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Neutron inelastic scattering measurements of the polar TO phonon mode in the cubic relaxor 
Pb(lMg1,sNb2,s)03, at room temperature, reveal anomalous behavior similar to that recently ob- 
served in Pb(Znl/sNb2,s)0.92Ti0.0d0s in which the optic branch appears to drop precipitously into 
the acoustic branch at a finite value of the moment,um transfer q = 0.2 A-‘, measured from the 
zone center. By contrast, a recent neutron study indicates that PMN exhibits a normal TO phonon 
dispersion at 800 K. We speculate this behavior is common to all relaxor materials, and is the result 
of the presence of nanometer-scale polarized domains in the crystal that form below a temperature 
Td, which effectively prevent the propagation of long wavelength (q = 0) phonons. 

I. INTRODUCTION 

In the past year two neutron inelastic scatter- 

ing studies have been carried out in an att,empt 

to elucidate the nature of the lattice dynamics in 

the relasor-based systems Pb(Mg1,3Nb2/3)03 (PMN) 

and Pb(Znl,3Nb2,3)o.s2Ti0.0803 (PZN-8%PT) which 
have the complex perovskite structure A(B’B”)Os and 
,!(B’B”B”‘)Os. respectively [1,2]. Of part,icular interest. 
to both st,udies was the soft phonon mode t,hat. is ubiq- 
uit,ous in ferroelectric and perovskite systems. The dis- 
placive phase transition in classical ferroelectric systems 
such as PbTiOa, which has the simple ABOs perovskite 
structure, is driven by the condensation or softening of 

a zone-center transverse optic (TO) phonon, i. e. a “soft 
mode,” t,hat transforms the system f?om a cubic para- 
elect,ric phase t,o a tetragonal ferroelectric phase. Direct 

evidence of this soft mode behavior is easily obtained 
from neutron inelastic scattering measurements made at 

different temperatures above the Curie temperature T,. 

The top panel of Fig. 1 shows, for example, the phonon 
dispersion of the lowest-energy TO branch in PbTi03 
(PT) at 20 K above T,. Here one can see that the zone 
center (C = 0) phonon energy has already dropped to a 

very low value of 3 meV [3]. As T -+ T,, the soft mode 
energy liti, 0: (T - T,)‘i2 --+ 0. 

By contrast; the so-called “relaxor” systems possess a 
built-in disorder that stifles the ferroelectric transition. 
Inst,ead of a sharp transition at T,, one observes a dif- 
fuse phase transition in which the dielectric permitt,ivity 

t exhibits a broad maximum as a function of temperature 
at, a temperature T,,,,. The disorder in relaxors can be 
either compositional or frustrated in nature. In the case 
of PMN and PZN (Z = Zn), the disorder results from 
the B-site being occupied by ions of differing valence (ei- 

ther Mg2’ or Zn2+; and Nb’+). Hence the randomness 
of the B-site cat.ion breaks t,he translational symmet,ry of 

the crystal. Yet. despite years of int.ensive research, the 
!)hvsics of the observed diffuse phase transition is st,ill 

not well understood [4*]. Moreover, it is interesting to 
note that no definitive evidence for a soft mode has been 
found in these syst,ems. 

PbTiO 

T=dooK 

Fig. 1. Top - Dispersions of the lowest-energy TO mode 

and the TA mode in PbTiOs, measured just above Tc (from 

[3]). Bottom - Dispersions of the equivalent modes in F’hlS 

mca.wrtd far above CC,,, (from 111). 
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In a series of papers published in 1983, Burns and Da- 
co1 proposed an elegant model to describe the disorder 
i:ntrinsic to relaxor systems [7]. Using measurements of 
the optic index of retiaction on both ceramic samples 
cf (Pbl_g,,nLa,)(Zr,Til_y)03 (PLZT) as wzll as micro- 
scopically homogeneous single crystals of PMN and PZN 
[7], they demonstrated that a randomly-oriented local 
polarization Pd develops at a well-defined temperature 
12, often referred to as the Burns temperature, several 
hundred degrees above the apparent ferroelectric transi- 
tion temperature T,. The spatial extent of these locally 
polarized regions in the vicinity of Td was conjectured to 
be N several unit cells, and has given rise to the term 
“polar micro-regions,” or PMR [8]. For PMN, the for- 
rnation of the PMR occurs at - 617 K [7], well above the 
temperature T,,, = 230 K where t,he dielectric permit- 
tivity reaches a maximum [l]. Recently, using neutron 
inelastic scattering techniques, we have found striking 
t.nomalies in the lowest,-energy TO phonon branch (the 
same branch that, goes soft at at the zone center at T, in 
I’bTiOs) that, we speculat,e are directly caused by these 
Same nanometer-sized PMR. 

II. SEARCH FOR A SOFT MODE TN PMN 

Our phonon measurements on relaxor systems began 
with PMN at the NIST Center for Neutron Research 
(NCNR) in 1997. At that time many diffuse scattering 
studies of PMN using X-rays and neut,rons had already 
been published [9,10]. However, there were no published 
neutron inelastic scattering measurements on PMN until 
the 1999 phonon study by Naberezhnov et al [l]. The 
bottom panel of Fig. 1 shows neutron scattering data 
taken by Naberezhnov et al. on PMN exactly anaiogous 
1.0 that shown in the top panel for PbTiO3, except that 
t,he PMN data were taken at 800 K, a temperature that 
is much higher relative to the transit,ion temperature of 
PMN, i. e. - 570 K above T,,,. 

The neutron scattering measurements presented here 
were performed at the NCNR using both the BT2 and 
13T9 triple-axis spectrometers. The (002) reflections of 
highly-oriented pyrolytic graphite (HOPG) crystals were 
used to both monochromate and analyze the incident and 
r+catt,ered neutron beams. An HOPG transmission filter 
was used to eliminate higher-order neut,ron wavelengths. 
1:nclastic mcasurcmcnts wcrc made by holding the final 
neutron enerm Ef fixed at 14.7 meV (Xf = 2.36 A) while 
lrarying the incident, neutron energy E;. Typical hori- 
::o&l beam collimations used were 60’-40’-40’-80’ and 
40’-48’-48’-80’. The single cryst.al of PMN used in t,his 
:;t,udy measures 0.5 cm3 in volume, and was the identical 
crystal used by ?;aberezhnov et u.1. It was grown using 
I he Chochralsky technique described elsewhere [ 11. The 

crystal was mounted onto an aluminum holder and ori- 
ented in air with the either the cubic [ilO] or [OOl] axis 
vertical. 

We used two types of scans to collect data. Const,ant 
enera (constant-E) scans were performed by keeping the 
energy transfer hw = AE = Ef - Ei fixed while varying 

the momentum transfer d. Const,ant-@ scans were per- 
formed by holding the momentum transfer 0 = k; - & 
(k = 27r/X) fixed while varying the energy transfer AE. 
Using these scans, the dispersions of both the trans- 
verse acoustic (TA) and the lowest-energy transverse op- 
tic (TO) phonon modes were mapped out at, room t,em- 
perature (still in t,he cubic phase. but well below the 
Burns temperature 2-d N 617 K). 
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Fig. 2. Solid dots represent positions of peak scattered neu- 
tron intensity taken from constant-a scans at 300 K along 
the [OlO] symmetry direction. Vertical bars represent phonon 
FWHM linewidths in meV. Solid lines are guides to the eye 
indicating the TA and TO dispersion curves. Shaded area 
represents region of TO dispersion where constant-a scans 
showed no well-defined peaks. 

In Fig. 2 we plot the positions of t&he peak in the 
scat,tered neutron intensity taken from const,ant.-d scans 
at 300 K as a function of IG and 14 = 1:. Here 
g = Q’- 6 is the momentum transfer measured relative to 
the G’ = (2.0.0) BraE. reflect,ioll along the [OlO] s,vxnme- 
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try direction. Limited data were also taken near (3,0,0). 

The lengths of the vertical bars represent the measured 

phonon peak FWHM linewidths (full width at half max- 
i.mum) in fw (meV), and were derived from Gaussian 

least-squares fits to the co&ant-o scans. The lowest- 
energy data points trace out t,he TA phonon branch along 
[OlO], and solid lines have been drawn through these 

points as a guide to the eye. We see that the TA disper- 

sion curve is identical to that shown for PMN at 800 K 

i.n the bottom panel of Fig. 1. 

PMN at 300 K 

AE tmeW 
Fig. 3. Data from constant-G scans taken near (2,0,0) at 
300 K. Lines are guides to the eye. The scan at q = -0.2 
1.1.~. shows well-defined TA and TO modes But at q - -0.1 

r.l.u., only the TA peak is well-defined. The TO mode is 

s.trongly overdamped. The inset, however, shows data taken 
on the same crystal at the same q at 880 K in which the TO 
mode is clearly well-defined (from [ 111). 

It is also clear from the dispersion diagram presented 
in Fig. 2 that our room temperature data show the same 
TO1 modes at high q as those reported at 800K by 
Naberezhnov et a.1. However the scatt,ering int,ensit,ies for 
t.his mode for small q 5 0.15 r.1.u. were scarcely above 

background at (2. q, 0) as wclll as at. (3: q, 0). This is ev- 

ident in Fig. 3 where t,wo const,ant,-C) SC’UXS. taken near 

(‘2.04) at 300 K. are shown. For q = -0.2 r.1.u. (1 r.1.u. 
:= 27i/a = 1.553 _A-‘). we ob%:rve t%‘cJ well-d&&d peaks 

corresponding to scattering from the TA and TO modes. 

But for q = -0.1 r.1.u. only the TA mode is well-defined. 

The TO mode scattering is weak and broadly distributed 
in q. By contrast, the inset of Fig. 3 shows a very promi- 
nent peak in the scattering from the TO mode at the 
same q (-0.1 r.1.u.) taken on the same crystal (data from 
[ll]. The only difference was that these data were taken 
at much higher temperature, i. e. 8bO K. These data re 

mained a puzzle as we could not locate where the scat- 

tering intensity had gone, and we were forced to abandon 

our search for the soft mode for the time being. 

III. THE MORPHOTROPIC PHASE BOUNDARY 
AND PZN-8%PT 

Our phonon studies of relaxor single crystals were sub- 

sequently resumed two years later from a very differ- 
ent perspective. The nearly vertical morphotropic phase 
boundary (MPB) in Pb(Zrl_,Ti,)03 (PZT), which sep 

arates t,he rhombohedral and tetragonal regions of the 
PZT phase diagram near a Ti concentration of 50%. 

had recently been reinvest,igated by Noheda et al [12,13]. 
There they found a previously unknown monoclinic phase 
above 300 K that. separates the t,et,ragonal and rllom- 
bohedral pha.ses. This was an exceedingly important 
discovery, and was extensively discussed in this confer- 
ence [14], because the monoclinic phase forms a nat,ural 
bridge bet,ween the t,etragonal and rhombohedral phases. 
and sheds new light on possible explanations for the en- 
hanced piezoelectric properties observed in PZT ceramics 
for compositions that lie close to the MPB. 

Motivated by this result, Gehring, Park and Shirane 
realized that a very similar MPB boundary exists in 

(1 - x)PZN-xPT around J: = 0.08 [2]. These are solid 
solutions which exhibit even greater piezoelectric proper- 
ties than are obtained in PZT ceramics. Moreover, unlike 
the case of PZT, they can be grown into large high qual- 
ity single crystals, ideal for neutron inelastic scattering 
studies. The soft phonons in PbTi03 (PT) had already 
been t,horoughly characterized by Shirane et al [3]. Hence 
t,heir idea was to study the phonons in (1 - z)PZN-xPT 
at higher 2, say 20% PT, and then trace the evolution 
of the transverse optic modes to 8% PT and PZN as a 
function of 2. In this way it was hoped that the scat.ter- 
ing associat,ed with the missing optic branch at small q 
for PMN could be locat,ed. 

The neutron inelastic measurements on PZX-8%PT 
were performed at 500 K. Bp employing a combination 
of both constant,-0 and constant-E scans, an anomalous 
enhancement of the scat,tering cross section was discov- 
ered between 0.10 r.1.u. < 14 < 0.15 r.1.u. [2]. This 
enhancement was locaated at, a fixed q relative to the zone 
cemer. and was energy independent over a large range of 
encro transfc‘r cxtcnding from 4 meV to 0 ineV. 1Vhcn 
piotrccl in tl,c form of a “dicpt~r+~n” cliagram. the TC 
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branch appeared to drop precipitously into the acoustic 

branch. This resulting TO branch was referred to as a 

.‘waterfall” for this reason, and is shown in the inset to 
Fig. 4. 

It was conjectured that these waterfalls are caused by 
the polar micro-regions first demonstrated by Burns and 
Dacol [7]. The existence of such polarized regions, which 
are of finite spatial extent, should effectively inhibit the 

propagation of the ferroelectric TO mode. Moreover, the 

size of these regions can be estimated as 2r/q, which at 

!jOO K corresponds to about 31 A, or roughly 7 to 8 unit 
c-ells. This value is consistent with tha.t put, forth in the 

picture of Burns and Dacol. 
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Fig. 4. Two constant-E scans measured along [110] at 5 meV 
,%nd 9 meV at 300 K. These scans demonstrate the presence 
Iof the same anomaious scatlering that was observed in PZN- 
.3%PT {shown in the inset, from [Zj). 

At, t,his point, it was natural to ask the question whether 
Ior not the same anomalous “waterfall” was present in 

PMN as this would provide a natural explanation for the 
missing low-q portion of the opt,ic branch in PMN. So 

we went. back to our old dat,a of PMN taken at room 
t,emperature, and we found two constant-E scans at 5 
and 9 meV which we had taken along the [110] dircc- 

t,ion from near (2.2,O). These data, shown in the right 
hand portion of Fig. 4, clearly indicat,e t,he prtlsence 

an anomalous enhancement of t,he scat.tering intensity 
a fixed q. similar t,o that observed in PZN-R’XPT. 
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IV. DISCUSSION AND INTERPRETATION 

Naberezhnov et al. identified the normal-looking optic 
phonon branch at 800 K shown in Fig. 1 as a hard TO1 
mode, and not, the ferroelectric soft mode, because the 
Q-dependence of the associated dynamic structure factor 
was inconsistent, with that expect.ed for fzrroele&ric fluc- 
tuations, i. e. nearly no critical scattering was observed 
near the (2,2.G) Bragg peak in t,he vicinity of T,,,, [I]. 

On the other hand, the absence of critical fluctuations at. 

(2,2,0) may simply mean that the eigenvectors for PMN 

are different from those of PbTiOs. The lowest polar op- 
tic mode is still clearly present and well-defined at 880 K. 
At lover temperatures, using the same PM> single crys- 

tal, we observe an overdamped phonon scattering cross 
section in addition to this new anomalous scattering at 
small q below Td, i. e. the waterfall. So t.he proper ques- 
tion to ask is whet,her or not this TO1 branch is the 
lowest-energy polar optic mode in PXIN. 

Before this point can be settled uniquely, more neu- 
tron measurements will be needed at t.emperatures both 

above and below Td to show precisely how the anomalous 
scattering changes with temperature. that is. whether 
or not. the waterfall evolves into the TO1 branch mea- 
sureti by Naberezhnov et u.1. at 880 K. For this purpose. 
constant-E scans will be of particular importance since. 
as we learned in 1997, the waterfall is not readily visible 
without them. 

At present. our picture of PIIN is that at. high t,em- 
peratures T > Td the syst.em behaves like all other sim- 
ple perovskites. When the Ph,IR <are formed below the 
Burns temperature, the crystal behaves like a two-phase 
mixture from a lattice dynamical point of view. The 

PMR exhibit the anomalous waterfall as found in PZN- 
8%PT, whereas the non-PMR regions show a gradual 
change from the regular TO branch to one which is over- 

damped. These are shown very nicely in the constant-o 
data of Vakhrushev et al. at (3, q, 0) between 880 K and 
450 K [ll]. Consequently we believe that the study of 
Naberezhnov et al. properly charact,erized the coupled 
modes of PMS at, small q, whereas the study of Gehring, 
Park and Shirane characterized the modes at intermedi- 
ate q in which the highly unusual waterfall was discov- 

ered. 
Future measurements are being planned t,o determine 

whether or not, an applied electric field can influence t,he 

shape of the n-at,erfall. 
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