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Investigation of anharmonic lattice vibrations vrith coherent phonon polaritons
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We investigate the dielectric response of the lowest-energy TO phonon of A& symmetry of LiNb03
via the impulsive excitation and heterodyne detection of THz phonon polaritons. We find that the
low-frequency polariton dispersion of LiNb03 is strongly inQuenced by four resonances at 1.3, 2.4,
3.4, and 4.1 THz. These resonances lead to avoided crossings in the polariton dispersion and to
polariton beats. The presence of these resonances provides strong evidence that the microscopic
potential of this phonon is extremely anharmonic and consists of three wells.

I. INTRODUCTION

Lattice vibrations (phonons) are mostly described as
a chain of coupled harmonic oscillators. i For optical
phonons these oscillators are formed by the normal vi-

brational modes of the ions in the unit cell. In this
picture, each optical phonon has a single resonance &e-

quency that depends on the frequency of the normal vi-

bration in the unit cell and the wave vector. However, for
ferroelectric crystals it is often observed that there are
more optical-phonon resonances than there are normal
vibrations in the unit cell. The additional resonances
are mostly assigned to transitions involving difFerent op-
tical phonons (difference bands, combination bands).
These transitions become allowed when the phonons are
anharmonically coupled. In principle, the observation
of additional resonance &equencies can also result &om
the anharmonic vibrational progression of the individual
phonons. For molecules, this type of anharmonicity is a
quite common phenomenon, leading to the observation
of overtones and &equency-shifted excited-state absorp-
tion at elevated temperatures (hot bands). s Recently, it
was found that the temperature dependence of the asym-

rnetry of the Raman line shape of the lowest-energy Ai
phonon of PbTiOs could be well explained by this type
of anharmonicity. 7

For many decades, ferroelectric LiNbOs has been stud-
ied because of its enormous merit in nonlinear optics and
electro-optics sIt has be.en found that the low-&equency
dielectric properties of this crystal are largely determined
by the lowest-energy transverse-optical (TO) phonon of
Ai symmetry. This phonon has a resonance frequency
of 7.5 THz at 300 K and is often referred to as the fer-
roelectric mode because it plays an important role in the
ferroelectric phase transition.

The frequency spectrum of phonons is usually investi-
gated with Raman scattering and in&ared spectroscopy.
Unfortunately, these techniques sufFer &om bad signal-to-
noise ratios at low frequencies ((5 THz). Recently, it has
been shown that the low-kequency dielectric response
can also be investigated with phonon polaritons that
are impulsively excited by ultrashort laser pulses.
Phonon polaritons are mixed light-polarization states

that arise &om the coupling of far-infrared light with
phonon resonances. The coupling of the light with a res-
onance leads to the formation of two polariton-dispersion
branches that have an avoided crossing. Recent ex-
perimental investigations showed that the study of the
dispersion and damping of phonon polaritons provides
valuable information on the &equencies, the absorption
strengths, and the widths of the phonon resonances. s i4

In this paper we report on the investigation of the di-

electric response of LiNbOs by the impulsive excitation
and heterodyne detection of phonon polaritons with ul-

trashort laser pulses. The measured phonon-polariton
dispersion at 300 K shows the presence of four low-

frequency resonances. We will show that this observation
can be explained &om the extreme anharmonicity of the
lowest-energy TO phonon of Ai symmetry of I iNb03.

II. EXPERIMENTAL DETAILS

The phonon polaritons are excited and probed using
laser pulses with a pulse duration of 60 fs, a central
wavelength of 625 nm, and an energy per pulse of 5 pJ.
These laser pulses are split into three. Two of the three
pulses serve as excitation pulses and are focused into the
sample under a chosen angle to a common focus with
a diameter of 2QO pm. These pulses enter the crystal
simultaneously and generate THz phonon polaritons by
difFerence-&equency mixing and stimulated Raman scat-
tering. This excitation process leads to the generation of
two counterpropagating phonon polaritons of equal fre-

quency and amplitude. The pump beams are polarized
along the optical axis in order to attain the highest ex-
citation efBciency. The generated polaritons are also po-
larized along this axis. The wave vector of the polaritons
is determined by the difFerence of the wave vectors of the
two pump beams and can be tuned by varying the an-

gle between these beams. The polariton frequency that
corresponds with this wave vector is selected out of the
broad bandwidth of the laser pulses.
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The polaritons are phase-sensitively detected with a
time-delayed third pulse (probe). The periodic electric
field of the polaritons will modulate the refractive index
as a result of the electro-optic effect. The resulting index
grating will diffract the probe pulse. The probe is polar-
ized along the optical axis to optimize the electro-optic
effect. The &equency and damping of the polaritons are
determined by measuring the difFracted-light intensity as
a function of the delay between the probe and the two
excitation pulses. When the probe is focused at the same
spot as the two excitation pulses, the diffracted light will
be modulated with the double polariton &equency due to
the interference of the two generated counterpropagating
polaritons. This technique only allows a correct de-
termination of the polariton &equency if the &equency
spectrum of the polariton peaks at only one frequency.
However, if the &equency spectrum of the polaritons con-
sists of two or more overlapping peaks, the light diffracted
by two counterpropagating polaritons will not be mod-
ulated with the double &equency of each maximum but
rather with their sum &equency. Then, it is no longer
possible to determine the difFerent maxima of the &e-
quency spectrum of the polaritons from the difFracted
signal. To avoid this problem, we use a different method
for the determination of the polariton &equency. In our
experiment, the probe pulse focus is shifted with respect
to the common focus of the excitation pulses. As a result,
only one of the two polaritons will propagate into over-
lap with the probe after a certain delay. In this case, the
amplitude of the difFracted electric field will not be pe-
riodically modulated and in principle only the envelope
of the polariton will be observed. However, the phase
of the difFracted electric field changes continuously with
the polariton &equency. By letting the difFracted electric
field interfere with probe light with a delay-independent
phase, the signal in the diffracted direction will get modu-
lated with the single polariton &equency. The probe light
with delay-independent phase is obtained &om scatter-
ing &om imperfections at the surface of the crystal. This
heterodyne detection technique allows a direct and accu-
rate determination of the polariton &equency spectrum,
even if this spectrum consists of several peaks.

In our experiment, we will mainly observe polaritons
with strong light character because of two effects. In the
first place, due to the large y~ ) of LiNbOs, the polaritons
are predominantly excited over their light character via
difference-&equency mixing. As a result, lightlike polari-
tons will be excited with a much larger amplitude than
phononlike polaritons. Second, in our experiment the
polaritons have to propagate a few hundred micrometers
before they can be detected by the probe pulse. Only
lightlike polaritons will still have a significant amplitude
after this propagation length because they are weakly
damped and have a large group velocity. The phononlike
polaritons are strongly damped and hardly propagate so
that they will never reach the probe spot. As a conse-
quence, in our experiment the lower branch of the polari-
ton dispersion will be observed at low wave vectors and
the upper branch at high wave vectors. However, near an
avoided crossing, the two polariton branches have about
equal light character so that both can be observed.

III. RESULTS AND DISCUSSION

In Fig. 1 six time-resolved measurements of polari-
tons are presented after background substraction. We
find that at most wave vectors the time-resolved signal
is formed by a regular oscillation which implies that at
these wave vectors a single polariton frequency is gen-
erated. However, for wave vectors near 1500, 3000, and
4000 cm, strong beating phenomena (polariton beats)
are observed. The Fourier transform of these measure-
ments show that at these wave vectors two or even three
[Fig. 1(d)) different polariton frequencies are coherently
excited. This observation of several polariton &equen-
cies at one wave vector forms a strong indication for
the presence of low-frequency resonances that lead to
avoided crossings in the polariton dispersion. We find
four avoided crossings in the low-&equency polariton dis-
persion of LiNb03 indicative of four weak resonances at
1.3, 2.4, 3.4, and 4.1 THz (Fig. 2). The &equency gap
of each avoided crossing is determined by the absorption
strength of the resonance. The avoided crossings associ-
ated with the resonances at 3.4 and 4.1 THz are close so
that for wave vectors near 3500 cm i there exist three
polariton dispersion branches with strong light character.
As a consequence, three different polariton &equencies
can be observed simultaneously [Fig. 1(d)j.

The low-&equency resonances were not observed in a
previous time-resolved study on phonon polaritons in
LiNbOs. ii However, in this latter study the polariton
frequencies were not determined with a heterodyne de-
tection technique but were derived &om the modulation
of the diffracted light that results &om the interference
of the two generated counterpropagating polaritons. In a
previous Raman-scattering study on LiNbOs a weak sig-
nal was observed between 2.5 and 4 THz, 4 but the signal
was too weak to determine the resonance &equencies.

The four resonances cannot be assigned to transitions
between different normal lattice vibrations, because the
observed &equencies do not fit the energy differences of
the optical phonons of IiNb03, In addition, the ob-
served absorption strengths of these resonances can only
be explained &om difference bands if the anharmonic
couplings are extremely strong. Hence, it seems to be
much more likely that the four resonances result &om
the anharrnonicity of the phonon itself. It has been
shown previously that this type of anharmonicity can
have a strong effect on the Raman spectrum of low-
energy lattice vibrations. In addition, the important
role of the lowest-energy TO phonon of Aq symmetry
in the ferroelectric phase transition is a strong indication
that the microscopic potential of this phonon is strongly
anharmonic.

The measured polariton dispersion can be used to de-
termine the shape of the microscopic potential of the
phonon. The polariton dispersion is given by the maxima
of the polariton response,

(3.1)

with c the velocity of light in vacuum, e(u) the dielectric
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FIG. 1. Time-resolved measurements of
p ononhonon polaritons in LiNb03 at six different
wave vectors. The signal is presented as a
function of the delay between the two pump
pulses and the probe. The background has
been substracted. In the inset the Fourier
transform of the time-resolved measurements
is shown.
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this local 6eld will signi6cantly contribute to the dielec-
tric response. For the present experiments, this contri-
bution can be neglected since the temperature of 300 K
is well below the phase-transition temperature of 1480 K.
Hence, we only consider the contribution of the transi-
tions between the vibrational levels in the potential:

(3.2)
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FIG. 2. Phonon-polariton dispersion of LiNb03 at 300
K. The measurements are represented by points. The solid
curves are calculated from the transitions between the vibra-
tional levels in the potential for the ferroelectric mode that is
presented in Fig. 3.

function, u„ the angular frequency of the polariton, and
kz the wave vector of the polariton.

The polariton dispersion measured in our experiment
depends on the low-frequency dielectric function for elec-
tric Gelds along the optical axis. In principle, this dielec-
tric function can be calculated by taking into account all
possible transitions between vibrational levels in the mi-

croscopic potential. However, this potential is strongly
inQuenced by the local electric 6eld that results from the
spontaneous polarization of the crystal. For tempera-
tures near the ferroelectric phase-transition temperature,

In this equation the indices i and j denote two vibrational
levels, N; and ¹~are the populations of these levels, p;~
is the transition dipole moment, Ru;~ is the energy dif-
ference, and T2;~ is the damping time constant of the
transition between levels i and j. The population of the
levels is given by a Boltzmann distribution.

The observation that the &equencies of the four reso-
nances are much lower than 7.5 THz indicates that the
microscopic potential consists of a narrow region in which
the energy spacing of the vibrational levels is about 7.5
THz and a wider region in which the energy spacing is
much smaller. Hence, it seems likely that the poten-
tial consists of two or more wells separated by barriers.
Figure 3 shows the lower part of the potential that pro-
duces the best Bt to the measured polariton dispersion
and the mean displacement of the Li+ ion at 300 K (0.051
nm). This potential contains three wells of which two are
shown and is presented as a function of the displacement
of the Li+ ion. This displacement is linearly proportional
to the normal-mode coordinate r. The dimension of r is

length times square root of mass. The two outer wells of
the potential are described with a Morse potential and
the central well with a harmonic potential. The wells are
interconnected by a cubic spline. The following equation
gives the potential energy in atomic units as a function
of r in atomic units:

0.]9(e 202 " i' 2 ) —1) + 2.665 x 10 (r)r if ~r
~

) 194 a.u. ,v(~i =
2.81 x 10 ~r + 2.665 x 10 2(r)r if ir~ ( 66 a.u.

(3.3)
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FIG. 3. Potential-energy curve and the ten
lowest-energy vibrational wave functions for
the ferroelectric mode of LiNb03 as a func-
tion of the displacement of the Li+ ion along
the optical axis. This potential provides the
best fit of the measured polariton dispersion
shown in Fig. 2.
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TABLE I. Absorption strengths and contributions to the
static dielectric const@,nt of the resonances of the low-

est-energy Az TO phonon of LiNb03 at 300 K.

Transition Frequency Ne /pf &st

v=0 —+1
v = 1 + 2 7.5 THz 560x10 C m
v = 2 + 3

16.00

v =3~4
v=4~5
v=5~6
v=6 —+7

4.1 THz
1.3 THz
3.4 THz
2.4 THz

4.8X10-"C' m-'
6.8xl0 C m-'

12.5x10 ~4 C2m
].5.9x 10

0.25
1.13
0.79
1.42

The local field is proportional to the mean displacement

(r). The contribution of the local field to the potential
energy is respresented by the term proportional to (r)r.

The frequencies and absorption strengths of the tran-
sitions are very sensitive to the shape of the potential.
The absolute absorption strength of the resonances is
obtained by scaling the calculated transition-dipole mo-
ments of the 7.5 THz transitions to the previously mea-
sured contribution of this resonance to the static dielec-
tric constant. The calculated absorption strengths and
contributions to the static dielectric constant of the reso-
nances at 1.3, 2.4, 3.4, 4.1, and 7.5 THz are presented in
Table I. The low-frequency dielectric function of LiNb03
is calculated using Eq. (3.2). In this calculation we

consider all possible vibrational transitions involving the
lowest 20 vibrational levels in the potential of Fig. 3.
We assume a T2 of 1 ps for the transitions that lead to
the resonances at 1.3, 2.4, 3.4, and 4.1 THz and a T2
of 500 fs for the transitions that contribute to the reso-
nance at 7.5 THz. The resulting dielectric function is pre-
se+ted in Fig. 4. This dielectric function agrees quite well

with the results obtained in previous infrared-refiectivity
measurements, ' except of course for the low-&equency
resonances that were not detected in the previous mea-
surements.

The dielectric function allows a direct determination
of the polariton dispersion using Eq. (3.1). The cal-
culated polariton dispersion is represented by the solid
curves in Fig. 2. We find that the &equencies and the
&equency gaps of the avoided crossings in the measured
polariton dispersion are well reproduced by the results
of the calculation. We find that it is not possible to fit
the measured polariton dispersion and the displacement
of the ions using a single- or double-well potential. For
these potentials, a correct fit of the displacement of the
ions at 300 K would lead to too low transition &equencies
and vice versa. Hence, the observed resonance &equen-
cies form strong evidence for the presence of three wells
in the potential of the lowest-energy TO phonon of Ai
symmetry of LiNbOs. The present finding of three wells

in the potential does not agree with a previous theoretical
study in which it was found that the temperature depen-
dence of the mean displacement of the ions and the static
dielectric constant could be described best with an an-
harmonic single-well potential. is However, these macro-
scopic parameters result f'rom the combined effect of all
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FIG. 4. Low-frequency dielectric function of LiNb03. The
dielectric function is calculated using Eq. (3.2), considering

all possible transitions between the 20 lowest vibrational levels

in the potential of Pig. 3.

resonances and are thus not very sensitive for the energy
differences between high-energy levels in the potential.
Indeed it was shown for LiTa03 that these macrosopic
parameters can be fitted with strongly different micro-
scopic potentials.

Figure 3 shows that the strong resonance at 7.5 THz
can be assigned to transitions between vibrational levels
that are localized in the lowest well. The dielectric re-
sponse strongly depends on the energy difference between
the minima of the lowest and the middle well. If the
lowest well mould be deeper and would contain one addi-
tional vibrational level, the resonance at 7.5 THz would
be far too strong compared to the other resonances. The
low-&equency resonances can all be assigned to transi-
tions between vibrational levels that are delocalized over
the lowest and the middle well. The resonances at 1.3 and
4.1 THz are due to transitions between levels with vibra-
tional energies below the top of the barrier. Hence these
resonances are tunneling resonances and are associated
with the classically forbidden oscillation of the Li+ ion
between the lowest and the middle well. The transition-
dipole moments and thus the absorption strengths of the
resonances at 1.3 and 4.1 THz are relatively small be-
cause these transitions take place between two levels of
which one is predoininantly localized in the lowest well,
while the other is predominantly localized in the middle
well. The absorption strengths of the resonances at 2.4
and 3.4 THz are larger, because these resonances result
&om transitions between vibrational levels that are de-
localized over both wells. As a result, the energy gaps
of the avoided crossings at 2.4 and 3.4 THz in the po-
lariton dispersion are larger than the energy gaps of the
avoided crossings at 1.3 and 4.1 THz. The transitions be-
tween higher-energy vibrational levels in the potential all
have frequencies near 3.4 THz and thus contribute to the
absorption strength of the resonance at this frequency.
However, the occupation of these levels is so small that
they have little effect on the polariton dispersion.

The presented results show that the anharmonicity
of the phonon itself can be that important that many
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resonance &equencies are observed for a single optical
phonon. Hence, the observation of more resonance &e-
quencies than there are optical phonons may very well
result kom this type of anharmonicity and is not neces-
sarily the result of transitions involving different optical
phonons.

IV. CONCLUSIONS

ence of these resonances provides direct evidence that the
microscopic potential of the lowest-energy TO phonon of
Aq symmetry is extremely anharmonic and consists of
three wells. The measured polariton dispersion allows an
accurate determination of the shape of the barriers and
the wells of the potential. These results demonstrate that
the impulsive excitation and time-resolved heterodyne
detection of phonon polaritons form a powerful technique
to investigate the anharmonicity of lattice vibrations.

We showed that the low-frequency dielectric response
of LiNb03 can be investigated in detail by the impulsive
excitation and heterodyne detection of phonon polari-
tons. We 6nd that this response is inQuenced by four res-
onances at 1.3, 2.4, 3.4, and 4.1 THz. These resonances
lead to avoided crossings in the polariton dispersion and
to the observation of phonon-polariton beats. The pres-
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