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Direct spatiotemporal imaging of optic phonon-polariton wavepackets in polar crystals is demonstrated
experimentally and described theoretically. Spatiotemporal imaging permits monitoring of wavepackets as
they move through host samples at lightlike speeds. Different imaging methods may be used optimally for
wavepackets with different spatial distributions, including spatially periodic or nonperiodic wavepackets.
Spatiotemporal imaging holds particular promise for coherent phonon-polariton wavepacket control using
spatiotemporal femtosecond pulse shaping.

I. Introduction

Quantum mechanical wavepacket excitation, manipulation,
and observation are topics of considerable current interest.1 In
most cases, the wavepacket is a localized vibrational and/or
electronic coherence composed of a superposition of molecular
vibrational levels or Rydberg (or other) electronic states.2-16

In these cases, localized excitation and detection fields are
sufficient since wavepacket propagation does not involve motion
of the excitation energy among different positions in the host
medium. Complex optical excitation fields produced through
femtosecond pulse shaping have been used for manipulation of
many types of coherences,1,11,13,15-23 and a wide variety of
optical detection methods have been advanced. Visualization
of molecular wavepacket dynamics through X-ray diffraction
has also been proposed.24

In some cases, a collective polar lattice vibrational or
electronic excitation may be coupled to an electromagnetic mode
of similar frequency and wavevector. The resulting mixed
excitation, called a polariton mode, propagates at lightlike speeds
through the host. In the case of optic phonon-polaritons,
coherent wavepacket propagation of the usual kind, in which
neighboring ions undergo coherent vibrational oscillations with
respect to each other, is accompanied by rapid motion of through
the crystal. In this case, complete optical control and observation
of wavepacket evolution require optical fields that extend over
the entire range of polariton motion, which may substantially
exceed the initial excitation region. For coherent optical control,
a spatiotemporal femtosecond pulse shaping method has been
developed which shows promise for automated generation of
complex position and time-dependent optical waveforms, e.g.
different femtosecond pulse sequences that can be directed to
spatially separated regions of a crystal so that polaritons may
be generated initially in one sample region and then manipulated
in a specified manner as they propagate through the sample.
The present paper deals with methods forspatiotemporal
polariton imaging, through which real-space visualization of
the complete spatial distribution of polaritonic excitations at
various times may be carried out. The methods are demonstrated
experimentally on optic phonon-polaritons in bulk lithium
tantalate crystals, but should be applicable generally to bulk

and surface or thin film polariton states of electronic or
vibrational origin, and to polaritons in patterned or heterogenous
media. Application to nonpropagating wavepackets is also
possible, although in this case time-dependent spatial evolution
is rarely a concern. A preliminary report of the imaging results
has been presented.25,26 Additional experimental results and
description and a theoretical treatment are presented here.

Polariton propagation is a well-known phenomenon, and it
has been observed in a wide variety of experiments. Optic
phonon-polariton propagation has been monitored in time-
resolved coherent anti-Stokes Raman scattering (CARS), inverse
electrooptic Cerenkov shock-wave generation, and impulsive
stimulated Raman scattering (ISRS) measurements through the
use of a probe pulse whose time delay and spatial separation
from the excitation pulse arrival time and position are varied
proportionally.27-38 These methods provide only partial infor-
mation concerning spatial wavepacket evolution. For monitoring
of the characteristic anisotropy of polaritonic responses, for
elucidation of nonlinear lattice responses at large coherent
phonon-polariton amplitudes, for observation of the polaritonic
responses to complex excitation spatial and/or temporal profiles,
or for feedback for and guidance of such excitation profiles with
specified polariton wavepacket control objectives, visualization
of the complete spatial as well as temporal evolution is essential.
This is also important in cases of spatially heterogeneous
samples, in which features such as ferroelectric domain mor-
phologies, defects, concentration gradients in mixed crystals,
and others may be characterized and their dielectric responses
in the terahertz frequency range characterized. Facile visualiza-
tion of spatiotemporal polariton wavepacket evolution is enabled
by the methods demonstrated herein.

Phonon-polariton characterization is of general interest for
elucidation of polar lattice dynamics and for study of structural
phase transitions, in which the lowest-frequency phonon-
polariton mode is often the “soft” mode whose collective motion
mediates collective structural change.39,40In this sense, the soft
mode plays the role of “collective reaction coordinate.”41-43

Time-resolved CARS and ISRS measurements and conventional
Raman spectroscopy have been conducted with various scat-
tering wavevectors (i.e., various scattering angles) to determine
the phonon-polariton dispersion properties and at various
sample temperatures to examine the characteristic reduction in
soft mode vibrational frequencies (and corresponding divergence
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in dielectric constants) associated with ferroelectric phase
transitions.29,31-38,44-46

In the next section, a brief review of phonon-polariton
properties and impulsive stimulated Raman scattering excitation
and detection of phonon-polaritons is followed by a description
and theoretical treatment of phonon-polariton imaging as
conducted through various methods. An overview of the analysis
and transformation of experimentally recorded polariton images
into their spatial and temporal Fourier components is presented
in section III. The general form of this analysis may be extended
to many interesting cases, such as defect centers, dielectric-
air boundaries, and arrays of dielectric media. The experimental
measurements and their implications are discussed in section
IV.

II. Generation and Detection of Propagating
Phonon-Polaritons in Dielectric Media

A. Phonon-Polariton Properties. It is worthwhile to note
that the phonon-polariton is the eigenmode of the system and
an excitation in its own right, not merely a sum of both an
electromagnetic field and a phonon.47 The electromagnetic mode
and the transverse polar optic phonon mode (ionic motions
perpendicular to the wavevectork) have the same symmetry,
so the wavevector-dependent crossing of the electromagnetic
frequency (normally following the usual linear dispersion
relation,ω/k ) c/n, with the refractive indexn(ω) only weakly
frequency-dependent) and the phonon frequency (normally
essentially dispersionless with frequencyωT ) constant) is
avoided. In the wavevector region around the avoided crossing,
two mixed phonon-polariton modes which both have electro-
magnetic and polar vibrational character and which are both
dispersive are formed. The phonon-polariton frequency range
is typically about 1-10 THz.

Terahertz electromagnetic radiation propagating though a
charge-free polar medium encounters a frequency-dependent
dielectric function, due to the presence of the ions, which retards
the progress of the radiation through the material. Maxwell’s
equations may be solved in combination with a description of
the ionic contribution to the polarization and an equation of
motion for the ions which includes (in the simplest case) a single
vibrational resonance corresponding to a single optic phonon
mode, leading to a macroscopic dielectric function48-51

whereε0 is the dielectric constant at frequencies well below
the resonance,ε∞ is the dielectric constant well above the
resonance (but still potentially below other ionic and electronic
resonances),ωT is the frequency of the transverse optic phonon,
and Γ is a phenomenological (frequency- and wavevector-
independent) damping rate. The phonon-polariton dispersion
is calculated by combining eq 2.1 with the expressionε2(ω) )
n(ω) ) ck/ω.

When the crystal is anisotropic, the dielectric function
becomes a tensor.49 For uniaxial crystals with the polar mode
parallel to the optic axis, as in lithium tantalate, the dielectric
function tensor component of radiation polarized along the optic
axis and propagating perpendicular to it (an extraordinary wave)
is identical to the scalar dielectric function in eq 2.1.49 The
experiments described below correspond to this case. If
propagation and polarization directions are both perpendicular
to the optic axis and no other polar mode is present to couple
to the radiation in that polarization (an ordinary wave), the

dielectric function will be frequency independent but not
necessarily equal toε∞, as contributions from electronic
resonances might also differ along that polarization. For arbitrary
propagation directions, the dielectric function will vary, and
longitudinal and transverse polarizations may be mixed as well.49

Low-frequency phonon-polariton modes in ferroelectric
materials give rise to large low-frequency dielectric constants
ε0 because the coupling between phonon and photon is large.50

This is expressed by the Lyddane-Sachs-Teller relationship
relating the limiting values of the dielectric retardance to the
longitudinal and transverse optic phonon frequencies48,50

whereωL is the frequency of the longitudinal optic mode, which
due to its symmetry does not couple to the electromagnetic
radiation.48 In the case of ferroelectric lithium tantalate (LiTaO3)
at room temperature,ωT/2πc ) 201 cm-1 andωL/2πc ) 402
cm-1.46,52,53Note that near ferroelectric phase transitions, the
softening of the transverse phonon frequencyωT is associated
with the divergence of the low-frequency dielectric constantε0.

Many techniques have been used to study phonon-polaritons
in dielectric media. Several ultrafast techniques, based on the
inverse electrooptic effect, difference frequency mixing, and
impulsive stimulated Raman scattering, have been applied to
the study of these excitations.27-37 In the experiments described
here, ultrashort optical pulses excite a polar phonon-polariton
mode primarily through nonresonant impulsive stimulated
Raman scattering (ISRS).31,51,54-56 When the optical pulse
duration is much shorter than the oscillation period of the
(Raman-active) mode, stimulated Raman scattering occurs
through mixing among the frequency components contained
within the broad optical bandwidth. This exerts an “impulse”
driving force that excites the coherent phonon-polariton
wavepacket. The coherent phonon-polariton response results
in a modulation of the sample’s optical refractive index which
moves as the response propagates through the medium. For
example, if the optical excitation field consists of a pair of pulses
spatially and temporally overlapped to form an interference
“grating” pattern with a well-defined wavevector, then the
refractive index modulation matches this pattern from which
probe light may be coherently scattered (i.e., “diffracted”). If
the optical excitation field consists of a single tightly focused
pulse, the spatially localized polariton response contains a wide
range of wavevector magnitudes and orientations, and an
anisotropic “ripple”-like response occurs with a corresponding
time and position-dependent modulation of the refractive index.
In previous observations of phonon-polariton propagation,
spatially and temporally delayed probe pulses were used to
monitor such propagating responses through measurement of
coherent scattering or depolarization. In diffraction measure-
ments, the ISRS signal is proportional to the square of the
dielectric response function,51,54-56

In some cases, the diffracted field is mixed with either scattered
probe light or an undiffracted reference pulse to create a
heterodyne signal and retrieve the phase of the spatial and
temporal dielectric response functionGεε(r ,t).34,35,57-59 In de-
polarization measurements with tightly focused excitation and
probe pulses, the signal also reflects the phase of the response
function.

B. Spatiotemporal Polariton Imaging. The novel feature
of the experiment at hand is that the temporally delayed probing

ε(ω) ) ε∞ +
ωT

2(ε0 - ε∞)

ωT
2 - ω2 - iωΓ

(2.1)

ε0/ε∞ ) ωL
2/ωT

2 (2.2)

I(r ,t) ∝ |Gεε(r ,t)|2 (2.3)
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pulse is not diffracted into a single selected order from the
excitation region but is instead imaged in transmission, permit-
ting the visualization of the moving phonon-polariton wave-
packet in both space and time. The temporally delayed probing
pulse spot size is significantly larger than the excitation region,
and imaging in transmission allows the traveling phonon-
polariton wavepacket to be viewed as it moves through the
sample. The spatial variation of the dielectric phase modulation
at a particular time delay is encoded into the spatial phase profile
of the transmitted probe pulse. Conversion of this spatial phase
modulation into an amplitude modulation is achieved using
either the Talbot self-imaging phenomenon or phase-contrast
microscopy as described further below. In either case the
amplitude modulation is imaged onto a camera or CCD detector
as shown in Figure 1. The conversion of a phase object (the
phonon-polariton refractive index modulation) into an ampli-
tude image by self-imaging or by filtering spatial Fourier
components of the probe is a type of heterodyne technique in
which the local oscillator is taken as one spatial Fourier
component, often the zero-order transmitted light, which beats
against the signal in other spatial Fourier components. As a
heterodyne measurement, this gives information about both the
phase and amplitude of the spatial and temporal response
function G(r ,t).

The Talbot self-imaging phenomenon needed for the present
experiments has been studied extensively since its discovery in
1836.60 Patorski has reviewed the self-imaging effect in detail,
considering combinations of coherent, partially coherent, and
incoherent illumination, objects consisting of combinations of
phase and amplitude gratings, and illumination by plane waves
and Gaussian beams.61 If an object has a well-defined spatial
period, as is found in a grating, Fresnel diffraction forms nearly

identical copies of the original object in a sequence of planes
immediately after it. There are also separate planes between
these autoreplication planes where amplitude modulations are
converted into phase modulations and vice versa. The distance
from the object to each autoreplication or phase-to-amplitude
plane depends on the size of the primary spatial frequency
component of the object.

What follows is a simple quantitative explanation of the
Talbot effect in terms of Fresnel diffraction of plane waves near
a coherently illuminated planar object. Consider an electric field
amplitudeu0 immediately after a phase object atz ) 0, so that

and the magnitude of the spatial phase variationR is assumed
to be small enough that

The period of the sinusoidal spatial phase variation isd ) 2π/
kx0. Note that

The spatial Fourier transform62

of the phase object is in this case

It is assumed that coherent light of central wavelengthλ ) 2π/k
is incident on the phase object. Fresnel diffraction at a distance
z from an object is described in real space in the paraxial limit
as a convolution

or equivalently in Fourier space by a multiplication62

where the Fresnel kernel is

When the distancez ) d2/2λ ) πk/kx0
2, then

so that

as can be seen by performing the inverse Fourier and Fourier

Figure 1. (a) Experimental apparatus. A 40 fs, 800 nm laser pulse is
split into two 20µJ pump pulses and one 60µJ probe pulse. The pump
pulses are focused by a cylindrical lens CL onto the crystal, where
they cross to form a grating pattern. (In some cases, only one pump
pulse is used.) A spherical lens L1 before the cylindrical lens defocuses
the probe pulse, which is incident onto a large region of the crystal.
The pump and probe pulses copropagate through the crystal. A telescope
(lenses L2 and L3) images the wide probe spot onto a CCD. Filters F1
and F2 within the telescope remove second harmonic and fundamental
pump light, and a PC digitizes and stores the data for later processing.
(b) Typical geometry of pump and probe pulses at sample. All pulses
are polarized parallel to the optic axis (c-axis) shown here. A pair of
pump pulses is focused by CL to form a grating at the sample. The
wide probe pulse copropagates with the pump pulses through the
sample. Other geometries, such as a single pump pulse focused to a
line or a round spot, are also possible.

u0(x,y) ) exp(iR cos(kx0x)) (2.4)

u0(x,y) ≈ 1 + iR cos(kx0x) (2.5)

|u0(x,y)|2 ) 1 + second-order terms≈ 1 (2.6)

U0(kx,ky) ) 1

(2π)2 ∫-∞

∞ ∫-∞

∞
u0(x, y) exp(-ikxx - ikyy) dx dy

(2.7)

U0(kx,ky) ) (δ(kx) + i
R
2

δ(kx - kx0) + i
R
2

δ(kx + kx0))δ(ky0)
(2.8)

u(x,y,z) ) 1
iλz∫-∞

∞
dx0 ∫-∞

∞
dy0 u0(x0,y0) exp(i k

2z
[(x -

x0)
2 + (y - y0)

2]) (2.9)

U(kx,ky,z) ) (2π)2H(kx,ky,z)U0(kx,ky) (2.10)

H(kx,ky,z) ) ( 1
2π)2

exp(-i[kx
2 + ky

2]z/2k) (2.11)

H(kx,ky,z ) d2

2λ) ) ( 1
2π)2

(-i)(kx
2/kx0

2) exp(-iπky
2/2kx0

2)
(2.12)

U(kx,ky,z ) d2

2λ) ) (δ(kx) - R
2

δ(kx - kx0) -

R
2

δ(kx + kx0))δ(ky) exp(-iπky
2/2kx0

2) (2.13)
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transforms in succession. The real-space field is

and to first order the real-space intensity is

At this and other odd integral multiples ofz ) d2/2λ ) πk/kx0
2,

the phase grating is converted into an amplitude grating by the
transfer function of eq 2.12. The image contains a (2n + 1)λ/2
phase shift of the(kx0 spatial components relative to the zero-
order spatial component. At even integral multiples ofz ) d2/
2λ ) πk/kx0

2, thenλ phase shift of the(kx0 spatial components
replicates the phase grating as another phase grating. The zero-
order spatial component acts as a local oscillator to the(kx0

spatial components so that the signal, as in other measurements
that utilize optical heterodyne detection, is proportional to the
phase modulation

rather than its square. Far away from the object, the paraxial
limit and this analysis break down.

For a phase grating given by eq 2.5 with arbitrarily large
phase modulationR, Patorski gives the corresponding amplitude
grating image at an odd multiple ofd2/2λ as

Only odd spatial harmonics contribute to the amplitude grating
at the image plane. The lowest-order nonlinear lattice effect in
this polar medium, second harmonic generation, should produce
even spatial harmonics, which could easily be differentiated from
these optical harmonic effects in the signal.

The application of the Talbot effect to femtosecond time-
resolved spectroscopy is straightforward. In Figure 1, a two-
lens telescope images the sample onto a CCD. The telescope
reproduces the object plane at the image plane. In the vicinity
of the image plane of the two-lens telescope, the Talbot effect
converts the phase modulation into amplitude modulation as
described above. The CCD displacement along thez (propaga-
tion) axis is adjusted to maximize the phase to amplitude
conversion at the detector.

Many related phase-imaging techniques will give phase to
amplitude conversion. In phase contrast microscopy,63,64a glass
slide or other delay advances or retards the phase of the zeroth-
order spatial frequency component relative to all the other spatial
frequency components in order to achieve phase to amplitude
conversion of an object at the image plane. (Note that as
described above, if no operation is performed on any of the
transmitted spatial components, the phase object is simply
reproduced in the image plane as a phase image, not an
amplitude image.) With ultrashort pulses, the zeroth-order spatial
component must not be advanced or retarded more than a few
optical cycles relative to the other spatial components, or else
temporal overlap and heterodyne mixing among the components

will be lost. It is also possible to convert phase information
into amplitude information by blocking selected spatial fre-
quency components. For example, a detector may be placed in
the image plane of a two-lens telescope and all the spatial
frequency components to one side of the zeroth-order component
may be blocked after the first lens in the telescope, e.g. we block
all kx < 0, so that the image at the detector is a sum of the
spatial frequency components withkx g 0. For the phase-
modulated object in eq 2.5, the Fourier-space field at the image
in this case is

In real space, the field at the image is

and to lowest order inR the image intensity is

Again there is a linear phase to amplitude conversion, but in
this case the conversion does not depend onkx0 or z. Thus it is
possible to form images of more arbitrary spatial phase patterns
that do not have a well-defined spatial periodicity. For a spatial
phase object represented as a Fourier sum

the image intensity to lowest order is

The modulation in the image intensity is proportional to the
spatial derivative of the modulation of the phase. This Schlieren
technique is well-known.62,63

III. Experimental Results

We have performed spatiotemporal imaging experiments
using ferroelectric lithium tantalate (LiTaO3), which possesses
a polar optic phonon mode associated with its ferroelectric-
paraelectric structural phase transition. The properties of the
mixed phonon-polariton mode created by the coupling of this
strongly polar lattice mode with far-infrared radiation are well-
known.48,49,51The frequency of the uncoupled lattice resonance
is ω/2πc ) 201 cm-1, and the low-frequency dielectric constant
ε0 is 38.4. The frequency of the corresponding longitudinal optic
phonon oscillation is 402 cm-1, and the effective high-frequency
dielectric constantε∞ is 9.6. In order to impulsively drive and
observe the response, the pump and probe beams should have
a temporal duration shorter than the vibrational oscillation
period, which is as short as 165 fs in the lower polariton branch
of LiTaO3.46,54

Both 1 mm× 4 mm× 2 mm and 2 mm× 4 mm× 2 mm
(X × Y × Z) X-cut crystals have been used. The polar (Z) axis
is aligned with the polarization of the pump and probe beams.
Two lenses after the crystal form a microscope that is used to
image the transmitted probe light onto a CCD. A slight
downward tilt of the probe beam at the crystal before the first

u(x,y,z ) d2

2λ) ) 1 - R cos(kx0x) (2.14)

|u(x,y,z ) d2

2λ)|2 ) 1 - 2R cos(kx0x) (2.15)

I(r ,t) ∝ Gεε(r ,t) (2.16)

|u(x,y,z ) (2n + 1)
d2

2λ)|2 ) 1 + (-1)n sin(2R cos(kx0x)) )

1 + 2(-1)n ∑
l)1

∞

(-1)l-1 J2l-1 (2R) cos([2l - 1]kx0x) (2.17)

U(kx,ky,z)0) ) (δ(kx) + i
R
2

δ(kx - kx0))δ(ky0) (2.18)

u(x,y,z)0) ) 1 + i
R
2

exp(ikx0x) (2.19)

|u(x,y,z)|2 ) 1 - R sin(kx0x) (2.20)

u0(x,y) ) 1 + i ∑
n

(Rn cos(kxnx) + ân sin(kxnx)) (2.21)

|u(x,y,z)|2 ) 1 + ∑
n

(-Rn sin(kxnx) + ân cos(kxnx)) (2.22)
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lens leads to a vertical separation between excitation and probe
beams after the first lens. The excitation pulses are removed
with a specially shaped BG-39 filter that does not block the
probing pulse. A subsequent RG-780 long-pass filter removes
second-harmonic optical signals, and a series of neutral-density
filters equivalent to OD 4-7 lower the probe pulse intensity.
The wavevector of the grating for a given laser setup can be
calculated according to ref 46. Measurements made with this
method agree with observations of the grating wavevector at
the CCD, where the image pixel size is calibrated with a target
pattern of known size in the sample plane. The CCD integrates
the incident light until it is read at the NTSC frame rate of about
30 frames/s. An 8-bit PC-compatible frame grabber (DigitalVi-
sion RT Mono) digitizes the signal, and the PC stores it for
later processing.

Representative data for a typical Talbot-effect experiment are
shown in Figure 2. The complete data set for that particular
experiment consists of 221 images. 10 of these images from
the delay region beforet ) 0 are averaged and subtracted from
the remaining 211 images to eliminate background noise (Figure
3). This background subtraction step is not needed to view the
data, but it does reduce noise from scattered light. The image
files also may be collated to form a moving picture of the far-
infrared light wave as it propagates through the crystal.

The record of CCD images shows the signal as a function of
two spatial dimensions and one temporal dimension. It is
possible, for excitation and propagation characteristics that only
depend on one spatial dimension, to reduce this vast quantity
of information to just one spatial and one temporal dimension
and improve the signal to noise ratio by averaging over the
vertical columns. The sequence of 211 background-subtracted
images may be collated into a single signalI(rx,t) by averaging

the signal in the vertical direction in each image and displaying
the real-space average at each real-time data point. Figure 4
displays this condensation for the data in Figures 2 and 3, but
at all 211 time data points.

Figure 2. Images of propagating phonon polaritons produced by
impulsive grating excitation with wavevectorq ≈ 2100 cm-1. Although
only seven frames are shown, 221 frames were recorded at 35 fs
intervals. Image dimensions 2050µm tall × 895 µm wide.

Figure 3. To improve the quality of the images in Figure 2 for
quantitative analysis, 11 scans taken well before timet ) 0 were
averaged and subtracted from the raw data. Image dimensions 2050
µm tall × 895 µm wide.

Figure 4. Condensation of the entire data set sampled in Figures 2
and 3. The space- and position-dependent signalI(rx,t) is put into this
form by averaging the signal in the vertical (y) direction in each image
and displaying the real-space average at each real-time data point. Data
at 0.5, 2.5, and 4.5 ps are overlaid for reference.
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The spatiotemporal images, which record the positions and
spatial profiles in real space of the wavepacket at particular
times, also may be transformed into their Fourier components
in both time and space. A transformation along the one
remaining spatial axis in Figure 4 allows the relationships
between the wavevector components in the coherent-state
wavepacket to be studied as functions of time. The signal after
the DFT is

Because the DFT is complex, we plot only the amplitude of
eq 3.1 in Figure 5. This plot of signal as a function of
wavevector and time yields an extraordinarily large amount of
information about propagating phonon-polaritons. The real-
space wavepacket at any point in time has been transformed
into its wavevector components. The apparent real-space damp-
ing of the moving packet of fringes (Figures 2-4) is due in
large part to the different phase velocities of the packet’s
wavevector components, which cause the components to spread
out of phase over time.

By plotting the amplitude of a particular polariton wavevector
component as a function of time, we may measure the frequency
and damping rate of the selected component and compare this
result with previous values obtained by other space- and time-
dependent ultrafast techniques or by angle-dependent Raman
spectroscopy. The data analysis is more tractable if the fit is to
the square of the DFT

A fit between this model and the signal is shown in Figure 6
for the 1760 cm-1 line in Figure 5. Because the entire
wavepacket is on the CCD camera at all times, the signal is not
modulated with the Gaussian envelope seen in previous spa-
tiotemporal grating experiments.33-35 The fit has parametersγ
) 1.13 cm-1 andω ) 47.0 cm-1, corresponding to a refractive
index n(ω) ) ck/ω ) 37.4. The observed damping rate of the
polariton is wavevector-dependent (in contrast with the phe-
nomenological wavevector-independent damping of eq 2.1)
because the degree of phonon character changes with wavevector
and because, as the frequency varies, other lattice phonon modes

with which the polar mode is coupled may come into resonance.
At higher wavevectors, it is necessary to introduce additional
phonon resonances to fit the observed wavevector-dependent
damping.46 Previous ultrafast studies of LiTaO3 at room
temperature have observed damping rates of 1.8 cm-1 using
position-independent ISRS at 1700 cm-1,46 0.67 cm-1 using
position-dependent heterodyne detection with parasitically scat-
tered probe light at 900 cm-1.35

Finally, it is possible to convert the signal as a function of
wavevector and timeI(kx,t) into a plot of the signal as a function
of wavevector and frequencyI(kx,ω) by applying the DFT along
the time axis to each complex wavevector component calculated
using eq 3.1. The signal density is localized on the dispersion
curve (Figure 7). The signal is seen only on the lower branch
of the dispersion curve atω(k) and not on the upper branch.
Points neart ) 0, where electronic effects and diffracted light
coupled from the pump beams distort the spatial profile of the
response, have been excluded.

At the comparatively low excitation intensities used in this
experiment, neither wavevector harmonics nor frequency har-
monics of the fundamental excited wavepacket were clearly
observed in the signal.65,66

Figure 5. n(q,t) for the image data shown in Figure 3. Application of
the discrete Fourier transform (DFT) to the image data shown in Figure
3 shows the spatial and temporal evolution of the polariton wavepacket.
The contour axis is logarithmic and is calculated with arbitrary units.

I(kx,t) ) I0(kx) e-γt sin(ωt + æ) (3.1)

|I(kx,t)|2 ) 1/2|I0(kx)|2 e-2γt (1 - cos(2ωt + 2æ)) (3.2)

Figure 6. Fit (solid line) between eq 3.2 and the 1760 cm-1 signal
(circles) of Figure 4. Fit parametersγ ) 1.1 cm-1 andω ) 47.0 cm-1

.

Figure 7. n(q,ω) for the image data shown in Figure 3. Two
applications of the DFT to the image data shown in Figure 3 (compare
Figure 4) show the spatial and temporal evolution of the polariton
wavepacket. The grayscale axis is logarithmic and is calculated with
arbitrary units.
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Figure 8 shows selected images from a data set taken with a
single cylindrically focused excitation pulse polarized parallel
to the optic axis. Phase-to-amplitude conversion was ac-
complished by blocking all orders of diffraction to one side of
the zeroth-order beam. The initial polarization induced by the
optical pulse radiates outward in a wedge shape.30,67The image
of the distribution of the far-infrared transient pulse is its spatial
derivative, which creates an apparent asymmetry between the
left and right hand sides of the shock wedge.30,67

As the polarization of radiation changes from an extraordinary
wave atθ ) 0 with the polar resonance to an ordinary wave at

θ ) π/2 without the resonance, the dielectric function in a
uniaxial crystal has the form63

Figure 9 shows selected images from a data set taken with a
single tightly focused excitation pulse which is polarized parallel
to the optic axis. Phase-to-amplitude conversion was achieved
again by blocking all orders of diffraction to one side of the
zeroth-order beam. The initial polarization induced by the optical
pulse is also polarized parallel to the optic axis, but any region
of the radiated shock cone is polarized perpendicular to the
direction of its outward propagation.30,67 As the shock cone
radiates outward, two effects are seen. Because any region of
the shock cone is polarized perpendicular to the direction of
propagation, the efficiency of diffraction diminishes as coupling
to the polar mode falls away in the vertical direction in the

Figure 8. Samples of image data from propagating phonon polaritons
produced by a single excitation beam focused to a line and imaged by
the Schlieren method. Background data have been subtracted as in
Figure 3.

Figure 9. Images from propagating phonon polaritons produced by a
single beam focused to a round spot. Background data have been
subtracted as in Figure 3. The splotch in the center that obscures some
data near timet ) 0 is due to intense scattered pump light, which could
not be completely filtered from the imaging setup. Image dimensions
1020µm tall × 860 µm wide.

Figure 10. Samples of image data from propagating phonon polaritons
generated at line G by a single focused excitation beam. The phonon
polaritons are partially transmitted through and partially reflected by a
crystal-air-crystal interface I. Background data have been subtracted
as in Figure 3. The crystal surfaces through which the polaritons pass
are ground but not polished. Apparent defects near the interface are
actually chips at the corners of the crystals that deflect optical probe
light but do not interfere with polariton propagation.

1
ε(ω,θ)

) sin2 θ
ε0

+ cos2 θ
εe(ω)

(3.3)
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figure. Also, the phase velocity of the shock cone rises as the
dielectric constant diminishes. Interpretation of these effects is
complicated by the spatial derivative inherent in this method.
However, note that no images are seen when the excitation
pulses are polarized perpendicular to the optic axis, nor are they
seen when blocking all orders of diffraction above or below
the zeroth-order beam.

Besides the polariton generation experiments of the type
shown above, reflection and propagation across interfaces37 have
also been seen, as shown in Figure 10.

IV. Conclusions

A method for the measurement in dielectric media of the far-
infrared space- and time-dependent responseø(r ,t) to an
impulsive optical driving force through phase-to-amplitude
conversion of a probing optical pulse has been demonstrated.
The ability to visualize propagating phonon-polaritons moving
through anisotropic media, defects, and interfaces will be of
substantial utility in characterization of long-term or transient
heterogeneities due to domain reversals, optical or electrical
signals, or other causes and in future attempts to measure and
manipulate excitations with higher phonon-polariton intensities.
Manipulation of propagating phonon-polaritons, which may
be suitable as high-bandwidth coherent signal carriers in
optimized hosts, with spatiotemporally shaped optical fields will
be greatly facilitated with the monitoring capabilities demon-
strated.
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