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We present a quantitative analysis of the phonon line shapes obtained by neutron inelastic scattering methods
in the relaxor ferroelectric Pb(MgNb,5) O; (PMN). Differences in the shapes and apparent positions of the
transverse acousticfA) and transverse opticcTO) phonon peaks measured in 890 and(200) Brillouin
zones at 690 K are well described by a simple model that couples the TA and soft TO modes in which the
primary parameter is the wave vector and temperature-dependent TO lindwWigifR). This mode-coupling
picture provides a natural explanation for the uniform displacements of the polar nanor@@Rs), dis-
covered by Hirotaet al. as the PNR result from the condensation of a soft TO mode that also contains a large
acoustic component.
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I. INTRODUCTION at T4 no discernible phonon peak remains. It has subse-
quently been reported that the overdamped zone-center TO
Considerable advances have been made over the past senede reappears below 220 K.’

eral years in our understanding of the lattice dynamics of the The formation of the PNR aT is the most important
relaxor ferroelectric Pb(MggNb,3)O5 (PMN), which is @ aspect of the relaxor problem, and it is intriguing that it is
prototypical member of a class of compounds that possessggcompanied not only by the overdamping of the zone-center
exceptional piezoelectric properties and an unusually broagtg seft mode, but also by the appearance of diffuse scatter-
and frequency-dependent dielectric susceptibility }haj[ peakﬁ,]g_ The Brillouin zone dependence of the neutron diffuse
at a temperaturém,, (~265 K at 1 kHz for PMN.” Pio-  geatering intensities has been extensively measured by Va-
neering neutron  scattering work on PMN in 1999 by shevet al®1° and later it was shown by Naberezhnov
Naberezhnoet al has been followed by a systematic SereSqt al that the onset of the diffuse scattering occurd gt?

; ; ietgal 3
of n(_eutron Scat}e“”g expeniments by Gehr " and The coincidence of these phenomend @point to a picture
Wakimoto et al." The results of these latter measurements . .

n which the PNR result from the condensation of the soft

have firmly established the existence of significant soft mod S ; o
dynamics in PMN. In particular, they have demonstrated a O mode. If t_h|s plctqre IS corrgct, then the gtom|c displace-
linear temperature dependence of the zone-center soft phgw_ents asso_clated _W'th the diffuse scattering must match
non energy squaredifo,) over a wide temperature range, tho;e associated with the soft TQ phonon, namely, they must
as shown in Fig. 1. satlsfy'the' cente'r.-of-.masfs condlthn. However, the dlffuse
A fundamental feature that appears common to all relaxScattering intensities in different Brillouin zones are entirely
ors is that of the polar nanoregioBNR’S). The presence of inconsistent with the TO-phonon intensities. This longstand-
these regions was inferred in 1983 by Burns and Dacol, whéd puzzle was resolved recently by Hiratal ** By calcu-
found that the optic index of refraction of PMN deviates lating the dynamic structure factor with the assumption that
from a linear temperature dependence at a temperdiyre the soft TO mode condenses with an additional uniform shift
~620 K that is far abovd ,..2 In conventional ferroelec- of all atoms, they demonstrated that the intensities of TO
trics this deviation corresponds to a uniform polarization thaphonons and diffuse scattering can be completely reconciled.
only develops belowl .. Given the absence of any net po- Their calculation shows that this uniform shif; is com-
larization in PMN afT, the optical data indicate the forma- parable to the displacement due to the TO mode condensa-
tion of tiny regions of local and randomly oriented polariza- tion &, , , and thatdg,;; is 60% of the displacement of the Pb
tion that were speculated to originate in Nb-rich parts of theatom. While the origin of this uniform phase shift is un-
crystal several unit cells in size. The dynamical effects ofknown, the success of the model provides further support to
these PNR are clearly manifest in neutron scattering meahe idea connecting the PNR and the soft mode.
surements. Gehringet al. have found that the long- In this paper we demonstrate that a simple model that
wavelength transverse opti€TO) phonons are heavily couples the transverse acoustic and soft optic modes, similar
damped belowl 4, which gives rise to the anomalous “wa- to that used by Haradet al.to describe the asymmetric pho-
terfall” feature® Neutron scattering measurements furthernon line shapes found in BaTig}? is able to reproduce the
suggest that the appearance of the PNR as accompanied phonon line shapes observed in PMN in both (80 and
by a remarkable overdamping of the zone cente: Q) TO (300 Brillouin zones, which exhibit very different scattering
phonons. As shown in Fig.(d), the zone-center TO phonon profiles. This naturally implies that a condensatiofT aof a
linewidth broadens with decreasing temperature until finallycoupledTO mode would then contain a TA component, and
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source and detector. An HOPG filter was placed after the

5 ' ' N ' analyzer to eliminate higher-order wavelength contamination
@ | in the scattered beam. The crystal was placed with a natural
4 : . {100} . pic facet facing down onto a boron nitride post, and
held in place with tantalum wire. This orientation allows
< 3 | - access tolf0l)-type reflections in the horizontal scattering
“E’ | plane. The mosaic spreads of the crystals were less than 24
: 2 ! i at the (200 reflection, which is resolution limited with the
| above configuration, and indicate a high crystal quality. The
1 | { ) room temperature lattice constant is 4.04 A; therefore one
T L reciprocal lattice unitr.l.u.) equals 1.553 Al
0 ¢ . ! d . . PMN reportedly remains cubic down to 5 Consistent
T T T T with this observation, we find no definitive evidence of a
: structural transition in the temperature range <30
125 | <400 K. On the other hand, a macroscopic ferroelectric
Watertal state can be established in PMN by cooling it in a moderate
o 100 411 — 111 (E=1.7 kV/cm) applied electric field. The induced polariza-
% tion then vanishes upon warming abovg=213 K as a first-
E order phase transitiohTo date, the aforementioned reap-
N,B 5 pearance of the zone-center TO mode, which also coincides
E 50 . go ) with the_: disapp_earance of the TA—phonon broad_eﬁi'r&agthe_
= ' - most direct evidence of ferroelectric ordering in zero field
95 ‘\ 2 =~ associated witfT ;. Other anomalies have also been reported
T 1 nearT., such as the sharp peak in the temperature depen-
. dence of the hypersonic damping reported byetal* and
0 4(;'0 500 800 1000 120% the abrupt change in the thermal expansion of the lattice

parameter observed by Dkhit all® To pursue this issue

more carefully, we looked for subtle structural changes near
T. by employing a tighter sequence of horizontal collima-
Ctions (40-10'-S-10'-80") to improve the instrumentat|

Temperature (K)

FIG. 1. ()Temperature dependence of the (2,0,0) zone-cent

TO-phonon linewidthl';. Above Ty I'y increases gradually with resolution. Figure 2 shows the temperature dependence of
decreasing temperature, whereas beluvit decreases rapidly. For -9 p P

temperatures betwe€l, and Ty it is impossible to determine the the (2,0,2) Brag_g peak width along th@ [101] (longitudi-
linewidth due to the overdamped nature of the TO mode. Solid line1a@l) and (b) [101] (transversgdirections. If PMN were to
are guides to the eyéb) Temperature dependence of the (2,0,0) transform from a cubic to a rhombohedral structure, then the
zone-center TO-phonon energy squaréeg)? from Ref. 13. The  (2,0,2) Bragg peak would split along the longitudinal direc-
dotted line shows the Curie-Weiss behavior of the dielectric contion. However, we observed neither a splitting nor a broad-
stant 1£xT—T, with To=400 K reported by Viehlanét al. ening of the (2,0,2) Bragg peak alof@01]. Figures 2Zc)

and Zd) show longitudinal scans of the (2,0,2) Bragg peak
this might closely relate to the uniform phase shift reportedneasured at 300 and 50 K. The peak width is almost resolu-
by Hirota et al.** tion limited for 50<T<300 K. Instead, we observed a
small, but clear, jump in the transverse widthTat which is
shown in Fig. 2b). However, we did not observe a corre-
sponding enhancement of the peak intensity bélwhat is

Single crystals of PMN were grown using a top-seededyormally expected at a structural phase transition due to the
solution method with PbO as flux. Two crystals were chosenglease of primary extinction.

for the neutron scattering experiments. One has a volume of
0.09 cnt and a mass of 0.74 g, and the other has a volume of
0.40 cn? and a mass of 3.25 g¢the density of PMN is
8.13 g/cni). Since both samples show quantitatively similar  The neutron inelastic scattering technique provides a di-
results, we will not distinguish between the two samples inrect measure of the scattering functi®(q, ), as this is
this paper. simply related to the experimentally measured scattering
Our neutron scattering experiments were performed at theross section. More importanth(q,») is related to the

BT9 triple-axis spectrometer located at the NIST Center fOﬁmaginary part of the dynamic Susceptib”m’/(q’w) via the
Neutron Research. Th@02) reflection of highly oriented fluctuation-dissipation theorem

pyrolytic graphite(HOPGQ crystals was used to monochro-
mate the incident neutron enerdy; and to analyze final S(9,0)={1+n(w)}x"(q,0), @
neutron energye;. The data were taken with a fixed final

energyE;=14.7 meV (=2.36 A) and horizontal collima- wheren(w) is the Bose factorg”’*eT—1)~1. By choosing
tions of 40-40'-S-40'-80' (S denotes samplebetween the scattering vecto@=G+q, whereG is a reciprocal lat-

Il. EXPERIMENTAL DETAILS

IIl. MODE-COUPLING MODEL CROSS SECTION
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00s PMN:(2,0,2) Ef=14.7meV, 40-10-10-80 2x0105 PMN : T = 690 K Ef=14.7meV, 40-40-40-80
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FIG. 2. Temperature dependence of the (2,0,2) Bragg peak line- % 200 :
width measured along th@) [101] (longitudina), and (b) [101] = !
(transversgdirections. If the system transforms from a cubic to a
rhombohedral phase, then the (2,0,2) peak should split along the 100 |
longitudinal direction. Instead, only the transverse scan shows a
clear change nedf.. For ease of comparison, panéts and (d) 0
show the (2,0,2) line shape measured along the longitudinal direc- 0 4 8 12 16
tion at 300 and 50 K. The solid bars represent the instrumental Fio (meV)

longitudinal g resolution.

FIG. 3. Constan scans measured &) Q=(2,0,—-0.2) and
tice vector andy is a phonon wave vector, one can measurelb) Q=(3,0,-0.2) at 690 K. Solid lines are fits to the mode-
the phonon dispersions in different Brillouin zones. The meacoupling function convoluted with the instrumental resolution func-
surements reported here were made Gat(2,0,0) and tion. AnegativeF;F, is used for (2,07 0.2) while a positiveF; F,
(3’010) However, a model Cross Sect|on |S requ"'ed |n Ordeis used for (3,0T 02) Although the Scattel’lng IntenSItIes from the
to extract meaningful parameters from the measurementg,A modes peak _atdlfferent frequencies, the fits yield the same value
and to correct for the effects of the instrumental resolutionfor 22=4.2 (as is requirey as We”2a3 the same value for=17.

The form we chose foiS(q,w) is discussed by Harada Note that the.T,.’-\ structure factoF,| at (3,0~ 0.2) is~100 times

et 11 and periains (0 & ystem n which a couping exstSET 147 L1231 (20:0.2) T et shows tapperniono:
between two vibrational modes. In this case we have position. The TA modes at (34), appear systematically at lower
frequency than do those at (19,

w
S(g,0)={1+n(w)}5———{[(Q5~ w?)B-T,A]F?
A+ 0B IV. NEUTRON SCATTERING EXPERIMENTAL RESULTS
+2\BF;F,+[(Q5—w?)B-T,A]F3}, 2 A. Phonon profiles at 690 K

where Substantial differences between the phonon profiles ob-

tained in the (2,@) and (3,0q) Brillouin zones are apparent

A=(Q2— 0?)(Q3— w?) — 0T T,—\?, (3)  inFig. 3, which displays typical data sets fpr= —0.2 mea-

sured at 690 K. A major difference is that the scattering
B=F1(Q§fw2)+F2(Q§fw2). (4) associated with the TA phonon appears to peak at different

energies, i.e., the TA energy seems lower at (3M2) than
The model paramete@, T', F, and\ represent the phonon itis at (2,0,-0.2). This difference is systematically observed
frequency, damping, dynamic structure factor, and couplingt differentq positions as shown in the inset of Fig. 3, where
constant, while the indices 1 and 2 denote the TO and TAhe apparent TA-phonon energies obtained from the peak po-
modes, respectively. Hereafter, we shall refer to this as thsition are plotted as a function af in the (200) and (300
mode-coupling(MC) function. This function shows larger zones at 690 K. The solid lines are merely guides to the eye.
coupling effects the closer the TO and TA frequencies beAs is clearly seen, the TA mode energies in {880 zone
come, or the more heavily damped either mode becomes. lare consistently lower than those (200 at all values ofg
the Appendix we identify several important features of thestudied. Of course, for a crystal that possesses true long-
MC function that can produce large differences in the pho+ange translational order, all phonon energies in different
non profiles. Brillouin zones must be identical.
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TABLE |. Parameters obtained from the fit of the 690 K data to PMN : T = 690 K Ef=14.7meV, 40-40-40-80
the MC function. y ¥ y -
(a) Q=(3,0,-0.12)
Q Q. Q, Ty T, [Ff [Fy A 400 iy TA T
(2,0-0.2) 10.85 4.30 6.10 0.79 270 131 17.4 \ l

obtain the same TA-phonon ener@)y, for each zone. This
occurs because for positive,F, the spectral weight of the 400
TO mode increasingly shifts to the region below the TA
mode energy(), with increasing TO mode damping;,
whereas for negativeé ;F, this spectral weight shifts to the
region between the TO and TA mode energies. Thus the MC 0 0 4 8 12 16
function produces a highdlower) apparent TA phonon en- fio (meV)

ergy for negativepositive F,F,, even though, is always

the same. Further details are given in the Appendix. The fits g 4. Constan® scans measured &) Q=(3,0,~0.12) and

to the MC function include an additional Gaussian cOmpo-) Q= (3,0,-0.08). Solid lines are fits to the mode-coupling func-
nent, which is used to describe the elastic incoherent peak gbn convoluted with the instrumental resolution function. Here
fiw=0. The fitted curves are shown in Fig. 3, where ther F, was chosen to be positive for both scans. All parameter values
solid and dashed lines correspond to the MC and Gaussiadte listed in Table I.

functions, respectively. The fitting parameters are listed in

gab_le (Ij Itfis satishfyin%]_ to nc;tebthar: thﬁ valuzeggﬁzr and Fd Features similar to those discussed above are also found
erived from the fits of both the (280.2) an in the phonon profiles at smalleg. Data taken at

(3,0,—0.2) phonon pro_fi'les agree quite well, even thoughthe(3,0,_o'12) and (3,0;0.08) are shown in Figs.(& and
apparent T’.A‘ peak pos[nons are different. 4(b), along with the fits to the MC function. As before, the
Anoth_er important difference petween t#90) and(300 solid and dashed lines correspond to MC and Gaussian func-
Zones 1S that the dynam|c structure  factgiF | tions, respectively. The fitting parameters are listed in Table
at (3,07-0.2) is about ten times smaller than that for (2,0,|' The coupling constant was determined such thét, and
—0.2). This fact is readily confirmed since, for wave vectorsQ2 are equal in each zone. At smaller the parametef
close to the zone center, the ratio |67, in two different )0 6q |arger, meaning that the TO mode is more heavily
zones should agree with that fgFy|, the nuclear static yamped. This is consistent with the “waterfall” picture. We
structure factor. This is given by have thus shown that the phonon profiles in both (@@0)
and (300 Brillouin zones can be explained satisfactorily by
_ 10-di —W: the MC function at allg. However there is still an open
FN(Q)_EJ-: bjeQ e ®) question. While we know that decreases at smallgr we
do not yet have a specific model that describesgtlepen-
whereb;, d;, ande™"i are the neutron scattering length, dence ofA.
atomic coordination vector, and the Debye-Waller factor for
the jth atom, respectively. In fact, this formula gives _
|F(200)|/|F(300) = 11.2, which is in excellent agreement B. Temperature dependence of the phonon cross section
with the value |F,(2,0,-0.2)|/|F,(3,0,-0.2)|=12.0 ob- To check the consistency of our model, we have analyzed
tained from the fits. This implies, however, that the actualthe TA-phonon profiles at (3,0,0.2) at different tempera-
intensity of the TA mode at (3,06,0.2) (which is propor- tures. Before showing the results for (3;@.2), we first
tional to|F,|?) should be over 100 times smaller than that atpresent the temperature dependence of the phonon profiles
(2,0-0.2). Yet the TA peak is clearly visible at obtained at (2,0;0.2). These are displayed in the left panel
(3,0,—0.2). This can also be explained by the MC function, of Fig. 5 at(a) 700 K, (b) 500 K, and(c) 290 K. Each profile
since the intensity of the TO mode is transferred to the TAhas been fitted to a resolution-convoluted MC function plus a
mode due to the coupling, which in turn produces an enGaussian centered &tw=0 with F{F,<<0. The fitted pa-
hancement of the TA cross section. This feature is also derameter values are listed in Table Il. Consistent with the re-
scribed in more detail in the Appendix. sults of the previous sectioh4|/|F,|~2 at 700 K, and is

(3,0-0.2) 1092 420 6.05 195 270 109 174 ’E
(3,0,-0.12) 9.05 267 7.77 069 257<05 7.21 ‘E 200
(30-008) 876 192 131 003 313 064 188
@
C
When fitting these phonon profiles with the MC function, 3 0
we found that a change in the sign of the product of the ©
dynamic structure factors,F, can reconcile the discrepan- 2 800F H'TA T
cies in the TA-phonon peak position. Specifically, if we set & ‘=
F,F,<0 for (2,0~0.2) andF,F,>0 for (3,0-0.2), we ) !
= '.
\
i
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PMN:(2,0,-0.2) PMN: (3, 0,-0.2) TABLE II. Parameters obtained from the fit of the data in Fig. 5
100 14.7 meV, 30-30-48-60 600 ?14.7 meV, 40-40-40-80 to the MC function.
@ 700 K mo @
80 » }ﬁ% | s70k Q T(K) Q1 Q Iy Tp [Fy| [Fl
! (2,0-0.2) 700 111 4.60 524 124 105 565 17.4
! 500 11.1 445 6.07 1.70 125 6.07 16.8
200 290 120 490 596 152 115 6.04 17.9
Ooc (3,0-0.2) 570 11.2 390 6.00 2.89 121 0.78 17.4
. 350 11.2 429 6.00 481 140 0.82 174
- s 0
E ‘€ ? ? (e)
?2 ?} 400 ,.' %lTA 350 K at (3,0~ 0.2) that is qualitatively similar to that observed at
S £ I (2,0,—0.2). Thus, the temperature dependence of the phonon
§ § ’ profiles is consistent with the mode-coupling model. How-
> > 200 ever we did not obtain a clear TA phonon peak at 50 K.
@ ‘3 Instead, the solid line shown in Fig(f5 represents the pro-
2 g‘f; file that would be expected for the TA mode assuming the
- £ O same parameters as those obtained from fits to the 570 K
I: E {f data. The agreement between the data and fit in this case is
w0l | | 50 K quite good.
1 1
'.: % C. Dynamic structure factor of the TO phonon
200f ||

The ratio of the dynamic structure factors that govern the
transverse optic phonon intensities in different Brillouin
zones depends on the associated atomic vibrational displace-
ments. Two of the most important atomic vibrational modes
are those proposed by Slater and Last, and are discussed by
Haradaet al® The Slater mode corresponds to atomic mo-
tions in which the oxygen and Mg/Nb atoms move in oppo-
panel shows TA-phonon profiles measuredat (3,0 0.2) at(d) sition while the Pb atoms rem_ain stationary. The Last qu_e
570 K, (€) 350 K, and(f) 50 K. The lines, except those shown(fi corresponds to opposing motlons'of the Pb atoms Qnd. rigid
represent fits to the resolution-convoluted MC function plus a(MY/Nb)Qs octahedra. The dynamic structure factor is given
Gaussian function centered &to=0. The solid and dashed lines DY
correspond to the MC and Gaussian cross sections, respectively.
The solid line in(f) is an MC cross section using the same param-
eters as those obtained (d).

5

0 4 8
Hiw (meV)

FIG. 5. The left panel shows phonon profiles measure at
=(2,0,-0.2) at(a) 700 K, (b) 500 K, and(c) 290 K. The right

Fm:; [Q- &]b;e'® die™ W), (6)

almost independent of temperature down to 290 K. Similarly,vhere & is the normalized displacement vector for tita
Q4, Q,, andX are also independent of temperature. On theatom. Assuming only the Slater and Last modes are signifi-
other handI', (the TA mode linewidthis larger at 500 and  cant, then& can be written in terms of the atomic displace-
290 K, which is consistent with the TA linewidth broadening ment vectors for the Slatessg) and Last §,) modes, and
below T4 reported in Ref. 7. The linewidth of the TO mode the paramete$, which is a measure of the relative contribu-
I'y is also slightly broader below 700 K. tions of the Last and Slater modes, as follows:

The right panel of Fig. 5 shows the temperature depen-
dence of the TA phonon fo®=(3,0,—0.2) measured dtl) £=51+Ss,. (7)
570 K, (e) 350 K, and(f) 50 K. Because these data do not
include the TO mode, the profiles for 570 and 350 K wereFor PMN, Hirotaet al** calculated the value dfF | for
fitted fixing Q,=11.2, I'y;=6, andA=17.4, while F;F, —0.5<S<2 at(200), (300, and(110 as shown in Fig. 6 of
>0. Consequently, the uncertainties associated with the paRef. 11. Our result ofF;(200)|/|F,(300)|~ 1 obtained from
rameters in this zone will be larger. Values for the fittedour fits to the MC function is consistent with the valSe
parameters are listed in Table II. From this analysis we find=1.5 determined by Hirotat al. As an additional check, we
that the ratio|F,(200)/|F,(300)|~1. Since the nuclear measured the TO cross section at 80 K at several zone cen-
structure factor calculations implyF,(200)//|F,(300)  ters in thelhhl] zone. Because the TO cross section at 80 K
~10, and we know thatF,(200)|/|F,(200)~2, we can is greatly diminished by the Bose factor, we were unable to
estimate thatF,(300)|/|F,(300)~20. This agrees reason- perform a quantitative comparison of the phonon intensities
ably well with the fitted ratiF,|/|F,|~ 16 at both tempera- to the dynamic structure factors using E6). However, we
tures, and represents a reassuring self-consistency check fofd that the TO-phonon cross section at (111) is quite
our model. Moreover, a broadening of the TA mode is foundsmall. This observation agrees qualitatively with the calcula-
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tions of Hirota etall using S=1.5 for which is expected to be extremely weak as a result of a small dy-

|Finel(111)|%/|Fine(200)/2=0.14. namic structure factor. Their analysis uses a function that
couples the TO and QO modes and neglects the TA cross
V. DISCUSSION section because it was expected to be w&aBut as dem-

_ ) _ onstrated in Fig. ®) and in the Appendix, the coupling be-

In the previous section we presented our mode-couplingyeen modes greatly enhances the TA-phonon cross section
analysis and demonstrated that the characteristic features pf spite of the small structure factor. Thus the TA mode is not
the phonon profiles in PMN can be explained by a couplinghegligible. The data taken by Vakhrushev and Shapiro
between the TO and TA modes, without need for any addishow peaks that are completely identical to the TA peaks we
tional mode. This fact implies that the TO mode we observeypserve. For example, they observe a peak-atmeV at
is the ferroelectric soft mode. However our interpretation(3,olo75’0 at 880 K(Fig. 3 in Ref. 17, which is completely
conflicts with the model proposed by Naberezhrehal?  consistent with the TA peak we observe in Figh) Another
and later refined by Vakhrushev and Shapfrayhich re-  gata of the identical sample at (30.1,0) at 880 K is also
quires an additional soft mode. To reconcile these two mOdpuinshed in Fig. 3 of Ref. 4. However, these peaks were
els, we made a careful Comparison of their data with OUrSyreated as a “Bragg taif® in the analyses of Ref. 17. Again,
We find that, where there is overlap, the data agree quitghe TA cross section is enhanced by the coupling and there-
well, and that only the interpretations are different. In thisfgre one cannot neglect the TA cross section even though the
section, we attempt to explain the possible reasons for thigiycture factor for the TA mode in tH800) Brillouin zone
difference. is very small. Our model of coupling between TA and TO

modes describes all of the characteristics of the phonon pro-
A. Naberezhnov-Vakhrushev branch files and thus removes the need for an additional QO branch.

In 1999 Naberezhnoet al. published an extensive study
of the lattice dynamics of PMKThey observed well-defined B. Dielectric constant
TA and low-lying TO modes in the vicinity of the220) zone Because the QO mode is an artifact of the mode-coupling
center at 800 K. Surprisingly, they found that the structure;yqss section, the Curie-Weiss behavior of the static dielec-
factors of the TO modes are inconsistent with those derivegjc constant must come from the softening of the zone-

from the diffuse scattering intensities reported earlier by Vaenter TO mode. Therefore this TO mode is the ferroelectric
khrushevet al®*° This conclusion was based on the fact thatgoft mode. In fact. the zone-center TO mode measured at

the normalized displacements for the [Ri{Pb)=1.00, Mg (200) exhibits a significant temperature dependence as
or Nb [§(MN)=0.18], and oxygen atoms[6(0)  shown in Fig. 1, and the linear temperature dependence of
= —0.64], determined by Vakhrushest al.™ do not satisfy (7,12 shown in Fig. 1b) is qualitatively similar to that
the center-of-mass condition. Naberezhrenal. noted that - gpserved in conventional soft-mode ferroelectrics, such as
the center of mass of the unit cell is shifted from its original PbTiO;.?* However, the temperature dependencefobg)?

position, and thus cannot correspond to optical lattice vibray, Fig. 1(b) does not satisfy the Lyddane-Sachs-Telle8T)
tions. They attributed this shift to the slow relaxation of su-g|ation

perparaelectric clusters. They therefore concluded that the

observed low-lying TO mode could not be the ferroelectric 1/ex(fhwg)?, (8

soft mode. Instead they identified it as a hard TO1 mode. A L .

squasioptic” (QO) mode was derived by fitting the TA pro- where e represents the staz'glzc dielectric constant. Measure-

files at the(200) and (110 zones to a function that couples ments ‘?ff by_\ﬁehlandet al: _f_or TBGO.O K show that t.he

the TA and QO modes, and this QO mode was identified agtatlc dielectric constant exhibits a Curie-Weiss behavior

the soft mode. However, the inconsistency between the struc- ex1(T—To), 9)

ture factors associated with the diffuse scattering and the TO

mode has since been resolved by the “phase-shifted corwith To=400 K, which is shown by the dotted line in Fig.

densed soft mode” model proposed by Hiretaal 1! Hirota ~ 1(b). On the other hand, a linear extrapolation #fu()? for

et al. realized that the atomic displacements can be separatdd™> T4 givesTo~0 K. This was pointed out by Vakhrushev

into two components: a uniform phase shiff;s=0.58, and and Shapiro in Ref. 17. We have since reanalyzed the data

displacements that do satisfy the center-of-mass conditiordnd confirmed that the temperature dependenceiafy)?

namely &, (Pb)=0.42, 6. n(MN)=—0.40, andés,,(O) indeed follows the solid line shown in Fig(d.

= —1.22. Moreover, these center-of-mass displacements are Vakhrushev and Shapiro found tHgfl (T) for T>T, var-

consistent with the observed phonon cross section in thdes asT—T, with To=340 K, wherel (T) is the integrated

they correspond to a TO mode that is a mixture of Slater anéhtensity measured at (3,0,0) over the energy rangé: &

Last modes in the rati®=1.5. Thus, the “phase-shifted <12 meV. We have performed a similar analysis on our data

condensed soft mode” model is able to reconcile the intenmeasured at th€200 zone center, which shows well-defined

sities of the TO phonon and diffuse scattering, and demonTO peaks. We fit th&¢200) zone center phonon profiles to a

strates that the diffuse scattering originates from the conderfesolution-convoluted cross section composed of a Gaussian

sation of the soft TO mode. component to describe the elastit{=0) scattering plus a
Vakhrushev and Shapiro have since analyzed the phonaiamped harmonic oscillator function to describe the TO

profiles in the(300) zone where the TA-phonon cross section mode. The fits to the data at 1100 and 700 K are shown in the
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| W | | | FIG. 7. Mode-coupling profiles as a function bf, with (a)

0 . "
0 200 400 600 800 1000 1200 FF,=-2 (negatlve),. and(b) F,F,=85 (positive. The other pa-
Temperature (K rameters were held fixed at the valdes= 11_, 0,=4,T,=1, and
P K) N=20, which correspond to those obtained for (2,0,2) and
FIG. 6. Temperature dependence of the inverse integrated intert3,0,~ 0.2). For negativés,F,, the spectral weight of the damped
sity of the zone-center TO phonon. The inset shows TO-phonod © mode shifts toward the region between the TA and TO modes,
profiles measured at 1100 and 700 K. The solid and dashed linédd causes the apparent TA peak position to move to higher fre-
correspond to a damped harmonic oscillator description of the Tcluency. On the other hand, for positiFgF,, the spectral weight
mode and a Gaussian form centeredfan,=0, respectivelysee  tends to shift towards the elastié ¢ =0) position, and this causes
text). The inverse integrated intensities are calculated from a nuthe a@pparent TA peak position to move to lower frequency.
merical summation of the TO spectral weight corrected for the Bose
factor. The high-temperature dafét 800 K) agree with the Curie-  eyplanation for the origin of the phase-shifted condensed soft
:_Ne'sf behhgv;]orlgnea}su$d byt:/|eh1l_aed2(l).b S}EOW” by the dotted  n4e model of the PNR proposed by Hiragal X If cor-
o8 — = . .
Ine, for whic ( o), WhereTo ' rect, this concept may be the key to understanding the fun-
_ ) o damental mechanism underlying the unusual relaxor behav-
insets to Fig. 6. The solid lines represent the damped hagg; \we have not as yet established a definite connection
monic oscillator component. We next evaluated the Bosepeatween such a soft coupled TO mode and the phase-shifted

factor-corrected integrated intensity for the damped harg,ngensed soft mode. However, this is one of our future
monic oscillator component by numerical summation. Figure oo i

6 shows the temperature dependence of the inverse inte-
grated intensity so obtained. The high-temperature data agree
with the Curie-Weiss behavior of d/reported by Viehland

et al. with To=400 K, which is shown as a dotted line in
Fig. 6.
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APPENDIX Mode-coupling function

The phonon cross sections presented here have all been —~ 20
fitted using the MC functiofEgs.(2), (3), and(4)] given by
Haradaet al*? In this appendix we present several important
features of the MC function that give rise to large differences
in the phonon profiles measured in different Brillouin zones.

The effects of coupling can vary substantially when the
sign of F1F, is changed. Figure 7 shows the cross sections
calculated using the MC function. The product of the two
dynamic structure factors;F, was set to be-2 (negative
for Fig. 7(a), and 85(positive for Fig. 7(b). In both figures
three cross sections are plotted foy=12, 8, and 4, while
the other parameters are fixed B690 K, ;=11 meV, . . .
O,=4 meV,I',=1 meV, and\ =20. These parameters are 8 12 16 20
approximately the same as those for obtained from fits to fio (meV)
data measured fo=(2,0-0.2) and (3,0;0.2). The in-
tensities have been normalized so that the integrated cross FIG. 8. Mode-coupling profiles as a function »f Values for
section is kept constant. The TO-phonon cross section fathe other parameters were held fixed(=10, Q,=3, I';=8,
negativeF,F, shifts increasingly to the energy region be- I';=1, andF,/F,=24, which correspond approximately to those
tween the TA and TO modes with increasifig. On the  obtained atQ=(3,0,-0.12) in Fig. 4a). Part of the TO-phonon
other hand, the TO-phonon spectral weight shifts to the enintensity is shown to transfer to the TA mode as a result of the
ergy region below the TA mode nedrw=0 for positive _coupli_ng, and results in a substantial enhancement of the TA mode
F,F,. Because of this, the apparent TA peak position tendgensity.
to shift to higher energy for negativie;F,, and to lower
energy for positivéd=,F,. Thus, a change in the sign BfF, 0,=3,1'1=8,I',=1, andF, /F,=24. Again the cross sec-
causes the apparent TA peak position to shift in differentions have been normalized to keep the integrated cross sec-
directions. tion constant. As a result of the coupling between modes, the

Another important effect of the mode coupling is shownTO cross section is partially transferred to the TA cross sec-
in Fig. 8, which displays MC cross sections fox=0, 5, and  tion. With sufficiently large values of, a remarkably large
10. The other parameters are fixedTat 690 K, (1;=10,  enhancement of the TA peak can occur.
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