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The propagation and damping of low-frequency~10 to 80 cm21!, picosecond phonon-polariton pulses have
been investigated in LiNbO3. 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 LiNbO3 and congruent LiNbO3 is ascribed to the changes of the resonance frequencies
of the defect centers.@S0163-1829~97!51534-7#

In recent years, the propagation and damping of phonon
polaritons, which are of mixed mechanical and electromag-
netic character, have attracted much attention.1–9 Several
techniques have been used to address the question of the
dynamics and damping of phonon-polariton pulses. Impul-
sive stimulated Raman scattering and transient grating ex-
periments with femtosecond laser pulses1–5 have been used
for investigations of ferroelectric crystals like LiNbO3.

1,2 But
these methods have the disadvantage that the frequency
range of the investigated polaritons is limited from about
30 cm21 to the linewidth of the femtosecond pulses of about
150 cm21. In addition, in crystals like LiNbO3 measurements
at temperatures substantially below room temperature are
difficult, because the high intensity of the femtosecond laser
pulses causes photorefractive damage.4 Gain measurements
of stimulated polariton scattering6 can be used in principle
for any polariton frequency, but for low frequencies~,80
cm21 in LiNbO3! the information on the damping of the
polaritons is obscured by the effect of propagation of the
polaritons out of the excitation region. In LiNbO3 the disper-
sion curve of the polaritons of the 256-cm21 A1 phonon has
been measured using femtosecond laser pulses,1,2 and the
damping of polaritons with frequencies larger than 80 cm21

has been determined by gain measurements of stimulated
polariton scattering.6 The results have been discussed using a
model where the polaritons are coupled to low-frequency
excitations.2,6

The propagation and damping of polaritons has also been
studied using a nonlocal time-delayed coherent anti-Stokes
Raman scattering~CARS! technique in NH4Cl and LiIO3
crystals.7–9 Polaritons with frequencies larger than 600 cm21

have been investigated and propagation distances of the or-
der of 1 mm and phase relaxation rates in the range from 0.1
to 1 ps21 have been observed.

In this paper, we apply the nonlocal time-delayed CARS
technique to the investigation of phonon polaritons of the
256-cm21 A1 mode of doped and undoped LiNbO3 crystals
and present information on the propagation and damping of
low-frequency polaritons~10 to 80 cm21!. It was found in
LiNbO3 that, even at room temperature, there is a coupling
of the polaritons to a Debye relaxational mode, which pro-

vides an important contribution to the polariton damping.
The existence of the relaxational mode has been taken as
evidence that the ferroelectric phase transition is of order-
disorder character or mixed displacive–order-disorder
character.10,11 A second important contribution to the polar-
iton damping is the coupling of the polaritons to low-
frequency excitations, which we suggest to be related to de-
fect centers. The polariton damping at liquid nitrogen
temperature is substantially smaller than at room temperature
due to the vanishing of the relaxational mode and the smaller
coupling strength of the low-frequency excitations. The dif-
ference between the polariton damping in MgO doped
LiNbO3 and undoped congruent LiNbO3 is explained by the
different resonance frequencies of the defect centers in these
crystals.

Polariton pulses with a wave numbern̄5 n̄L2 n̄S and a
wave vectork5kL2kS are excited by superimposing in the
lithium niobate crystal a pump laser beam~subscriptL! and
a Stokes beam~subscriptS!, which are linearly polarized
parallel to thec axis of the crystal, under the phase matching
angleu ~see Fig. 1!. In order to limit the spatial extension of
the polariton excitation region to a small size, the crystal was
cut at one corner~see Fig. 1, right!. The cut was filled with
an absorbing layer which blocks the pump laser and Stokes

FIG. 1. Generation and detection of phonon polaritons in
LiNbO3. Left: Phase-matching diagrams;k, kS , kL , kP , andkCARS

are the wave vectors of the polariton, Stokes, laser, probe and
CARS waves. Right: Schematic diagram of the central part of the
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
idler of an optical parametric oscillator, which is synchro-
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 1.064mm, was about
1 cm21. The wave number of the generated polaritons was
tuned by changing the idler wave number and adjusting the
phase matching angleu.

The excited polariton pulse propagates in the isotropic
plane of the crystal with the group velocityvG ~Ref. 12! in
the direction of its wave vectork, which forms an angle
b'65° with respect to the wave vectorkL of the pump laser
beam ~see Fig. 1, left!. The polaritons are detected after
propagating a distanceX in the LiNbO3 crystal by time-
delayed, properly phase-matched CARS of a probe pulse
~subscriptP!, which is selected by a pulse slicer from the
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 angleg is very small~see Fig. 1,
left! and the spatial discrimination is not complete, the
CARS beam is directed on the entrance slit of a double
monochromator and detected at the exit slit with a photomul-
tiplier.

The laser and Stokes beams, which generate the polari-
tons, were focused to a cylindrical focal volume with a
length l of 1.5 mm and a 1/e radiusr 0 of 250 mm, which is
of the order of the wavelength of 200mm ~in the crystal! of
the lowest-frequency polaritons (10 cm21). Because of the
large horizontal extensionl of the interaction region of the
laser and Stokes beams the horizontal divergence should be
small. In contrast, the small focal spot radiusr 0 is expected
to cause a large divergence of the polariton beam in the
vertical direction. We measured the radial energy distribu-
tion of the polariton beam by scanning a circularly focused
probe beam~1/e radiusr P5180mm! in the vertical direction
and detecting the generated CARS signal~Fig. 1, right!.
From the radial profile the 1/e radiusr of the polariton beam
was determined. In Fig. 2~a! the radiusr is plotted versus
propagation distanceX of the polaritons for different polar-
iton wave numbersn̄ at liquid nitrogen temperature. The
curves have been calculated by fitting hyperbolas to the ex-
perimental points. The divergence angle of the polariton
beam is equal to the angle between the asymptote of the
hyperbola and theX axis. It increases proportional to the
polariton wavelengthl}1/n̄. For all polariton wavelengths
the divergence angle is larger by a factor of 3 than that of a
diffraction limited beam. It follows from these results that
for the measurement of the polariton damping we have to use
a probe beam which covers the complete polariton beam.
This is achieved by focusing the probe beam with a cylindri-
cal lens to an elliptical spot with the large axis in the vertical
direction ~see Fig. 1, right!.

We have measured the CARS energyECARSfor a definite
delay timetD of the probe pulse at different positionsX of
the probe beam in the crystal. This corresponds to a snapshot
of the polariton pulse. Figure 2~b! shows several snapshots at
different delay timestD , which demonstrate the propagation
of the polariton pulse with a wave number of 12 cm21 over a
distance of about 1.5 cm at room temperature. In the figure,
the CARS energyECARS is plotted versus positionX of the
probe beam in the polariton propagation direction for differ-
ent delay timestD . The solid curves represent a fit of Gauss-
ian curves through the experimental points. The group veloc-
ity vG of the polariton pulse was obtained from the position
Xm of the pulse maximum at different delay timestD . The
absorption coefficienta and the phase relaxation timeT2
were determined from the plot of the logarithm of the height
Em of the polariton pulse maximum versus positionXm and
delay timetD , respectively. We obtained a group velocity of
vG50.203c, wherec is the vacuum light velocity, an ab-
sorption coefficient ofa51.9 cm21, and a phase relaxation
time of T25170 ps for the 12-cm21 polariton at room tem-
perature. Since the polariton pulse propagates with the group
velocity vG , the spatial and the temporal damping constants
are related bya52/(vGT2).8

We have determined the group velocityvG , the absorp-
tion coefficienta, and the phase relaxation timeT2 in the
way described above for polariton pulses with wave numbers
between 10 and 80 cm21 in congruent LiNbO3 and MgO

FIG. 2. ~a! Radiusr of the polariton beam versus propagation
distanceX for different polariton wave numbersn̄ ~liquid nitrogen
temperature!. ~b! CARS energyECARS of the 12-cm21 polariton
versus propagation distanceX for several delay timestD ~room
temperature!. Xm and Em represent the position and height of the
maximum of a polariton pulse, respectively.
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doped LiNbO3 at room temperature and liquid nitrogen tem-
perature ~77 K!. The absorption coefficienta ~left-hand
scale! and the phase relaxation rate 2/T2 ~right-hand scale!
are plotted versus polariton wave numbern̄ in Fig. 3. Two
main results can be seen from the figure.~i! The absorption
coefficient of congruent LiNbO3 ~circles! is larger than that
of MgO:LiNbO3 ~squares!. ~ii ! The absorption at 77 K~open
symbols! is substantially smaller than at 300 K~full sym-
bols!. These results will be discussed in the following.

The damping of the polaritons is determined by the di-
electric functione( n̄). The absorption coefficienta is given
by13

a54pn̄n9, ~1!

wheren9 is the imaginary part of the refractive index. It is
related to the real and imaginary parts,e8 and e9, of the
dielectric function by

n95H 1

2
@~e821e92!1/22e8#J 1/2

. ~2!

For a single polar phonon mode model with an eigenfre-
quencyn̄0 ~256 cm21 in LiNbO3! the dielectric function can
be written as

e~ n̄ !5e`1
S0n̄0

2

n̄0
22 n̄22 i n̄dn̄0

. ~3!

Here, S0 and dn̄0 are the oscillator strength and damping
constant, respectively, of the phonon mode. However, it has
been shown2,4,6 that this simple model cannot describe cor-

rectly the dispersion relation and damping of the polaritons.
It has been extended in two different ways: first, by coupling
low-frequency excitations to the mechanical part of the
polariton4,6 and, second, by assuming that these excitations
have oscillator strengths providing a coupling to the light
field.2 In the first model the mode coupling increases the
damping of the polaritons. It can be described by replacing
dn̄0 in Eq. ~3! by an effective damping constant6

dn̄e f f5dn̄01
1

i n̄ (
j

K j

n̄ j
22 n̄22 i n̄dn̄ j

. ~4!

Here, n̄ j and dn̄ j are the eigenfrequency and damping con-
stant of the low-frequency excitationj , andK j represents the
coupling constant of the mechanical part of the polariton to
this excitation. In the second model,2 where oscillator
strengths are ascribed to the low-frequency excitations, fur-
ther resonance terms are added to the dielectric constante
@right hand side of Eq.~3!#, which take into account the
coupling of the excitations to the light field. We found that
our experimental results can be described within the experi-
mental accuracy by both models. In the following we discuss
for simplicity only the coupling of low-frequency excitations
to the mechanical part of the polariton.

Information on the low-frequency excitations can also be
obtained from spontaneous Raman spectra. We have mea-
sured the spontaneous Raman spectra of the crystals used in
our experiments for a scattering angle of 90°. In the region
below 150 cm21 a very weak and broad Raman peak was
observed in MgO:LiNbO3 at 115 cm21, which splitted into
two overlapping peaks at 105 and 120 cm21 in congruent
LiNbO3. The frequencies of these peaks are significantly
smaller than that of the lowest-frequency optical phonon
mode of LiNbO3 ~E mode at 152 cm21!. In addition, they
depend on the composition of the crystal. We ascribe there-
fore these low-frequency resonances to defect centers in the
crystal. They may be caused by vibrational defect modes or
electronic traps in LiNbO3.

14 The resonance frequencies of
the low-frequency excitations in congruent and MgO-doped
LiNbO3 have also been determined in Refs. 2, 6, and 15. The
resonance frequencyn̄15115 cm21 in MgO:LiNbO3 mea-
sured by us is consistent within the experimental accuracy
with the result of Ref. 6~about 120 cm21!. In congruent
LiNbO3 our values of 105 and 120 cm21 for the resonance
frequencies of the defect centers do not agree with those of
Ref. 2 and 15. The reason for this difference is not clear at
present.

For the calculation of the absorption coefficienta we
have to know the damping constantdn̄0 in Eq. ~4!. In Ref. 6
a model has been introduced in whichdn̄0 is determined by
the decay of the phonon part of the polariton into two acous-
tic phonons and the scattering of the polaritons at crystal
imperfections. This model leads to a dependence of the
damping constantdn̄0 on the polariton frequencyn̄.

Using the results of Ref. 6@Eq. ~4!# for dn̄0 and the reso-
nance frequenciesn̄ j and the linewidthsdn̄ j of the defect
centers from our spontaneous Raman measurements, the
only fit parameters are the coupling constantsK j in Eq. ~4!.
We calculated the absorption coefficienta for congruent and
MgO-doped LiNbO3 at 77 K as a function of polariton wave
number n̄ using Eqs.~1!–~4!. The results are shown as

FIG. 3. Absorption coefficienta ~left-hand scale! and phase
relaxation rate 2/T2 ~right-hand scale! versus phonon-polariton
wave numbern̄ for MgO:LiNbO3 ~squares! and congruent LiNbO3
~circles! at T577 K ~open symbols! and 300 K~full symbols!. The
curves have been calculated with Eqs.~1! to ~4! using the following
values. e`58.31, MgO:LiNbO3, T577 K ~dotted curve!,
S0516.1, n̄15115 cm21, dn̄1530 cm21, K155.063106 cm24,
D50 cm21; T5300 K ~solid curve!, S0516.3, n̄15115 cm21,
dn̄1545 cm21, K1530.253106 cm24, D526 cm21, t50.6 ps;
congruent LiNbO3, T577 K ~dashed curve!, S0517.6,
n̄15105 cm21, dn̄1540 cm21, K154.923106 cm24,
n̄25120 cm21, dn̄2515 cm21, K251.103106 cm24, D50 cm21;
T5300 K ~dash-dotted curve!, S0517.8, n̄15105 cm21,
dn̄1540 cm21, K1527.263106 cm24, n̄25120 cm21,
dn̄2515 cm21, K256.123106 cm24, D526 cm21, t50.6 ps.
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dashed and dotted lines for congruent and MgO doped
LiNbO3, respectively, in Fig. 3. There is good agreement
between the experimental points and the calculated curves.
The larger absorption coefficient of congruent LiNbO3 is
mainly due to the down shift of the resonance frequency
(105 cm21) of the defect center compared to MgO:LiNbO3
(115 cm21). The wing of this mode causes the larger absorp-
tion.

For the fit of the experimental data at room temperature
we took into account that the broad peaks in the spontaneous
Raman spectrum became stronger by a factor of 2 when the
temperature was raised from 77 to 300 K. But the corre-
sponding calculated absorption coefficient was smaller than
the measured values. By increasing the coupling strengthK j
of the low-frequency excitations it was not possible to ac-
count quantitatively for the measured frequency dependence
of the polariton absorption coefficient. The reason is that the
wings of the low-frequency resonances cause a nearly qua-
dratic frequency dependence of the absorption coefficient in
the low-frequency region~n̄<30 cm21 at T5300 K!, while
the measured absorption coefficient rises nearly linearly in
this frequency region. Consequently it was not possible to
describe the experimental results just by coupling to the low-
frequency excitations.

Since there was evidence from our spontaneous Raman
spectra that there is a coupling of the phonon mode to a
Debye relaxational mode at room temperature, we added to
the effective damping constant in Eq.~4! a term of the
form10,11

dn̄D5
1

i n̄

D2

12 i2pcn̄t
, ~5!

wheret is the relaxation time andD is the coupling param-
eter. When this term is included, good agreement is obtained
in Fig. 3 between the room temperature experiments~filled
symbols! and the calculations~solid and dash-dotted curves!
for values oft50.6 ps andD526 cm21. This result clearly
shows that the coupling of the polaritons to a relaxational

mode provides an important contribution to the absorption
coefficient at room temperature. This shows clear evidence
for the existence of a relaxational mode atroom temperature
is found in LiNbO3. The relaxational mode was taken as
evidence that the ferroelectric phase transition is of order-
disorder character or mixed displacive–order-disorder
character.10,11 In a previous investigation10 the values for the
relaxation timet and the coupling parameterD of the relax-
ational mode have been determined at temperatures higher
than 600 K for congruent and stoichiometric LiNbO3. In
congruent LiNbO3 a temperature-independent value16 of
t50.3 ps was found between 612 and 1224 K. It was
suggested,10 that the defect concentration limits the relax-
ation time t in congruent LiNbO3. The value ofD ~565
cm21 at 612 K! was temperature dependent. An extrapola-
tion to room temperature using Fig. 6 of Ref. 10 gives a
value of the coupling parameter ofD552 cm21. The values
for t andD of this work and Ref. 10 are of the same order of
magnitude. The difference of about a factor of 2 may be due
to the different temperature ranges of the measurements and
the extrapolation of the high-temperature data to room tem-
perature. Moreover, the congruent LiNbO3 crystals may dif-
fer by the types and concentrations of defect centers because
the crystal suppliers may use different crystal growing con-
ditions.

In conclusion, long-distance propagation up to several
centimeters of low-frequency polaritons has been observed
in congruent LiNbO3 and MgO doped LiNbO3. The damping
of the polaritons has been discussed in terms of the polariton
coupling to a relaxational mode and to low-frequency exci-
tations connected with defect centers. The relaxational mode
provides an important contribution to the polariton damping
at 300 K.
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