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Frequency dependence of phonon-polariton damping in lithium niobate
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We have measured the gain for stimulated Raman scattering from phonon polaritons of the 256,cm
mode of MgO:LiNbQ as a function of polariton frequency. The comparison with calculations provides new
information on the damping of phonon polaritons, in particular on the propagation of the polaritons out of the
excitation volume, their coupling to low-frequency excitations, and the frequency dependence of the damping
constant of the optical phonon mode, which is in agreement with the anharmonic decay of the optical phonon
into two acoustic phonons and the scattering at crystal defects.

The study of the properties of phonon polaritons providesbeam(subscriptS) under the phase matching angle[ see
fundamental insight in the nature of light-matter interaction.inset in Fig. 1b)]. The pump and Stokes beams are provided
Investigations of the damping of polaritons are a powerfulby a frequency-doubled Q-switched single-frequency
tool to gain information on the material excitations to which Nd:YAG (YAG is yttrium aluminum garngtlaser and a dye
light is coupled. Recently, it has been shown that low-laser, respectively, which is pumped by the third harmonic of
frequency phonon polaritons can be excited with femtosec-
ond light pulses by the opticaleZenkov effectand by im-
pulsive stimulated Raman scatterifig.In LiNbO; (Ref. 3 P ' ' ' '

and LiTaQ, (Ref. 4 information on the polariton damping - 20 B N

and the coupling of other phonon modes to the polariton g / < (a)

mode has been obtained. Particularly lithium niobate has Z 15 FARNEA 1
enormous merits in nonlinear optics and electro-optics. Pho- (5 / S

non polaritons with high frequencies>@00 cm') have S10}F / o= _
been excited by superposing two short light pulses with ap- {5‘ / ° .\¢> )’\/“

propriate frequencies and detected by time-delayed coherent % 0s _// ® S A ]
anti-Stokes Raman scatteriff.From these investigations S 4 CN

information on the propagation characteristics and the decay / N

time of the high-frequency polaritons has been obtained. 0.0 I I l I t
In this paper, we study the damping of the polaritons with

an experimental method which is suitable for polaritons with 25
arbitrary frequencies. We measured the peak value and width ‘&

of the gain for stimulated Raman scattering from the phonon 220
polaritons of the 256cm A; mode of MgO-doped géj
LiNbO3, which was used because of its higher threshold for = 15
optical damagé.The dependence of the Raman gain on po- e
lariton frequency provides new information on the damping 2 10
of the polaritons. The propagation of polaritons out of the .g
excitation volume and their coupling to low-frequency exci- O ;5

tations are important damping mechanisms for polariton fre-
quencies smaller than 100 and 200 ¢mrespectively. Of
special importance is the region of high polariton damping 0 50 100 150 200 250
from 200 to 256 crm?, where the observed frequency depen- Polariton Wave Number E(cm'l)
dence of the polariton damping is described by a model for
the anharmon_ic decay (_)f its phonon part into two acoustic FIG. 1. Measured and calculated pe@l, (a) and width 57
phonons and its scat_terlng at crystal defects. To our knOWIZb) of the stimulated polariton gain curve versus polariton wave
edge, these are the first results on tleguencydependence

fh h ic d fthe oh t of th larit numbery. The circles and ellipses correspond to the experimental
orthe anharmonic decay ot the phonon part of the polaritons, ;s measured with circular and elliptical light beams, respec-

Pre\{lously, either the temperature dependence of the anh r\'/ely. The dotted lines represent the single polar phonon mode
monic decay ofoptical phonons or the frequency depen- nqde for infinite plane waves. The solid and dashed lines represent
dence of the anharmonic decayaafousticphonons has been cqjculations for the circular and elliptical beams, respectively,
investigated. o where the propagation of the polaritons out of the excitation vol-

Polaritons with wave number= v — vgand wave vector ume, the coupling to low-frequency excitations, and the wave-
k=k_—ks are excited by superimposing in the lithium nio- number dependence of the TO phonon damping have been taken
bate crystal a pump laser beasubscriptL) and a Stokes into account.
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the Nd:YAG laser. The Stokes beam was amplified in theively). It is clearly seen that for polariton wave numbers
crystal by stimulated polariton scattering. The power of they<100 cni'? the peak gain is lower for a smaller beam di-
incident and amplified Stokes pulses and the pump lasesmeter in the propagation direction of the polaritons
pulse, Pgi(t), Ps/t), and P (t), were measured with the (circleg. For »>100 cni'! the same results were obtained
same photocell, a transient digitizgisetime of the detection for circular and elliptical beams within the experimental ac-
system about 1 nsand a computer. Typical values of the curacy. For clarity, just the circles are shown in this wave-
amplificationA=Ps,/Ps;, which were observed in our ex- nymber region, wher6g, exhibits several distinct maxima
periments, lie between 2 and 20. _ _ and minima as a function of polariton wave number

We are interested in the gafBg for stimulated polariton In Fig. 1(b) the width svg of the polariton gain curve,
scattering, which is defined using the amplified and inciden(NhiCh represents a measure of the polariton damping, is plot-

Stokes intensities,s, andls;, ted versus polariton wave number Svg decreases steeply,
when the polariton wave number is reduced below the

, (D optical phonon wave number,=256 cm L. In addition,
three maxima are observed below 200 ¢mFor small po-

where / is the crystal length. The Stokes and pump lasefariton wave numbers <100 cni?) the widths 6vg are
beams propagate a|ong tké andx directions, respective|y' Iarger for the circular bear(Cirdeg than for the elllptlcal
which form an angled [see inset in Fig. (b)]. The gain beam(ellipses, i.e., the propagation of the polaritons out of
Gs is a known function of the laser intenditgynd itsy and  the excitation volume acts as an additional damping mecha-
z dependence is determined by the radial laser intensity digdism.
tribution 1 (y,z), with y=x'sing+y’cos¥ andz=z'. Since We have calculated the gafdg for stimulated polariton
we measured the Stokeswerin the experiments, Eql) is  scattering from the 256 cit A; mode in LiNbQ; starting
integrated over the Stokes beam cross section, assumingwath the plane-wave theory of Henry and Gartetind
Gaussian intensity distribution of the laser beam and the inSussmart® In the first step we used a single polar phonon
cident Stokes beam with the same f&diusr,. The gain(in mode model with an eigenfrequency of,=256 cm?,
the center of the beam and at the time of laser pulse maxiwhich leads to the dielectric constante=¢.,
mum) is then calculated numerically from the measured am-+ Sﬁé/(ﬂ%—?—i?ﬁo). Here,S, and Sv, are the oscilla-
plification A= Pg,/Pg;. tor strength and damping constant, respectively, of the pho-

We measured the amplificatioh in MgO:LiNbO; for a  non mode. The calculated peak val@, and the width
certain polariton wave number at the corresponding phase Svg of the stimulated polariton gain are plotted in Fig&)1
matching angled. Then we tuned the Stokes wave numberand Xb), respectively, versus polariton wave numbeas
vg, While keeping the phase matching andgleconstant. dotted lines. It is clearly seen that the calculated curves de-
From the measured amplificatioh the experimental gain viate from the measured points. Therefore, further important
Gg was determined in the way described above. The gaiontributions to polariton damping have been taken into ac-
Gg as a function of Stokes wave numbeyis bell shaped for count in the next steps of the calculation.
constantd. We determined the peak val@, and the width In the experiments we used light beams with finite radius
Svg of this gain curve. This procedure was carried out forry, where the propagating polaritons leave the excitation
different polariton wave numberns, which lie on the polar- volume approximately after the timg /v g, with the group
iton dispersion curve, from 30 to 256 ¢rh The accuracy of velocity v, of the polaritons, and do not contribute further to
the absolute value @, and of the widthSv is determined  the amplification process. We have taken this into account in
mainly by the accuracy of the measurement of the lasea very crude model. We calculated the infrared absorption
power and beam radius and is limited by problems with op-coefficient « from the complex dielectric constamst and
tical damag€:® added the tern g, /(crp) to a. The stimulated polariton gain

From the phase-matching condition the angldetween was then calculated using the corrected valuexofThis
the propagation directions of the polariton and the laser bearorrection is important for polariton wave numbers below
has been calculatddee inset in Fig. (b)]. Sinceg is of the 100 cm %, where the group velocity of the polaritons is high,
order of 60° and the polaritons propagate with about 1/5 ofind other contributions to the damping are wésde Fig. L
the vacuum light velocityfor »<100 cni’?l), they are ex- The maxima of the gain widtlvg and the corresponding
pected to leave rapidly the excitation volume. To check theninima of the peak gairGg, in the wave number range
influence of the propagation of the polaritons out of the exbetween 100 and 200 crh(see Fig. 1 suggest an increased
citation volume, the gain was determined for circular pumppolariton damping at the respective wave numbers. Bakker,
and Stokes beams,elfadiusr,=0.46 mm, and for focusing Hunsche, and Kufzhave identified four resonancéat 43,
of the pump and Stokes beams with a cylindrical lens, whict80, 113, and 137 cit) in undopedLiNbO;, which were
yields an elliptical beam cross section. In this case the exciexplained by assuming that the microscopic potential of the
tation volume is wide(about 2 mm in the propagation di- 256 cm* TO phonon is extremely anharmonic and consists
rection of the polaritons compared to its height (0.1)mm of three wells. Qiu, Tillert, and Maiét observed minima in
The peak pump laser intensity in the center of the beam wathe generated far-infrared energy in undoped LiNbéD
about the same in both casds =20 MW/cn?). these four wave numbers and in addition at 185 tnin our

In Fig. 1(a) the peak valuesGg, of the polariton gain experiments inMgO dopedLiNbO; only three prominent
curve are plotted versus polariton wave numbefor the  wave numbers with increased polariton damping were found
circular and elliptical beamscircles and ellipses, respec- [maxima in Fig. 1b) and corresponding minima in Fig(a

/12
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at 120, 158, and 183 cm], while resonances below because we treated the decay ofaptical phonor? whose
100 cni* are missing. It is difficult to explain the difference fréguency is independent of its wave vector.
between undoped and doped LiNpBecause the physical We assume that the damping of the polaritons is caused
nature of the increased polariton damping is not quite cleaPy the decay of their mechanical part and apply &j.to
In the potential well model of Bakker, Hunsche, and Kurz €xplain our expenrplental results in the wave-number range
the influence of the resonances should disappear at low tenff®m 200 to 256 cm™. We suggest as the dominant process
peratures, because the corresponding energy levels are d8¢ decay into two acoustic phonons with=wv,=v/2 ,
populated. We observed, however, the increased dampir}?here” is the polariton wave number. The wave-number
also at 20 and 77 K, in contrast to this prediction. We tentadependence of the phonon occupation nunmbirneglected
tively ascribe the increased damping to the coupling of thdn the narrow range between 200 and 256 ¢émWhen all -
polariton to low-frequency phonon modes or the excitationth®se assumptions are taken into account, the polariton
of electrons or holes in traffsby the polariton. The missing damping constarif (»), caused by the decay into two acous-
resonances at 43 and 80 chin MgO-doped LiNbQ are tic phonons[Eq. (3)], is proportional tov®. This is in con-
then explained either by a strong broadening of the corretrast to the decay of an LA phonon, where‘adependence
sponding phonon modes or by different electron or hole trap!&‘aS been _observéd. _ _
in doped and undoped LiNQO We behe_ve that the scattering of the polariton by a Fhelr—_
For simplicity, we assumed in our calculation that the po-mal acoustic phonon, or vice versa, does not make a signifi-
laritons are coupled to three phonon modes in the way decant contribution to the polariton damping between 200 and
scribed by Wiederrectet al? It can be showhthat the mode 256 cmi'*. Since in thescatteringprocess just one acoustic
coupling leads to a change of the damping constantin ~ Phonon is involved, the wave number dependence o_f both
the dielectric constant. It can be replaced by an effective the two-phonon density of statd3,(») and the Fourier

damping constandv.; which is given by transform® will be different from that of thedecayprocess
in which two acoustic phonons are generated. It is, however,
1 3 K. difficult to make a quantitative estimate because of unknown
Vo= Ovo+ — 2 ﬁ (2) phonon eigenvectors and incomplete phonon dispersion
R % curves of LiNbQ.*°

— _ . ) In MgO-doped LiNbQ the scattering of the polariton at
wherev; and 6v; are the eigenfrequency and damping con-gefects represents an important contribution to polariton
stant of phonon modp, andK; represents the coupling con- gamping. This can be seen from the measured temperature

stant of this mode. _ dependence of the spontaneous Raman linewidth of the
However, there remains one severe problem. The mea&xgg oyt phonon of doped, undoped congruent, and un-

sured widthdvg [closed circles in Fig.(b)] of the polariton doped stoichiometric LiNb§ where a temperature-
gain curve decreases much more rapidly between 256 anfljependent part of the Raman linewidth has been found and
200 e~ than predicted by the calculations based on theyscriped to phonon scattering processes at det®s. have
theory of Refs. 9 and 1Qdotted line in Fig. 1b)]. For an fiyied the temperature dependence of the phonon occupation
explanation of this re§l1”t we discuss the damping of the TQ,mpern to the experimental results of Ref. 16 for MgO-
phonon atvo=256 cm . The main mechanisms of phonon yoped LiNbQ. Good agreement is obtained only when a
damping are the decay of the TO phonon into two acoustigemperature-independent term, caused by phonon scattering
phonons and the scattering of the TO phonon by a thermal; defects, is added to E€B). If we assume Rayleigh scat-
phonon and at crystal defects. tering to be dominant, the scattering efficiency is propor-

We used a simple theoretical model to describe the decayong| to 1* . The total polariton damping constant can be
of the TO phonort**“The dispersion relation of the phonons \itten as

in LiINbO; (Ref. 15 shows that the 256 cnd TO phonon
can decay unde_r conservatlo_n of energy and wave vectors 5vo=T y( 7 7g)3+ T (¥ 7). (4)
into two acoustic phonons with wave numbers and v,

which lie in the dispersionless part of the acoustic phonon. g represent the contributions of the polariton decay
branches. For simplicity, we neglect the anisotropy of the,nq scattering processes, respectively. From the fit of4iq.

anharmonic lattice interactions and take into account onI¥0 the measured temperature dependence of the spontaneous
one decay channel. Then the damping constanf the TO  r,man linewidth we obtained values dfy=17 cmi * and

phonon with wave number can be written &$ I's=9 cm ! for MgO : LiNbO; at room temperature.

D(5.71.7)|2 We calculated the stimulated polariton g&R as a func-
I'(¥)=const< (ny+ny+1)D(7) (’:’1_"’2) e tion of polariton wave numbep, taking into account the
VvV, propagation of the polaritons out of the excitation volume,
their coupling to low-frequency phonon modésy. (2)], and
The phonon occupation number in thermal equilibrium isthe wave-number dependence of the damping consiagt
given by n;=[exphcy /kgT)—1]"* with i=1,2. The two- [Eq. (4)]. The values of the coupling and damping constants
phonon density of state®,(v) is proportional tov?>. The  of the low-frequency phonon modes in E@) have been
Fourier transformb of the cubic anharmonic force constants fitted to get good agreement between the measured points
is proportional tov, v,. It should be emphasized that for the and the calculated curves. However, no fitting parameters
decay of aracousticphonon there is an additional factein ~ were used for the other damping mechanisms. In particular,
@ [see EQ.(2) in Ref. 14, which is missing in our case, in Eq.(4) only parameters determined independently in other
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experiments have been introduced. It can be seen from Figs. In conclusion, we have shown that the gain measurements
1(a) and Xb) that our model describes the main features ofof stimulated polariton scattering are a sensitive method for
our experimental results. Below 100 chthe differences be- determining the frequency dependence of the polariton
tween the circular and elliptical light beansircles and el-  damping over a large frequency range. New information on
lipses, respective)yare described reasonably well by the cal- the damping of the phonon polaritons of the 256 ¢rfTO
culations(solid and dashed lingswhere the different beam mode of LiNbG, has been obtained. In particular, the fre-
diameters and the propagation of the polaritons have beedihency dependence of the decay of the phonon part of the

taken into account. The experim%r;flly observed maximayo|ariton into two acoustic phonons has been measured for
and minima between 100 and 200 chare accounted for by ¢ first time and shown to be in agreement with a theoretical
the coupling of the polaritons to low-frequency excitations. | 4o

Finally, the rapid decrease of the gain widihg [Fig. 1(b)] The authors gratefully acknowledge valuable help by D.

below vo=256 cm ! is reproduced very well by our calcu- . lculating the f f th
. . R . T
lations which include the anharmonic decay and the sc:;xtteétrauch In calculating the frequency dependence of the TO

ing at defects of the polaritons. phonon damping constant.
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