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Long-distance propagation and damping of low-frequency phonon polaritons in LiINbQ
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The propagation and damping of low-frequeri@® to 80 cm'%), picosecond phonon-polariton pulses have
been investigated in LiNbO The phonon polaritons propagate over a distance up to several centimeters. The
measured frequency dependence of the absorption coefficient and the phase relaxation rate of the phonon
polaritons is discussed using a model that takes into account the coupling of the phonon polaritons to a
relaxational mode and to low-frequency excitations connected with defect centers. The much higher polariton
damping at 300 K compared to 77 K is explained by the presence of the relaxational mode, which is missing
at 77 K, and the larger coupling strength of the low-frequency excitations. The difference between the polariton
damping of MgO doped LiNb@and congruent LiNb@is ascribed to the changes of the resonance frequencies
of the defect center$S0163-18207)51534-7

In recent years, the propagation and damping of phonorides an important contribution to the polariton damping.
polaritons, which are of mixed mechanical and electromagThe existence of the relaxational mode has been taken as
netic character, have attracted much attentiohSeveral evidence that the ferroelectric phase transition is of order-
techniques have been used to address the question of tdéesorder character or mixed displacive—order-disorder
dynamics and damping of phonon-polariton pulses. Impulcharactet®!! A second important contribution to the polar-
sive stimulated Raman scattering and transient grating exton damping is the coupling of the polaritons to low-
periments with femtosecond laser pufséshave been used frequency excitations, which we suggest to be related to de-
for investigations of ferroelectric crystals like LINg®?But  fect centers. The polariton damping at liquid nitrogen
these methods have the disadvantage that the frequentgmperature is substantially smaller than at room temperature
range of the investigated polaritons is limited from aboutdue to the vanishing of the relaxational mode and the smaller
30 cmi ! to the linewidth of the femtosecond pulses of aboutcoupling strength of the low-frequency excitations. The dif-
150 cm L. In addition, in crystals like LiNb@measurements ference between the polariton damping in MgO doped
at temperatures substantially below room temperature areiNbO; and undoped congruent LiNR@s explained by the
difficult, because the high intensity of the femtosecond lasedifferent resonance frequencies of the defect centers in these
pulses causes photorefractive damAggain measurements crystals. S
of stimulated polariton scatterifigan be used in principle Polariton pulses with a wave number v, —vg and a
for any polariton frequency, but for low frequenciés80  wave vectork=k, —kg are excited by superimposing in the
cm ! in LiNbO,) the information on the damping of the lithium niobate crystal a pump laser bedsubscriptL) and
polaritons is obscured by the effect of propagation of thea Stokes beanfsubscriptS), which are linearly polarized
polaritons out of the excitation region. In LiNR@he disper-  parallel to thec axis of the crystal, under the phase matching
sion curve of the polaritons of the 256-cfA; phonon has angled (see Fig. 1 In order to limit the spatial extension of
been measured using femtosecond laser pdisesd the the polariton excitation region to a small size, the crystal was
damping of polaritons with frequencies larger than 80°¢m cut at one cornefsee Fig. 1, right The cut was filled with
has been determined by gain measurements of stimulatexh absorbing layer which blocks the pump laser and Stokes
polariton scatterin§.The results have been discussed using a
model where the polaritons are coupled to low-frequency

excitations?®
The propagation and damping of polaritons has also been k k CARS
studied using a nonlocal time-delayed coherent anti-Stokes ke
Raman scatteringCARS) technique in NHCI and LilO; 0 Cut
crystals’° Polaritons with frequencies larger than 600¢m /\Polariton
have been investigated and propagation distances of the or Beam
der of 1 mm and phase relaxation rates in the range from 0.1 Circular
to 1 ps ! have been observed. Laser Gy Elliptical Focus
In this paper, we apply the nonlocal time-delayed CARS Stokes
technique to the investigation of phonon polaritons of the Probe Beam
256-cm* A; mode of doped and undoped LiNp@rystals FIG. 1. Generation and detection of phonon polaritons in

and present information on the propagation and damping ofiNbO,. Left: Phase-matching diagrams;ks, k, , Kp, andKcars
low-frequency polaritong10 to 80 cm?). It was found in  are the wave vectors of the polariton, Stokes, laser, probe and
LiNbO; that, even at room temperature, there is a couplingCARS waves. Right: Schematic diagram of the central part of the
of the polaritons to a Debye relaxational mode, which pro-experimental setup.
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beams. The pump laser and Stokes beams are provided by . . |

the fundamental of a mode-locked Nd:YAG laser and the 3K (a) n
idler of an optical parametric oscillator, which is synchro- s V=100m’
nously pumped by the third harmonic of the Nd:YAG laser
pulse train. For the polariton generation a single pulse is
selected from the pump laser pulse train by a pulse slicer.
The pulse durations of the pump laser and Stokes pulses are
35 and 28 ps, respectively. The linewidth of the idler light,
which was continuously tunable around the fundamental
wavelength of the pump laser of 1.064m, was about

1 cm L. The wave number of the generated polaritons was
tuned by changing the idler wave number and adjusting the
phase matching angle (b)

1/e Radius r (mm)

The excited polariton pulse propagates in the isotropic ,’qu 6 o =60ps 7
plane of the crystal with the group velocity; (Ref. 12 in S
the direction of its wave vectok, which forms an angle < i
B~65° with respect to the wave vectky of the pump laser =
beam (see Fig. 1, left The polaritons are detected after %
propagating a distanc¥ in the LiNbO; crystal by time- w i
delayed, properly phase-matched CARS of a probe pulse B
(subscriptP), which is selected by a pulse slicer from the :cj

second harmonic of the pump laser pulse train. Partial sepa-
ration of the probe and CARS beams, which propagate in
slightly different directions because of the fulfillment of the
phase-matching condition, is achieved by a slit, which trans-
mits mainly the CARS beam. Since for low-frequency po-
laritons the phase matching angtés very small(see Fig. 1, ~ FIG. 2. (8) Radiusr of the polariton beam versus propagation
left) and the spatial discrimination is not complete, thedlstancex for different polariton wave numbens (|Iqtj|d nltrogen
CARS beam is directed on the entrance slit of a doubldemperature (b) CARS energyEcags of the 12-cm* polariton
monochromator and detected at the exit slit with a photomulY€'SUS Propagation distancé for several delay timesp (room
tiplier. temperatur)s X and_Em represent the _posmon and height of the
The laser and Stokes beams, which generate the polallir—]"jlxImUIm of a polariton pulse, respectively.
tons, were focused to a cylindrical focal volume with a
lengthl of 1.5 mm and a ¥ radiusr, of 250 um, which is We have measured the CARS eneEpyrsfor a definite
of the order of the wavelength of 2Q@m (in the crystal of ~ delay timetp of the probe pulse at different positioixsof
the lowest-frequency polaritons (10 ch). Because of the the probe beam in the crystal. This corresponds to a snapshot
large horizontal extensioh of the interaction region of the Of the polariton pulse. Figure(8) shows several snapshots at
laser and Stokes beams the horizontal divergence should Igéfferent delay timesp , which demonstrate the propagation
small. In contrast, the small focal spot radiysis expected of the polariton pulse with a wave number of 12 chover a
to cause a large divergence of the polariton beam in thélistance of about 1.5 cm at room temperature. In the figure,
vertical direction. We measured the radial energy distributhe CARS energ¥carsis plotted versus positioX of the
tion of the polariton beam by scanning a circularly focusedprobe beam in the polariton propagation direction for differ-
probe beantl/e radiusr p=180xm) in the vertical direction ~ ent delay timesy, . The solid curves represent a fit of Gauss-
and detecting the generated CARS sigfilg. 1, righd.  ian curves through the experimental points. The group veloc-
From the radial profile the &/radiusr of the polariton beam ity vg of the polariton pulse was obtained from the position
was determined. In Fig.(8) the radiusr is plotted versus Xp, of the pulse maximum at different delay timgs. The
propagation distanck of the polaritons for different polar- absorption coefficientr and the phase relaxation tine,
iton wave numbersy at liquid nitrogen temperature. The were determined from the plot of the logarithm of the height
curves have been calculated by fitting hyperbolas to the exEn of the polariton pulse maximum versus posit¥p and
perimental points. The divergence angle of the polaritordelay timetp , respectively. We obtained a group velocity of
beam is equal to the angle between the asymptote of theg=0.20Xc, wherec is the vacuum light velocity, an ab-
hyperbola and theX axis. It increases proportional to the sorption coefficient olx=1.9 cni’!, and a phase relaxation
polariton wavelength\=1/v. For all polariton wavelengths time of T,=170 ps for the 12-cm" polariton at room tem-
the divergence angle is larger by a factor of 3 than that of gerature. Since the polariton pulse propagates with the group
diffraction limited beam. It follows from these results that velocity v, the spatial and the temporal damping constants
for the measurement of the polariton damping we have to usere related byx=2/(v cTo).8
a probe beam which covers the complete polariton beam. We have determined the group velocity, the absorp-
This is achieved by focusing the probe beam with a cylindri-tion coefficiente, and the phase relaxation tin%® in the
cal lens to an elliptical spot with the large axis in the verticalway described above for polariton pulses with wave numbers
direction (see Fig. 1, right between 10 and 80 cM in congruent LiNbQ and MgO
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X (mm)
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S 010 —~ rectly the dispersion relation and damping of the polaritons.
"€ 15 [ " It has been extended in two different ways: first, by coupling
3} / =% e .
= / -~ low-frequency excitations to the mechanical part of the
B / E polaritorf® and, second, by assuming that these excitations
g 10 ./ % have oscillator strengths providing a coupling to the light
5 / 1 008 S field? In the first model the mode coupling increases the
3 / o ' s damping of the polaritons. It can be described by replacing
Cg’ 5 /o/ 5 b= 5o in Eq. (3) by an effective damping const&nt
S & 3
a e o)
5 8 i - — 1 K;
@ OVeti= Ovgt+ — 2, —=————. 4
2 o | o g Veff= O0bo™ = 2 ;jz_;z_ly&jj (4)
0 20 40 60 80 100 o

) 3 B Here,v_j and 5v_j are the eigenfrequency and damping con-
Polariton Wave Number v (cm™) stant of the low-frequency excitatign andK  represents the
coupling constant of the mechanical part of the polariton to
FIG. 3. Absorption coefficienw (left-hand scalp and phase this excitation. In the second modelwhere oscillator
relaxation rate 2/, (right-hand scale versus phonon-polariton  strengths are ascribed to the low-frequency excitations, fur-
wave number for MgO:LiNbO; (squaresand congruent LIND®  ther resonance terms are added to the dielectric constant
(circles at T=77 K (open symbolsand 300 K(full symbolsg. The [right hand side of Eq(3)], which take into account the
curves have been calculated with E(B.to (4) using the following oy pling of the excitations to the light field. We found that
values. e,=831, MgO:LINDG, T=77K (dOtted06 CUIV&  our experimental results can be described within the experi-
20:0125;_'1.1/1; jégocrlz . Oﬁglz fr(\)/ E;:mso,: Té? 5%‘2< 1115 ir:;_l' ][nen_tal e}pgturac3|1 bgr/] both mlpdelsf. IIn tr}e following wgtdti:'scuss
— - - i i B 9 or simplicity only the coupling of low-frequency excitations
T M 0L e A28 " OSBS iqhe mechaniclpat o h polrion.
V=105 o't ' Sv7=40 oL, K,=4.92¢ 10° cm"“,’ Information on the low-frequency excitations can also be
=120 cml, 87,=15 cmL, K,=1.10<10° cm ™, A=0cm % obtained from spontaneous Raman spectra. We have mea-
T=300 K (dash-dotted curye S,=17.8, ;=105 cnil, sured the.spontaneous Ramqn spectra of the crystals usgd in
Sv,=40 cn Y, K,=27.26<10° cm™*, =120 cmi’t, our experiments for a scattering angle of 90°. In the region
Sv,=15 cm'}, K,=6.12x10° cm ™4, A=26 cm't, 7=0.6 ps. below 150 cm? a very weak and broad Raman peak was
observed in MgO:LiNb@ at 115 cmi?, which splitted into

doped LiNbQ at room temperature and liquid nitrogen tem- WO overlapping peaks at 105 and 120 crrin congruent
perature (77 K). The absorption coefficient (left-hand LiINbO3. The frequencies of these peaks are .S|gn|f|cantly
scale and the phase relaxation rateT2/(right-hand scale smaller thgn that of the Iowest—fre_qluency opt_|cal phonon
are plotted versus polariton wave numbem Fig. 3. Two ~ mode of LINbG, (E mode at 152 cmr). In addition, they
main results can be seen from the figui¢.The absorption depend on the composition of the crystal. We ascribe there—
coefficient of congruent LiNbQ(circles is larger than that fore these low-frequency resonances to defect centers in the
of MgO:LiNbO; (squarek (i) The absorption at 77 Kopen crystal. They may bt_a caui?d by vibrational defect m_odes or
symbolg is substantially smaller than at 300 #ull sym- electronic traps in L|N.b@. Th_e resonance frequencies of
bols). These results will be discussed in the following. the low-frequency excitations in congruent and MgO-doped
The damping of the polaritons is determined by the di-LiNPOs have also been dEterm"]?d, in Refs. 2, 6, and 15. The
electric functione(). The absorption coefficient is given ~ '€sonance frequency; =115 cm = in MgO:LiNbO; mea-
by'3 sured by us is consistent within the experimental accuracy
with the result of Ref. 6(about 120 cm'). In congruent
a=4mvn”, (1) LiNbO; our values of 105 and 120 crh for the resonance
frequencies of the defect centers do not agree with those of

wheren” is the imaginary part of the refractive index. It is Ref. 2 and 15. The reason for this difference is not clear at

related to the real and imaginary parts, and €”, of the

; . . present.
dielectric function by For the calculation of the absorption coefficiemtwe
1 12 have to know the damping constadi, in Eq. (4). In Ref. 6
n"= 5 [(e'?+€?)YV2—¢" ]} . (20  amodel has been introduced in whiéh, is determined by

the decay of the phonon part of the polariton into two acous-

For a single polar phonon mode model with an eigenfre-f‘ic phonons and the scattering of the polaritons at crystal

quencyrg (256 et in LINDO,) the dielectric function can Imperfections. This model leads to a dependence of the
be written as damping constandv, on the polariton frequency.

Using the results of Ref. FEq. (4)] for dv, and the reso-
o Sovi nance frequencies; and the linewidthssv; of the defect
(V)= €t ——— (3)  centers from our spontaneous Raman measurements, the
0 only fit parameters are the coupling constafsin Eq. (4).
Here, S, and 8, are the oscillator strength and damping We calculated the absorption coefficienfor congruent and
constant, respectively, of the phonon mode. However, it hablgO-doped LiNbQ at 77 K as a function of polariton wave
been showh*® that this simple model cannot describe cor-number v using Egs.(1)—(4). The results are shown as

“ivovg
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dashed and dotted lines for congruent and MgO dopednode provides an important contribution to the absorption
LiINbO3, respectively, in Fig. 3. There is good agreementcoefficient at room temperature. This shows clear evidence
between the experimental points and the calculated curveor the existence of a relaxational moderadm temperature
The larger absorption coefficient of congruent LIND@ s found in LiNbO,. The relaxational mode was taken as
mainly due to the down shift of the resonance frequencyevidence that the ferroelectric phase transition is of order-
(105 cm!) of the defect center compared to MgO:LINDO disorder character or mixed displacive—order-disorder
(115 cm'Y). The wing of this mode causes the larger absorpcharactet%*!n a previous investigatidfi the values for the
tion. . ) relaxation timer and the coupling parametdr of the relax-

For the fit of the experimental data at room temperatureyiional mode have been determined at temperatures higher
we took into account that the broad peaks in the spontaneoyg.n 600 K for congruent and stoichiometric LiNDOR

Raman spectrum became stronger by a factor of 2 when th(g:On ruent LINDQ a temperature-independent valieof
temperature was raised from 77 to 300 K. But the corre- gru INbQ peraluire-indep v

X . > 7=0.3 ps was found between 612 and 1224 K. It was
sponding calculated absorption coefficient was smaller than 4 . -
the measured values. By increasing the coupling stregth sqgges_,te ' that the defect _concentranon limits the relax-
of the low-frequency excitations it was not possible to ac—"’lt'ofnl t'mgsz congruent LiNbG. dThe \:jalue ofA (=65 |
count quantitatively for the measured frequency dependencdl ~ at 612 K was temperature dependent. An extrapola-
of the polariton absorption coefficient. The reason is that thd!n t0 room temperature using Fig. 6 of_lRef. 10 gives a
wings of the low-frequency resonances cause a nearly qui@lue of the coupling parameter 4f=52 cm=. The values
dratic frequency dependence of the absorption coefficient ifPr 7andA of this work and Ref. 10 are of the same order of
the low-frequency regiofiv=<30 cmi * at T=300 K), while magnitude. The difference of about a factor of 2 may be due
the measured absorption coefficient rises nearly linearly if0 the different temperature ranges of the measurements and
this frequency region. Consequently it was not possible tdhe extrapolation of the high-temperature data to room tem-
describe the experimental results just by coupling to the lowPerature. Moreover, the congruent LiNbQystals may dif-
frequency excitations. fer by the types and concentrations of defect centers because
Since there was evidence from our spontaneous RamdRe crystal suppliers may use different crystal growing con-
spectra that there is a coupling of the phonon mode to &itions. _ _ _
Debye relaxational mode at room temperature, we added to In conclusion, long-distance propagation up to several
the effective damping constant in E¢) a term of the centimeters of low-frequency polaritons has been observed

form10:11 in congruent LiINbQ and MgO doped LiNb@ The damping
of the polaritons has been discussed in terms of the polariton
1 A? coupling to a relaxational mode and to low-frequency exci-
5”D:ﬁ1_i 2mcur’ ) tations connected with defect centers. The relaxational mode

, o ) , provides an important contribution to the polariton damping
where 7 is the relaxation time and is the coupling param- 4t 300 K.

eter. When this term is included, good agreement is obtained

in Fig. 3 between the room temperature experiméfiled The authors gratefully acknowledge financial support by
symbolg and the calculationésolid and dash-dotted curyes the Deutsche Forschungsgemeinschaft. We thank U. T.
for values ofr=0.6 ps andA =26 cmi . This result clearly ~Schwarz for valuable discussions and a critical reading of the
shows that the coupling of the polaritons to a relaxationamanuscript.
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