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Direct Visualization of Collective Wavepacket Dynamics
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Direct spatiotemporal imaging of optic phonepolariton 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 phepotariton wavepacket control using
spatiotemporal femtosecond pulse shaping.

I. Introduction 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 presentéd?® 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-
1resolved 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
rom the excitation pulse arrival time and position are varied
proportionally?’—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
hspecified 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-

Quantum mechanical wavepacket excitation, manipulation
and observation are topics of considerable current intédest.
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 sta&tes.

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 o
many types of coherencés$l131523 and a wide variety of
optical detection methods have been advanced. Visualization
of molecular wavepacket dynamics through X-ray diffraction
has also been proposét.

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 phorgolaritons,
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 throug
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 bee
developed which shows promise for automated generation of . . . T
complex position and time-dependent optical waveforms, e.g. tion of spatiotemporal polariton wavepacket evolution is enabled
different femtosecond pulse sequences that can be directed td?Y the methods demonstrated herein.
spatia"y separated regions of a Crysta| so that p0|aritons may Phonon—polariton characterization is of general interest for
be generated initially in one sample region and then manipulated elucidation of polar lattice dynamics and for S'[Udy of structural
in a specified manner as they propagate through the samplephase transitions, in which the lowest-frequency phenon
The present paper deals with methods &patiotemporal polariton mode is often the “soft” mode whose collective motion
polariton imaging through which real-space visualization of ~mediates collective structural chané®In this sense, the soft
the complete spatial distribution of polaritonic excitations at mode plays the role of “collective reaction coordinate.*®
various times may be carried out. The methods are demonstrated ime-resolved CARS and ISRS measurements and conventional
experimentally on optic phonerpolaritons in bulk lithium Raman spectroscopy have been conducted with various scat-
tantalate crystals, but should be applicable generally to bulk tering wavevectors (i.e., various scattering angles) to determine

the phonor-polariton dispersion properties and at various

* Permanent address: Department of Material Science, Himeji Institute S@MPple temperatures to examine the characteristic reduction in
of Technology, Hyogo 678-1297, Japan. soft mode vibrational frequencies (and corresponding divergence
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in dielectric constants) associated with ferroelectric phase dielectric function will be frequency independent but not
transitions?%.31-3844-46 necessarily equal te., as contributions from electronic
In the next section, a brief review of phonepolariton resonances might also differ along that polarization. For arbitrary
properties and impulsive stimulated Raman scattering excitation propagation directions, the dielectric function will vary, and
and detection of phonerpolaritons is followed by a description  longitudinal and transverse polarizations may be mixed as*vell.
and theoretical treatment of phonepolariton imaging as Low-frequency phononpolariton modes in ferroelectric
conducted through various methods. An overview of the analysis materials give rise to large low-frequency dielectric constants
and transformation of experimentally recorded polariton images ¢, because the coupling between phonon and photon is arge.
into their spatial and temporal Fourier components is presentedThis is expressed by the Lyddan8achs-Teller relationship
in section Ill. The general form of this analysis may be extended relating the limiting values of the dielectric retardance to the
to many interesting cases, such as defect centers, dietectric longitudinal and transverse optic phonon frequerféigs
air boundaries, and arrays of dielectric media. The experimental

measurements and their implications are discussed in section €€, = a)LZ/a)T2 (2.2)
V.

wherew, is the frequency of the longitudinal optic mode, which
Il. Generation and Detection of Propagating due to its symmetry does not couple to the electromagnetic
Phonon—Polaritons in Dielectric Media radiation?® In the case of ferroelectric lithium tantalate (LiTgO

at room temperatureyt/2zc = 201 cnt! and w, /27c = 402
cm1.46.5253Note that near ferroelectric phase transitions, the
softening of the transverse phonon frequensgyis associated

A. Phonon—Polariton Properties. It is worthwhile to note
that the phonorpolariton is the eigenmode of the system and
an excitation in its own right, not merely a sum of both an 7 . . ;
electromagnetic field and a phon#fiThe electromagnetic mode Wltl\k/ll the ?lV(:]rgence P?f theblow-frqut?[ncyi dc;ele(r:]trlc con_ft:.ant
and the transverse polar optic phonon mode (ionic motions . any techniques have been used to study phemiaritons

perpendicular to the wavevecti) have the same symmetry, in dielectric media. Several ultrafast techniques, based on the

so the wavevector-dependent crossing of the elec:tromagneticim'erse electrooptic effect, difference frequency mixing, and

frequency (normally following the usual linear dispersion impulsive stimulated _Ra'_ma“ scattering, ha_ve been applied to
relation,/k = ¢/n, with the refractive index(e) only weakly the study of these excitatioR.37 In the experiments described
frequency-dependent) and the phonon frequency (normally here, uItrz_asho_rt optical pulses excite a p(_)lar ph."'”@‘”"a_“to”
essentially dispersionless with frequeney = constant) is mode prlmarlly_ through r;cl)gﬁgonant |mpuIS|v§ stimulated
avoided. In the wavevector region around the avoided Crossing,Ram"f‘n scattering (ISRS)>% When_ thg optlca_ll pulse
two mixed phonorpolariton modes which both have electro- duration is lmuch shorter.than the oscillation perlpd of the
magnetic and polar vibrational character and which are both (Raman-aqn_ve) mode, stimulated Raman scattering occurs
dispersive are formed. The phonepolariton frequency range th_roggh mixing among the frequency components _contamed
is typically about +10 THz within the broad optical bandwidth. This exerts an “impulse”
Terahertz electromagnetic radiation propagating though adnvmg fﬁrcteT':]hat ehxcne? tEe COTer.fnt phOanmIarltonlt
charge-free polar medium encounters a frequency-dependenf”avepag Iet efctﬁ eren FI) ,Oﬁq”:.) a:' O? reffpof‘sg resuh_sh
dielectric function, due to the presence of the ions, which retards In a moau a:r:on of the sample's 0? |cathre racr:] I\tlﬁ in e>é_w Ic F
the progress of the radiation through the material. Maxwell's moves as the response propagates throug € medium. ~or

equations may be solved in combination with a description of example, if the optical excitation field consists of a p_air of pulses
the ionic contribution to the polarization and an equation of spat|_a||y and temp(_)rally overlapped to form an interference
motion for the ions which includes (in the simplest case) a single grating” pattern with a well-defined wavevector, then the

vibrational resonance corresponding to a single optic phonon refractlye index modulation maiches this Pa“?”? irom V‘,’,h'Ch
mode, leading to a macroscopic dielectric functiof! probe light may be coherently scattered (i.e., “diffracted”). If
' the optical excitation field consists of a single tightly focused

w z(E —e) pulse, the spatially localized polariton response contains a wide

_TX0 el (2.1) range of wavevector magnitudes and orientations, and an

sz —w?—iol anisotropic “ripple”-like response occurs with a corresponding
time and position-dependent modulation of the refractive index.

whereeg is the dielectric constant at frequencies well below In previous observations of phonepolariton propagation,

the resonance¢. is the dielectric constant well above the spatially and temporally delayed probe pulses were used to

resonance (but still potentially below other ionic and electronic monitor such propagating responses through measurement of

resonancesyyt is the frequency of the transverse optic phonon, coherent scattering or depolarization. In diffraction measure-

andI" is a phenomenological (frequency- and wavevector- ments, the ISRS signal is proportional to the square of the

independent) damping rate. The phorqolariton dispersion  dielectric response functici;?456

is calculated by combining eq 2.1 with the expressitfw) =

n(w) = cklw. 1(r,t) O |G (r ) (2.3)

When the crystal is anisotropic, the dielectric function

becomes a tensdé?.For uniaxial crystals with the polar mode In some cases, the diffracted field is mixed with either scattered

parallel to the optic axis, as in lithium tantalate, the dielectric probe light or an undiffracted reference pulse to create a

function tensor component of radiation polarized along the optic heterodyne signal and retrieve the phase of the spatial and

axis and propagating perpendicular to it (an extraordinary wave) temporal dielectric response functi@.(r,t).24355759 In de-

is identical to the scalar dielectric function in eq 2%1The polarization measurements with tightly focused excitation and

experiments described below correspond to this case. If probe pulses, the signal also reflects the phase of the response

propagation and polarization directions are both perpendicular function.

to the optic axis and no other polar mode is present to couple B. Spatiotemporal Polariton Imaging. The novel feature

to the radiation in that polarization (an ordinary wave), the of the experiment at hand is that the temporally delayed probing

e(w) =€, +
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@ o1 A identical copies of the original object in a sequence of planes
UHWP v Ti:sapphire osc. + amp. 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
amplitudeu, immediately after a phase objectzat 0, so that

pump pair
I\

®)
Up(XY) = expfa cosk,pX)) (2.4)

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

Up(X,y) = 1 + io cosK,oX) (2.5)
Figure 1. (a) Experimental apparatus. A 40 fs, 800 nm laser pulse is

splitinto two 201J pump pulses and one G0 probe pulse. The pump  The period of the sinusoidal spatial phase variatiod is 27/
pulses are focused by a cylindrical lens CL onto the crystal, where k,o. Note that

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 The spatial Fourier transfofth

and F2 within the telescope remove second harmonic and fundamental 1

pump light, and a PC digitizes and stores the data for later processing. — © - [® a i

(b) Typical geometry of pump and probe pulses at sample. All pulses UO(kX'kV) (27[)2 f—w f—w Ug(X, Y) €xp(=ik,x Ikyy) dx dy
are polarized parallel to the optic axis#xis) shown here. A pair of 2.7)
pump pulses is focused by CL to form a grating at the sample. The

wide probe pulse copropagates with the pump pulses through the of the phase object is in this case

sample. Other geometries, such as a single pump pulse focused to a

line or a round spot, are also possible. Uo(kkay) _ (6(kx) e %5(kx — kg i %6(kx +kg) 6(ky0)
(2.8)

lug(xy)|* =1+ second-orderterms 1 (2.6)

pulse is not diffracted into a single selected order from the
excitation region but is instead imaged in transmission, permit- It is assumed that coherent light of central wavelerigth2z/k
ting the visualization of the moving phonempolariton wave- is incident on the phase object. Fresnel diffraction at a distance
packet in both space and time. The temporally delayed probing z from an object is described in real space in the paraxial limit
pulse spot size is significantly larger than the excitation region, as a convolution
and imaging in transmission allows the traveling phonon 1 K
polariton wavepacket to be viewed as it moves through the yxyz) == [~ d ° Uy (X0, exr{i 2 (x —
sample. The spatial variation of the dielectric phase modulation (y.2) iAz f_“’ %0 f_‘” Bo UolXo Yo 2z K
ata partlcular.tlme delay is encoded into Fhe spat!al pha§e profile X0)2 +(y— yo)z]) (2.9)
of the transmitted probe pulse. Conversion of this spatial phase
modulation into an ar_nplitL_Jde modulation is achieved using g, equivalently in Fourier space by a multiplican
either the Talbot self-imaging phenomenon or phase-contrast
microscopy as described further below. In either case the = 2 )
amplitude modulation is imaged onto a camera or CCD detector U(kx,ky,z) (em) H(kx,lg,,z)Uo(kX,Ig,) (2.10)
as shown in Figure 1. The conversion of a phase object (the where the Eresnel kernel is
phononr-polariton refractive index modulation) into an ampli- 1y
tude image by self-imaging or by filtering spatial Fourier _ (L1 i 2 2
components of the probe is a type of heterodyne technique in Hkoky2) = (ZH) expCilks +ik/1229 - (2.11)
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 > 2
heterodyne measurement, this gives information about both the H(kx,ky,z = d—) = (i) (—i)("xz’kxoz) exp(—iytIg,Z/ZKon)
phase and amplitude of the spatial and temporal response 2, 2 (2.12)
function G(r ,t).
The Talbot self-imaging phenomenon needed for the presentso that
experiments has been studied extensively since its discovery in i
183650 Patorski has reviewed the self-imaging effect in detail, _a)_ _a _ _
considering combinations of coherent, partially coherent, and U(k"’ky’z 2&) (6(k") 2 Ok~ ko)
incoherent illumination, objects consisting of combinations of a L, 5
phase and amplitude gratings, and illumination by plane waves 2 Ok + k) é(ky) exp(-ink, 72Kk g") (2.13)
and Gaussian bearfksIf an object has a well-defined spatial
period, as is found in a grating, Fresnel diffraction forms nearly as can be seen by performing the inverse Fourier and Fourier

When the distance = d¥21 = nk/k?, then
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transforms in succession. The real-space field is will be lost. It is also possible to convert phase information
into amplitude information by blocking selected spatial fre-

d? guency components. For example, a detector may be placed in

u\xy.z=571= 1— acoskeX) (2.14) 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

2 spatial frequency components wilty > 0. For the phase-
|u(x,y,z = d_)|2 =1 — 20 COSK,X) (2.15) modulated object in eq 2.5, the Fourier-space field at the image
2 in this case is

and to first order the real-space intensity is

At this and other odd integral multiples of= d%/24 = zk/kyd?, a

the phase grating is converted into an amplitude grating by the  U(Kk,z=0) = [0(k) +1 5 0(k — ko) |o(ko)  (2.18)
transfer function of eq 2.12. The image containsa<{21)4/2
phase shift of thetkyo spatial components relative to the zero-
order spatial component. At even integral multipleszef d?/

21 = aklky?, thend phase shift of thetk,o spatial components o
replicates the phase grating as another phase grating. The zero- u(xy,z=0) = 1 +i 5 exp(k,oX) (2.19)
order spatial component acts as a local oscillator todtkg 2

spatial components so that the signal, as in other measurements . . . .

that utilize optical heterodyne detection, is proportional to the and to lowest order im. the image intensity is

phase modulation

In real space, the field at the image is

lu(xy,2))* =1 — o sinKX) (2.20)
[(r,t) O0G.(r,b) (2.16)
Again there is a linear phase to amplitude conversion, but in
rather than its square. Far away from the object, the paraxial this case the conversion does not depen#eor z. Thus it is
limit and this analysis break down. possible to form images of more arbitrary spatial phase patterns
For a phase grating given by eq 2.5 with arbitrarily large that do not have a well-defined spatial periodicity. For a spatial
phase modulation, Patorski gives the corresponding amplitude Phase object represented as a Fourier sum
grating image at an odd multiple df/24 as
Ug(Xy) = 1 +i Z (o, cosk,X) + B, sink,x) (2.21)
n

2
|u(x,y,z =(@2n+ 1)% I?=1+ (—1)" sin(2o cos,X)) =

the image intensity to lowest order is

1+2(—1)”;(—1)'*1J2|_1 2oy cosld = 1hood @GNy =1+ 3 (0, sinf) + B cosk)  (2:22)

Only odd spatial harmonics contribute to the amplitude grating L . . o .
at the image plane. The lowest-order nonlinear lattice effect in The.modullatlc')n in the image Intensity is proporuqnal to.the
this polar medium, second harmonic generation, should producesl:’at'a.I derivative of the n;(g;julanon of the phase. This Schiieren
even spatial harmonics, which could easily be differentiated from technique is well-knowfi

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- We have performed spatiotemporal imaging experiments
lens telescope images the sample onto a CCD. The telescopeising ferroelectric lithium tantalate (LiTa}) which possesses
reproduces the object plane at the image plane. In the vicinity a polar optic phonon mode associated with its ferroeleetric
of the image plane of the two-lens telescope, the Talbot effect paraelectric structural phase transition. The properties of the
converts the phase modulation into amplitude modulation as mixed phonor-polariton mode created by the coupling of this

[ll. Experimental Results

described above. The CCD displacement alongztfggopaga- strongly polar lattice mode with far-infrared radiation are well-
tion) axis is adjusted to maximize the phase to amplitude known?#84951The frequency of the uncoupled lattice resonance
conversion at the detector. is w/2rc = 201 cnrl, and the low-frequency dielectric constant

Many related phase-imaging techniques will give phase to ¢pis 38.4. The frequency of the corresponding longitudinal optic
amplitude conversion. In phase contrast microsé8j§ya glass phonon oscillation is 402 cm, and the effective high-frequency
slide or other delay advances or retards the phase of the zerothdielectric constant. is 9.6. In order to impulsively drive and
order spatial frequency component relative to all the other spatial observe the response, the pump and probe beams should have
frequency components in order to achieve phase to amplitudea temporal duration shorter than the vibrational oscillation
conversion of an object at the image plane. (Note that as period, which is as short as 165 fs in the lower polariton branch
described above, if no operation is performed on any of the of LiTa03.46:5
transmitted spatial components, the phase object is simply Both 1 mmx 4 mm x 2 mm and 2 mmx 4 mm x 2 mm
reproduced in the image plane as a phase image, not an(X x Y x Z) X-cut crystals have been used. The pordxis
amplitude image.) With ultrashort pulses, the zeroth-order spatial is aligned with the polarization of the pump and probe beams.
component must not be advanced or retarded more than a fewl'wo lenses after the crystal form a microscope that is used to
optical cycles relative to the other spatial components, or elseimage the transmitted probe light onto a CCD. A slight
temporal overlap and heterodyne mixing among the componentsdownward tilt of the probe beam at the crystal before the first
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-335 2665

4000 5335 6665 fs

Figure 2. Images of propagating phonon polaritons produced by 4000 5335 6665 fs

impulsive grating excitation with wavevectgrs 2100 cnt. Although Figure 3. To improve the quality of the images in Figure 2 for

only seven frames are shown, 221 frames were recorded at 35 fsquantitative analysis, 11 scans taken well before time 0 were

intervals. Image dimensions 2050 tall x 895 um wide. averaged and subtracted from the raw data. Image dimensions 2050
um tall x 895um wide.

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 6
probing pulse. A subsequent RG-780 long-pass filter removes
second-harmonic optical signals, and a series of neutral-density 5
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 4
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 95-"
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 1
shown in Figure 2. The complete data set for that particular
experiment consists of 221 images. 10 of these images from

N

the delay region before= 0 are averaged and subtracted from 0

the remaining 211 images to eliminate background noise (Figure

3). This background subtraction step is not needed to view the 0 200 400 600 800
data, but it does reduce noise from scattered light. The image position (um)

files also may be collated to form a moving picture of the far-

. . . Figure 4. Condensation of the entire data set sampled in Figures 2
infrared light wave as it propagates through the crystal. and 3. The space- and position-dependent sit{nal) is put into this
The record of CCD images shows the signal as a function of form by averaging the signal in the verticg) ¢lirection in each image

two spatial dimensions and one temporal dimension. It is and displaying the real-space average at each real-time data point. Data
possible, for excitation and propagation characteristics that only at 0.5, 2.5, and 4.5 ps are overlaid for reference.

depend on one spatial dimension, to reduce this vast quantity

of information to just one spatial and one temporal dimension the signal in the vertical direction in each image and displaying
and improve the signal to noise ratio by averaging over the the real-space average at each real-time data point. Figure 4
vertical columns. The sequence of 211 background-subtracteddisplays this condensation for the data in Figures 2 and 3, but
images may be collated into a single sigh@al,t) by averaging at all 211 time data points.
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Time (ps)
Intensity (Arbitrary Units)

Time(ps)

Figure 6. Fit (solid line) between eq 3.2 and the 1760 ¢msignal
(circles) of Figure 4. Fit parameteys= 1.1 cn! andw = 47.0 cn1?t

1000

2000 3000 4000
Wavevector (cm+-1)

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.

5000

The spatiotemporal images, which record the positions and

spatial profiles in real space of the wavepacket at particular —~ .. v
times, also may be transformed into their Fourier components 'g 21 /
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 o 10
wavepacket to be studied as functions of time. The signal after 3

the DFT is

Ik t) = 1,(k) € "' sin(t + ) (3.1)

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 phonepolaritons. The real-
space wavepacket at any point in time has been transforme

0 2000 2500
Wavevector (cm'1 )

3500 4000

igure 7. n(q,w) for the image data shown in Figure 3. Two

F
dapplications of the DFT to the image data shown in Figure 3 (compare

into its wavevector components. The apparent real-space dampfigure 4) show the spatial and temporal evolution of the polariton

ing of the moving packet of fringes (Figures-2) is due in

wavepacket. The grayscale axis is logarithmic and is calculated with

large part to the different phase velocities of the packet's arbitrary units.
wavevector components, which cause the components to spread
out of phase over time. with which the polar mode is coupled may come into resonance.
By plotting the amplitude of a particular polariton wavevector At higher wavevectors, it is necessary to introduce additional
component as a function of time, we may measure the frequencyphonon resonances to fit the observed wavevector-dependent
and damping rate of the selected component and compare thislamping!® Previous ultrafast studies of LiTaOat room
result with previous values obtained by other space- and time-temperature have observed damping rates of 1.8'aming
dependent ultrafast techniques or by angle-dependent Ramarposition-independent ISRS at 1700 chi® 0.67 cmt using
spectroscopy. The data analysis is more tractable if the fit is to position-dependent heterodyne detection with parasitically scat-
the square of the DFT tered probe light at 900 cm.35
Finally, it is possible to convert the signal as a function of
wavevector and timék,t) into a plot of the signal as a function
of wavevector and frequendik,,w) by applying the DFT along
A fit between this model and the signal is shown in Figure 6 the time axis to each complex wavevector component calculated
for the 1760 cm! line in Figure 5. Because the entire using eq 3.1. The signal density is localized on the dispersion
wavepacket is on the CCD camera at all times, the signal is notcurve (Figure 7). The signal is seen only on the lower branch
modulated with the Gaussian envelope seen in previous spa-of the dispersion curve ab(k) and not on the upper branch.
tiotemporal grating experimentd:3° The fit has parametens Points neat = 0, where electronic effects and diffracted light
= 1.13 cntt andw = 47.0 cnm?, corresponding to a refractive  coupled from the pump beams distort the spatial profile of the
indexn(w) = cklw = 37.4. The observed damping rate of the response, have been excluded.
polariton is wavevector-dependent (in contrast with the phe- At the comparatively low excitation intensities used in this
nomenological wavevector-independent damping of eq 2.1) experiment, neither wavevector harmonics nor frequency har-
because the degree of phonon character changes with wavevectanonics of the fundamental excited wavepacket were clearly
and because, as the frequency varies, other lattice phonon modesbserved in the sign&f:66

(k)17 = Yl1(k)I* €72 (1 — cos(@wt + 2¢)) (3.2)
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-1335

-335 0 1335 2665

3000 4335 5665 fs

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.

.... -

-335 1335 2665 8000 fs

Figure 10. Samples of image data from propagating phonon polaritons
. . . generated at line G by a single focused excitation beam. The phonon
4000 5335 6665 fs 0 = /2 without the resonance, the dielectric function in a

polaritons are partially transmitted through and partially reflected by a
crystal-air—crystal interface |. Background data have been subtracted
Figure 9. Images from propagating phonon polaritons produced by a ynjaxial crystal has the forf#
single beam focused to a round spot. Background data have been

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.

subtracted as in Figure 3. The splotch in the center that obscures some 1 sif® cofo
data near timé= 0 is due to intense scattered pump light, which could = (3.3)
not be completely filtered from the imaging setup. Image dimensions €(w,0) €0 €w)

1020um tall x 860 um wide. . . .
Figure 9 shows selected images from a data set taken with a

Figure 8 shows selected images from a data set taken with asingle tightly focused excitation pulse which is polarized parallel
single cylindrically focused excitation pulse polarized parallel to the optic axis. Phase-to-amplitude conversion was achieved
to the optic axis. Phase-to-amplitude conversion was ac- again by blocking all orders of diffraction to one side of the
complished by blocking all orders of diffraction to one side of zeroth-order beam. The initial polarization induced by the optical
the zeroth-order beam. The initial polarization induced by the pulse is also polarized parallel to the optic axis, but any region
optical pulse radiates outward in a wedge sh&éThe image of the radiated shock cone is polarized perpendicular to the
of the distribution of the far-infrared transient pulse is its spatial direction of its outward propagaticf8” As the shock cone
derivative, which creates an apparent asymmetry between theradiates outward, two effects are seen. Because any region of
left and right hand sides of the shock wed§é’ the shock cone is polarized perpendicular to the direction of

As the polarization of radiation changes from an extraordinary propagation, the efficiency of diffraction diminishes as coupling
wave atf = 0 with the polar resonance to an ordinary wave at to the polar mode falls away in the vertical direction in the
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figure. Also, the phase velocity of the shock cone rises as the

J. Phys. Chem. A, Vol. 103, No. 49, 19980267

(20) Wefers, M. M.; Kawashima, H.; Nelson, K. A.Chem. Physl995

dielectric constant diminishes. Interpretation of these effects is 102 9133.

complicated by the spatial derivative inherent in this method.

However, note that no images are seen when the excitation

(21) Bardeen, C. J.; Yakovlev, V. V.; Wilson, K. R.; Carpenter, S. D.;
Weber, P. M.; Warren, W. SChem. Phys. Lettl997, 280, 151.

(22) Bardeen, C. J.; Che, J.; Wilson, K. R.; Yakovlev, V. V.; Cong, P.;

pulses are polarized perpendicular to the optic axis, nor are theyKohler, B.; Krause, J. L.; Messina, M. Phys. Chem. A997, 101, 3815.

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 interfabase
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 respopfet) to an
impulsive optical driving force through phase-to-amplitude

conversion of a probing optical pulse has been demonstrated .24

The ability to visualize propagating phonepolaritons moving
through anisotropic media, defects, and interfaces will be of
substantial utility in characterization of long-term or transient

(23) Wefers, M. M.; Kawashima, H.; Nelson, K. A.Chem. Phys1998
108 10248.

(24) Cao, J. S.; Wilson, K. Rl. Phys. Chem. A999 102, 9523.

(25) Koehl, R. M.; Adachi, S.; Nelson, K. Al. Chem. Physl999 110,
1317.

(26) Adachi, S.; Koehl, R. M.; Nelson, K. AButsuri1999 54, 357.

(27) Auston, D. H.; Cheung, K. P.; Valdmanis, J. A.; Kleinman, D. A.
Phys. Re. Lett. 1984 53, 1555.

(28) Cheung, K. P.; Auston, D. HPhys. Re. Lett. 1985 55, 2152.

(29) Gale, G. M.; Valle, F.; Flytzanis, CPhys. Re. Lett. 1986 57,
1867.
(30) Auston, D. H.; Nuss, M. GEEE J. Quant. Electron1988 QE-
184.
(31) Etchepare, J.; Grillon, G.; Antonetti, A.; Loulergue, J. C.; Fontana,
M. D.; Kugel, G. E.Phys. Re. B 199Q 41, 12362.

(32) Valles, F.; Flytzanis, CPhys. Re. B 1992 46, 13799.

(33) Planken, P. C. M.; Noordam, L. D.; Kennis, J. T. M.; Lagendijk,

heterogeneities due to domain reversals, optical or electricalA- Phys. Re. B 1992 45, 7106.

signals, or other causes and in future attempts to measure an%

manipulate excitations with higher phonepolariton intensities.
Manipulation of propagating phonetpolaritons, 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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