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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 ahdsedeveloped. 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 abowme 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 KWh,O; [J. P. Sokoloff, L. L.
Chase, and L. A. Boatner, Phys. Rev4B 2398(1990]. [S0163-18209)11213-X]

[. INTRODUCTION tions modulate an already large oxygen electronic polariz-

. ability providing large scattered intensities. This technique
_ The appearance of a central peak in the Raman spectra H_gs been successfully applied to analyze the central peak in

disordered crystals near second-order structural phase trangipped and undoped materials.

tions is a precursor effect which indicates a crossover from Usually it is assumed that the central peak line shape re-
displacive to an order-disorder type of behavior. This pheproduces the shape of the dynamical structure factor of polar
nomenon has attracted considerable attention from both thedluctuations which, under general circumstances, are of
rists and experimentalistsit is well established that, near Lorentzian shape. In the case of Raman scattering this is only

T., the central peak narrows critically and increases inffue if the change in electronic polarizability due to the po-

height, reflecting the increase in size of precursor clusterirization fluctuations is a linear function of the polarization
and the slowing down the cluster dynamics. amplitude. The latter selection rule is satisfied in the ferro-

The width of the central peak is too narrow to be ex_electric phase below;. In the cubic phase abovk;, the

. o . symmetry allows only invariants of even power in an expan-
plained by intrinsic mechanisms such as soft-mode anharmq y y y P b

o . ; . Sion of the electronic polarizability in terms of polar fluctua-
nicity or the interaction of the soft mode with other phonor.‘tions. The most significant term is obviously the second-

modes. Therefore it is commonly accepted that the maify yer invariant which leads to a second-order Raman central

mechanism of the central peak originates from the interacyea  Although the possibility of the second-order central

tion of the soft mode with some relaxational degrees of freepeak in Raman spectra in ferroelectrics has been noted in the

dom. These may be the symmetry-breaking defects linearlyeraturd314 neither the analysis of the central peak line

interacting with the order parameterin ferroelectrics  shape nor the manifestation of this mechanism in the experi-

symmetry-breaking defects have been detected in the form ghent has been analyzed. Moreover, in the stdtiéof the

off-center impurity ions. The most studied systems haveentral peak in KTN it was assumed that Nb reorientation

been K _,Li,TaO; (KLT) and KTa,_,NbO; (KTN).*>®  frequency directly relates to the width of the central peak,
It has been propos@dhat off-center ions are responsible which is not true in the case of the second-order central peak.

for the central peak in undoped materials as well. This as- Thus, the purpose of the present paper is to develop a

sumption is based on XAFS measurements which indicatgheory of the line shape of the second-order central peak in

that, in crystals undergoing ferroelectric phase transitionshe Raman spectra in ferroelectrics.

[e.g., KNbQ, PbTiO;, and BaTiQ (Refs. 11 and 13,

there also exists off-center displacements of atoms even far Il. MODEL

above the phase-transition temperature. Rectnthe cen-

tral peak in Raman scattering has been investigated in re-

laxor ferroelectrics PbMgeNb,,:0; (PMN) caused appar- ~ ~

ently by the off-center displacement of lead abdye (@)>c(8a(1,1) (0,0} g~0. @
Raman scattering is a powerful technique to analyze thevhere( Sa(r,t) 5&(0,0))qu denotes the spatial and temporal

low-frequency fluctuations of the order parameter in oxideFourier component of the correlation function of the elec-

perovskites since, in these materials, the polarization fluctuaronic polarizability. In the cubic phase, the change in the

The scattered Raman intensity can be written in the form
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electronic polarizabilitya due to fluctuations of the lattice Here Pys is the g-Fourier component of the polarization
polarizationP(r,t) can be written in the form P4(r) corresponding to the transverse optical-phonon branch,
and s designates either one of the two transverse phonon
brancheseg,, is theg-dependent static dielectric constant of
the lattice without off-center ions related to the frequengy
Qjia the Lyddane-Sachs-Teller relation. In E@) we ne-
glected the kinetic energy of the polarization which is justi-
fied in the limit v<wy. The second term in Ed6) is re-
sponsible for the interaction between the lattice polarization
and the dipole momentd, andy is the parameter describ-
ing the strength of this interaction. In fact, the validity of the
Hamiltonian(6) implies the adiabatic approximation, mean-
ing that polarization fluctuations adiabatically follow the in-
stantaneous value of the dipolpshich are treated as sto-
chastic variables in Eq6)]. Accordingly, the instantaneous
values of the polarization can be determined from a minimi-

Sa(r,t)=P(r,t)-A-P(r,t), 2)

whereA is a forth-rank tensor and where we have taken int
account the lower-order term with respectRr,t). We as-
sume that the polarizatioR(r,t) contains the contribution
from optical phonon mode®" and the contribution from
slow relaxing polar nanoregion8* induced by off-center
ions, i.e.,

P= PM+; P", 3)

Accordingly, three different types of terms appear in Eq.

(2). Namely, the term®"P", which are responsible for the %ation of the Hamiltoniar(6) with respect toP,s. Setting

second-order Raman scattering by hard and soft optic _ : A 3
phonons, the termB*“P" which describe the first-order Ra- i(:[;;"[/eﬁrpigsr)]s i(r){ t‘{]f f]‘!)r;ﬁlqthe polarization induced by the off

man scattering induced by polar nanoregions, and, finally,
the term P#P* which is responsible for the second-order
central peak. The first two have been discussed in Refs. 7
and 8 and the last one is the subject of the present paper.

It follows from Egs. (1) and (2) that the central peak \heree = €0g=0, andr.=v/w is the polarization correla-
intensity can be represented as a spatial e_md temp_o ral Fourigg, length of the crystal in the absence of off-center ions;
component of the square of the correlation function of the yeodi/3 is the effective dipole moment which takes into

low-frequency polar fluctuations. A further simplification is account the polarization cloud surrounding each off-center

possible with the use of the decoupling approximation ; . ,
(P(r 1)2PA(r’ t')2)oc(PA(r ) P4(r’ t'))2. Note that such ion; @,B=X,y,z. The Fourier components, of the matrix
a decoupling is exact under the conditions of the validity ofKij=K(r;—r;) are given by
mean-field theory leading to the Gaussian character of the
polar fluctuations. Therefore, the scattering intensity reduces ( 5 qaqﬁ)
aB” ’
92
where d,z is a Kroneckers symbol, andr.=v/wy.
Substitution of the polarization given by E) back into
Eq. (6) gives, according to the general concept of the adia-

to the form
@ batic approximation, the following Hamiltonian of the

The model proposed here suggests that, without the offdipole-dipole interaction:
center ions, the crystal would undergo a second-order ferro-
electric phase transition of the displacive type remains an
incipient ferroelectric at all temperatujesvith the soft
optical-phonon mode providing the high amplitude of the
transverse fluctuations of the lattice polarization. We con- Equationg(7) and(9) allow us to describe the polarization
sider the following conventional form of the dispersion law dynamics in crystals with off-center ions in terms of the dy-

€
PhT)= 2y Ky, @

A
Kaﬁz—z
9 €eVo(1+rig?)

8
I(w)OCJ dq’J do’ (P(r,t)P*(0,0))q' o’
X (PH(r,t)P#(0,0)) _qro o -

~

1
Vgg=— 5% d" - Kjj-di . 9)

of the transverse soft phonon branch

q=wotv’d’, (5)

(0]

whereq is the phonon wave vector. Since the fluctuations o

namics of the effective dipole momerd$. For example, the
correlation function of the polarizatiodP(r,t)P)g,, in
(g,w) space, which determines the features of the central

fpeak in Raman scattering, is given by

the lattice polarization induce local fields at the sites of the

off-center ions, the lattice polarization interacts with the off-

center ion dipole moment(i=1.2,...N). In order to find

the slow reorienting part of the polarization induced by off-

center ions, we utilize the model suggested in Ref. 5. Ac-

cording to this model, which is valid when the soft mode

frequencyw is larger than the orientation frequeneyf the
off-center ions, we can obtain the polarizatiBf(r,t) from
the following quasistatic Hamiltonian:

1 47
H=2aVo2 PP gs= 5 72 diP(r). (6
as €0q is

14
<Pﬂ(r,t)Pﬂ)q,w=<PM(r)PM>q-?Jrq—w, (10)
q
where
1
PH(r)PH) o . T=T., (11
(PAOIP (Re2+0¥)(rg2+9?) e (Y
R;%+q?
—y—_ 12
vq Vr52+q2 (12
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In Egs.(11) and(12) we have used the isotropic approxi- difference between this spectrum and the full static spectrum
mation and have designated the critical correlation length byf the polarization is the additional factor af.(>+q?) ! in
R.. R.diverges at the transition temperatdigand may be Eq. (11). In particular due to this factor &>T, (R.~r)
expressed in terms of the dielectric constanenormalized the q dependence of the spectrufhl) has a form of the

by the off-center ion contribution square of Lorentzian. Note that this result has been arrived at
) in Ref. 16 using a different formalism in an analysis of the
E: € (13) central peak in neutron scattering.
r: e’ In the next section we will apply the approach developed
above to the analysis of the shape of the Raman central peak
where, neafl,, one ha3® aboveT,
€ T,
6_0: 2(T-Ty)' T—=Te, (14) Ill. SHAPE OF THE SECOND-ORDER CENTRAL PEAK:
. . COMPARISON WITH THE EXPERIMENT
and we assumed.>T,, T, being the phase transition tem-
perature in the crystal without off-center ions. Equatihf) Performing in Eq.(4) the integration ovemw’ and taking

represents, for a giveq, the integrated intensity of the low- into account Eqs(10) and(12), we present the central peak
frequency fluctuation spectrum of polarization. The majorintensity in the following form:

® 1
vl(w)e | dxx 3 5 : (15
° Chx| 4| (1+322|[ L4x2] (14 %)
€ 2v €
|
wherex=qr.. the €5/ € used in the calculations are the experimental values

Using Eg. (15 one can calculate the central peak line obtained for KTN afT =253, 254, and 256 K for curves 1,
shape which changes dramatically BsapproachesT.. It 2, and 3, respectively witfi;=0 andT,=252 K.
follows from Eq. (15) that the line shape as a function of Integral intensity of the center peak can be obtained by

frequency is Lorentzian far abovie. : integrating Eq.(15) over w. As T—T,, we obtain
() —2—21} le—1 (16) lint( @) \/: ! (17)
w)x , €gle—1, intllw)oc \/ —x ,
w°+v 0 int € JT-T,

however, the line shape narrows and deviates significantlpompared withl o< (T—T,) ! for the first-order central

from the Lorentzian aT— T.. The temperature evolution of peak integral intensity.

the central peak line shape is shown in Fig. 1. The values of Note that an attempt to calculate the integral intensity of
the second-order second peak has been performed in Ref. 17.

. . , . [ However, these authors did not reproduce the critical depen-

i dence ofl;,; given by Eq.(17).

The most detailed study of the central peak line shape and
intensity near a ferroelectric phase transition has been per-
formed by Sokoloffet al!® using a KTN crystal with a Nb
concentratiorx=0.28. Due to disorder effects, probably the
result of random strain® long-range order in KTN with a
domain size larger than the wavelength of light does not
develop in the absence of an appliEdfield. In Ref. 18 a
small poling field was applied while the crystal was cooled
down below the phase-transition temperature. Under these
conditions the cubic symmetry of the crystal is already bro-
ken in the high-temperature phase and the Raman spectra
contain two different componentA(and E) which corre-
spond toX(Z2)Y and X(ZX)Y geometries, respectivelyZ(
is the polar axis

Note that off-center Nb ions are involved in critical and
noncritical dynamics related to Nb hopping along the polar

FIG. 1. Second-order central peak line shape given by(Eg.  axis and perpendicular to it, respectively. Correspondingly,
for the values ok, /e equal to 0.008curve 1, 0.016(curve 3, and  the central peak contains both critical and noncritical contri-
0.032(curve 3. butions. The noncritical contribution is characterized by a

0.5
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FIG. 2. Experimental low-frequency spectraAdfsymmetry in
KTN (Ref. 18. 0 . :
-50 50
low intensity broad line, which was explained in Ref. 18 FREQUENCY SHIFT (Giiz)

using a model with one-exponential Debye relaxation. No

attempts have been made to explain the narrow critical con- FIG. 3. Comparison of the theofigolid lines with the experi-
tribution which was detected in higher resolution experi-ment. Dotted lines represent the sketch of experimental data shown
ments using a Fabry-Perot interferometer in the close vicinin Fig. 2.

ity of T,. We will show that the critical component of the ties in the line shape originate from second-order invariants

central peak is consistent with the theory developed above.of low-frequency polar fluctuations which modulate the elec-

Experimental spectra for three temperatures in the Vicmity[ronic polarizability of the crystal. The line shape deviates

qf Tc=252 Kare reproduced n .F'g' 2. Ong can see th'at tr.‘%igniﬁcantly from the conventional Lorentzian shape, which
line shape narrows in width and increases in height as in Fi

1. Also, the ratio of the peak intensities observed in the eﬁ-s a characteristic of the central peak only in the low-

. N . . %emperature ferroelectrics phase.
periment, 1:0.5:0.1, is very close to the theoretical resul The proposed mechanism reproduces quantitatively the
1:0.35:0.12. In order to compare quantitatively the theory brop P q y

central peak anomalies observed in the paraelectric phase of

with the experiment, we present in Fig. 3 the theoretlca'IKTN at high Nb concentrations. At low Nb concentrations

curves with their scale adjusted to f!t the scale Of. the EXPeIl e experimental situatidnis more complicated due to the
mental ones. A sketch of the experimental data is shown b

dotted lines in Fig. 3. The best fit between the theory and theOG)('SF]tenChe of critical dand nﬁncrltlcal !TllbbdynaT‘?dﬁl% ex "
experiment is obtained for a Nb hopping frequenegy _pe;:tt att edpropc?seh rTec famsm Wi el COH Irmed as we
~140 GHz, which compares favorably with the value in future studies of the low-frequency polar fluctuations in

~ . . disordered ferroelectrics, in particular in relaxor ferroelec-
~120 GHz (3.9 cm") atT=255 K obtained in Ref. 18. trics which are currently under intensive investigations.
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