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Damping mechanisms of phonon polaritons, exploited by stimulated Raman gain measurements
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Using a two-beam amplifier experiment stimulated Raman gain measurements were performed for the
polariton branch of the 256-cm A; (TO) optical phonon mode in ZnO-doped congruent LiNtedd un-
doped nearly stoichiometric LiNbCior polariton frequencies from 30 to 230 ch The dependence of the
peak value and linewidth of the Raman gain curve on the polariton frequency provides detailed information on
the frequency-dependent damping of the polariton. Spontaneous Raman spectra of the 2pBarran, with
particular emphasis upon the low-frequency wing of the Raman line, complete the results. The experimental
results are carefully analyzed by comparison with a theory connecting the stimulated and spontaneous Raman
data to the dielectric function of LiNb© which contains the damping of the polaritons. As damping mecha-
nisms the anharmonic decay of the phonon part of the polariton, the scattering at crystal defects and the
coupling to low-frequency excitations are discussed. We relate three of the low-frequency excitatibns to
phonon modes of LiNb@and the major part to defect mod¢S0163-182@08)05925-6

I. INTRODUCTION Debye relaxational mode, which is important at 300 K, but
can be neglected at 77 K.

The dispersion relation and damping of phonon polaritons In principle, stimulated and spontaneous Raman scatter-
in crystals has been the subject of many investigations ifng from polaritond® provide the same information. The in-
recent years. The experimental methods used in these studig@mation on the damping of the polaritons is contained in
include impulsive stimulated Raman scattering and transierfhe Raman linewidth, which can be obtained from the spon-
grating experiments with femtosecond pulsesnonlocal taneous Raman spectra and the stimulated Raman gain curve.
time-delayed coherent anti-Stokes Raman scatté@ARS) ~ |he advantage of the Raman gain measurements is the high
with picosecond pulses® amplifier measurements of the SPectral resolution, which is mainly determined by the nar-
gain factor of stimulated Raman scatteri(®8RS from po- row Wldth of the _Iaser lines, over the cc_)mplete range of
laritons with nanosecond pulsEsand cw spontaneous Ra- polariton frequenmes. The spec;ral res_olunon qf spontaneous
man scattering from polaritort$-4 The benefits and draw- Raman scattering from polaritons is low in the low-

backs of these methods can be seen from the discussion frFquency, linear part of the dispersion curve, because it is

X - . - determined by the group velocity of the polaritons and the
fche res”'_ts for t_he ferro_e Iectrlc_ crystal I_|th|um niobate, Wh'.Chfinite solid angle of the detected scattered light. A spectral
is of particular interest in nonlinear optics and electro-optics

. . . ““resolution of about 20 cm has been obtained for example
The coupling of the polaritons to low-frequency excita-

_ _ , , U for LiTaOs in the frequency range from 50 to 160 chn*®
tions has been investigated in congruent LiNbBIng tran- s resolution is typical for spontaneous Raman scattering
sient grating experiments with femtosecond pufsassplit-  from polaritons, but it is not sufficient to extract information
ting of the polariton dispersion curve due to the modegn the damping of the polaritons. The spectral resolution for
coupling was observed. However, no specific information orstimulated scattering, where a laser linewidth and a corre-
the polariton damping in LiNb@was obtained, in contrastto sponding resolution of much less than 1¢mare possible
LiTaO; where the frequency dependence of the damping wagithout problems, is much better. In the frequency range
determined:*® The frequency range of this method is limited close to the optical-phonon frequency the spectral resolution
from about 30 cm?! to the linewidth of the femtosecond of both methods is comparable, but spontaneous Raman scat-
pulses of about 150 cnt. In LINbO; measurements below tering has the advantage of being the simpler method with a
room temperature are difficult with this method, because théetter signal-to-noise ratio.
high intensity of the femtosecond laser pulses causes photo- Inspite of the high spectral resolution of Raman gain mea-
refractive damagé. surements, this method has not been used for the investiga-
The propagation of phonon polaritons of the 256-¢m;  tion of polariton damping until recently. Room-temperature
mode in MgO-doped and congruent LiNp®as been stud- measurement$of the gain factor of stimulated Raman scat-
ied using a nonlocal time-delayed CARS technifu@he  tering from polaritons using a two-beam amplifier setup pro-
frequency dependence of the polariton damping was mea#ded information on the polariton damping in MgO-doped
sured in the range from 10 to 80 chat 77 and 300 K. The LiNbOj; in the frequency range from 80 to 230 cfn Dif-
frequency range is limited by the fact that the propagation oferent damping mechanisms of the polariton in LiNd@ve
the polaritons can be followed only over distances from thebeen discussed. Below 80 chinformation on the damping
mm to the cm range. The damping of the polaritons inof polaritons is obscured by the effect of propagation of the
LiNbO; in this frequency range is determined by the cou-polaritons out of the excitation region. Above 230 chihe
pling to low-frequency modes at about 120 ¢hrand to a  gain is too small to be detectable, because the large phase-
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matching angle between the pump and Stokes beam de- LiNbO4 grokes
creases the interaction length. 1 214/ -

In this paper the damping mechanisms of phonon polari-
tons of the 256-cm' A; mode of LINbG, are carefully stud- ﬁ_‘Z - Pump

ied and analyzed using both stimulated and spontaneous Ra-
man scattering from polaritons. The measurements were

carried out at liquid-nitrogen temperature in doped congruent Jij kp 9 X 49 ,7lzlé
LiNbO3 and undoped nearly stoichiometric LiNpQt is the v — X
combination of both Raman methods and the comparison of k ks 2\8%

doped and nearly stoichiometric crystals which provide new

|nfprmat|on on'the number ar!d type of !ow-frequency eXCl- kG 1. Scattering geometry for the Raman amplifier experiment
tations determining the polariton dgm_plng over almost theolnd noncollinear phase-matching triangle. The pump beam is inci-
complete frequency range. A description of the Raman amaent perpendicular to the crystal surface and propagates ix the
plifier experiments and theory, based on classical couplegirection. The Stokes beam propagates insthelirection. All po-
wave equations, is given in Secs. Il and IlI, respectively. Thegarizations are parallel to thedirection, which is identical with the
influence of the propagation of the polaritons out of the eX-ppticale axis of the uniaxial lithium niobate crysta.is the phase-
citation volume on the gain factor and the damping mechamatching angle of the pump and Stokes beam inside the crystal.
nisms of the polaritons, anharmonic decay, scattering at de-

fects, and coupling to low-frequency excitations, arejaser dye coumarin 153 spanned the wavelength range

presented in Sec. IV. The physical origin of the low- =520_565 nm. The duration of the Stokes pulses was 6 ns
frequency excitations is discussed in Sec. V, followed by theynd the energy was 0.1 mJ.

conclusiongSec. V). Each beam was focused by a separate lens system to the
same beam radius of typically;,.=0.7 mm. Because the
Il STIMULATED RAMAN AMPLIFIER EXPERIMENT confocal parameter of abb@ m was large compared to the

crystal length =25 mm, the pump and Stokes beam radii in

In the SRS amplifier experiment a pump laser beam and the crystal were approximately constant. Pump pulse, inci-
second laser beam at the Stokes frequency are radiated intient Stokes pulse, and amplified Stokes pulse were detected
the crystal. The stimulated amplification of the Stokes beanwith one vacuum photodiod¢iamamatsu S2Qsing differ-
is measured. The frequenay of the excited polariton is ent optical delay lines, and recorded on a transient digitizer
given by the difference of the fixed pump laser frequeagy  (time resolution of the detection system 0.5.n& detailed
and the tunable Stokes frequenoy: description of the experimental setup is given in Ref. 17.

The power amplificationA=Pg,/Pgs; was determined
from the amplified and incident Stokes powePg, andPg;,
at the time of the maximum of the pump puféewve mea-
sured the amplificatio\ for a certain polariton wave num-
ber vp=wp/(27c) on the dispersion curve at the corre-
sponding phase-matching angle Then we tuned the Stokes
wave numbewg, while keeping the phase-matching angle
constant. In this way the wave numberof the excited po-
lariton is varied[see Eq.(1)]. The corresponding change of
the polariton wave vectok which follows from Eq.(2) is

In contrast to generator or oscillator experiments, both themall and can be neglected in the vicinity of the polariton
frequencyw and wave vectok of the polariton can be varied branch. Therefore the amplificatignis measured as a func-
independently. This means that in the amplifier experimention of v for nearly constank.
polaritons can be excited, whose frequency and wave vector In LiNbO; the photorefractive effect and the dark traces
do not fulfill the dispersion relation. Polaritons lying on the due to the high pulse energy of the nanosecond pump pulse
dispersion curve are characterized by the frequengyand  caused most of the difficulties in the amplifier experiment.
the wave vectoky;. The scattering geometry is shown in The corresponding optical damage decreased in the sequence
Fig. 1. All wave vectors lie in the isotropix-y plane of the  congruent, stoichiometric, MgO-doped and ZnO-doped
crystal with polarizations parallel to the optical axdsto  LiNbOj. In order to reduce the problems with optical dam-
excite polaritons oA; symmetry. Because of the low diver- age, we measured at low pump intensitieslpf=10 to
gence of the Stokes and pump beams, the wave vector of tH€0 MW/cn?, corresponding to an amplification #f=1.5
polariton is defined with high accuracy. to 20. We further used a mechanical shutter to select single

For the SRS amplifier experiment two time-synchronizedlaser pulses from the 10 Hz pulse train, to avoid accumula-
laser pulses with a frequency difference tunable from zero téion of the optical damage. After the measurements the pho-
several hundred wave numbers are required. The pump beatorefractive effect and the dark traces were healed by heating
with a wavelength of 532 nm was provided by a frequency-the crystal to room temperaturerf@ h and in the case of
doubled single-frequency Nd:YAG laser, delivering pulsesstoichiometric LINbQ by irradiation with incoherent light
with a duration ofry,,=13.5 ns and an energy of 60 mJ. A from a focused 100 W halogen lamp. We investigated ZnO-
dye laser, which was pumped with the third harmonic of thedoped and MgO-doped congruent LiNp(@rystals dimen-
Nd:YAG laser, was used as source for the Stokes beam. Theions x X y X z=25x 8x 10 mn?) and undoped nearly sto-

®w=wp— wg. (1)
The wave vectok of the polariton is fixed by noncollinear

phase-matching with phase-matching anglahown in the
lower part of Fig. 1:

k=kp—Ksg. 2
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ichiometric LiNbO; (Li:Nb=49.5:50.5, xXyXz=10x9 ' ' ' ' '
X 11 mn?) at T=77 K. Because of the large photorefractive
effect it was not possible to record gain curves in undoped
congruent LiNbQ.

For a comparison with theory we have to evaluate the
gain factorGg from the experimental data. In the plane-wave
approximation the incident Stokastensity I; is amplified
exponentially with the gain factdgg, which depends on the
pump intensityl . The amplified Stokes intensity, is ob-
tained by integration over the crystal lengthtaking into
account the experimental geometry. We get

)

-

gain factor Gy (cm’

112 w
|5a<y',z'>=|5i<y',z'>ex4 f Gs(lp(x'y",Z))dx' . g
® § 1
<
B
Thex', y’, andz’ dependence o6 is determined by the g g
radial pump intensity distributionlp(y,z), with vy £
=x'" sind+y’ cosd andz=z' (see Fig. 1 The spatial pro- o0
file of the pump and Stokes beams was close to Gaussian, as 0 L d 1 11 1. 11,
0 50 100 150 200 250

was veryfied with a CCD camera. Knowing the intensity
distributions of the pump beam and the incident Stokes
beam, we can integrate E_@) over the_ _Stol_<es beam profile FIG. 3. (a) Gain factorGy; and(b) linewidth svg versus polar-

in they’-z" plane to obtain the amplification of the Stokes jion frequencywy, in nearly stoichiometric LiNb@ at T=77 K.
powerA=Pg,/Pg;. All integrations were done numerically Full circles: experimental points; solid curve: simulation including
to get the gain factoGg as a function of the measured am- all damping mechanisms; dashed curve: constant danipjnglot-
plification A for a fixed geometry and of the pump intensity ted curve: frequency-dependent dampiijgwithout low-frequency

| oo in the center of the beafd,which is determined experi- modes. Short vertical lines: resonance frequencies of low-frequency
mentally. modes.

The measurements were carried out for a large number of
polariton frequenciesy;; and the corresponding phase- ZnO:LiINbO; at T=77 K andlp,=80 MW/cn? are plotted
matching anglesd. The measured gain curveGg for over thev-k plane(solid curves in Fig. 2and evolve as a

ridge over this plane. It should be noted that the ridge shows

p several peaks that are not expected from previous
Gs(cm™) calculationd®°?° based on a single polar phonon mode
1+ model. Therefore, we calculated the Raman daiusing
Eq. (6) of Sec. Il taking into account the additional damping
mechanisms discussed in Sec. [[Egs. (8), (10), (11), and
(13)]. The result is shown in Fig. 2 as the gray-shaded sur-
face.

Although Fig. 2 gives a good overview of the gain factor
in thev-k plane, it is not suitable for a quantitative compari-
son between theory and experiments. We determined there-
fore the heighG; of the maximum and the widthvg of the
measured and calculated gain curves for different polariton
frequenciesvy;. The results are shown for nearly stoichio-
metric LiINbO; and ZnO-doped LiNb@at 77 K in Figs. 3
and 4, respectively. The symbols represent the experimental
points and the curves correspond to the calculations, which
will be discussed in detail in Sec. IV. From reference mea-
surements in benzetewe estimate the error for the deter-
mination of vy and Svg to about 20% of the linewidth. The

FIG. 2. Gain factoiGg as a function of the polariton frequency accuracy for the frequency dependence of the gain f&&tor
v and wave vectok in ZnO:LiINbO; at T=77 K. Each solid gain  js also about 20%. The most striking features in Figs. 3 and
curve represents a measurement for a polariton frequeﬂcand 4 are the maxima and minima GH and 57G1 which are
the corresponding phase-matching angleThe shaded surface is g|ated to the coupling of the polaritons to low-frequency
calculated using Eq6) and in(_:luding the (_1amping mechanisms of modes. The frequencies of these modes are marked in the
Sec. IV. Dashed curve: polariton dispersion curve. figures by short vertical lines. At these frequencies the damp-

polariton frequency 7y (cm")
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' ' ' ' ' tion and eliminating the vibrational coordinate of the polar-
— iton, the following coupled differential equations for the am-
‘-‘E 2 T plitudes of the Stokes and polariton electromagnetic fields,
S Es andEy;, are obtained:
= .
I JEg i 5 0§ g *
5 —=—1 —| k§— —eg|Egt+ —[(d3s+d
g ] i ax  2Ke ST 2%s|FsT 2 [(dsst+dqxg)
8
c * 2 % 2
S X EpEf;+doxo|Epl“Esl {, (43
0 (9EH | 2 (l)2 )
T T T T T — — k - —eq EH
2 ax 2k cosp c?
i (b) { w2
<
(©]
IS .
< ks, wg, andeg are the wave vector, frequency, and dielec-
% tric constant of the Stokes lighB is the angle between the
s 57 T pump bear_n and the polariton b_easee Fig. L The nonIin-_
2 ear coefficientsls; and dg take into account the electronic
N T UL AR and vibrational contributions to the amplification process.
11 ||| TN The essential quantity in Eq&ta) and (4b) is the dielec-
0 , ' ' tric function ey, which is given b
0 50 100 150 200 250 i 9 y
polariton frequency 7y (cm'1) Sows
- 8H28x+ﬁ:8w+XQ' 6)
FIG. 4. (8 Gain factor G and (b) linewidth Svg in wo— w1l ow
ZnO:LiNbO; at T=77 K. Symbols as in Fig. 3. Since we are interested only in the lowest polariton branch,

the higher branches are taken into account by the effective
ing of the polaritons is high, leading to maxima of linewidth dielectric constant.,. S, is the oscillator strength anfl,
Sve and the corresponding minima of the gain fadBj . the damping constant of the optical phonon. We have intro-
duced the abbreviatiogq for the frequency-dependent part
of the dielectric functiorey; .

We insert an exponential amplification of the electromag-
netic fields with a gain factog G into Eqgs.(4a and (4b)

For the theoretical description we follow the ansatz ofand get a quadratic equation for the gain fadBy, from
nonlinear coupled plane waves of Henry and Galteind of ~ which Ggis calculated as a function of polariton frequeney
Sussmar?® The evolution of the Stokes field and the electro-and wave vectok. In LiNbO; for polariton frequencies from
magnetic field of the polariton are described by wave equa30 to 230 cm* the following simplifications are a good ap-
tions, while for the mechanical part of the polariton the usualproximation. The second term in the square brackets of Eq.
damped oscillator equation is used. For the small Stokes gai@a) and theGé term in the quadratic equation f@g are
in our experiment, the depletion of the pump fi€ld can be  neglected. Then, we get the following result for the gain
neglected. Using the slowly varying amplitude approxima-factor:

Ill. PLANE-WAVE THEORY OF STIMULATED
RAMAN GAIN

2wglp (en—e.)[da(K2c% w? —&..) + 2d3500] +d%;
2 Im .

Gq(w,k)=
stw.k) CeoMsMp k?c?lw? — ey

(6)

&g Is the dielectric constant of the vacuurpy and 7p are the  the linewidth Svg measured in our amplifier experiments is
refractive indices at the Stokes and pump frequencies, reéqual to the linewidth in spontaneous scattering, as is well
spectively. In the above approximation the gain faGarfor ~ known for Raman scattering from molecular vibrations and
polariton scattering is proportional to the pump intensity ~ phonons’!

It can be shown that the gain factGis of Eq. (6) is equiva- In the numerical calculations values of the nonlinear co-
lent to the gain factor derived by Barker and Loutfousing  efficients are needed. The nonlinear coefficiégtis nearly

a response function theory of Raman scattering from polarifrequency independent in the infrared spectral range. We
tons.Gg is proportional to the differential spontaneous scat-take the valu# ds;= —34.4 pm/V measured for frequency
tering cross sectionl?s/dQdw of Ref. 16, indicating that doubling at A=1064 nm. The coupling constant
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dg is calculated from the Raman-scattering cross sedtion where the propagation loss dominates, this leads to a gain
be do=—-18 pm/VY’ The sign ofdg was chosen to be the factor Gy; proportional to the polariton frequeney; and a

same as that afl;; (see Ref. 2 constant linewidthSvg in agreement with the experimental
results(see Fig. 4. For higher frequencies other damping
IV. DAMPING MECHANISMS OF THE POLARITON mechanisms become predominant and the group velocity de-

creases, therefore the contribution caused by propagation can

In the preceding section a single polar phonon modee neglected.
model with frequency-independent damping constanhas We have checked experimentally the dependence of the
been used for the description of the polaritons and the calcUinewidth svg on the radiusr 1, of the light beams in the
lation of the polariton gain factor. It has been shdWr'  range from 0.4 to 1.3 mm and found good agreement with
however, that this simple model cannot describe correctly théhe calculations using Eq8) (for a=0.2).
dispersion relation and damping of the polaritons. We dis-
cuss in the following sections additional damping mecha-
nisms of the polariton, which have been identified in
LiNbOs,. Information on the damping of optical phonons in LiINDO
has been obtained from the investigation of the temperature
dependence of the corresponding spontaneous Raman
] ] ) linewidths?* The main mechanisms of phonon damping are

In LINbO; the group velocity y= dwy; /dkyy, which cor-  the decay into two acoustic phonons and the scattering by
responds to the slope of the dispersion curve, is in googhermal phonons and at crystal defects. These effects were
approximation constant for polaritons with frequencies lessgynd to be important in doped and undoped congruent
than 100 cm®. As the polaritons in this frequency region |iNbO,, In stoichiometric LINDQ the scattering process can
travel with the high velocity y~c/5 and have a lifetime pe peglected for the spontaneous Raman linewidth of the
exceeding several tens of picoseconds, they can travel magsg.cni? A, mode. We assume that the damping mecha-
roscopic distances of several millimeters to centimeters ithisms of the optical phonon are also effective for the damp-
the crystal. This has been observed experimentally ifng of the phonon part of the polariton. But in contrast to the
LINbO; by use of a nonlocal time-delayed CARS gptical phonon, the polariton frequency is tunable. There-
technique'® The propagation of the polaritons acts as an efore, the frequency dependence of the damping mechanisms
fective damping mechanism in the SRS amplifier experifas to be considered.
ment, because polaritons, which have left the interaction vol- \we discuss in this section the decay of the phonon part of
ume of pump and Stokes beam, do not contribute to thene polariton into two acoustic phonons with frequencigs
amplification process. andw).. Scattering of polaritons at thermal phonons can be

We use a simple model, where the loss caused by thﬁeglected at 77 K. Applying a theoretical model which has

propagation of the polaritons out of the excitation volume isbeen used for TO and LA phonons to polaritons, the damp-
taken into account by introducing an additional effective ab- '

: - : ing constant 4, can be written &
sorption coefficientr,,. Since the pump and Stokes beams g de
have Gaussian intensity distributions, it is difficult to define
the excitation volume precisely. We assume that the effectof () Tyxw ™1 D)

B. Anharmonic decay into two acoustic phonons

A. Polaritons leaving the interaction volume

| D (KiKied actKacrd a1

polariton propagation over a distanae, is equivalent to a g i @adKaciad @ad Kacs I
decrease of the polariton intensity by a factoeoHerea is
a parameter, which determines the ratio of the effective di- XA(k—ka— ki) S(w— wi— o),

ameter of the interaction region to the radiyg of the laser
beams. Since the polaritons propagate under an ghgli¢h
respect to the laser beaisee Fig. 1, we define the effective
absorption coefficient as

X(N(wao) +N(wyd) +1). (€)

Kac Jac» @Ndw,c (Kae, ) a0 represent the wave vector, branch,
and frequency of the acoustic phonons involved in the decay
sin B process® is the Fourier transform of the cubic anharmonic
Xpr= o (7)  force constant and states that the wave vectors must be
e conserved up to a reciprocal-lattice vectofw,T) is the

The propagation loss is taken into account in the differentiaPhonon occupation number in thermal equilibrium.

equation for the polariton field by adding the teery, Ey in For simplicity, we neglect the anisotropy of the anhar-
the curly brackets on the right-hand side of E4p). When ~ Monic interactions. We assume that the polariton decays into
Egs.(4a) and(4b) are solved in the way described above, it tW? acoustic phonons with the same frequenay= wg

is found that the additional loss modifies the imaginary part=z in the dispersionless part of the acoustic phonon

of the dielectric constant in the following way: branches. It can be seen from the phonon-dispersion dirves
that this is a good approximation for LiINROIn this case the
Re(eqy) Vg Sin B two-phonon density of statgsum over the second line in

Im(ep)= Im(ey)— (8  Eq.(9)]is proportional tow?.

The decay of the polariton into two acoustic phonons is
With this modified dielectric function, the gain fact@p most important in the frequency region close to the optical
and linewidth §v can be calculated using E¢). In the  phonon frequencyabout 200—256 cit in LiNbOj), be-

range of low polariton frequencigs<50 cm * in LiNbO3), cause here the fraction of the mechanical energy of the po-

w arl/e
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lariton is largest. In this frequency region the polariton fre-SRS in doped LiNb@discussed in this paper the decrease of
quency is nearly independent of the wave vector, i.e., théhe linewidthsvg in the frequency range below the TO pho-
polariton is similar to an optical phonon. The dependence ofion (256 cm!) is much steeper than predicted by e

the Fourier transfornd® of the anharmonic force constant on dependence. Therefore we have to discuss the scattering
the wave vectok of the polariton is negligible, because the mechanism in more detail. We restrict our treatment to elas-
lattice motion corresponds to that of an optical phonon andic scattering within the polariton branch, corresponding to a
the Iong polariton Wavelength causes little anharmonicity. |I’phage shift or Change of the propagation direction of the
the frame of the continuum theory of the acoustic phonongolaritons, because there is not sufficient information avail-
the Fourier transforn is proportional to the wave vector aple on the phonon branches of LiNp@ discuss other

kac and therefore to the frequenay,.. For the symmetric  scattering processes.

decay into two acoustic phonons with half of the polariton  As the polaritons are assumed to be scattered at defects,
frequencyw, we arrive atb = w?® In summary, the damping that are mainly Nb, Mg, or Zn on Li sites and Nb

constant is obtained from E¢9) to be vacancies?® we use a first-order perturbation theory based on
5 L the scattering of phonons due to mass differeritiffer-
Lo, T)=Tg(0/09)°[2n(; ©,T)+1]. (100 ent binding strengths have been treated in a similar way as

It has been showf that in the limit w=w, this equation different masses. When (_)nly_one polariton branch is consid-
ered, the scattering rate is givenby

describes the temperature dependence of the spontaneo

Raman linewidth of the 256-cnt A; mode in stoichiometric KCo?
w

LiINbO3, when the anharmonic side lines are taken into ac- I (w)=C (11)
count. The constart, has been determined in this way to be ° Vgl @)’

3.4 cni’l. We use this value also for doped and congruent ) .

LiNbO; crystals? whereC contains the volume of the unit cell and parameters

We have calculated the linewid#vg in nearly stoichio- ~characterizing the defects, e.g., the difference between the

metric LiNbO; at 77 K taking into account the propagation déféct mass and the average mass in the crystal.
of the polaritons out of the interaction region and the anhar- When the frequency» of the polariton approaches the
monic decay[Egs. (8) and (10), respectivelj. The result is  ©ptical phonon frequency,, the group velocityq, of the
shown as dotted curve in Fig(8, which decreases more polaritons goes to zero and the perturbatl_on theory breaks
strongly than the dashed curve which has been calculategPwn. Therefore Eq(11) should not be applied to calculate
using a constant valug, of the damping constarjtn Eq. the spontaneous Raman I|neW|dth7?f the optical _phonon. In
(5)]. The comparison with the experimental data shows thathe low-frequency range<(100 cm7), wherev, is fre-
the calculated dotted curve provides the background for thguency independent, the scattering rétg obtained from
maxima and minima of the experimental points in Figh)3  Ed-(11) is proportional tow*, i.e., it has the same frequency
The detailed structure of the experiments can only be reprodépendence as Rayleigh scattering. - _
duced when the coupling of the polaritons to low-frequency _For the calculation of the SRS gain fact@j; and line-
excitations(Sec. IV D) is taken into account. width Svg [using Eq. (6)] the sum of the frequency-
For ZnO-doped LiNbQ [Fig. 4(b)] the decrease of the dependent contrlbutlons of the a_nharmonlc deldzy. (10)]
linewidth 5v close to the optical phonon frequency is @nd the scattering of the polaritditq. (11)] replace the
steeper than that of nearly stoichiometric LiNpi®ig. 3b)].  damping constant’y in the denominator of the dielectric
In a recent papéf the influence of disorder in the crystal and function [Eq. (5)]. The calculated result for the linewidth
of the concentration of defects on the anharmonic decay of¥c in ZnO-doped LiNbQ at 77 K is shown in Fig. &) as
phonons has been treated. With increasing defect concentrglotted curve. The steep decreaseset; below the optical
tion a stronger dependence of the damping constant on tHéhonon frequency is predicted correctly by the calculations
phonon frequency than for the perfect crystal was predictec2Nd provides the background for the measured maxima and
Another mechanism causing a steeper decrease of the linBlinima, which are caused by coupling to low-frequency ex-
width below the optical phonon frequency will be discussedcitations.
in the next section.

D. Coupling to low-frequency modes

C. Scattering at imperfections The influence of low-frequency modes on the damping

The spontaneous Raman linewidth of the 256-¢m,;  and the dispersion relation of polaritons has been discussed
mode in LiNbG, depends markedly on the crystal in the literature for LINbQ@ and LiTaG,. Two limiting cases
compositior?*?82%|t increases from stoichiometric LINGO  of the coupling mechanisms are usually considered: First, the
over congruent LiNb@to ZnO- and MgO-doped LiINb®  coupling of the low-frequency modes to the mechanical part
The differences between the linewidths of the nonstoichioof the polaritori'* and second direct coupling to the light
metric and the stoichiometric crystals are temperature indefield® assuming that each mode has its own oscillator
pendent and have been attributed to elastic scattering of thetrength. In this paper we discuss in detail the first mecha-
phonons at crystal imperfectioA$lUnder the assumption of nism and apply it to our experimental results. We have
a frequency dependence of the scattering #a&, similarto  found, however, that our experimental results can also be
Rayleigh scattering, the room-temperature measurements described by the second coupling mechanism. Our results are
the SRS gain factoiGy and linewidth Svg have been not sensitive enough to distinguish clearly between both
explainedt’ But for the low-temperature measurements ofmechanisms.
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We do not include in our treatment the coupling of the n
polaritons to a Debye relaxational mode, which has been M(w2—w?—iT (o) 0)Q=eE+ X, KgQy, (12
shown to be important for polariton damping in LiNp©Oe- b=1
low 80 cm ! at room temperaturf®. At 77 K the relaxation

mode is not effective. _ _ wherel'j; is the sum of the contributions of the anharmonic
Each of then low-frequency modes is described by a decay and the scattering at defefds)s. (10) and (11)].
damped oscillator with resonance frequensy, damping With help of the Eq(12a Q, is eliminated in Eq(12b).

constantl’,, and massm,, coupled to the mechanical part Then this equation is solved f@ and used for the calcula-
of the polariton by a symmetric coupling constakit,  tion of the dielectric function. This results in a dielectric

=Kpo (b=1 ton): function, in which the low-frequency modes occur in the
o - - denominator, increase the damping of the polaritons, and in-
My(wp— 0= iFpw)Qp=KpQ, (128 fluence the dispersion relation. We get
Sowp

en(w)= &,+ (13

wi— o’ ~iwl (o) + 25 {KeKpo/[MyM(wf— w?~iThw)]}

For this coupling mechanism of the low-frequency modes tadhe calculated maxima of the linewidth were higher than the
the polariton, the real and imaginary part of the dielectricmeasured ones and the corresponding minima of the gain
function obey the Kramers-Kronig relatidh The dielectric  factor Gy; were lower than the measured ones. Therefore, we
function is the essential quantity both for stimulated andreduced the coupling strengths by the facRy given in
spontaneous Raman scattering. The results of the calculdable I. Then good agreement is obtained between the cal-
tions[using Eq.(13)] will be compared with our experimen- culated solid curves and the measured points in Figs. 3 and 4.
tal results on spontaneous and stimulated Raman scatterittigis not clear at present why the coupling strengths obtained
in the following. from spontaneous Raman scattering have to be reduced to
We have investigated spontaneous Raman scattering froobtain agreement with the stimulated scattering results. It
the 256-cm? A; mode of LINbQ, crystals. The scattering should be remembered, however, that in the spontaneous Ra-
angled was 90°, i.e., we investigated polaritons with a largeman measurements the wave vectqgf is large 3.7
wave vector k;;~v2kp) and with a frequency close to that X 10° cm™ 1), while the gain measurements are carried out
of the optical phonond~ wg). In this case, the following for small values ok (<2x10* cm™1). A tentative expla-
simple equation is a good approximation for the spontaneousation is that the coupling strengths depend slightly on the
scattering cross sectidfi: wave vectoky; of the polariton. This would be first evidence
that the dielectric constant may depend on the wave vector in

d’c [n(w,T)+1]Im{e(w)} (14) addition to its frequency dependendeg. (13)].
dQdw ’ ’

In Fig. 5 the spontaneous Raman spectra of ZnO:LiNbO
and nearly stoichiometric LINbO(Li:Nb=49.5:50.5) at 77
K are presented on a normal scale and a scale enlarged by
factor 100 to show clearly the weak bands in the low-
frequency wing of the 256-cit line. In ZnO:LiNbO; peaks
at 112, 150, 163, 190, and 199 chare clearly seen. A
careful quantitative analysis reveals additional weak peaks,
which are listed in Table I. We calculated the spontaneous
Raman intensity using Eg&l3) and(14) and fitted the result
to the measured spectrum to get frequendcigs linewidths
I'y, and coupling strengthKy,Kpg/mym of the low-
frequency modes. The analysis was also carried out for the
nearly stoichiometric LiNb@ crystal, and the results are
given in Table 1. ] 100 200 300
Next, we compare the calculations including the low-
frequency excitations with our gain measurements, in par-

units)

— ZnO:LiNbO4
- —— stoich. LINbOg

[e}]

Raman intensity Ig, (arb

frequency (cm'1)

ticular with the heighG; and the linewidthsvg of the gain FIG. 5. Spontaneous Raman spectra A3 symmetry of
curve (see Fig§. 3 and)4 The frequenci_es»b, linewidths  zno:LiNbO; and nearly stoichiometric LiNbQat T=77 K (9
I'y, and coupling strengthko,Kpo/mym in Eq. (13) were  =90°, ky;~v2kp). Both spectra are scaled to identical oscillator

taken from the spontaneous Raman-scattering experimerggength of the optical phononag= 256 cm * (spectral resolution:
(see Table)l The result is not shown in the figures, because1.3 cm %).
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TABLE I. Low-frequency modes obtained from spontaneousijn znO:LiNbO; no splitting was observed, in contrast to con-

Raman scattering: frequenay,, linewidth 'y, coupling strength gruent LiNbQ, where fs transient grating experiments
KobKpo/Mpm. Ry is the ratio of the coupling strengths used in the showed a splitting of the dispersion cule
spontaneous and stimulated Raman experiments. '

KopKpo!
7b r, ?ﬁbrﬁo Suggested V. INTERPRETATION OF THE LOW-FREQUENCY
Crystal (ecm™) (em™ (1fcm™¥) R, cause MODES
Zn0-LiNb i;; 33 1§'§ 8': Be]feC: moge In this section we discuss the physical origin of the low-
NO:LINDO; 134 12 1'0 0'5 Defect mode frequency modes observed in the amplifier and spontaneous
150 1 2'7 0'5 E eeg Tmoo € scattering measurementEigs. 3—5. The frequencies of
: : ModeTO) o modes at 150153, 199 (198), and 235 (239) cmt in
163 14 2.0 0.6 Defect mode o .
ZnO-doped(nearly stoichiometricLiNbO; (see Table)l are
190 12 3.0 0.5 Defect mode
close to those of th& modes at 152TO), 194 (LO), and
199 11 1.3 06 E mod€LO) 4 33 . .
236 cm - (TO).>™ There exist two reasons for observing
222 14 4.0 0.8 Defect mode . .
these modes in th&; mode spectrum: First, thE modes
235 14 4.0 0.8 E mod€TO) . S
can couple to theA; modes due to internal strain in the
Nearly 106 33 9 0.7 Defect mode crystal’?*Second, th& modes, which are polarized perpen-
stoich. 125 20 3 0.3 Defect mode dicular to theA; modes, are not completely suppressed be-
LiNbO4 148 10 08 05 Defect mode cause of leakage of the polarizers in the experiments. The
153 80 11 0 E moddTO)  sharp peaks at 153 and 198 cthin nearly stoichiometric
167 20 1.2 11 Defect mode LiNbO; in Fig. 5 are certainly caused by the second effect.
188 13 1.7 03 Defect mode Next we discuss the prominent modes in the frequency
198 3 20 0 E moddLO)  range from 100 to 130 cnt. In previous papefs3* two
217 10 20 05 Defect mode  low-frequency modes around 100 chhave been observed
233 10 18 0.7 Defect mode in spontaneous Raman scattering and attributed to mi&sing
239 4 07 0.7 E moddTO) modes of LiINbQ. But Yanget al3 concluded from the di-

rectional dispersion of all zone-center modes, that the num-
The comparison between the experimental results and thber of I%lmodes is complete, because the .IO\AESMOQG; at
calculations of the gain facto&y; and the linewidthdv, 2 cm ~ is doubly degenerate and there is an additidnal

G ode at 530 cm’. The spontaneous Raman spectra in Fig. 5

showed that the frequency dependence of the polaritoﬂ1 . -
damping caused by anharmonic decay and elastic scatterirgy®W that the maxima at 106 and 120 cnare clearly sepa-

is important. However, the distinct maxima of the polariton"at€d in nearly stoichiometric LiNbO while a broad band
damping are due to their coupling to low-frequency modes.With a weak shoulder is observed in this frequency region for

We have also determined the dispersion relation of the&ZNO:LINbO;. The coupling strengths for both modes are
polaritons, which is defined in the literature in different lower in the nearly stoichiometric crystal than in the doped
Ways_l“’16 In our case, the dispersion curve was obtainedcongruent crysta(see Table)l In a further better stoichio-
from the experiments and calculations by determining themetric crystal(Li:Nb=50.0:50.0 with an accuracy of 0.1)
frequencyvy; of the maximumGy; of the gain curve and these Raman bands were not observed within the experimen-
plotting it versus the corresponding polariton wave vectortal accuracy. We conclude from these results that the modes
ki, which was calculated from the phase matching arfgle at about 106 and 120 crh are defect modes, which depend
[Eq. (2)]. It should be mentioned that for constant dampingon the stoichiometry and doping of the LiNp©rystals.
I'y [see Eq.(5)] this dispersion curve agrees in a very good
approximation with that of an undamped polaritol'y(
=0). Because of the high precision of the measurements it
was possible to observe the influence of the low-frequency - - - - -
modes on the dispersion curve.

We determined the differenckevy; between the polariton
frequencies with and without low-frequency modes and plot-
ted Ay versus polariton frequencyy; (see Fig. . The .
solid curve represents the calculations including the low- ! N
frequency modes using Eqé5) and (13). There is good 0 50 100 150 200 250
agreement betweeq the experimental poi.nts and_ thg solid polariton frequency 7 (cm'1)
curve. The modulation of the frequency differentey; is
caused by the low-frequency modes, the frequencies of FIG. 6. DifferenceAv between the polariton frequencies with
which are indicated by the short vertical linesvy; is low-  and without low-frequency modes. The full circles represent the
ered below the resonance frequency of each mode and liftegkperimental points. The solid curve has been calculated taking into
above this frequency, indicating that larger couplingaccount the low-frequency modes. The short vertical lines mark the
strengths would cause a splitting of the dispersion curve. Butesonance frequencies of the low-frequency modes.

Avy (cm'1)

'
R
T
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It is difficult to draw conclusions on the physical origin of fields and the oscillator equation for the mechanical part of
the other low-frequency modes in Table I, because there amhe polariton. The gain factor was shown to be related to the
only minor differences in the spontaneous Raman spectrdielectric function of the crystal, which contains the damping
(Fig. 5 and in the gain factor and linewidiffrigs. 3 and #  of the polariton. We measured the gain factor and the line-
of ZnO-doped and nearly stoichiometric LiNgCHowever,  width in an amplifier experiment for polariton frequencies
some of the modes have different frequencies in both crysirom 30 to 230 cm? in ZnO-doped congruent LiNb©Qand
tals, and for those modes having approximately the samandoped nearly stoichiometric LiNg@t 77 K. Spontaneous
frequency the coupling strength is lower in the stoichio-Raman spectra were recorded for a scattering angle of 90°,
metric crystal. These results indicate that these modes maye., for the optical phonon at 256 crh with special empha-
also be related to defect centers. sis upon the wing of the Raman line. A careful analysis of

We treated the low-frequency modes in H423 as the experimental data and a comparison with the theory gave
damped harmonic oscillators, which is a good model e.g. fothe following information on the damping of the polaritons.
localized vibrational modes of the defect centers. HoweverThe damping by the anharmonic decay of the phonon part of
there may be a coupling of the polaritons to shallow trapsthe polariton into two acoustic phonons and the scattering of
which are known in LiINbQ in the context of the dynamics the polaritons at crystal defects decrease strongly with polar-
of the photorefractive effect and the dark trat®3he acti- iton frequency and provide a measurable contribution only
vation energies of these traps are comparable with the olelow the optical-phonon frequenégbout 200—256 cit).
served energies of the low-frequency modesthe range The main damping mechanism in the investigated polariton
from 90 to 120 cm?) and vary with crystal composition, frequency range is the coupling of a large number of low-
dopant and doping concentratith. frequency excitations to the mechanical or electromagnetic

A completely different model for the explanation of the part of the polariton. They cause pronounced peaks in the
low-frequency excitations in congruent LiNg@as been in-  frequency dependence of the polariton damping.
troduced by Bakkeet al® They discuss their results interms ~ We have tried to clarify the physical origin of the low-
of transitions between higher energy levels of a strongly anfrequency excitations. Three of these excitations have been
harmonic triple-well potential. However, we think that this identified asE modes, which can couple to the 256-chA,
model is not able to explain our experimental results for twomode by internal strain. Two modes, in the range from 100
reasons. First, the maxima and minima of the gain factor antb 130 cm%, have been shown to be connected with defects
the linewidth are observed even at 20 K, where the highein the ZnO-doped congruent or undoped nearly stoichio-
levels of the anharmonic potential are not populated thermetric LiNbO; crystals. The rest of the modes is suggested to
mally. Second, we found pronounced differences betweebe related to defects of unknown nature in the undoped sto-
the doped congruent and the undoped nearly stoichiometrichiometric and doped congruent crystals. For an identifica-
crystals. It is difficult to imagine corresponding changes oftion of the defects investigations combining different physi-
the anharmonic potential with stoichiometry or doping of thecal methods, like ESR, photoconductivity, thermo-
crystals. luminescence, with the methods discussed in this paper, are

necessary.
VI. CONCLUSIONS

The damping of phonon polaritons of the 256-¢rmA;
mode of LiNbG, has been investigated by measuring the
gain factor and linewidth of stimulated scattering from po- The authors would like to thank O. F. Schirmer for the
laritons and the spontaneous Raman spectra of the opticakarly stoichiometric crystal, Tiequn Qiu for many helpful
phonon. The theoretical treatment of the gain factor fordiscussions, and T. Tyroller for the spontaneous Raman
stimulated scattering from polaritons is based on the solutiospectra. This work was supported by the Deutsche Fors-
of the coupled wave equations for the Stokes and polaritoehungsgemeinschatt.
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