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Coherent lattice vibrations in lithium tantalate have been observed directly in the time domain by
use of femtosecond optical pulses and the electro-optic effect to coherently excite and detect pho-
non polaritons. The damping time of the lowest transverse optic phonon has been determined
directly from the decay rate of these oscillations. This measurement establishes an intrinsic speed

limit for the electro-optic response of this material.

PACS numbers: 42.65.—k, 78.20.—e

Optical techniques have been widely used to study
the lattice dynamics of solids. Linear spectroscopy in
the far infrared and nonlinear optical and Raman spec-
troscopy have provided a wealth of information about
the kinetics of phonons and their coupling to other
elementary excitations in the condensed phase. These
approaches have exploited the frequency response of
the linear or nonlinear coupling of phonons to the
electromagnetic field. Although extensive time-
resolved measurements have been made with pi-
cosecond optical pulses, in most cases the detection is
not phase coherent and measures only the envelope of
the decay of the excitation. An exception is the
coherent excitation and detection of acoustic phonons
by picosecond impulsive stimulated Brillouin scatter-
ing.! Until recently, the temporal resolution of optical
sources was not sufficient to resolve the individual os-
cillations of an optic phonon. With the development
of femtosecond optical lasers,? it is now possible to
have temporal resolution less than one cycle of an op-
tic phonon. This has made possible coherent excita-
tion and detection of optic phonons by impulsive
stimulated Raman scattering.>

In this paper we report the first coherent impulse
excitation and detection of phonon polaritons by the
electro-optic effect in noncentrosymmetric crystals.*
Our approach uses femtosecond optical pulses for both
excitation and detection. Coupling to the TO phonon
is accomplished by the electro-optic effect which has a
strong resonant contribution due to ionic lattice dis-
placements. The physical basis for our experiment can
be illustrated by a coupled-oscillator model® which ac-
counts for the interaction between the ionic and elec-
tronic displacements and the electromagnetic field. In
this picture, the total polarization of the material,
P (1), is equal to the sum of ionic and electronic con-
tributions, P;(#) and P,(z), each of which is deter-
mined by coupled oscillator equations:
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where I'; and I', are the ionic and electronic damping
factors, w; and w, are the ionic and electronic resonant
frequencies, « and B are linear and nonlinear coupling
factors, and FE'is the total electric field. In each of the
oscillator equations there are both linear and nonlinear
driving terms. The ionic polarization has a nonlinear
driving term proportional to the square of the incident
optical polarization. This effect, known as optical recti-
fication,® is used in our experiment to provide the im-
pulse excitation of the lattice mode. The resulting po-
larization couples linearly to the electric field and radi-
ates a low-frequency electromagnetic pulse. As previ-
ously demonstrated,’ this produces a far-infrared pulse
with a Cherenkov-type conical wave front. This pulse
is strongly coupled to the lattice and propagates as a
polariton, i.e., it is a mixed excitation having both
photon and phonon properties. If the generating opti-
cal pulse is short compared to one cycle of the phonon
frequency, the polariton will exhibit a damped oscilla-
tion following excitation.

Coherent detection is accomplished by a second
femtosecond optical pulse which measures the small
change in optical polarizability arising from the
electro-optic coupling between the polariton and the
electronic oscillator as described by the second driving
term in Eq. (2). This approach is an extension of the
technique developed by Valdmanis, Mourou, and Ga-
bel® for the probing of fast electrical transients in elec-
tronic circuits. An important feature of this measure-
ment approach is that it is phase sensitive and pro-
duces a signal which is linearly proportional to the po-
lariton amplitude. This makes possible a direct obser-
vation of the decay of the polariton and can be used to
make coherent measurements of dephasing in real
time. An additional feature is that the measurement is
nonlocal, i.e., the excitation and probing optical pulses
do not overlap spatially. This discriminates against
higher-order nonlinear interactions which require
overlap, such as the quadratic electro-optic effect, and
provides a means of measuring the attenuation and
dispersion of the polariton as it propagates over a vari-
able range of distances. It is important to recognize
from Egs. (1) and (2) that the electro-optic measure-
ment is not instantaneous but is also influenced by the
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dynamics of the ionic displacement. This introduces
an additional damped oscillation into the result similar
to the excitation process.

Our specific experimental arrangement is similar to
that previously described’ for generation and detection
of far-infrared transients in electro-optic materials.
Some important modifications were necessary, howev-
er, to observe coherent lattice vibrations. As men-
tioned, two femtosecond pulses were used: one to gen-
erate the radiation field and the other to detect it.
Both optical pulses were focused on a sample of lithi-
um tantalate through a common lens and were careful-
ly aligned to propagate parallel through the crystal.
The generating pulse was polarized parallel to the ¢
axis of the crystal to produce a radiation field polarized
in the same direction.

A unique feature of the use of optical pulses for
both generation and detection of the radiation field is
the automatic synchronism of the velocities of the ra-
diation field and the probing pulse. The probing pulse
““surfs’’ along the Cherenkov wave front, enabling it
to measure the electric field at a stationary point in the
wave form by integrating the birefringence along the
entire path through the crystal. To plot out the shape
of the wave form, the timing of the probing pulse was
delayed or advanced relative to the generating pulse by
introduction of a variable path length between them.

To make possible the direct observation of the lat-
tice resonance, it was necessary to improve the tem-
poral response of the measurement and also to reduce
the effects of far-infrared absorption. This was accom-
plished by introduction of a modification into our
colliding-pulse mode-locked ring laser to control the
effects of group-velocity dispersion.? This resulted in
pulses having a duration of 50 fs (full width at half
maximum). Tighter focusing in the lithium tantalate
crystal was also used (1.5-um beam waist) to minimize
the time smear due to the finite transverse dimensions
of the optical beams. To reduce the effects of infrared
absorption, the distance between the generating and
detecting beams was reduced to only 7 um. This was
essential to minimize the influence of the strong
frequency-dependent absorption near the lattice reso-
nance.

The observed wave form is shown in Fig. 1. Three
components contribute to the shape of this wave form.
The most prominent feature is the damped ringing on
the trailing edge of the wave form following the main
pulse. The main pulse arises from the low-frequency
response of the electro-optic effect and has been
shown previously to consist of approximately one cycle
of far infrared, and has a total duration only slightly
longer than the optical pulse used for excitation. An
additional very rapid transient is evident near the lead-
ing edge of the wave form. It arises from the higher-
order nonlinearity associated with the quadratic
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FIG. 1. Polariton wave form in lithium tantalate generat-
ed and measured by femtosecond optical pulses with use of
the Cherenkov-radiation geometry described in Ref. 7. The
damped oscillation on the trailing edge of the main pulse is
due to the resonant contribution to the second-order non-
linear optical susceptibility from the TO phonon at 6 THz.

electro-optic effect. Since this term requires spatial
overlap of the excitation and probing optical pulses, it
can be discriminated against by maintenance of a finite
separation between these beams.

The ringing portion of the wave form decays ex-
ponentially with a characteristic time of approximately
380 fs. The characteristic frequency of the ringing is
approximately 4.2 THz. From detailed measurements
of the absorption and dispersion of lithium tantalate,
we have previously estimated the TO phonon frequen-
cy and damping rate, I';, to be 6.2 and 1.1 THz, respec-
tively.? This value of T ; corresponds to a phonon de-
phasing time of 280 fs. The reason for the difference
between these values and our experimental results can
be understood by a closer examination of the manner
in which the lattice resonance contributes to our meas-
urement.

The generation of the polariton wave by optical rec-
tification has a strong resonance due to lattice vibra-
tions, as illustrated by Eq. (1). This resonance has
previously been observed by Faust and Henry!? by
difference-frequency generation of optical and far-
infrared waves. In the specific case of lithium tan-
talate, Boyd and Pollack!! have determined that the
electro-optic effect in lithium tantalate is approximate-
ly 90% ionic and only 10% electronic in origin. In Fig.
2 we have plotted the expected dispersion of the
second-order nonlinear susceptibility, X(w), as a func-
tion of frequency in the low-frequency range near the
lattice resonance. This plot is based on the theoretical
model of Faust and Henry with use of the specific
values for the resonant frequency and damping time of
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FIG. 2. Dispersion of the second-order nonlinear suscep-
tibility, X333(w), of lithium tantalate near the TO lattice res-
onance at 6 THz for the electric field parallel to the polar
axis. The magnitude of X333(w) is plotted here with use of
the model of Faust and Henry (Ref. 10) with a damping rate
of 1.14 THz determined from far-infrared measurements
(Ref. 9) and a value for the ratio of electronic to ionic terms
of 0.14 from the work of Boyd and Pollack (Ref. 11). The
dashed curve is a plot of the effective spectral response of
the measurement technique in the absence of dispersion.
An optical pulse width of 50 fs (full width at half max-
imum), and an optical beam waist of 1.5 um (1/e radius) are
assumed.

the TO resonance which we have previously deter-
mined from measurements of the linear absorption
and dispersion in lithium tantalate.® It shows a peak
which rises a factor of 4.8 above the dc value. The
width of this peak is determined by the damping rate
of the TO phonon. To first order, the resonant prop-
erties of the nonlinear and linear susceptibilities are
identical. Also, we have assumed that this resonant
behavior can be attributed to a single lattice resonance.
The strength of the nonlinear susceptibility is propor-
tional to the coupling factor, 8;, in Eq. (1). The spec-
tral amplitude of the polariton wave will be determined
by the convolution of X(w) with the spectral profile of
the generating optical pulse in the Cherenkov radiation
geometry.l? The detection process also involves a con-
volution with X (w), since the nonlinear susceptibilities
for optical rectification and electro-optic detection are
the same. This further enhances the resonant features
of the experiment.

The propagation of the polariton wave over the fi-
nite distance between the generating and detecting op-
tical beams also modifies its shape. Although we have
kept this distance extremely small (7 um), the wave
form is nevertheless affected by the strong frequency-
dependent absorption and dispersion of the linear
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dielectric response. The principal effect is to diminish
the spectral amplitudes near the resonance and to shift
the apparent ringing to a lower frequency.

The combined effects of generation, propagation,
and detection of the polariton wave can be estimated
more accurately by a numerical simulation of our ex-
periment. The results of this analysis, which will be
reported in detail in a later publication, show that the
apparent decay time of the lattice vibrations is some-
what greater than the true dephasing time of the pho-
non. For the particular conditions of our experiment,
we expect the observed polariton dephasing time to be
only 10% greater than 2/T";. An interesting feature of
our experiment is that the apparent resonant frequency
of the polariton decreases as the distance between the
point of generation and detection increases. From our
simulation, we expect the apparent resonant frequency
to be lowered from 6.1 to 5.4 THz because of spectral
filtering by the linear dielectric response. An impor-
tant application of our experiment is the determination
of the intrinsic speed limit of electro-optic materials.
It is clear from our results that the coupling to lattice
vibrations, which is an essential ingredient of most
practical electro-optic materials, also limits their
response time. In the case of LiTaO; this speed limit
is set by the phonon dephasing time and is limited to
approximately 380 fs. Other materials having higher
phonon frequencies and longer damping times will be
faster but will inevitably be less sensitive. Materials
such as GaAs, in which the electronic contribution to
the electro-optic effect plays a more important role,
could overcome this limitation.

We are currently exploring the application of this
measurement approach to other materials. A particu-
larly interesting extension of this approach is to the
study of nonlinear lattice dynamics. In our current ex-
periment the amplitude of the polariton was approxi-
mately 10 V/cm. By use of more intense optical
pulses, this amplitude could be increased to the range
of 10 kV/cm where the nonlinear response of the lat-
tice could be observed.
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