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Asymmetric Raman lines caused by an anharmonic lattice potential in lithium niobate

U. T. Schwarz and Max Maier
NWF II-Physik, Universita¨t Regensburg, D-93040 Regensburg, Germany

~Received 20 September 1996!

Spontaneous Raman scattering experiments were performed in stoichiometric and congruent LiNbO3,
MgO:LiNbO3, and ZnO:LiNbO3 in the temperature range from 20 to 500 K. The temperature dependent
broadening and asymmetry of the Raman lines of the optical phonons withA1 symmetry is interpreted as the
superposition of a series of Raman lines caused by transitions between higher levels in the anharmonic
potential for the ionic motion and the decay of the optical phonon into two acoustic phonons. The Raman
linewidths in the various doped and undoped LiNbO3 crystals differ by a temperature independent scattering
term. @S0163-1829~97!09017-6#
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Lithium niobate has important technical applications, b
is equally well the subject of fundamental studies in nonl
ear optics and electro-optics. It is also a model substance
the ferroelectric phase transition. The four optical phono
with A1 symmetry in LiNbO3 at 251, 273, 331, and 631 cm

21

correspond to a movement of the ions parallel to the opt
axis of the crystal and are thus connected with the ferroe
tric phase transition. Spontaneous Raman scattering ex
ments of theA1 modes were the major tools in the search
a soft mode as an evidence for a displacive ph
transition,1–3 but also for other topics like a microscopic d
scription of theA1 modes

4 or the determination of the Gru¨n-
eisen constant.5 Recent theoretical studies6,7 discuss an
order/disorder phase transition or some intermediate m
for LiNbO3 and the related ferroelectric crystals. These m
els differ from the potential energy surface for the ionic m
tion, which should exhibit a single well for the displaciv
and a double or multiple well for the order/disorder pha
transition.6 In both cases the potential is asymmetric bel
TC , causing the ferroelectric effect, and has consequent
strong anharmonic part.

Transitions between higher energy levels of the anh
monic potential for theA1 ~TO! optical phonon, correspond
ing to the ionic displacement in a unit cell8 ~Fig. 1!, will lead
to a series of closely spaced Raman lines beside the orig
Raman line of the transitionv50→1. This phenomenon
causes an asymmetric broadening of the Raman lines, w
was first observed in PbTiO3.

9 The quantitative analysis o
the Raman line shapes provides a measure of the anha
nicity of the potential, which is interesting for calculations
the properties of ferroelectric crystals. There is a grow
number of calculations of the energetics of the ferroelec
instability7 and on the dielectric response of ferroelectric6

which are based on the anharmonic potentials of the crys
In this paper we report on measurements of the dep

dence of the spontaneous Raman lines of theA1 optical pho-
non modes in LiNbO3 on temperature and composition, wi
particular emphasis on the line shapes. To analyze the
perimental data, the model of the Raman side lines9 was
extended to include the decay of the optical phonon into
acoustic phonons and the scattering of the optical phono
crystal imperfections. New results are obtained in the in
pretation of the Raman line shapes of undoped congru
550163-1829/97/55~17!/11041~4!/$10.00
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LiNbO3 and MgO and ZnO doped LiNbO3. The larger over-
all Raman linewidths of these crystals compared to stoich
metric LiNbO3 are explained by a temperature-independ
term caused by the scattering of the phonons from imper
tions, which is different in the different crystals. In contra
the contribution of the anharmonic decay of the phonons
the Raman linewidth and the parameters of the anharm
potential, which leads to the side lines, were found to be
same in all investigated crystals.

The spontaneous Raman scattering experiments from
to 500 K were performed with an Ar1 laser at 488 nm, a
double monochromator~Spex 1402! with a resolution of 3
cm21, and a photon counting system. Scattering geome
was backward scattering with the polarization of pump a
Stokes light parallel to the opticalĉ axis of the LiNbO3 crys-
tal, i.e.,x(zz) x̄ in common notation.

We performed first Raman scattering experiments to c

FIG. 1. Schematic representation of the asymmetric double-w
potential for the displacement of the ions along theĉ axis in
LiNbO3. Because of the anharmonicity, the distance between a
cent energy levels decreases with increasing quantum numbev,
leading to a series of closely spaced Raman lines. The double-
potential is valid for the order/disorder model. In case of a disp
cive transition it will reduce to a single asymmetric well.
11 041 © 1997 The American Physical Society
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11 042 55BRIEF REPORTS
firm the model in stoichiometric LiNbO3, which is particu-
larly suited because of the small Raman linewidths compa
to congruent LiNbO3 or doped crystals. Only recently
method was developed to grow large~.53535 mm3! sto-
ichiometric crystals,10 which are crystals with a ratio Li:Nb
of nearly ideal 50:50, with good optical quality from a me
containing potassium.

The solid lines in Figs. 2~a!–2~c! show the measured
spontaneous Raman spectra of the 251, 273, and 331 c21

A1 modes at three different temperatures, picked out o
series of measurements at ten temperature steps betwe
and 500 K. The mode at 331 cm21 is too weak for a detailed
investigation. It will not be discussed further. Linewidths a
overlapping of the modes at 251 cm21 and 273 cm21 in-
crease with temperature. At temperatures below 100 K
Raman lines are narrow and symmetric@see, e.g., Fig. 2~a!#.
At higher temperatures, the spectra become broader
asymmetric with a more gentle slope at the low frequen
side @Figs. 2~b! and 2~c!#.

We discuss first the low-temperature region, where
Raman lines are symmetric and correspond to thev50→1
transition in the anharmonic potential~Fig. 1!. We assume
that the mechanism, which determines the linewidthG, is the
decay of the optical phonon~frequencyn̄! into two acoustic

FIG. 2. Spontaneous Raman spectra of the optical phonons
A1 symmetry in stoichiometric LiNbO3. The solid lines represen
the measured spectra. Three series of calculated Raman lines~dot-
ted lines!, caused by the anharmonic potential, contribute to the
~dashed line! of the Raman spectrum.~a!–~c!: 251, 273, and 331
cm21 modes;~d!–~f!: 631 cm21 mode.
d
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phonons with frequencyn̄/2 and opposite wavevector
~‘‘Klemens channel’’!. The same mechanism has been s
cessfully applied to describe the frequency dependence o
decay of polaritons in LiNbO3 measured by stimulated Ra
man scattering.11 In this model the temperature dependen
of the spontaneous Raman linewidth is given by

G~n̄,T!5Gd@2n~ 1
2 n̄,T!11#, ~1!

with the phonon population

n~ n̄,T!5FexpS hcn̄kBT
D21G21

.

The parameterGd was determined from the measured low
temperature linewidths, which were corrected by the spec
resolution of the monochromator. We getGd53.4 and 4.0
cm21 for the 251 and 273 cm21 modes, respectively.

In the same model the temperature dependence of the
position n̄ is given by

n̄~T!5 n̄02D@2n~ 1
2 n̄0 ,T!11#. ~2!

The parametersn̄0 andD have been determined by fitting Eq
~2! to the measured positions of the maxima of the Ram
lines from 20 to 500 K. Good fits were obtained forn̄05261
cm21, D52.6 cm21 and n̄05285 cm21, D52.6 cm21.

At temperaturesT.200 K the Raman lines are asymme
ric, the asymmetry becoming more pronounced at hig
temperatures. We discuss the asymmetry in terms of
lines caused by the transitionsv51→2, 2→3, etc. in the
anharmonic potential shown in Fig. 1.9 The potential is tem-
perature dependent and influenced by the local electric fie6

However, since our investigated temperature range~20 to
500 K! is well below the Curie temperature of LiNbO3
~TC51480 K! and only the lowest states of the potential a
populated, we neglect these effects. For the description of
experimental results we need the distanceDn̄ between the
side lines, their intensities, and linewidths. For simplicity w
assume that the anharmonic part of the potential is prop
tional to x3, wherex is the normal coordinate. The energ
derived by perturbation calculations in second order12 is
given by

E~v !5hcn̄~v1 1
2 !2hcn̄xe~v1 1

2 !2, ~3!

yielding a distance of thevth side line~corresponding to the
v→v11 transition! to the main line~0→1 transition! of

Dn̄v5vDn̄522v n̄xe . ~4!

In this approximation the frequency distanceDn̄ between the
side lines is constant and proportional to the anharmoni
coefficient xe . This is the only fit parameter for the sid
lines.

The intensity ratioR of thevth side line and the main line
is determined by the square of the matrix element of
transition, which is proportional tov11 in the harmonic ap-
proximation, and by the relative population of thevth level.9

It is given by

R5~v11!expS 2
vhcn̄
kBT

D . ~5!

ith

t
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In the Boltzmann factor also the harmonic approximation
the potential has been used.

The relaxation times of the higher energy levels in t
potential are expected to be shorter, leading to a larger l
width of the side lines. We assume the linewidth of thevth
side line to be given by

Gv5G~v11!, ~6!

whereG is the width of the main line. The correspondin
relation for the relaxation rate constants of higher vibratio
levels of molecules has been confirmed experimentally
Ref. 13.

We have calculated the shape of the Raman lines at
ferent temperatures using the model for the main and
lines described above. We used the numbers ofGd , n̄0, andD
determined for the main line at lower temperature, took i
account three side lines and fitted the value ofxe for the side
lines to get good agreement between the calculated and
sured Raman lines. We used values ofxe50.016 and 0.015
for the 251 and 273 cm21 modes, respectively, which corre
spond to a distanceDn̄58 cm21 between the side lines
These values ofxe in LiNbO3 are smaller than that for th
148 cm21 mode in PbTiO3, where the distance between th
side lines corresponds to a valuexe of about 0.04.

9

Figures 2~a!–2~c! show typical examples of the Rama
lines of the 251 and 273 cm21 modes at different tempera
tures. The dotted lines represent the calculated main and
lines. They are added up to give the dashed line, wh
shows good agreement with the measured spectra~solid
line!. The asymmetry of the Raman lines is seen to be cau
by the side lines. The contribution of phonon scattering
imperfections was found to be negligible for the low
frequency modes in stoichiometric LiNbO3. At the high end
of the temperature rangeT.450 K an additional broadenin
by scattering at thermal phonons has been observed.

The Raman line of the 631 cm21 mode is shown at three
temperatures in Figs. 2~d!–2~f!. The temperature dependen
of the main line is again described by the symmetric deca
the optical phonon. However, an additional term correspo
ing to scattering at a thermal phonon with a frequencyn̄ t
~Ref. 14! was added to get good agreement with the exp
mental results:

G~n̄,T!5Gd@2n~ 1
2 n̄ !11#1Gs@n~ n̄ t!2n~ n̄ t1 n̄ !#.

Best agreement for then̄5631 cm21 mode was obtained fo
Gd59.3 cm21, Gs510.4 cm21, and n̄ t5251 cm21. In this
three phonon scattering process, two optical phonons at
cm21 and 251 cm21 are annihilated and one at 882 cm21

@A1,LO or ELO ~Ref. 15!# is created. But probably more sca
tering and decay processes contribute to the linewidth. D
to the high frequency of the 631 cm21 mode, only two side
lines are important in the examined temperature range.
fitting procedure is the same as described above. We fo
best agreement between the calculations and the mea
ments for xe50.026, corresponding to a distanceDn̄533
cm21 of the side lines@see Figs. 2~d!–2~f!#.

We have also measured the Raman lines of theA1 modes
in undoped congruent LiNbO3 ~Li:Nb ratio 48.6:51.4! and in
MgO and ZnO doped LiNbO3. The usual way

1,4 to determine
the linewidths of the 251 and 273 cm21 modes is a decom
r

e-

l
n

if-
e

o

ea-

ide
h

ed
t

f
-

i-

31

e

he
nd
re-

position into two Lorentzian lines, neglecting the asymmet
The width~full width at half maximum! of the corresponding
Lorentzian line of the 251 cm21 mode is plotted versus tem
perature in Fig. 3 for stoichiometric, congruent, ZnO dop
and MgO doped LiNbO3. The solid line represents the widt
of the main line of stoichiometric LiNbO3 calculated from
Eq. ~1!. At temperatures below 100 K there is good agre
ment between the calculated solid line and the experime
points in stoichiometric LiNbO3. With increasing tempera
ture the side lines become important. This leads to a lar
measured overall linewidth in Fig. 3 compared with the c
culated linewidth of the single transitionv50→1 ~main
line!. When the Raman line shapes are calculated as
scribed above, including the side lines, there is good ag
ment between the measured points in Fig. 3 and the ca
lated linewidths for stoichiometric LiNbO3.

The linewidths of the congruent and doped LiNbO3 crys-
tals are much larger than that of the stoichiometric crys
~see Fig. 3!. The dotted lines, which represent their tempe
ture dependence, run nearly parallel to each other, co
sponding to the addition of a temperature independent t
whose magnitude is different for the various crystals. W
attribute this term to the scattering of the optical phonons
crystal imperfections. The temperature independent parGi
of the Raman linewidth of the 251 cm21 mode was deter-
mined from Fig. 3~at 20 K! to be 5.5, 10.0, and 12.0 cm21

for congruent LiNbO3, ZnO:LiNbO3, and MgO:LiNbO3, re-
spectively. The corresponding numbers for the 273 cm21

mode areGi54.7, 7.5, and 7.5 cm21. The results show tha
the density of imperfections increases in the sequence
gruent, ZnO doped and MgO doped LiNbO3.

Using this information we have carried out a detail
analysis of the Raman line shapes of the 251 and 273 c21

modes in the congruent and doped crystals with the mode
the main and side lines discussed above. We used the n
bers forGd , n̄0, D, and xe obtained for the stoichiometric
LiNbO3 crystal, i.e., the anharmonic decay of the optic
phonons and the anharmonic potential of the side lines w
taken to be the same for all crystals. The only difference
the stoichiometric crystal was that we added the tempera

FIG. 3. Temperature dependence of the linewidth of the 2
cm21 A1 phonon for different LiNbO3 crystals. The solid line has
been calculated from the decay of the optical phonon into t
acoustic phonons@Eq. ~1!#. The dotted lines are guide lines for th
eye.
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11 044 55BRIEF REPORTS
independent termGi to the linewidthG of the main line@in
Eqs.~1! and~6!#. The results are shown for the 251 and 2
cm21 modes of congruent LiNbO3 and MgO:LiNbO3 at
room temperature in Figs. 4~a! and 4~b!. The dashed line is
the sum of the dotted lines, which represent the main a
side lines. There is good agreement between the solid exp
mental curve and the calculated dashed curve. A sim
good agreement was found for the line shapes in all exa
ined crystals from 20 to 300 K, indicating that our model
a good representation not only for the stoichiometric but a
for the congruent and doped crystals.

In summary, we have presented a model for the Ram
line shapes in LiNbO3 which describes correctly the tem

FIG. 4. Spontaneous Raman spectra of the 251 cm21 and 273
cm21 modes in congruent LiNbO3 and MgO:LiNbO3 at T5293 K;
linestyles as in Fig. 2.
ro

f a
d
ri-
r
-

o

n

perature dependence over a wide range for undoped
doped crystals. The Raman lines have been calculated by
superposition of closely spaced main and side lines co
sponding to the transitions between the energy levels in
anharmonic potential for the ionic motion. The anharmon
ity of the potential, which is important for models of ferro
electric properties of LiNbO3, was calculated from the ex
perimental results. The widths of the main lines
stoichiometric LiNbO3 are determined by the decay of th
optical phonon into two acoustic phonons. In congruent a
doped LiNbO3 a temperature independent term was added
this linewidth, which was attributed to the scattering of t
optical phonons at crystals imperfections.

We did not observe a frequency shift of the investiga
phonon modes beyond that caused by the decay into
acoustic phonons. So we see no hint for a soft mode beh
ior. Comparison of the Raman spectra with the imagin
part of the dielectric susceptibility derived in model calcu
tions for the displacive and order/disorder phase transiti6

shows a better agreement with the latter. An examination
stoichiometric LiNbO3 at high temperatures and a compa
son of the measured anharmonicity with theoretical calcu
tions of the anharmonic potential7 will complement our un-
derstanding of the ferroelectric phase transition.
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fessor O. F. Schirmer and Dr. G. I. Malovichko, who lent
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Pfister who participated in the experiments. This work w
supported by the Deutsche Forschungsgemeinschaft.
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