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Asymmetric Raman lines caused by an anharmonic lattice potential in lithium niobate
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Spontaneous Raman scattering experiments were performed in stoichiometric and congruery, LiINbO
MgO:LiNbO;, and ZnO:LiNbQ in the temperature range from 20 to 500 K. The temperature dependent
broadening and asymmetry of the Raman lines of the optical phononAwislymmetry 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 LiNb&ystals differ by a temperature independent scattering
term.[S0163-182@07)09017-4

Lithium niobate has important technical applications, butLiNbO5; and MgO and ZnO doped LiNbQO The larger over-
is equally well the subject of fundamental studies in nonlin-all Raman linewidths of these crystals compared to stoichio-
ear optics and electro-optics. It is also a model substance fanetric LINbG; are explained by a temperature-independent
the ferroelectric phase transition. The four optical phononderm caused by the scattering of the phonons from imperfec-
with A; symmetry in LINbQ at 251, 273, 331, and 631 ¢cth  tions, which is different in the different crystals. In contrast,
correspond to a movement of the ions parallel to the opticalhe contribution of the anharmonic decay of the phonons to
axis of the crystal and are thus connected with the ferroeledhe Raman linewidth and the parameters of the anharmonic
tric phase transition. Spontaneous Raman scattering expeRotential, which leads to the side lines, were found to be the
ments of theA,; modes were the major tools in the search forsame in all investigated crystals.
a soft mode as an evidence for a disp|acive phase The Spontaneous Raman Scattering eXperimentS from 20
transition’~3 but also for other topics like a microscopic de- {0 500 K were performed with an Arlaser at 488 nm, a
scription of theA; mode$ or the determination of the Gna ~ double monochromatoSpex 1402 with a resolution of 3
eisen constart. Recent theoretical studf®s discuss an M ', and a photon counting system. Scattering geometry
order/disorder phase transition or some intermediate modd&yas backward scattering with the polarization of pump and
for LINbO and the related ferroelectric crystals. These mod-Stokes light parallel to the opticalaxis of the LINbQ crys-
els differ from the potential energy surface for the ionic mo-tal, i-.,x(z2x in common notation. _
tion, which should exhibit a single well for the displacive ~ We performed first Raman scattering experiments to con-
and a double or multiple well for the order/disorder phase
transition® In both cases the potential is asymmetric below
Tc, causing the ferroelectric effect, and has consequently a A
strong anharmonic part.

Transitions between higher energy levels of the anhar-
monic potential for theéd; (TO) optical phonon, correspond-
ing to the ionic displacement in a unit c?e{Fig. 1), will lead \ —
to a series of closely spaced Raman lines beside the original \— / \
Raman line of the transitiom=0—1. This phenomenon
causes an asymmetric broadening of the Raman lines, which
was first observed in PbTiJ The quantitative analysis of
the Raman line shapes provides a measure of the anharmo-
nicity of the potential, which is interesting for calculations of
the properties of ferroelectric crystals. There is a growing
number of calculations of the energetics of the ferroelectric
instability’ and on the dielectric response of ferroelecftics
which are based on the anharmonic potentials of the crystals. ;

In this paper we report on measurements of the depen- Displacement x
dence of the spontaneous Raman lines ofAheptical pho-

non modes in LiNb@on temperature and composition, with g1 1. Schematic representation of the asymmetric double-well
particular emphasis on the line shapes. To analyze the e¥ptential for the displacement of the ions along theaxis in
perimental data, the model of the Raman side fineas | iNbo,. Because of the anharmonicity, the distance between adja-
extended to include the decay of the optical phonon into tWq@ent energy levels decreases with increasing quantum number
acoustic phonons and the scattering of the optical phonon @ading to a series of closely spaced Raman lines. The double-well
crystal imperfections. New results are obtained in the interpotential is valid for the order/disorder model. In case of a displa-
pretation of the Raman line shapes of undoped congruenive transition it will reduce to a single asymmetric well.
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: . phonons with frequencyr/2 and opposite wavevectors
L@ T=77K 1 @T=11K (“Klemens channel’). The same mechanism has been suc-
L r cessfully applied to describe the frequency dependence of the
decay of polaritons in LiNb@measured by stimulated Ra-
man scattering® In this model the temperature dependence
of the spontaneous Raman linewidth is given by

L(v,T)=T¢[2n(3v,T)+1], (1)

with the phonon population

hcy 1 -1
ex kB_T - .

The parametel’y was determined from the measured low-
temperature linewidths, which were corrected by the spectral
resolution of the monochromator. We ggj=3.4 and 4.0
cm™ ! for the 251 and 273 cit modes, respectively.
N AT In the same model the temperature dependence of the line
: » - - - - - position v is given by

(©) T=430K HT=443K

b)T=293K

n(v,T)=

Raman Intensity (arb. units)

w(T)=vo—A[2n(5v,T)+1]. @

The parameters, andA have been determined by fitting Eq.
(2) to the measured positions of the maxima of the Raman
lines from 20 to 500 K. Good fits were obtained figy=261
cmt A=2.6 cm tandvy=285 cnmi't, A=2.6 cm .

At temperature§ >200 K the Raman lines are asymmet-
ric, the asymmetry becoming more pronounced at higher
temperatures. We discuss the asymmetry in terms of side
lines caused by the transitions=1—2, 2—3, etc. in the
anharmonic potential shown in Fig.IThe potential is tem-

FIG. 2. Spontaneous Raman spectra of the optical phonons witherature dependent and influenced by the local electricield.
A; symmetry in stoichiometric LiNb@ The solid lines represent However, since our investigated temperature ra(@f to
the measured spectra. Three series of calculated Raman(dioes 5q( K) is well below the Curie temperature of LiNRO
ted lines, _caused by the anharmonic potential, contribute to the ﬁt(Tc=l480 K) and only the lowest states of the potential are
(daffed ling of the Raman flp)ectrunﬂa)—(c): 251, 273, and 331 4nylated, we neglect these effects. For the description of the
cm™* modes;(d)—(f): 631 cm ™ mode. experimental results we need the distadce between the

firm the model in stoichiometric LiNb§) which is particu- side lines, their intensities, and linewidths. For simplicity we
larly suited because of the small Raman linewidths compare@SSume that the anharmonic part of the potential is propor-
to congruent LiNbQ or doped crystals. Only recently a tional to x°, wherex is the normal coordinate. The energy
method was developed to grow large5x5x5 mn?) sto-  derived by perturbation calculations in second oftles
ichiometric crystalg® which are crystals with a ratio Li:Nb 9iven by
of nearly ideal 50:50, with good optical quality from a melt — _ ™
containing potassium. E(v)=hcv(v+ 3)—hcwxe(v + 3)%, (©)
sp;—r?tznsécc))lbds I;en:rialrr: S?g;r?)o_f%fé Z’giwz%e ;gaggiegmyielding a distance of theth side line(corresponding to the
: , ; I " o "
A; modes at three different temperatures, picked out of a7 1 transition) to the main line(0—1 transitior) of
series of measurements at ten temperature steps between 20 AV, =0Av=—20%e. @)
and 500 K. The mode at 331 crhis too weak for a detailed _ o _ L
investigation. It will not be discussed further. Linewidths andIn this approximation the frequency distante between the
overlapping of the modes at 251 chand 273 cm? in- side lines is constant and proportional to the anharmonicity
crease with temperature. At temperatures below 100 K thgoefficient Xe. This is the only fit parameter for the side
Raman lines are narrow and symmefisee, e.g., Fig.(@)].  lines. . . . S o
At higher temperatures, the spectra become broader and The intensity ratidR of thewvth side line ar_1d the main line
asymmetric with a more gentle slope at the low frequencyis determined by the square of the matrix element of the
side[Figs. 2b) and 4c)]. transition, which is proportional to+1 in the harmonic ap-
We discuss first the low-temperature region, where theroximation, and by the relative population of thh level?

Raman lines are symmetric and correspond toutk®—1 It is given by

vhev 5

kgT |° ®)
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-1 -1
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transition in the anharmonic potentigfig. 1). We assume
that the mechanism, which determines the linewidtis the
decay of the optical phonotfrequencyr) into two acoustic

R=(v+ 1)exr< -
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In the Boltzmann factor also the harmonic approximation for 35 . . . . .
the potential has been used. r MeOLINGO A

The_ relaxation times of the higher energy levels in t'he S0 ano:Li}sto: A..
potential are expected to be shorter, leading to a larger line- E 55| @ congruent o i
width of the side lines. We assume the linewidth of thh _E ¢ stoichiometric Il SN
side line to be given by EZO 5

I,=T(v+1), (6) E_ 15t

whereT is the width of the main line. The corresponding & 10}
relation for the relaxation rate constants of higher vibrational g
levels of molecules has been confirmed experimentally in Mosp
Ref. 13. 0 . . . . .

We have calculated the shape of the Raman lines at dif- 0 50 100 150 200 250 300
ferent temperatures using the model for the main and side Temperature (K)

lines described above. We used the numbei,ofv,, andA

determined for the main line at lower temperature, took into  FIG. 3. Temperature dependence of the linewidth of the 251

account three side lines and fitted the valueofor the side  cm™! A; phonon for different LiNbQ crystals. The solid line has

lines to get good agreement between the calculated and melaeen calculated from the decay of the optical phonon into two

sured Raman lines. We used valuesxgf0.016 and 0.015 acoustic phononEEg. (1)]. The dotted lines are guide lines for the

for the 251 and 273 cit modes, respectively, which corre- eye.

spond to a distancd»=8 cm ! between the side lines.

These values ok, in LINbO, are smaller than that for the Position into two Lorentzian lines, neglecting the asymmetry.

148 cm ! mode in PbTiQ, where the distance between the The width(full width at half maximum of the corresponding

side lines corresponds to a valxg of about 0.04. Lorentzian line of the 251 cit mode is plotted versus tem-
Figures 2a)—2(c) show typical examples of the Raman perature in Fig. 3 for stoichiometric, congruent, ZnO doped,

lines of the 251 and 273 cm modes at different tempera- and MgO doped LiNb@. The solid line represents the width

tures. The dotted lines represent the calculated main and sidé the main line of stoichiometric LiNbQcalculated from

lines. They are added up to give the dashed line, whictEd. (1). At temperatures below 100 K there is good agree-

shows good agreement with the measured speaéid ment between the calculated solid line and the experimental

line). The asymmetry of the Raman lines is seen to be cause@pPints in stoichiometric LiNbQ. With increasing tempera-

by the side lines. The contribution of phonon scattering ature the side lines become important. This leads to a larger

imperfections was found to be negligible for the low- measured overall linewidth in Fig. 3 compared with the cal-

frequency modes in stoichiometric LINGOAt the high end  culated linewidth of the single transition=0—1 (main

of the temperature range>450 K an additional broadening line). When the Raman line shapes are calculated as de-

by scattering at thermal phonons has been observed. scribed above, including the side lines, there is good agree-
The Raman line of the 631 ¢m mode is shown at three ment between the measured points in Fig. 3 and the calcu-

temperatures in Figs(@—-2(f). The temperature dependence lated linewidths for stoichiometric LiNbO

of the main line is again described by the symmetric decay of The linewidths of the congruent and doped LiNp@ys-

the optical phonon. However, an additional term correspondtals are much larger than that of the stoichiometric crystal

ing to scattering at a thermal phonon with a frequengy (see Fig. 3. The dotted lines, which represent their tempera-

(Ref. 14 was added to get good agreement with the experiture dependence, run nearly parallel to each other, corre-

mental results: sponding to the addition of a temperature independent term
whose magnitude is different for the various crystals. We
L(v,T)=Ty2n(tv)+1]+Tdn(v) —n(v+v)]. attribute this term to the scattering of the optical phonons at

crystal imperfections. The temperature independent Bart

Best agreement for the=631 cnm * mode was obtained for of the Raman linewidth of the 251 ¢rth mode was deter-
I'y=9.3 cm}, I'=10.4 cm’, and »,=251 cm®. In this  mined from Fig. 3(at 20 K) to be 5.5, 10.0, and 12.0 crh
three phonon scattering process, two optical phonons at 63dr congruent LiNbQ, ZnO:LiNbO;, and MgO:LiNbG,, re-
cm™t and 251 cm? are annihilated and one at 882 ¢ spectively. The corresponding numbers for the 273 tm
[A100r E o (Ref. 19] is created. But probably more scat- mode arel’;=4.7, 7.5, and 7.5 cit. The results show that
tering and decay processes contribute to the linewidth. Duthe density of imperfections increases in the sequence con-
to the high frequency of the 631 crhmode, only two side gruent, ZnO doped and MgO doped LiNRO
lines are important in the examined temperature range. The Using this information we have carried out a detailed
fitting procedure is the same as described above. We founahalysis of the Raman line shapes of the 251 and 273'cm
best agreement between the calculations and the measuraedes in the congruent and doped crystals with the model of
ments forx,=0.026, corresponding to a distanaer=33  the main and side lines discussed above. We used the num-
cm ! of the side linegsee Figs. @)—2(f)]. bers forl'y, vq, A, andx, obtained for the stoichiometric

We have also measured the Raman lines ofAhenodes  LiNbOj crystal, i.e., the anharmonic decay of the optical
in undoped congruent LINbQLi:Nb ratio 48.6:51.4and in  phonons and the anharmonic potential of the side lines were
MgO and ZnO doped LiNb@ The usual wa¥*to determine  taken to be the same for all crystals. The only difference for
the linewidths of the 251 and 273 ¢mmodes is a decom- the stoichiometric crystal was that we added the temperature
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. . : : q r T . ' perature dependence over a wide range for undoped and
| (@ congruent LiNbO, | | & MeOLiNbO, | doped crystals. The Raman lines have been calculated by the
superposition of closely spaced main and side lines corre-
sponding to the transitions between the energy levels in an
anharmonic potential for the ionic motion. The anharmonic-
ity of the potential, which is important for models of ferro-
electric properties of LiNb@ was calculated from the ex-
perimental results. The widths of the main lines in
o N . stoichiometric LiINbQ are determined by the decay of the
0250 300 350 150 200 250 300 350 optical phonon into two acoustic phonons. In congruent and
Frequency (em™) Frequency (em™) doped LiNbQ a temperature independent term was added to
this linewidth, which was attributed to the scattering of the

FIG. 4. Spontaneous Raman spectra of the 25T camd 273 optical phonons at crystals |mperfect|0_ns. . .
cm~! modes in congruent LiNband MgO:LiNbQ, at T=293 K; We did not observe a frequency shift of the investigated
linestyles as in Fig. 2. phonon modes beyond that caused by the decay into two

acoustic phonons. So we see no hint for a soft mode behav-
) ) ) S ior. Comparison of the Raman spectra with the imaginary
independent ternf’; to the linewidthI" of the main line[in  hart of the dielectric susceptibility derived in model calcula-
Eq§.l(1) and(6)]. The results are shown for the 251 and 273455 for the displacive and order/disorder phase tranSition
cm = modes of congruent LiNbQand MgO:LINDG at  ghows a better agreement with the latter. An examination of
room temperature in Figs(@ and 4b). The dashed line is  stoichiometric LiNbQ at high temperatures and a compari-
the sum of the dotted lines, which represent the main andyp, of the measured anharmonicity with theoretical calcula-

side lines. There is good agreement between the solid e_xp_erﬁ-ons of the anharmonic poteniaill complement our un-
mental curve and the calculated dashed curve. A S'm'lafierstanding of the ferroelectric phase transition.

good agreement was found for the line shapes in all exam-

ined crystals from 20 to 300 K, indicating that our model is  The authors gratefully acknowledge valuable help by Pro-

a good representation not only for the stoichiometric but alsdessor O. F. Schirmer and Dr. G. |. Malovichko, who lent us

for the congruent and doped crystals. the stoichiometric crystals. We would also like to thank R.
In summary, we have presented a model for the RamaRfister who participated in the experiments. This work was

line shapes in LiNb@ which describes correctly the tem- supported by the Deutsche Forschungsgemeinschaft.
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