber (cm'l)

II. EXPERIMENTAL SETUP AND RESULTS
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that, in the temperature range approximately between 20@speciallyA and B) are determined primarily by the Bose
and 350 K, the spectra exhibited a strong dependence on tligctor, i.e., after correction they do not show significant tem-
cooling rate and other experimental conditions. perature changes, demonstrating a characteristic first-order
Figure 1 presents examples of light-scattering spectrgehavior. The similarity in the shape of the low- and high-
measured at different temperatures without polarizatioremperature spectra shows that, even at 1000 K, the scatter-
analysis. To facilitate comparison, we corrected the spectrgg exhibits a first-order character. In the perfectly cubic
by the Bose population factor: crystal, first-order scattering is prohibited. Therefore, one
should assume the presence of distortions in the form of
_ : 1) lower symmetry clusters. At high temperature, the clusters
n(f), for anti— Stokes patrt, must be dynamic, having short lifetimes. Lowering the tem-
perature, their lifetime increases, and beldythey become
longer lived. The observed decrease in Raman intensity
aroundT is also seen in Fig. 2. This intensity drop marks a
worsening of the optical quality of the crystal, which is con-

Figure 2 shows scattering spectra measured ifpanel(@]  Sistent with the appearance &m3m and polar clusters.

and VH [panel (b)] geometries at different temperatures. From a comparison with a related system, Ki$e¢e below;
These spectra we present in their uncorrected, “asthere are reasons to believe that the PNR’s have a time-

measured” form. averaged internal tetragonal symmetry. This coexistence of

Our spectrdFigs. 1 and 2are consistent with those from symmetries is quite compatible, since randomly oriented te-
Refs. 15 and 25. In the high-temperature region, a typicalragonal PNR’s can result in a macroscofspatially aver-
spectrum consists of two strong lines centered approximatelgged Fm3m symmetry. BelowT* ~350 K (which is also
at 45 cm ! and 780 cm?! (labeledA andB) and of three close to where the dispersion of the dielectric constant ap-
broad bands(, D, E). Line A exhibits a fine structurésee  pear$, the broadC, D, and E peaks show splitting. This
Figs. 2 and B Lowering the temperature leads to the split- splitting grows with further decrease of the temperature
ting of the broad band€, D, andE into pairs of narrower down to T4y~210 K, which is the temperature at which a
lines (labeled 1 and Rand to the appearance of a new llRe  transition can be induced by an external electric ffél&i-

As seen in Fig. 1, starting from 1000 K, the reduced scatnally, belowT,, the shape of the spectra is relatively stable.
tering intensity first grows until the temperature-700 K, A comprehensive analysis of our data and their compari-
then sharply decreases to reach a minimum close to thgson with the results of other experiments allows us to under-
Burns temperaturelT 4=620 K, after which it increases stand the meaning of the above-mentioned temperaiyes
again. At~550 K, it has grown back to its original strength. ~620 K, T*~350 K, andT4~210 K in the temperature
Below this temperature, the intensities of the major lines evolution of the Raman spectra and the lattice structure.

n(f)+1, for Stokes part
F(f,T)

where

n(f)=[exphf/kT)—1]" 1.
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peak decomposition of Raman
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ll. MULTIPLE-PEAK DECOMPOSITION particular set has been selected to illustrate the most interest-
OF SPECTRA PROCEDURE ing results in detail. Examples of the fits at the temperatures

&1000 and 110 K in VV and VH geometries are shown in

In order to analyze the data, we decomposed the measur% 3. For clari d ibe the ob doh ¢
spectra using a multiple-peak fitting procedure. Satisfacto%_'g' - For clarity, we describe the observed phenomena from
fits could be achieved with the assumption of a Lorentziai9n t© low temperatures, following the same order as in

central peak and other peaks described by the spectral rfl€asurementfunless otherwise stated
sponse functions of a damped harmonic oscillators, modified
by the population facto¢l):
IV. MOST INTERESTING RESULTS OF DECOMPOSITION

Tif3f AND THEIR ANALYSIS
D~ F(f,T), 2
b2 12)2+ T2 (£.7) @ A. Central peak
whereT; and f,; are the damping constant and the mode The temperature dependencies of the fitting parameters
frequency. for the central peaKCP) are presented in Fig. 4. Circles

As all of the peaks are much better resolved at low tem€orrespond to the VV and triangles to the VH component of
peratures, we started our fitting procedure at the lowihe peak. The existence of the CP is a direct consequence of
temperature end of the datagat 110 K) and then followed _the relaxations, wh|ph are very sensitive to.the restrictions
the evolution of the peaks with increasing tempera(ﬂey Imposed by the lattice distortions. If relaxations are ?ﬁst,
in order, opposite to the order of the measureait also the CP is nonintense and broad. Their slowing down causes
tried to minimize the number of peaks, necessary to achievéhe growth and narrowing of the CP.

a reasonably good fit. The control datageeasured without ~ We would like to point out a striking similarity in the
polarization analysiswas used to calibrate the positions andtemperature behavior of the CP in Pbjlyib,0; (Fig. 4)
widths of the weak and poorly resolved peaks from the Vvand KTa by 1605 (Fig. 3 in Ref. 63 crystals. In KTN, we
and VH datasets. Since a large number of parameters is ifiave showff that the temperature behavior of the CP can be
volved, results of a particular fit may depend on their initial €xplained by a model involving the correlated relaxational
values. To stabilize the results, the best-fit values of parammotion of off-centered Nb ions in the PNR’s and its progres-
eters obtained at the previous temperature were used as iffilve restriction with decreasing temperature. In the cubic
tial values for the next one. In this manner, several sets of fit§hase, Nb ions are allowed to reorient rapidly amongst eight
were obtained and analyzed. It is remarkable that, in all ofquivalent(111) directions. In KTN, the sequence of phase
them, the major parameters followed the same trends of bearansitions fromP m3m down toR3m successively restricts
havior, confirming the importance of the above-mentionedhe Nb ions to four, then two, and finally to a single site.
temperatures:Ty=~620+50 K, T*~350=25 K, and Ty,  Since the ion motion within the PNR is correlated, this pro-
~210+25 K. These trends are summarized in Table Il. Onecess can be described as the progressive restriction of the

104107-5



OLEKSIY SVITELSKIY, JEAN TOULOUSE, GRACE YONG, AND Z.-G. YE

PHYSICAL REVIEW B8, 104107 (2003

TABLE Il. Major peaks and their response to the temperature restrictions on ion motion. Only changing properties arel ghown.
~620 K is also characterized by the total loss of intensity of scattered light.

Peak Polari- Region I. Unrestricted Region Il. Restricted Region lll. Formation of
zation dynamical clusters dynamical clusters StRtBm clusters
T=(T4=620 K) (T4g=620 K)=T=(T* =350 K) (T*=350 K)=T
Central \AY Intensity decreases Intensity increases Intensity has a maximum at 300 K
broadens narrows
VH Intensity decreases Intensity increases Intensity has a maximum at 300 K
width has a maximum at 450 K
PeakA \AY Softens, broadens Hardens and narrows
VH-I Broadens Broadens Broadens
VH-II Softens Hardens, intensity has minimum at 400 K Broadens and grows
PeakC \AY Hardens and narrows Fine structure appears Splits in two
VH Softens Hardens and narrows Narrows
PeakD vV Splits in two
VH Softens Hardens Softens and narrows
PeakF A% VV component appears VH component appears
PeakE \AY Fine structure appears Splits in two, VH appears
PeakB \AY% Hardening Hardening VH appears

PNR orientations. This model is in agreement with the dif-stages to those in KFagd\Nby <03 (KTN), although not ac-

fuse neutron-scattering studi®sThe similarity of the CP

companied by the appearance of long-range order.

behavior in these two very different materials suggests that |n PMN, starting from high temperatuf€ig. 4), the first

the polar clusters in PbMgNb,s05; pass through similar
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FIG. 4. Temperature dependences of the inter(gityand half-

important feature is the strong and narrow CP in the VV
geometry, accompanied by a relatively weak counterpart in
the VH geometry. This indicates the presence of a rapid sym-
metric relaxational motion, involving 18@eorientations of

the Nb ions. Lowering the temperature, belev®00 K, the
cessation of this motion causes an intensity decrease of the
CP. Slow at first, this decrease becomes faster and the CP
intensity reaches a minimum ne@y~620 K. The prohibi-

tion of 180 ° reorientations introduces an anisotropy into the
lattice, causing the distinguishability of the Mg and Nb oc-
cupied sites and the appearance of a superstructure with a

macroscopigspatially averaged=-m3m symmetry in the 1:1
ordered areas. BelowWy the Nb ions within a PNR can re-
orient only amongst four neighborin@11) directions, re-
sulting in a time-averaged local tetragonal distortion. How-
ever, the PNR’s can still reorient as whole unfts giant
dipoles between severa100) directions. This process is
responsible for the larg@f the order of wavelength of light
quasidynamic fluctuations that cause the worsening of the
optical quality of the sample.

With further decrease of the temperature, the optical qual-
ity of the crystal improves. The renewed increase in the in-
tensities of the VV and VH components of the CP and the
increase in both their widths suggest a new quasidynamic
range, in which the fluctuations scattering the light corre-
spond to the reorientation of the PNR’s. The fact that the
respective widths of the two components appear to peak at
different temperatures is not unexpected and may reflect the
different reorientational modes of the PNR®&.g., Xy, zX,
zy). Past their maxima, the decrease in the width of both
components down td* ~ 350 reflects the slowing down of

width (b) of the Lorentzian approximation for the central peak in the reorientational dynamics of the PNR’s. The analogy with

VV (circles and VH (triangles geometries of experiment.

KTN suggests thafl* ~350 K marks the first of several
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—O—VV  Neutron Data triangles geometry. These parameters exhibit changes at

704 * 704 *x—2&—VHI * TO(ZO) . .

T . 2] vevHD % TA@B) above-mentioned temperaturgg, T*, and T4, confirming
g@j V%-vwv-vvv-v-v—z—z * D60 Sy assasatoh x their importance in the structural evolution of the crystal.
5 507 %%090000904::2 % § 504 X However, the origin of this pealsee Table)lrequires clari-

£ a0] g or e BEEET 2 WTvevvEyT &) fication. From a comparison with the frequencies of the pho-
oed D e R I L non modes determined from neutron scattering, it is clear
Z TN 5% M that this line cannot be due to the zone-center soff fode
£047 Eﬁ{%@ﬁu j /\a; 230 vavw\v—v (black stars in Fig. 5 On the other hand, the lower-
502+ v Sa0q WMea, frequency VH component, and possibly the VV, could be due
& & A ] “*2-a-a(e)  to disorder-induced zone-boundary scattering by the TA pho-

0.0 — 7T 1 T 1 T T T 10 T T T T T T T . . . .

=] o3 2 9 non (white stars in Fig. b However, the higher-frequency

g 50 . g 7] K

A v 261 ¢ VH component would still not be accounted for.

oo 0] AA\QQ o oh .
£304 B QXZXA‘Z\O-O % 3] (N In an attempt to account for both VH components simul-
£ 20 Wl DN N P taneously, we have tried to make use of a coupled oscillator

1 WV-V-V IV 7T (©) O 04 000 >o—0—0 (f) . . . .
A 100 g 260 ‘Vgéo .]‘0700. | e e model. In the approximation of linear coupling between two
Temperature (K) Temperature (K) harmonic oscillator® the intensity is given by
FIG. 5. Temperature dependences of the fitted parameters for the CY-Bz

triplet line A. Left-hand side shows the model of independent oscil- l(w)=[n(w)+1] B2y cz )’

lators: position(a), reduced intensityb), and damping constaft).
Right-hand side shows the model of coupled oscillatbfid): fre- where
quency(d), damping constar(e), and coupling coefficient). Pho-
non frequenciegstars, measured by neutron spectroscajRefs.

. B= (0]~ 0?) (05— 0?)+ 0 (Y~ y172) — w1041,
44-47, are shown for comparison.

_ N , C=ow[ 7103~ 0+ yo( 0]~ 0%) —2(0105) PA1oy15,
"underlying” structural transitions through which the corre-
lated motion of the off-center ions within the PNR’s becomes Y=S4(02— )+ SX 02— 0?) —25,Sy(w1w,) YA 15,
restricted to fewer orientationdwo (111) orientations in
KTN). Within this transitional range, the intensities of both _ 2 2
VV and VH components go through a maximum, reflecting Z=w(8172t $71725,S710)
the structural rearrangements taking place. Further temperan these equations,; and w, are the resonant frequencies,
ture decrease, down 4,~210 K, leads to the off-center vy, and y, are the damping constantS; and S, are the
ions being restricted to a single position. Beldw,, the  structure factors for two oscillatord,;, and y,, are the real
central peak is narrow and its intensity remains small in botrand imaginary parts of the coupling constant.
scattering geometries. The low-temperature phase is most Following Ref. 67, we have chosen to use imaginary cou-
likely composed ofR3m PNR's, frozen in random{111)  pling and set\,,=0. We also set the structure fact@sand
orientations. When applying an external electric field, thiss, to be the same at all temperatures. The rest of the param-
low-temperature phase can be ordefed. eters were treated as being temperature dependent. As a re-
We should mention that the result of our analysis of thesult of fitting, we find that the values of the structure factors
VV component of the CP exhibits similar tendencies to thoseare S,=22.3 cm'! and S,=20.6 cm'*. The other param-
in Ref. 50, except at the lower-temperature end. The discrefeters are shown on the right-hand side of Fig. 5 as a function
ancy occurs due to differences in experimental techniques. 16f temperature: the best-fit frequencies, the damping con-
the central peak region, we did the measurements with gtants(e), and the coupling coefficierf).
much higher resolution (0.5 cm, as compared to 2 cht Examples of the fitéinsets in Fig. 3demonstrate that this
in Ref. 50. Consequently, we are able to provide a moremodel gives a good approximation to the shape of pak
accurate account of the slow relaxations from the quasielastigowever, a comparison of the best-fit frequendrgig. 5d)]
scattering, which is especially important at low temperatureswith the neutron-scattering d&fa*’ rules out the possibility
To investigate further details, in particular the contribution ofto explain the higher-frequency VH component by the inter-
the Brillouin scattering, a Fabry-Perot interferometry is nec-action between ZC TQ(black starsand ZB TA(white star$
essary(like the one applied to KTN) modes. The lower-frequency oscillator can still be associated
with disorder-induced scattering on the ZB TA mode.
: A possible explanation for the presence of two VH com-
B. Line A ponents in peald can be their correspondence to coupled
Figure 5 presents the temperature evolution of the fittingophonons with different polarizatiort&.(A similar effect we
parameters of peak. The left-hand side shows the results of have seen in monodomain KTaLi,O;, where one or the
the independent oscillator approach: positiéig. 5@)], re-  other TA polarization was observed, depending on the orien-
duced intensityFig. 5(b)], and damping constaffig. 5(c)]. tation of a hias electric fielgl.The coupling is mediated by
This peak has a triplet structure, containing one componerthe disordered lattice distortions, which explains the increase
in VV (circles and two components in VHup and down of damping[Fig. 5e)] and coupling[Fig. 5(f)] coefficients
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@789' ~ \'A% Finally, we would like to comment on linB, located at
» \;.’/786— o - the high-frequency end of the spectrum. The right-hand side
= £ 783 ~, ®) of Fig. 6 shows the fitting parameters for this line: position
; ém_- \"\_._. (.b), reduced inten;it;(c), and damping coefficier(d). This
Bl M SR o line is very strong in the VV but it is rather weak in the VH
% ] . Temperatre (K) g ; 5_5 geometry(i.e. characterized b4 symmetry. The tempera-
4801 N, |T* IHE R N ture evolution of its parameters also reflects the development
37 ) y (a) 5 1‘0'3 ‘ ol “\_ / of the low-temperature phase, confirming the ideas expressed
10 2; : (0  above concerning the formation of the PNR's #
Temperature (K) w04 __' ' ~620 K, the slowing down of their dynamics through the
= 801 / quasidynamic range and the development of a quasistatic
< 0] o order belowT*~350 K. As seen in Table I, this line has
£, 60—: ‘____...J @ been given several contradictory explanations. However, re-
=§ s © 7 cent first-principles calculatiof show that this mode is
0 200 400 600 800 1000 mainly due to the oscillations of the oxygen ion in Mg-O-Nb

Temperature (K) bonds

FIG. 6. Left-hand side shows splitting between the components
of the line E (a). The inset illustrates that it follows the critical

dependence law. Right-hand side shows temperature dependences V. CONCLUSION
of the fitted parameters for the lifie position(b), reduced intensity ) . .
(c), and damping constarid). This paper offers a comprehensive analysis of the Raman-

scattering spectra of PbMg\b,0; in the temperature
range between 100 and 1000 K. From our analysis, the struc-
with lowering temperature. This mediation is also importanttural evolution of the lattice is shown to occur in several
in explaining the presence of such a strong scattering signaharacteristic stages. Even at 1000 K, the PMN crystal is
in the VH geometry. characterized by the presence of local dynamic distortions of
Itis also worth pointing out the anomalies in the tempera-+he lattice from cubic symmetry, which are responsible for
ture dependencies of the frequencies of the components @he existence of first-order Raman scattering at such a high
triplet A [in an independent oscillator model, Figa atthe  temperature. At the Burns temperatufg~620 K, the mo-
intersections with the ZC TOmodes(black stars For ex-  tion of off-centered ions becomes more correlated, leading to
ample, the VV component exhibits dips &f700 K and 350  he |oss of 180° reorientations and the formation of the polar
K'and the VH-I component has a knee-a400 K. nanoregions. This causes a distinguishability between sites
occupied by Mg and Nb, and the appearance of a macro-

scopic (spatially averagedFm3m symmetry in the 1:1 or-
Among the changes occurring in the Raman spectrungered regions. Belowly, in the quasidynamic range, the
with cooling, the splitting and narrowing of th& D, andE  correlated motion of off-center ions gives rise to reorienta-
phonon lines deserves special attention, since this splitting igonal dynamics of the PNR’s, which is seen directly through
a direct indicator of the lowering of the local symmetry andthe evolution of the central peak and, indirectly, through their
the narrowing of the Raman lines suggests ordering of thénteraction with phonons. Further cooling leads to progres-
structure. This splitting is especially well seen in the VV sjve growth of restrictions on ionic motion. Below*
geometry[Fig. 2a)]. At high temperature, these lines are ~350 K, a quasistatic ordering begins to set in, equivalent to
very broad, merging in a single shoulder. BeloW  one or several “underlying” or latent structural phase transi-
~350 K, a fine structure becomes apparent. These observ@ons, marked by sharper and split phonon peaksT4¢
tions support the idea expressed above that the crystal may210 K, this process is complete, resulting in a disordered
undergo a succession of “underlying” structural transitions.rhombohedral phase, with a macroscosisatially averaged
This hypothesis is supported by the trend with temperature oftragonal symmetry. The shape of the Raman lines is deter-
the frequency split between thE; and E, components, mined by processes involving phonons with a distribution of

shown in Fig. 6a). Below T*, the frequency separation be- wave vectors, interacting with dynamic, quasidynamic, and
tween the twoE components exhibits a characteristic orderquasistatic disorder.

parameter behavior, following art —T) %2 law [inset to

Fig. 6(@)]. Such a trend indeed suggests the existence of a

latent 'phase' t.ransformatiéﬂMoreover, th.e ratio of the in- ACKNOWLEDGMENTS
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