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Second-order central peak in the Raman spectra of disordered ferroelectrics
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A theory of the central peak line shape in Raman scattering in ferroelectrics aboveTc is developed. Off-
center ions are considered as a possible source of the local symmetry breaking. We argue that in order to
properly describe the features of the central peak line shape aboveTc one should take into account the
second-order invariants in the modulation of the electronic polarizability by polarization fluctuations. The
theory is in excellent agreement with the Raman-scattering experiment in KTa12xNbxO3 @J. P. Sokoloff, L. L.
Chase, and L. A. Boatner, Phys. Rev. B41, 2398~1990!#. @S0163-1829~99!11213-X#
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I. INTRODUCTION

The appearance of a central peak in the Raman spect
disordered crystals near second-order structural phase tr
tions is a precursor effect which indicates a crossover fr
displacive to an order-disorder type of behavior. This p
nomenon has attracted considerable attention from both t
rists and experimentalists.1 It is well established that, nea
Tc , the central peak narrows critically and increases
height, reflecting the increase in size of precursor clus
and the slowing down the cluster dynamics.

The width of the central peak is too narrow to be e
plained by intrinsic mechanisms such as soft-mode anhar
nicity or the interaction of the soft mode with other phon
modes. Therefore it is commonly accepted that the m
mechanism of the central peak originates from the inter
tion of the soft mode with some relaxational degrees of fr
dom. These may be the symmetry-breaking defects line
interacting with the order parameter.2 In ferroelectrics
symmetry-breaking defects have been detected in the form
off-center impurity ions. The most studied systems ha
been K12xLi xTaO3 (KLT) and KTa12xNbxO3 (KTN).3–8

It has been proposed9 that off-center ions are responsib
for the central peak in undoped materials as well. This
sumption is based on XAFS measurements which indic
that, in crystals undergoing ferroelectric phase transiti
@e.g., KNbO3, PbTiO3 , and BaTiO3 ~Refs. 11 and 12!#,
there also exists off-center displacements of atoms even
above the phase-transition temperature. Recently10 the cen-
tral peak in Raman scattering has been investigated in
laxor ferroelectrics PbMg1/3Nb2/3O3 ~PMN! caused appar
ently by the off-center displacement of lead aboveTc.

Raman scattering is a powerful technique to analyze
low-frequency fluctuations of the order parameter in ox
perovskites since, in these materials, the polarization fluc
PRB 590163-1829/99/59~13!/8602~5!/$15.00
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tions modulate an already large oxygen electronic pola
ability providing large scattered intensities. This techniq
has been successfully applied to analyze the central pea
doped and undoped materials.1

Usually it is assumed that the central peak line shape
produces the shape of the dynamical structure factor of p
fluctuations which, under general circumstances, are
Lorentzian shape. In the case of Raman scattering this is
true if the change in electronic polarizability due to the p
larization fluctuations is a linear function of the polarizatio
amplitude. The latter selection rule is satisfied in the fer
electric phase belowTc . In the cubic phase aboveTc , the
symmetry allows only invariants of even power in an expa
sion of the electronic polarizability in terms of polar fluctu
tions. The most significant term is obviously the secon
order invariant which leads to a second-order Raman cen
peak. Although the possibility of the second-order cent
peak in Raman spectra in ferroelectrics has been noted in
literature13,14 neither the analysis of the central peak lin
shape nor the manifestation of this mechanism in the exp
ment has been analyzed. Moreover, in the studies15,18 of the
central peak in KTN it was assumed that Nb reorientat
frequency directly relates to the width of the central pe
which is not true in the case of the second-order central pe

Thus, the purpose of the present paper is to develo
theory of the line shape of the second-order central pea
the Raman spectra in ferroelectrics.

II. MODEL

The scattered Raman intensity can be written in the fo

I ~v!}^dâ~r ,t !dâ~0,0!&q'0,v , ~1!

where^dâ(r ,t)dâ(0,0)&q,v denotes the spatial and tempor
Fourier component of the correlation function of the ele
tronic polarizability. In the cubic phase, the change in t
8602 ©1999 The American Physical Society
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electronic polarizabilitya due to fluctuations of the lattice
polarizationP(r ,t) can be written in the form

dâ~r ,t !5P~r ,t !•L̂•P~r ,t !, ~2!

whereL̂ is a forth-rank tensor and where we have taken i
account the lower-order term with respect toP(r ,t). We as-
sume that the polarizationP(r ,t) contains the contribution
from optical phonon modesPh and the contribution from
slow relaxing polar nanoregionsPm induced by off-center
ions, i.e.,

P5Pm1(
h

Ph. ~3!

Accordingly, three different types of terms appear in E
~2!. Namely, the termsPhPh, which are responsible for th
second-order Raman scattering by hard and soft op
phonons, the termsPmPh which describe the first-order Ra
man scattering induced by polar nanoregions, and, fina
the term PmPm which is responsible for the second-ord
central peak. The first two have been discussed in Ref
and 8 and the last one is the subject of the present pape

It follows from Eqs. ~1! and ~2! that the central peak
intensity can be represented as a spatial and temporal Fo
component of the square of the correlation function of
low-frequency polar fluctuations. A further simplification
possible with the use of the decoupling approximat
^Pm(r ,t)2Pm(r 8,t8)2&}^Pm(r ,t)Pm(r 8,t8)&2. Note that such
a decoupling is exact under the conditions of the validity
mean-field theory leading to the Gaussian character of
polar fluctuations. Therefore, the scattering intensity redu
to the form

I ~v!}E dq8E dv8^Pm~r ,t !Pm~0,0!&q8v8

3^Pm~r ,t !Pm~0,0!&2q8v2v8 . ~4!

The model proposed here suggests that, without the
center ions, the crystal would undergo a second-order fe
electric phase transition of the displacive type~or remains an
incipient ferroelectric at all temperatures! with the soft
optical-phonon modev0 providing the high amplitude of the
transverse fluctuations of the lattice polarization. We c
sider the following conventional form of the dispersion la
of the transverse soft phonon branch

vq
25v0

21v2q2, ~5!

whereq is the phonon wave vector. Since the fluctuations
the lattice polarization induce local fields at the sites of
off-center ions, the lattice polarization interacts with the o
center ion dipole momentsdi( i 51.2, . . .N). In order to find
the slow reorienting part of the polarization induced by o
center ions, we utilize the model suggested in Ref. 5. A
cording to this model, which is valid when the soft mo
frequencyv0 is larger than the orientation frequencyn of the
off-center ions, we can obtain the polarizationPm(r ,t) from
the following quasistatic Hamiltonian:

H52pV0(
qs

1

e0,q
PqsP2qs2

4p

3
g(

is
diPs~r i !. ~6!
o
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Here Pqs is the q-Fourier component of the polarizatio
Ps(r ) corresponding to the transverse optical-phonon bran
and s designates either one of the two transverse pho
branches.e0,q is theq-dependent static dielectric constant
the lattice without off-center ions related to the frequencyvq
via the Lyddane-Sachs-Teller relation. In Eq.~6! we ne-
glected the kinetic energy of the polarization which is jus
fied in the limit n!v0 . The second term in Eq.~6! is re-
sponsible for the interaction between the lattice polarizat
and the dipole momentsdi , andg is the parameter describ
ing the strength of this interaction. In fact, the validity of th
Hamiltonian~6! implies the adiabatic approximation, mea
ing that polarization fluctuations adiabatically follow the i
stantaneous value of the dipoles@which are treated as sto
chastic variables in Eq.~6!#. Accordingly, the instantaneou
values of the polarization can be determined from a minim
zation of the Hamiltonian~6! with respect toPqs . Setting
(]H/]Pqs)50, we find the polarization induced by the of
center ions in the form

Pa
m~r i !5

e0

4p(
j b

Ki j
ab~r i j !dj b* , ~7!

wheree0[e0,q50 , andr c5v/v0 is the polarization correla-
tion length of the crystal in the absence of off-center io
dj* 5ge0dj /3 is the effective dipole moment which takes in
account the polarization cloud surrounding each off-cen
ion; a,b5x,y,z. The Fourier componentsK̂q of the matrix
K̂ i j 5K̂(r i2r j ) are given by5

Kq
ab5

4p

e0V0~11r c
2q2!S dab2

qaqb

q2 D , ~8!

wheredab is a Kroneckerd symbol, andr c5v/v0 .
Substitution of the polarization given by Eq.~7! back into

Eq. ~6! gives, according to the general concept of the ad
batic approximation, the following Hamiltonian of th
dipole-dipole interaction:

Vdd52
1

2(i j di* •K̂ i j •dj* . ~9!

Equations~7! and~9! allow us to describe the polarizatio
dynamics in crystals with off-center ions in terms of the d
namics of the effective dipole momentsd* . For example, the
correlation function of the polarization̂P(r ,t)P&q,v , in
(q,v) space, which determines the features of the cen
peak in Raman scattering, is given by

^Pm~r ,t !Pm&q,v5^Pm~r !Pm&q•
nq

nq
21v2 , ~10!

where

^Pm~r !Pm&q}
1

~Rc
221q2!~r c

221q2!
, T>Tc , ~11!

nq5n
Rc

221q2

r c
221q2

. ~12!



i-
b

-

-
jo

rum

d at
he

ed
eak

k
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In Eqs.~11! and~12! we have used the isotropic approx
mation and have designated the critical correlation length
Rc . Rc diverges at the transition temperatureTc and may be
expressed in terms of the dielectric constante renormalized
by the off-center ion contribution

Rc
2

r c
2 5

e

e0
, ~13!

where, nearTc , one has5,9

e

e0
5

Tc

2~T2Tc!
, T→Tc , ~14!

and we assumedTc@T0, T0 being the phase transition tem
perature in the crystal without off-center ions. Equation~11!
represents, for a givenq, the integrated intensity of the low
frequency fluctuation spectrum of polarization. The ma
ne
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difference between this spectrum and the full static spect
of the polarization is the additional factor of (r c

221q2)21 in
Eq. ~11!. In particular due to this factor atT@Tc (Rc'r c)
the q dependence of the spectrum~11! has a form of the
square of Lorentzian. Note that this result has been arrive
in Ref. 16 using a different formalism in an analysis of t
central peak in neutron scattering.

In the next section we will apply the approach develop
above to the analysis of the shape of the Raman central p
aboveTc .

III. SHAPE OF THE SECOND-ORDER CENTRAL PEAK:
COMPARISON WITH THE EXPERIMENT

Performing in Eq.~4! the integration overv8 and taking
into account Eqs.~10! and ~12!, we present the central pea
intensity in the following form:
nI ~v!}E
0

`

dxx2
1

F S e0

e
1x2D 2

1S v

2n D 2

~11x2!2G S e0

e
1x2D ~11x2!

, ~15!
ues
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wherex5qrc .
Using Eq. ~15! one can calculate the central peak li

shape which changes dramatically asT approachesTc . It
follows from Eq. ~15! that the line shape as a function
frequency is Lorentzian far aboveTc :

I ~v!}
n

v21n2 , e0 /e→1, ~16!

however, the line shape narrows and deviates significa
from the Lorentzian atT→Tc . The temperature evolution o
the central peak line shape is shown in Fig. 1. The value

FIG. 1. Second-order central peak line shape given by Eq.~15!
for the values ofe0 /e equal to 0.008~curve 1!, 0.016~curve 2!, and
0.032~curve 3!.
ly

of

thee0 /e used in the calculations are the experimental val
obtained for KTN atT5253, 254, and 256 K for curves 1
2, and 3, respectively withT050 andTc5252 K .

Integral intensity of the center peak can be obtained
integrating Eq.~15! over v. As T→Tc , we obtain

I int~v!}A e

e0
}

1

AT2Tc

, ~17!

compared withI int}(T2Tc)
21 for the first-order central

peak integral intensity.
Note that an attempt to calculate the integral intensity

the second-order second peak has been performed in Re
However, these authors did not reproduce the critical dep
dence ofI int given by Eq.~17!.

The most detailed study of the central peak line shape
intensity near a ferroelectric phase transition has been
formed by Sokoloffet al.18 using a KTN crystal with a Nb
concentrationx50.28. Due to disorder effects, probably th
result of random strains,18 long-range order in KTN with a
domain size larger than the wavelength of light does
develop in the absence of an appliedE field. In Ref. 18 a
small poling field was applied while the crystal was cool
down below the phase-transition temperature. Under th
conditions the cubic symmetry of the crystal is already b
ken in the high-temperature phase and the Raman spe
contain two different components (A and E! which corre-
spond toX(ZZ)Y andX(ZX)Y geometries, respectively (Z
is the polar axis!.

Note that off-center Nb ions are involved in critical an
noncritical dynamics related to Nb hopping along the po
axis and perpendicular to it, respectively. Corresponding
the central peak contains both critical and noncritical con
butions. The noncritical contribution is characterized by
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low intensity broad line, which was explained in Ref. 1
using a model with one-exponential Debye relaxation.
attempts have been made to explain the narrow critical c
tribution which was detected in higher resolution expe
ments using a Fabry-Perot interferometer in the close vi
ity of Tc . We will show that the critical component of th
central peak is consistent with the theory developed abo

Experimental spectra for three temperatures in the vicin
of Tc5252 K are reproduced in Fig. 2. One can see that
line shape narrows in width and increases in height as in
1. Also, the ratio of the peak intensities observed in the
periment, 1:0.5:0.1, is very close to the theoretical res
1:0.35:0.12. In order to compare quantitatively the the
with the experiment, we present in Fig. 3 the theoreti
curves with their scale adjusted to fit the scale of the exp
mental ones. A sketch of the experimental data is shown
dotted lines in Fig. 3. The best fit between the theory and
experiment is obtained for a Nb hopping frequencyn
5140 GHz, which compares favorably with the valuen
'120 GHz (3.9 cm21) at T5255 K obtained in Ref. 18

IV. CONCLUSION

In the present paper we have developed a theory for
central peak line shape in Raman scattering in the h
symmetry phase of disordered ferroelectrics. The peculi

FIG. 2. Experimental low-frequency spectra ofA symmetry in
KTN ~Ref. 18!.
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ties in the line shape originate from second-order invaria
of low-frequency polar fluctuations which modulate the ele
tronic polarizability of the crystal. The line shape deviat
significantly from the conventional Lorentzian shape, whi
is a characteristic of the central peak only in the lo
temperature ferroelectrics phase.

The proposed mechanism reproduces quantitatively
central peak anomalies observed in the paraelectric phas
KTN at high Nb concentrations. At low Nb concentration
the experimental situation15 is more complicated due to th
coexistence of critical and noncritical Nb dynamics.8 We ex-
pect that the proposed mechanism will be confirmed as w
in future studies of the low-frequency polar fluctuations
disordered ferroelectrics, in particular in relaxor ferroele
trics which are currently under intensive investigations.
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