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Central peaks and Brillouin scattering in uniaxial relaxor single crystals
of Sr0.61Ba0.39Nb2O6

F. M. Jiang,* J.-H. Ko, and S. Kojima†

Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan
~Received 6 August 2001; revised manuscript received 13 May 2002; published 13 November 2002!

The high-frequency dynamics of Sr0.61Ba0.39Nb2O6 are studied using the micro-Brillouin scattering tech-
nique to elucidate the uniaxial relaxor behavior. It is found that broad central peaks~CP’s! appear at about
400 °C, which is much higher than the maximum temperature,Tm;72 °C, of the dielectric constant along the
unique polarz axis, and they remain down to2100 °C. The marked polarization dependence observed for CP’s
indicates that their origin is due to the thermally switching nano-size polar clusters whose polar axis is along
the z axis. The CP intensity reveals a possible crossover from a high-temperature relaxor state to a low-
temperature ferroelectric state. Brillouin frequency shifts and their linewidths indicate diffuse phase transition
behavior aroundTm . The temperature variation of the elastic constantsC11, C33, andC44 is determined, and
C33 andC44 are found to exhibit marked changes aroundTm .

DOI: 10.1103/PhysRevB.66.184301 PACS number~s!: 78.35.1c, 77.80.Bh, 63.20.2e, 62.20.Dc
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I. INTRODUCTION

Elucidating the cluster dynamics of disordered ferroel
tric systems poses challenging problems that have been
ied during the past several decades, and many attempts
been made to understand the mechanisms they involve.
spite this effort, the nature of these dynamics remains larg
unexplained. One important family of such disordered s
tems consists of relaxor ferroelectrics including lead mag
sium niobate Pb(Mg1/3Nb2/3)O3 ~PMN!,1 lead zinc niobate
Pb(Zn1/3Nb2/3)O3 ~PZN!,2 lanthanum doped lead zircona
titanate LaxPb123x/2(ZryTi12y)O3 ~PLZT!,3,4 and strontium
barium niobate Sr0.61Ba0.39Nb2O6 ~SBN!.5 One characteristic
feature of this family is the existence of a frequenc
dependent ‘‘diffuse phase transition,’’ for which the max
mum temperatureTm of the dielectric constant increases
the measuring frequency increases.6 However, structure
analysis has shown that no obvious macroscopic struct
phase transition occurs in relaxor ferroelectrics.7–10 Linear
birefringence and strain measurements have revealed
precursor polar clusters appear below the Burns tempera
Td , which is much higher thanTm .6,11–14 Various experi-
ments carried out on PMN in zero field have provided so
evidence that there is a crossover from a high-tempera
superparaelectric phase to either ferroelectric nanodom
states stabilized by quenched random fields11,15–18or a dipo-
lar glass state with random competing interactions.19–22 In
attempts to account for these results, various theore
models have been proposed.1,6,11,17–25

Sr0.61Ba0.39Nb2O6, with x'0.61 ~SBN:61!, is of interest
with regard to both fundamental research on uniaxial rela
ferroelectrics and applications,5,6 due to its prominent
pyroelectric,5 electro-optic,26,27photorefractive28–30and non-
linear optic properties.31 SBN belongs to the group of mate
rials possessing an unfilled tungsten bronze structure
the general formula AB2O6—or, more correctly,
(A1)2(A2)4C4(B1)2(B2)8O30—where A is a divalent or
0163-1829/2002/66~18!/184301~7!/$20.00 66 1843
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monovalent metal ion,B is either Nb or Ta, and C can b
occupied only by very small metal ions, for example, Li ion
The crystal symmetry is tetragonal 4/mmm aboveTm and
remains tetragonal (4mm) below Tm .32 In SBN, theA1 site
is occupied solely by the smaller Sr21 ~ionic radius 1.12 A!,
and theA2 site is occupied by Sr21 and the larger Ba21

~with an ionic radius of 1.34 A!, while theC site is empty.
There are totally sixA sites for five Sr1Ba atoms, and these
sites are not fully occupied. Therefore, SBN has built-in d
order among theA sites.32 Due to the uniaxial tunnel struc
tures existing along thec axis, the difference between th
ionic radii of Ba21 and Sr21 and built-in disorders, loca
random fields and polarizations are expected to exist al
the c axis. Measurements of thermal properties, strain, a
linear birefringence show that polar clusters appear be
Td , and these result in deviation from a linear temperat
dependence.6,12–14The appearance of dielectric behavior i
dicates a poly-dispersive relaxation nature caused by the
lar clusters.33 Very recently, Decet al. reported susceptibility
related to polar clusters and birefringence induced by sp
taneous and precursor polarizations in pure and Ce31-doped
SBN:61. They concluded that relaxor behavior prevails
the precursor regime, whereT.Tm , and a ferroelectric do-
main state is encountered forT,Tm .34 The dependence o
the critical exponents on the doping concentration of Ce31

near the phase transition point, which can be derived fr
the linear birefringence, indicates that Ce-doped SBN m
approach the three-dimensions random-field Ising univer
ity class.35

In contrast with normal ferroelectrics, no soft mode h
been found in relaxor materials.36 Raman bands are ver
broad, and the number of vibrational bands is far less t
that of theoretically predicted normal modes.37,38 Their di-
electric constants are very large, but the LST relation d
not hold in this case.36,37There might be some other mech
nism able to cause large dielectric constants. Burns propo
two possible origins: relaxation and very low-frequen
©2002 The American Physical Society01-1
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overdamped soft optic modes.37 Quasielastic light scattering
is closely related to mesoscopic cluster dynamics,39 and in-
deed fluctuations of precursor polar clusters result in cen
peaks~CP’s!. CP’s have been reported in other disorder
ferroelectric materials, such as KTaO3 doped with small per-
centages of lithium at theA site or niobium atB sites.
Disorder-induced first-order scattering and soft modes h
been observed a few degrees both above and belowTc . As
the origin of CP’s, the coupling of soft optic modes to rela
ation modes has been discussed.39–42

In this paper, we report on a low-frequency light scatt
ing study of SBN:61 crystals using a high contrast mic
Brillouin scattering technique. Recently, we observed CP’s
relaxor ferroelectric 0.65PMN-0.35PT,0.91PZN-0.09
single crystals,43,44 and also reported preliminary results o
CPs in SBN:61 over a very wide temperature range.45,46 To
obtain more insight into the uniaxial relaxor behavior o
served in SBN:61, detailed polarizing Brillouin spectra we
compiled as functions of temperature in both cooling a
heating processes, and possible origins of CP’s were
cussed. Diffuse phase transition behavior is illustrated by
use of the frequency shifts and their linewidths in the B
louin spectra for different scattering geometries. To o
knowledge, no Brillouin study of SBN has been previous
reported.

II. EXPERIMENT

Brillouin scattering spectra were measured using a hi
resolution tandem Fabry-Perot interferometer combined w
an optical microscope. A single-frequency Ar1-ion laser was
used to excite samples with a wavelength of 514.5 nm an
power of 50 mW. A conventional photon-counting syste
and a multichannel analyzer were used to detect and ave
the signal. Samples were placed in a cryostat cell~THMS
600! with temperatures varying from2190 to 600 °C and a
stability of 60.1 °C. The sample cell withX-Y adjustment
was positioned on the stage of a reflection optical mic
scope ~OLYMPUS BH-2!. Brillouin scattering, combined
with an optical microscope with a focal point of 1.3mm, was
found to be useful microprobe tool that enables us to inv
tigate different microareas of the same size. The experim
tal setup was similar to that reported by Takagi a
Kurihara.47 Sr0.61Ba0.39Nb2O6 crystals of good optical quality

TABLE I. Relations between the elastic constants and ph
velocities of acoustic modes observed in Brillouin scattering. H
DvB54pn/l0v, n is the index, andl0 is the light wavelength in
vacuum. Thex andy axes are equivalent; TA1 and TA2 are degen-
erate.

Geometry
Wave
vector LA Ta1 TA2

z(xx) z̄ qi(001) rvLA
c
25C33 3 3

z(xy) z̄ qi(001) 3 rvTA1
2 5C44 3(rv25C44)

x(zz) x̄ qi(100) rvLAa
2 5C11 3 (QTA1 leakage! 3

x(yy) x̄ qi(100) rvLAa
2 5C11 3 3

x(zy) x̄ qi(100) 3 3 3
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were cut and polished. A backward scattering geometry w
employed. A free spectral range~FSR! of 75 GHz was used
to measure the frequency shifts and line width, and a FSR
200 GHz was used to measure CP’s.

III. RESULTS

Typical Brillouin spectra on thez-plate with a scattering
geometryz(x,x1y) z̄ obtained at various temperatures a
displayed in Fig. 1, wherex, y, andz represent@100#, @010#,
and @001# directions, respectively. Since SBN is tetragon
both above and belowTm ,32 the LA and TA modes propa
gating along thez axis are determined byrvL

25C33 and
rvT

25C44, wherer is the density,vL andvT are the LA and
TA mode velocities, respectively, andC33 andC44 are elastic
stiffness constants~Table I!.48

Figure 2 displays Brillouin spectra at room temperatu
on anx plate with different backward scattering geometrie
The relations between the elastic constants and the LA
TA modes measured with different scattering geometries
summarized in Table I. Broad CP’s of different intensities a

FIG. 1. Brillouin spectra at various temperatures for the ba
ward scattering geometryz(x,x1y) z̄.

FIG. 2. Polarization dependences of Brillouin spectra measu
for backward scattering geometries using anx plate.

e
e

1-2



p
xi
o
a

ar
te
-
H
-
s

lo
rv
e
al

s
-

d

nic
m
e

rly

n-

in
re

rre-
an
the
etry,
ies

s-
re
po-

th

th

ies,
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observed for certain scattering geometries. The marked
larization dependence of the CP intensity indicates a unia
nature of SBN crystals. To make clear the origin of this p
larization dependence, it is helpful to compare with Ram
scattering results.

As we discuss in Sec. III, the broad CP is due to pol
ization fluctuations of the nano-size polar clusters orienta
mainly along the unique polarz axis. To determine the ther
mal evolution of the CP accurately, a large FSR of 200 G
and a scan range of 300 GHz–10 cm21 were used. The de
pendence on temperature of the CP in a cooling proces
depicted in Figs. 3 and 4. An important feature of these p
is the broad CP that appears over a wide temperature inte
of more than 400 °C. This kind of phenomena has never b
observed in other disordered systems. Although gener
CP’s may arise through different mechanisms,39 they persist
over only a narrow temperature range in the vicinity of pha
transition temperatures.40,41 Therefore, the phenomenon ob
served here for SBN is rather exceptional.

FIG. 3. Temperature dependence of Brillouin spectra for
scattering geometry ofx(zz) x̄.

FIG. 4. Temperature dependence of Brillouin spectra for
scattering geometry ofx(zy) x̄.
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IV. DATA ANALYSIS AND DISCUSSION

A. Central peaks

SrxBa12xNb2O6 (0.25,x,0.75) is intrinsically disor-
dered since there are totally sixA sites for five ions (Sr21

1Ba21), and theA sites are not fully occupied.32 The Sr21

and Sr211Ba21 ions are situated in distorted fourfold an
fivefold tunnel-like structures along thez axis; there is posi-
tional disorder mainly along thez-axis for almost all ions.
The differences between the intrinsic disorder and the io
radii for Sr21 and Ba21 might be strong sources of rando
fields and local polarizations oriented essentially along thz
axis.34,35

1. Polarization dependence

The broad bands in the Raman spectra of SBN clea
reflect the disordered nature of the crystal structure.45 The
excitations of primary interest are theE(x,y)- and
A1(z)-symmetry modes, which involve ionic motion perpe
dicular and parallel to the polarz-axis, respectively. Their
corresponding Raman tensors are given by

R@A1~z!#5S a

a

b
D , R@E~x,y!#5S e

e

e e
D ,

R@B1#5S c

2c D , R@B2#5S d

d D .

The compatibility relation between Raman and Brillou
scattering is summarized in Table II. The first column the
lists scattering geometries, and to its right are the co
sponding Raman modes. The third column lists the Ram
tensor components corresponding to the intensities of
Raman modes observed with the same scattering geom
and the last column lists the activity and relative intensit
of the CP’s.

It is clear from our results that CP’s appear only in tran
verse optic ~TO! mode spectra, and their intensities a
closely related to the magnitude of Raman tensor com
nents. From Raman scattering results,45 it is concluded that

e

e

TABLE II. Correspondence between vibrational mode spec
Raman tensor components, and central peaks.

Geometry Raman mode Tensor component CP~intensity!

x(zz) x̄ A1(z)(TO) b yes ~strongest!
x(zy) x̄ E(y)(TO) e yes ~intermediate

strength!
x(yz) x̄ E(y)(TO) e yes ~intermediate

strength!
x(yy) x̄ A1(z)(TO) a yes ~very weak!
z(xx) z̄ A1(z)(LO)1B1 a,c no
z(xy) z̄ B2 d no
1-3
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R@A1(z)#335b is the largest,R@E(y)#235e is the second
largest, anda is the smallest. ForA1(z)(LO) mode spectra, it
is reasonable that no CP appears, since the electric fiel
the incident light is perpendicular to the polarizations of t
A1(z)(LO) mode, and it cannot couple toA1(z)(LO). B2 is
a nonpolar mode, and therefore there is no CP in the co
sponding scattering geometryz(xy) z̄. It is thus seen tha
polarizations or low-frequency polar modes might be one
the origins of the CP’s. The significant polarization depe
dence of CP’s indicates that this is first-order scatteri
Since SBN is a uniaxial polar crystal with polarizatio
mainly along thez axis, it is reasonable that the CP is stro
gest for thex(zz) x̄ scattering geometry, in which case th
polar mode with polarization along thez-axis can couple to
the field of the incident light. The relative intensities of CP
with different scattering geometries are in consistent w
those reported by Wilde and Wilde in their Rayleigh scatt
ing study of SBN:61.49 However, they used a low resolutio
of 0.6 cm21, employing a double grating monochromat
that provided only integrated intensities, indicating the p
sible appearance of CP’s, and they did not elucidate the
son that marked polarization dependences exist.

Since CP’s are very weak for thex(yy)x geometry, only
those observed forx(zz) x̄ scattering geometry were ana
lyzed. A very noteworthy feature is the broad CP that appe
over a wide temperature interval of more than 400 °C,
shown in Figs 3 and 4. Similarly, CP’s have been obser
over wide temperature ranges for 0.65PMN-0.35PT rela
single crystals and PLZT ceramics.43–45 It is therefore rea-
sonable to assume that such stable CP behavior results
characteristics common to relaxor ferroelectric materials
general.

2. Mechanism causing central peaks

In most cases, CP’s have been observed using light s
tering techniques near phase transitions in a variety of
tems. The conjectured mechanisms responsible for CP’s
clude entropy fluctuations, phonon density fluctuatio
dipolar relaxations, molecular reorientations, overdam
soft modes, and their coupling with vibration and relaxati
modes, dynamic and static clusters, and domains, as we
a host of phenomena related to impurities, vacancies, e39

Some of these conjectured mechanisms are first order
some are second order.42 Entropy fluctuations can be ex
cluded as a cause of the broad CP’s, because they exist
a relatively narrow range~less than 1 GHz!. Although mo-
lecular reorientations usually exist in organic solids and
uids, there is no rotational molecule in SBN. The remain
possible mechanisms responsible for the CP’s are relaxa
of clusters, domains, and a host of impurities and vacanc
Since the CP’s exhibit a marked temperature depende
static effects should fall within a relatively narrow frequen
range, of order 1 GHz, and therefore they can be exclude
a mechanism involved in the broad CP.

In the present case of SBN, a CP appears at a temper
near 400 °C, much higher thanTm , and remains down to a
very low temperature of about2100 °C in the cooling pro-
cess. Because this behavior is unusual, we studied SBN
viously using Raman scattering.45,50 In that study, no soft
18430
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mode was observed, and all the modes were relatively br
due to the disordered nature of SBN. Therefore, soft mo
and related couplings can be ignored in the situation stud
presently. Judging from the polarization dependence of
Brillouin spectra, we believe that the CP is related to pol
ization fluctuations along thez axis. Actually, the existence
of precursor nanosize polar clusters has been confirmed
linear refractive index and birefringence and strain measu
ments in SBN-60, and a Burns temperature ofTd;300 °C,
at which nanosize polar clusters appear, was deduced.12,13,35

As the CP’s in light scattering may be a direct reflection
the polarization fluctuations of nanosize polar clusters alo
thez-axis, the marked growth in intensity belowTd indicates
an increase in the volume or number density of nano-s
polar clusters and an increase in the magnitude of local
larizations. These types of behavior are consistent with
detectable deviation from linear temperature dependence
the thermal strain and refractive index observ
previously12,13,35

3. Temperature dependence of central peaks

The integrated intensity of CP during cooling in the ca
of thex(zz) x̄ scattering geometry is displayed in Fig. 5. Th
rapid increase seen aboveTc may result from the increase i
density of precursor nanosize polar clusters, while the
crease belowTc may be caused by the growth of macr
scopic ferroelectric domains. If this is indeed the case, t
the CP intensity showed decrease markedly and exhibit t
mal hysteresis once the sample is poled. Wilde and W
studied Rayleigh scattering of SBN:61 single crystals usin
double monochromator.49 They reported strong Rayleig
scattering for unpoled samples and a marked decreas
Rayleigh scattering for poled samples. In addition, the ma
mum temperatures they reported for Rayleigh scattering
tensities are lower thanTm for both heating and cooling pro
cesses. The reason for such a temperature difference is
not clear. It might be due to the increase of polarizati
fluctuations in the vicinity of surfaces of growing pola
clusters.

B. Diffuse phase transition

Frequency shifts and the full width at half maximu
~FWHM! in the Brillouin spectra are very sensitive to pha

FIG. 5. Temperature dependence of the integrated intensit
the CP during the cooling process with the scattering geometr
x(zz) x̄.
1-4
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CENTRAL PEAKS AND BRILLOUIN SCATTERING IN . . . PHYSICAL REVIEW B66, 184301 ~2002!
transitions, and the frequency shifts are related to elastic c
stants for certain acoustic modes. Acoustic modes obse
with different scattering geometries and related elastic c
stants are listed in Table I. To extract quantitative inform
tion from the Brillouin spectra, we first consider the spec
on azplate. In this case there is no CP, and therefore we u
a simple damped harmonic oscillator model to fit the LA a
TA1 modes. Since the TA1 mode is relatively weak, only
frequency shifts of the TA1 modes were derived. The fre
quency shifts of the LA and TA1 modes, and the FHWM o
the LA mode are plotted in Fig. 6. It is seen that the LA a
TA1 mode frequency shifts forqi(001) change continuousl
with temperature. A broad dip in the LA shifts and a slo
drop in TA1 shifts are found near 72 °C in the cooling pr
cess. These results are in agreement with temperature v
tion of the dielectric constant, which has a peak around 72
and is diffusive in nature. The frequency shifts of LA an
TA1 modes forqi(100) on anx plate are displayed in Fig. 7
where TA1 is forbidden by symmetry~Table I!. It is found
that this TA1 is strongly anisotropic, and it is attributed to
leakage of the TA1 mode, because it exhibits behavior sim
lar to that of TA1 displayed in Fig. 6. The frequency shifts o
the LA modes on thex plate decrease continuously durin
cooling, and no abrupt change or anomaly is found nearTm .
Such a continuous change is typical for relax
ferroelectrics.51–53

FIG. 6. Temperature dependences of Brillouin frequency s
LA ~filled circles! and TA modes~filled squares!, and the FWHM of
LA modes~open circles with crosses! for thez(x,x1y) z̄ geometry.

FIG. 7. Temperature dependences of frequency shifts for
~top! and TA1* ~bottom! modes measured at backward scatter
geometries using anx plate.
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C. Elastic stiffness constants:C11, C33, C44

Using the values of the refractive index, elastic stiffne
constants can be calculated from the measured Brillouin
quency shifts. In the case of backward Brillouin scatteri
the frequency shiftf B is given byf B52nv/l0 , wheren and
v are the associated refractive index and the phase velo
of acoustic waves, respectively. Thus the elastic constants
given by

C335rvLA
2 ~001!5rF f LA~qi001!l0

2n0
G , ~1!

C115rvLA
2 ~100!5rF f LA~qi100!l0

2ne
G , ~2!

C445rvTA
2 ~001!5rF f TA~qi001!l0

2n0
G , ~3!

where r, n0 , and ne are the density and the ordinary an
extraordinary refractive indices, respectively. The value or
is calculated theoretically to be 5.3 g/cm3, using the lattice
parameters in the literature.31 The values ofno and ne for
SBN61 are taken to be 2.3684 and 2.3333 at a wavelengt
514.5 nm, as found in the literature.54 The calculated tem-
perature dependences of the elastic constants are plotte
Fig. 8. The room temperature values areC11;23.031011,
C33;14.831011, andC44;6.3831011 dyn/cm2. These val-
ues are similar to those found for Sr0.6Ba0.4Nb2O6 measured
with the piezo-resonance method,55 C11

E ;24.731011, C11
D

;25.431011, C33
E ;13.231011, C33

D ;16.231011, C44
E

;6.4631011, andC44
D ;6.9431011 dyn/cm2.

V. CONCLUSION

We reported what we believe to be the first micr
Brillouin scattering study of SBN:61 single crystals. Marke
polarization and temperature dependences of CP’s were
served, and they are attributed to polarization fluctuatio
and domain wall dynamics. Local polarizations are orien

ft

A

FIG. 8. Temperature dependences of elastic constants d
mined using Brillouin scattering.
1-5



n
itie

I

tu
r

s
ra

ccu-

r
-

d the
are
ng,

rs

m

A
en

W

i, A

, J

es

nd

ev

tt

ys

ys

.

ys

s

l.

ics

.

.

nd

em.

em.

J. B

ys.

,

k

ys.

-
2
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mainly along the unique polarz axis, but they have weak
components within the plane perpendicular to thez axis. This
reveals that CPs are closely related to fluctuations of na
size polar clusters. Because SBN is uniaxial, the intens
of CP’s are different for different scattering geometries.
was found that they are strongest for thex(zz) x̄ scattering
geometry. The possible crossover from a high tempera
relaxor phase to a low temperature ferroelectric state is
flected in the temperature dependence of the integrated
tensity of the CP’s. Brillouin frequency shifts and linewidth
exhibit a diffusive nature around 72 °C. Finally, the tempe

*Present address: Department of Geoscience, Princeton Unive
Princeton, NJ 08544.

†Author to whom all correspondence should be addressed. E
address: kojima@bk.tsukuba.ac.jp
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