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Cherenkov radiation emitted by ultrafast laser pulses and the generation of coherent polaritons

J. K. Wahlstrand and R. Merlin
FOCUS Center and Department of Physics, The University of Michigan, Ann Arbor, Michigan 48109-1120, USA
(Received 5 January 2003; revised manuscript received 20 May 2003; published 7 Augyst 2003

We report on the generation of coherent phonon polaritons in ZnTe, GaP, and;Li$a@ ultrafast optical
pulses. These polaritons are coupled modes consisting of mostly far-infrared radiation and a small phonon
component, which are excited through nonlinear optical processes involving the Raman and the second-order
susceptibilitiegrespectively, impulsive stimulated Raman scattering and difference frequency genekiéon
probe their associated hybrid vibrational-electric field, in the THz range, by electro-optic sampling methods.
The measured field patterns agree very well with calculations for the field due to a distribution of dipoles that
follows the shape and moves with the group velocity of the optical pulses. For a tightly focused pulse, the
pattern is identical to that of classical Cherenkov radiation by a moving dipole. Results for other shapes and,
in particular, for the planar and transient-grating geometries are accounted for by a convolution of the Cher-
enkov field due to a point dipole with the function describing the slowly varying intensity of the pulse. Hence,
polariton fields resulting from pulses of arbitrary shape can be described quantitatively in terms of expressions
for the Cherenkov radiation emitted by an extended source. Using the Cherenkov approach, we recover the
phase-matching conditions that lead to the selection of specific polariton wave vectors in the planar and
transient grating geometry as well as the Cherenkov angle itself. The formalism can be easily extended to
media exhibiting dispersion in the THz range. Calculations and experimental data for pointlike and planar
sources reveal significant differences between the so-called superluminal and subluminal cases where the group
velocity of the optical pulses is, respectively, above and below the highest phase velocity in the infrared. Using
the Cherenkov radiation formalism, the fields generated by a spatiotemporally shaped pulse in a thick disper-
sive medium can be calculated analytically.

DOI: 10.1103/PhysRevB.68.054301 PACS nuniber71.36:+c, 78.47+p, 41.60.Bq

I. INTRODUCTION the nonlinear susceptibility(®), is to excite the electromag-
netic component of the polariton through difference fre-
Polaritons are hybrid modes of solids and, more generallyquency generatiofDFG) or optical rectificatiort? Here, the
dense systems associated with elementary excitations thptimp pulse induces a nonlinear polarization proportional to
carry electromagnetic polarizatidf.Such excitations couple its intensity envelope. If the pulse is tightly focused and its
to light, resulting in a new mixed particle called the polar- group velocity is greater than the phase velocity in the infra-
iton. The polariton description is, in some sense, an alternaed, its polarization leads to emission of infrared light in
tive to that involving the index of refraction; polaritons are much the same way that a relativistic dipole enitsherent
dressed photons. Phonon polaritons—lattice vibration€€herenkov radiation(CR). This interpretation, originally
coupled to infrared light—were first studied experimentally proposed for second-harmonic generatidwas put forth for
by spontaneous Raman scatterfrjoon after, mixing of co- DFG by Auston and co-workeYs® whose technique later
herent polaritons with visible laser light was reported forbecame the standard for generating short THz puisee-
GaP* The generation, dispersion, and decay of phonon poeently, the CR interpretation was revisited in the analysis of
laritons have been extensively investigated using various cqgump-probe experiments on Zn8Ref. 18 and ZnTe(Ref.
herent optical methods, particularly coherent anti-Stokes Rat9). In these and other polar materials, strong dispersion near
man scattering CARS) (Ref. 5 followed by time-domain the frequency of the transverse-opti¢@lO) phonon results
CARS (Ref. 6 and, more recently, the closely related tech-in two qualitatively distinct regimes for CR depending on
nique of impulsive stimulated Raman scatter{hfgRS. whether the velocity of the source is larger or smaller than
This work centers on ISRS: i.e., coherent scattering usinghe phase velocity of light at zero frequency. In the former,
pulses whose bandwidth exceeds the polariton frequehty. superluminal regime, the CR field is qualitatively the same
ISRS experiments, a pump pulse imparts an impulsive forcas in the experiments of Auston and Ntfsshereas the latter
on the phonon component of the polariton, starting a cohersubluminal regime displays new featufés.
ent oscillation which in turn, through the inverse process, To our knowledge, there does not exist a clear, unified
perturbs the index of refractidi? This perturbation is mea- discussion in the literature of the relationship between the
sured by a probe pulse that follows behind the pump pulse dtansient grating and tightly focused single-pump methods.
a controllable time delay. The most common ISRS approachVhile the generation mechanisms are identical, ISRS is often
to generate coherent polariton fields is to use an intensitgescribed in a four-wave mixing framework and, as such, as
grating obtained from crossing two pump beams. This geoma technique that distinguishes itself from DFG. Here, we
etry leads to polaritons of nearly well-defined wave vectorpresent a unified discussion of the two methods based on the
even in the pulsed case where fli@nsien} grating travels CR picture, showing that the generation of THz radiation by
with the pulses®!! An alternative method, associated with single or multiple pulses of arbitrary shape can always be
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described as CR. We also report experimental results on
three materials: ZnTe, GaP, and LiTad three geometries a Cc
(point, planar, and transient gratingsing an electro-optic ]2

field sampling technique based on that of Auston and Nfss.
This method allows us to map out the polariton field as a
function of time delay and lateral position for polarization
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sources of arbitrary shape and, simultaneously, to image the g

shape of the source pulse itself. -
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Il. PHONON POLARITONS AND OPTICAL b §

SUSCEPTIBILITIES g: =

As mentioned earlier, polaritons can be described eitheras £ | e’

excitations that carry polarization through the coupling to the g {dey?

electromagnetic field or as light perturbed by the refractive £

index of the medium, which exhibits strong dispersion near
the resonant TO frequency. In the Cherenkov picture of pho-

non polariton generation we take the latter view, incorporat- frequency q
ing the effect of the infrared-active phonon into the dielectric _ _ o _
function and the second-order nonlinear susceptibility. For a FIG. 1. Optical parameters for a generic material with a single

diatomic cubic lattice and neglecting damping, the dielectricfiPly degenerate infrared-active phonon; see E3.(a) Refractive
function is of the Lorentz form index n, (b) phase velocityc/n, and(c) polariton dispersion. The
darkened regions indicate the band betw8gg and() o in which
light cannot propagate.
€0 €x
1_(Q/QTO)2, (1) known, the Raman contribution can be included in an effec-
tive nonlinear susceptibilityd;j,, each tensor element of

where Qg is the TO frequency of the threefold-degenerateWhICh is of the form
02\
1-—— , 3
nio) °

e(Q)=¢€,+

infrared-active modee., is the dielectric constant including
the effects of higher-lying resonances, agglis the static d(Q)=x®?
dielectric constant. The Lyddane-Sachs-Telle3T) formula
O25=(€q/e.) Q2 gives the relationship betwedd, o, the N
longitudinal optical(LO) phonon frequency, anfl;o. The  Where the Faust-Henry coefficient  C
refractive indexn(Q) = Je((2), phase velocite/n(Q), and =X (x®) 'e* u™(Q10) 2 gives the ratio of the Raman
polariton dispersion relatiof = cq/n(Q) are plotted in Fig. (often termed |on|):t9 electronic contributiodl.Here, e* is
1 for a material withe(Q) given by Eq.(1). In this work we the transverse effective charge gmds the reduced mass of
deal mainly with frequencies belowro. Near zero fre- the lattice mode. Because® and x(*) do not change appre-
quency, where the dispersion curve is linear, the polariton i§iably with frequency in the THz rang& can be approxi-
mostly light like whereas, nedo, it is phonon like. When mated as a constant for a given laser Wavelength and mate-
there is more than one infrared-active phonon, as in LiTaO rial. If the_re is more than one phonon mode, ther_e_ls a Raman
each mode contributes to the polarization and the dielectri€ontribution tod and to the Faust-Henry coefficient from
function reflects a sum of these contributidpsles. egch one. In our experlm(_ants we do.not need to consider the
The nonlinear interaction of visible light with phonon po- dispersion ofd, for we mainly deal with low-frequency po-
laritons involves both the lattice and THz electromagnetid@ritons. Thus, in the following we assume that the nonlinear
field. The nonlinear tensor that couples polaritons and visibl@usceptibility is constant and approximately given by
light is thus composed of two parts: the Raman tensoX (1+0).
dx/dQ= xR, which couples visible light to the phonon mode
with amplitudeQ, and the second-order nonlinear suscepti- Ill. THEORY OF CHERENKOV EMISSION
bility dx/dE= x(®), which couples visible to infrared elec- IN AN INFINITE CRYSTAL
tric fields. Both of these susceptibilities are almost entirely
electronic in nature. Counting both contributions, the total
nonlinear polarization fs

1+C

In noncentrosymmetric media, an optical pulse induces
throughx(® a low-frequency polarization proportional to its
intensity. This is DFG, also known as optical rectificatidn.
NL_ () R The dipolar charge distribution moves at the optical pulse’s

P =xiik Ej(Q)Ex(@p) + xikQjEx(wy), () group velocityu, and, like a charged particle, it can emit CR

if v4 is greater than the phase velocity of the THz radiation

whereQ); is the amplitude of one of the threefold-degeneratein the medium. The bandwidth of the THz radiation emitted
phonon modesy, is the frequency of the visible laser light, by a pulse is limited to the pulse bandwidth. The spatial and
and Q) is the frequency of the phonon polariton. As is well temporal shapes of the pulse envelope, together with the op-
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tical properties of the medium, determine the THz field. E (arb. units)
Kleinman and Auston adapted the theory of CR to an

optical pulse traveling through a nonlinear isotropic [ ' ' ' : ' ' : : 7
medium®® Their approach, which we build on here, is essen- =

tially to separate the nonlinear mechanism by which the po-g
larization in the medium is generated from the Cherenkov =, f
mechanism by which infrared light is emitted. This approach | -
works well in the absence of higher-order effects such as T e S S
self-focusing and self-phase modulation, which affect the
spatiotemporal shape of the pulse as it propagates, and depl 200 1
tion, which diminishes the induced polarization. Neglecting _ 1o}
these effects, the emission process is entirely analogous t5 of=— —— e
the emission of CR by a continuum of dipoles traveling at “1oof e «
the group velocity of the pulse. In the following, we discuss 2o} §
electro-optic CR by pulses of a variety of spatiotemporal T a0 800 250 ,zzégt(u;)é.o Do s 0 s
shapes. g

1

FIG. 2. (Color onling CalculatedE, for a point dipole atp
A. Point source =0 andz—-v4t=0 traveling through a medium with dispersion
g
given by Eqg.(1). (@) Superluminalp>c/n(0), and(b) sublumi-

For a beam focused to a small waist compared to th .
|nal, vg<c/n(0), regimes.

polariton wavelength, the polarization induced by the optica
pulse can be approximated by a point dipole. This geometry, _ . .
the three-dimensiondBD) case discussed by Kleinman and branch 0<Q) <. We call this the superluminal regime.
Auston® is the closest electro-optic analog to conventional™0f v¢=¢/n(0), thelaser pulse only travels faster for fre-
CR (emitted by a relativistic monopolewhich is coherent. 9uencies in the bandlc<0<Qqc, where the velocity-
The theory of CR was largely worked out more than 60 yeardnatched frequencflc is defined by 4= c/n({¢). We have
ago by Tamm and Frarfé22 For an infinite medium and referred to this as the subluminal regiffte.

pulses propagating along theaxis, the fields are a function . Shownin Fig. 2 are plots d&,, calculated using Ed.5),
of z— vt and the cylindrical coordinatgs and ¢. This ap- in a medium with refractive index given by E(L). For the

proximation, valid for a thick sample, greatly simplifies the SUPerluminal regimgFig. 2@)], there is a sharp shock front
theory. with smgll-amplltude ripples behind it. The We_ak ripples are
The radiation field due to a propagating dipole can bedue to dispersion, but the shock wave is definedby 0.
derived from the radiation field due to a monopole by taking®n the other hand, the subluminal regirfléig. 2b)] is
a derivative in the direction of the dipole orientatiin the ~ dominated by dispersion effects. The angle of the phase front
experiments discussed here, the induced dipole is orientedf£Pends orp, and there is a large field near the axis of
perpendicular to the axis. For this orientation, the fields are Motionp=0. The radiation pattern is still confined within a
proportional to cog, where ¢ is measured from the direc- €One, but the cone angle becomes larger gelecreases, in

tion of the dipole; dropping for simplicity the dependence, contrast to Fhe sup_erluminal regime. The special fea_tures of
we havél-23 the subluminal regime are apparent in the calculations re-

ported by Afanasiev and co-worket.

. c2 Ja In the CR literature, it is common to use the asymptotic
Ez(p,z—vgt)mf el (t- @(T— 1|—0QdQ, form of the fields for largey to find an approximate analyti-
vgn“(Q) ap @ cal solution. In this limit,E, becomes
4
Q101283
1 7a E,o T01v287(Q2) e 1100 2vg) ~sQp+ Tl () (7)
Ep(p,Z—Ugt)‘xJ —iei“(t_z’ug)z——zdﬂ, (5) Q¢ nZ(Q)\/ﬂ'p

n“(Q) dp For largep, the integral is small except for values Qf for

whereE, andE,, are thez andp components of the electric which the integrand does not oscillate. Using the stationary
field and phase method, Eq7) can be approximated as
a(p,0)=HWY[s(Q)p], (6) E 2s°(Q) 1 e 10(t-2vg ~s(e] (g

o

P 2 I
where H{P is a Hankel function ands()=Q(ev3/c? & A (Qip NIs"(@0)]
— 1)1’2/vg=Q tanfc/vg. where(); are the frequencies within the range of integration

Radiation is emitted at frequencies for which the Cherenfor which the phase in the exponential is stationary. These

kov conditionv4>c/n({) is satisfied. Integrating Eq5)  are the solutions to
over these frequencies, two qualitatively different radiation
patterns emerge, depending 0g.?* For vy>c/n(0), the ” ds _ th_Z:cota )
laser pulse propagates faster than the entire lower polariton 9dQ '
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FIG. 3. Plot of angle vs polariton frequency; see ELf)). The
dashed line indicates the Cherenkov argfle and() indicates the
group-velocity-matched frequencya) Superluminal regime(b)
Subluminal regime.

which defines a cone of angk with respect to the axis.
The cone angle depends on frequency beca(Q¢ contains
n(Q). Explicitly, Eq. (9) becomes

ds , Vg de wvgs

Ugd_Q: gd—ﬂ+ﬁ:cot0. (10

The dependence af on () is plotted for the two regimes in
Fig. 3. In the superluminal ca$€ig. 3(@)], # is a monotonic
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dipole oriented arbitrarily with respect to the axis of motion,
as well as those of a magnetic dipole, are given in the work
of Zrelov?®

B. Planar source

When the beam waisw is much larger than the wave-
length of the polariton>27mcn/()), we have another im-
portant limiting case. Here, the polarization induced by the
optical pulse is shaped like a pancake. This planar geometry
is often used for the generation and detection of THz pulses
by nonresonant optical rectificatiGh?’

For an infinitely thick crystal and approximating the opti-
cal pulse as infinitely shofthis is valid as long as the pulse
is short compared to the period of the radiation being gener-
ated, the polarization induced iB~{d(z—v4t)ey, where
€4 iS a unit vector pointing in the direction of the dipole
orientation and{ is the areal polarization. It is possible to
obtain the CR field from the point dipole solution by convo-
lution, but here we use the corresponding Hertz potential

4oty

Q)=— . (11)
( vg€e(Q)s?(Q) &
The electric field is theld
010 €(Q)0?
= f ———11(Q)dQ (12
C
47_‘_4/ QTOQZe—iQ(t—Z/Ug)
_ edf 4o (13
c® Jo s?(Q)

Ug

function of frequency, whereas in the subluminal regimey;; can be shown that the field vanishes unlsd€)=0. In
[Fig. 3(b)] two frequencies map onto the same angle, resultye superluminal regimes?(Q)>0 for all Q, andE=0 . In

ing in the complex beating behavior shown in Figa)2

the subluminal regimes?(Q¢c)=0. Note that the phase

The anglefc, defined as the smallest angle at which matching condition inly met in the presence of dispersion.
radiation is emitted, is shown as a dashed line in Fig. 3. Thy the superluminal regime, no radiation is emitted from the
frequencies associated with this angle are solutions t@yk hecause the pulse is traveling faster than the phase ve-

s"(Q2)=0. In the superluminal regimeF,(Q)vglcz—1>0
for all frequencies within the range of integration, afid
=0 is the only solution. Thus, from Eq(10), cosf.

locities of all infrared frequencies.
Practically, a beam cannot be focused to a point; nor is it
really planar. If cylindrical lenses are used to focus the beam,

=ugn(0)/c, which is the standard Cherenkov formula. In theit can be extended in one direction and tightly focused in
subluminal regime, there are two solutions. For a materiahnother. The extreme case of the 2D geometry was treated by

with dispersion given by Eq. (1), Oc

=tan Y(4y (59— 0)I1%), wherey=(1-e.v3/c?) 2 ¢
=2—(4-3n)'2 andp=1—(Qc/Q70)%.%°

Kleinman and Austoi® The point geometry solution is the
Green’s function of the problem, in that the radiation pattern
of an arbitrary source can be obtained by convolution of the

So far, we have considered isotropic materials, and theregpoint solution with the source shape. Two examples are
fore, the considerations above apply to ZnTe and GaP but, ishown in Fig. 4. This convolution technique is potentially

the strictest sense, not to the uniaxial LitaQhe theory of

useful for calculating the THz field generated in a thick sub-

CR in an anisotropic material is considerably more compleXuminal crystal by a spatially extended source because it
than that discussed here, because extraordinary and ordinagyantifies phase-matching issues encountered due to disper-
waves may be emitted. Other complications result for thesion in the infrared. In addition, it is a powerful machinery
case of an extremely tightly focused pulse, for which therdor calculating the radiation field generated by ultrafast opti-

exists a small longitudinal component of the laser electriccal

pulses which have been shaped spatially and

field, leading to the breakdown of the point dipole approxi-temporally—for example, in the manner recently demon-
mation. In addition, the confocal parameter comes into playstrated by Koehl, Adachi, and NelséhTo the best of our
resulting in the breakdown of the infinite crystal approxima-knowledge, our approach has not been previously applied to
tion. We note in passing that exact integrals for an electri¢his problem.
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FIG. 4. (Color onling CalculatedE, for an extended source of FIG. 5. (Color onling CalculatedE, due to a transient grating,
width w, obtained by convoluting results for a point dipole with a showing the checkerboard polariton field pattern generated behind
Gaussian in the direction(subluminal regimg (a) w=20 um, (b) the grating. The grating wave vector (a) is smaller than in(b).
w=40 pum.
which defines the phase of the diffracted probe pulse, hetero-
dyne detection works just as well outside the checkerboard,
The last source shape we consider is a periodic distribuln what we might call the Cherenkov wing of the field. As we
tion, or transient grating, implemented by interfering two discuss in detail below, heterodyne detection is often dis-
pump beams inside the sample. This geometry is useful bgussed in terms of four-wave mixirfg.
cause it excites a unique polariton wave vector determined It is important to emphasize that the wave vector of the
by the grating period. If we cross two pump beams of equagrating is not the same as the polariton wave vector, since the
intensity at an angler, Gaussian in space with waistg in ~ polariton propagates in the direction normal to the wave
thex direction andw, in they direction and Gaussian in time front. The magnitude of the polariton wave vector is given
with pulse widthr, the intensity grating has the form by q=kysin6, where ¢ is the Cherenkov angle. In many
early ISRS papers, it is assumed that the wave vector of the
5 2 2 2 Kk, x - grating is the same as the polariton wave vector, tantamount
L(X,y,Z—vgt)oce Xy /WVCOS( Sina)e‘(z’”g‘t) ", to assuming tha is very large. This is generally a poor
(14) approximation and leads to incorrect polariton dispersion
measurements, as recently pointed out by Hebling.
where k_ is the wave vector of the laser light inside the  The simple interpretation above works best for lavge
medium. Here, we have assumed thatis small, which  in which case the polariton wave vector is well defined. For
makesv 4 approximately equal to the group velocity of each small w,, edge effects make the polariton field more com-
separate pulse. This is a good approximation for the experiplex but, by convolving the point dipole solution with the
ments described here, sinkgis much larger than the wave grating(as in Fig. 3, we can calculate the polariton field due
vector of the gratings. The Cherenkov angle converts théo a grating of arbitrary shape.
spatial periodicity of the transient grating into a temporal
periodicity in the polariton field, resulting in a checkerboard
pattern and a well-defined polariton frequerie¢y as shown
in Fig. 5. One potential source of confusion when comparing the
In the impulsive limit, a defocused probe pulse travelingtransient grating, tightly focused, and planar geometries is
at the same speed as the pump pulse and, thus, at the spekdt, at first glance, the phase-matching conditions seem en-
of the polariton field samples a slice of the checkerboardirely different, especially the hidden role of the pulse’s
field in thexy plane. The electric field in this slice is periodic group velocity in the transient-grating geometry. Here we
with the same wave vectdr, =k, /sina as the intensity grat- discuss phase matching in all three geometries in a unified
ing. Through the electro-optic effect, the probe pulse dif-manner based on CR. An ultrafast pulse contains a con-
fracts from the periodically varying index of refraction, re- tinuum of frequencies and wave vectors, and the generated
sulting in an oscillatory signal at{2 as a function of time polariton wave vectors are determined by conservation of
delay, because the diffracted intensity is proportiondEig. energy and momentum. The Cherenkov interpretation is, of
This technique is known as homodyne detection in the ISR®ourse, consistent with phase matching. In all geometries, the
literature'® Heterodyne detectiot;?>%in which one mixes nonlinear polarization contains terms of the form
the diffracted signal with undiffracted probe light, gives ae'(ke~ - T=i(w2=edt - where k,, k,, ®;, and w, denote
much larger signal a, because the signal is proportional to wave vector and frequency components of the optical pulse.
E. Because it is sensitive to the phase of the polariton fieldfFor the planar geometry, the wave vector components all

C. Periodic source(transient grating)

IV. PHASE MATCHING
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point along thez axis, and conservation of momentum re- TABLE I. Parameters used in the calculations.
quiresg=Kk,—k;=[ wsn(w,) — wn(w,)]/c, whereq is the :
polariton wave vector. Sinc@ = w; — w,, Parameter GaP ZnTe LiTa®
Q+of2m (THzZ 11.00 5.3% 6
_ @2N(wp) = (0t )n(wp+ ) (15) szzw ETHZ; 12.9 6.18 12
¢ Jeo 3.31 3.16 6.9
Q ng at 800 nm 3.56 3.24 2.2
h
~_ + ' - Qc/2m (THz) 7.7 2.2 -
g (w2t @an’(@2)]= s, (16)

) ) ) . 4Parameters are for the lowest mode.
making the connection to the group-velocity-matching argubreference 33.

ment derived in Sec. IIIB. ‘Reference 34.
A tightly focused optical pulse has wave vector compo-dReference 35.
nents pointing in many directions. The dependence of therrom LST relation using parameters of Ref. 35.
polarization orz—u 4t forcesq,=Q/v4. The polariton wave fReference 36.
vector and frequency must also satigby=|qg|c/n(Q). Let  9Reference 37.
q, be the component of the polariton wave vector perpenicaiculated frome., .
dicular to thez axis. Momentum conservation gives

V. MATERIALS

72 2 2
VO — Q
9 NI~ _ [N Dvg -1 (17) Generation of electro-optic CR requires a nonzgf®,
c? ’

a. Qv present only in crystals without inversion symmetry. In our
experiments, we used three readily available and well-
characterized materials: the zinc-blende ZnTe and GaP, and
the perovskite LiTa@ The parameters relevant to our work
are listed in Table I.

and the polariton is emitted at an angIeTéqp/qz to thez
axis, which is identical to the Cherenkov angle.

In the transient-grating geometry, the angle betwken
and k, is well defined, and the wave vectg=k;—k, is
emitted in the direction given by E@L7) because the polar-

ization is a function ok —uv 4t. The transient-grating configu- A. GaP and ZnTe
ration allows one to excite wave vectors that are higher than \jaterials with the zinc-blende structure have a triply de-
those accessible in the planar geometry. enerate infrared-active optical mode. For light normally in-

A recently proposed technique developed by Hebling andjgent on a110) face, the selection rules forbid excitation of
co-workers relies on a tilted pulse frofftThis can also be the nondispersive LO mode. For the TO mode,

encompassed in a Cherenkov radiation framework as a pla-

nar source which propagates at an angle. Tuning the tilt angle
) ) 0 0 -b 0 b O
changes the wave vector of the generated polariton, and this
shows promise as an easily tunable THz source. R= 0 0 b R,=(b 0 0], (19
As is well known, it is possible to interpret ISRS ag@ b b 0 0 0 0

process’ Here one hides both the generation and detection
of the polariton inx{y, much as we included the Raman hereR, andR, are the Raman tensors for the modes po-

contr!but!on to the generation of the polariton j##*). The larized along thg 110] and[001] directions, respectively.
polarization is The single independent tensor componkerdorresponds to
e * the nonlinear coefficientl,;. The dipolar distribution in-
P(09) = xe (@ 2=y, 0p) Ex(@1)Ej (01~ Q)Ey(wp) duced by the pump pulse is always oriented perpendicular to
=d(Q)[d(Q)E;(@1)E} (01— Q) Ep(wp), (18  the[110Q] direction. We measure the polariton by the inverse
process, and we are only sensitive to the electric field com-
whereE; andE, are the pump fieldsz, is the probe field, ponentE,.
andd is the effective nonlinear susceptibility defined in Sec. In their pioneering work using nonlinear mixing of visible
[I. All propagation and damping effects can be included inand infrared cw laser light, Faust and Henry measured
ng), and this formalism is often uséd. C=-0.47 in GaP This leads to total destructive interfer-
Finally, we discuss briefly the advantages and disadvanence between the ionic and electronic contributions! tat
tages of the various scattering geometries. The experiments5 THz. Because this frequency is close(lg for Ti:sap-
with tightly focused beams produce the highest peak polarphire pulses, this results in a small signal. Recently Leiten-
iton amplitude(for a given pulse peak powerbut also a storfer and co-workers foun@= —0.07 in ZnTe by analyz-
wide range of wave vectors and frequencies. ISRS by a traring data from time-domain spectroscopy of THz pulses by
sient grating has the advantage of defining the polaritorelectro-optic sampling® This small value leads td=0 at
wave vector and producing a large-amplitude polariton ab.2 THz, very close té)1o. For our experiment in ZnTe, we
that particular wave vector. CARS has the advantage oére only able to measure up to roughly 4 THz, not high
yielding the best frequency and wave vector resolution.  enough to probe effects of the dispersiondof
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B. LiTaO,

This material crystallizes in the perovskite structure.
LiTaO, is ferroelectric at room temperature and exhibits four
A; symmetry and nin& symmetry modes, all of which are
Raman and infrared activ8.There has been considerable I
disagreement over the assignment of several Raman peak| Probe AOM | | pump AOM

; . f,=3 MHz ,=2.95 MHz,
but the lowest-frequencA; mode considered here is well
characterized. The Raman tensor for phonons i

Ti:sapphire | g 1«—»

oscillator

a 0 o0
lock-in
Al =10 a 0 . (20) amplifier
0 0 b f=h#

The independent tensor elemeatandb are associated with FIG. 6. Experimental setup. Pulses split into pump and probe
beams; the time delalybetween the pulses is varied with an auto-

the nonlinear coefficientds; andds;, respectively. Here, we . . e .
31 33 P Y mated translation stage. The relative position of the two bgarss

usex ds andy™=b, which are the largest coefficients, .adjusted by moving a single lens. The inset shows a close-up of the

to both generate and detect the polariton. The dipolar dls”.%eometry inside the crystal. The pump and probe pulses travel along

butlo_n_ paints along the optic axis, and the probe p_uls_e Darallel paths inside the crystal at the same group velagjtyBS
sensitive to t_he component of the Ch(_arenkov electric fiel nd PBS denote, respectively, a 10:1 beam splitter and a polarizing
along that axis. Barker, Ballman, and Ditzenberger measureglam spjitter. Not shown are/2 waveplates, used to rotate the
the infrared reflectivity and found that, for the extraordinary s arization of the pump and probe beams, and4awaveplate in
index, most of the oscillator strength in the infrared is in thethe probe path which resolves the induced birefringence due to the
lowest-lyingA; TO mode® This mode is also the strongest electro-optic effect.

Raman scatterer. We performed our experiment on the lowest

polariton branch. _ o _ _ fact that the spectrum of the probe is shifted proportional to
The refractive index in the visible is weakly anisotropic. 4pn/dt.8 The polariton induces a change in the index of re-

Since the laser pulses in our experiment are polarized along, ion due to its electromagnetic and vibrational compo-
the optic axis, there is no effect of this anisotropy, in contrasf,ents so thatin/dt contains terms proportional tdE/dt

with experiments oft modes® The static dielectric constant 4, dq@/dt. We measure the frequency shift by cutting half

is also weakly anisotropic. However, since the lowest-lyingyt the probe spectrum with a bandpass filter before detection
A, andE TO frequencies are differer6 and 4.2 THz, re-  ith 4 photodiode. This technique is especially useful when
spectively, the dielectric function becomes more anisotropicipe pump and probe polarizations are chosen perpendicular
at large frequencies, where the cubic approximation is Xty each other to suppress the scattered pump light. The sec-

pected to break down. For the low frequencies discussegnq technique, widely used for detecting THz radiation, is
here, the approximation is well obeyed. For the '0We5t'ly'”gpolarization detectioA>*2 When properly oriented, the po-

. ; i AL

A; mode in LiTa@, Cis positive. lariton’s electric field induces birefringence, which can be
probed by measuring the polarization state of the probe beam

VI. EXPERIMENTS after the sample. This yields a signal directly proportional to

the THz Cherenkov electric field.

The spot size inside the crystal was determined experi-

Our experimental technique is similar to that of Austonmentally using the same technique. In ZnTe and GaP, two-
and Nuss® A diagram of the experimental setup is shown in photon absorption depletes the probe when pump and probe
Fig. 6. Pump and probe beams are focused and crossed iaverlap temporally and spatially, creating a large Gaussian
side the sample. The pump pulse is the Cherenkov sourgeeak in the signal. In LiTag) the intensity-dependent refrac-
and the tightly focused probe serves as the detector of thive index due tox® modulates the probe pulse’s phase
Cherenkov radiation field. The probe pulse “surfs” on top of when it overlaps with the pump pulse, also producing a large
the Cherenkov wakefield generated by the pump pulse ansignal (known as the coherent artifact
samples the polariton field through both the linear electro- Auston and Nuss used thin samples and a collinear geom-
optic and the Raman effects, which both cause changes in thegry to achieve spatial resolution on the order of 4r5.1° A
refractive index. We change the time delat) (between problem with this setup is that it is difficult to measure the
pump and probe with a motorized delay stage in the probéeld behind the source, because of strong pump scattering
path and the relative focal positiop) between pump and due to the fact that the two beams are collinear. In order to
probe by moving a motorized translation stage upon whichmeasure the source itself plus the field behind it, we used the
the pump’s focusing lens is mounted. By sampling the dif-nearly collinear setup described above, which enables the
fracted probe beam as a function blnd p, we map the spatial separation of the pump and probe beams even when
polariton field. they overlap spatially inside the sample. This introduces a

We used two different detection schemes. The first is &ource of distortion in the data due to spatial walk-off be-
frequency shift measurement, which takes advantage of thsveen the pump and probe pulses as they travel through the

A. Techniques
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sample. To minimize this walk-off, we focused the pump and e (arw. units) BN : N |
probe beams with two small lenses placed as close togethe - 05 0 05 1

as possible. In order to ensure that the walk-off did not affect ‘ ; S — ' ' ‘ : j '
the spatial resolution, we made the plane shared by the pum [
and probe beams perpendicular to the axis along which thé&
pump lens was moved. We accomplished this by directing=
the probe beam below the pump lens and moving the relative 200f
focal position horizontally. Measurements were performed at 0 00 ——st0 700
two values of the azimuth differing by, defining thex axis. .
The resolution ire—uv 4t is determined by the pulsewidth of sl
the probe pulse and i® by the focal waist of the probe
beam.

Ultrafast pulses were generated by a Ti:sapphire oscillatol
producing 800-nm, 60-fs pulses at the repetition rate of 82 — : . ) ‘ . . ) J
MHz. Acousto-optic amplitude modulators were used to -t -s0 80 700 -0 500 ~ad0 S0 200 -f0 0
modulate the pump and probe beams at 3 MHz and 2.95 s
MHz, respectively, and the probe was detected with an un- F|G. 7. (Color onling (a) Experimental results for LiTag The
biased photodiode at the difference frequency, 50 kHz, witthump beam waist is 1@m. The scan took a total of 6 h, or a little
a lock-in amplifier with time constant 30 ms. The maximum over 1 min per row(b) Convolution of the point dipole field with a
pump and probe average power at the sample-wd40 and  18-um Gaussian.

30 mW, respectively, limited mostly by the efficiency of the

modulators. We emphasize the importance of the doubler110)-oriented ZnTe sample was %A0x1 mnt, and
modulation technique because it helps reject the scattergsblarization-sensitive detection was used. The data show
pump light. many of the features predicted for subluminal CR. The arti-

While the technique described here produces data of higfact that appears about 1.6 ps after the pump pulse is due to
quality, it is important to note that it takes hours to produce aa second pulse about 1000 times smaller than the pump
single picture. Recently, experiments have been performegulse, due to a reflection from an optical element upstream.
using a Zernike method with a charge-coupled-det@eD)  We have subtracted the contribution from an exponentially
camera, to image the phase change of a weakly focusegecaying signal caused by free carriers generated by two-
probe beam caused by the polariton field as a function ophoton absorption. This signal is partially balanced out by
position and time dela§** That is a much faster technique using polarization-sensitive detection, and the remnant has

for imaging the Cherenkov field, although it suffers from peen fitted and subtracted out in FigaBto show the ab-
unwanted large scattering near the pump pulse. sence of CR neax=0.

ok

L L 1 i 1 L L
-600 -500 -400 -300 -200 -100 0

p (um)

200

-150

B. Point source: Experiments -100
-50

If the pump pulse is focused to a waist smaller than the% ol
wavelength of the polariton, we can approximate it as a point s
dipole. Because of the large thickness of our samples, we ar
limited to a focal waist of about 2@m which corresponds 150
to a maximum polariton frequency of 2—4 THz, depending 10
on the material. For lower frequencies, the pump pulse act: € =
like a point dipole. i

First we discuss the data on LiTgOa superluminal ma-
terial; see Fig. 7. Our sample was a wafer 2 in. in diameter
and 1 mm thick with orientation such that the optic axis is  ,
perpendicular to the surface normal, and we used frequenc: ¢

shift detection. For pulses of wavelength 800 rdg=69°. ¥ o
The experiment matches the calculations quite well after tak- 100 : . f
ing into account the 18m pump waist by convoluting the 450 400 350 300 250 200 15 100 50 0 50

z—vgt (um)

point dipole solution with a Gaussian of that width. How-
ever, the absence of ripples behind the sharp Cherenkov cone ¢ g (color onling (a) Results of a pump-probe differential
indicates that damping, not included in the simulation, isyansmission experiment in ZnTe. An overall constant background
strong for higher frequencies. In addition to polaritons of theyas subtracted for each time scan, and a decaying exponential was
lowest branch, we were also able to generate and detect pguhtracted out for time scans neax 0. The feature 1.6 ps behind
laritons and coherent phonons from higher branches; se@e pump pulse is an artifact. Each row is an average of two scans,
later. and the total acquisition time was 7 ¢b) Calculation for a point

Our measurements on ZnTe, a subluminal material, andipole convoluted with a 22:m Gaussian in the transverse direc-
the comparison with calculations are shown in Fig. 8. Thetion. (c) Experimental data for a 30@m-thick ZnTe sample.
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ey

node we observed in the 1-mm-thick crystal has now disap-
peared. This is probably a result of the breakdown of the

i} 0.5 infinite crystal approximation. In the superluminal regime,
7 the infinite crystal calculation works well because the radia-
E 0 tion is emitted at large angles at all frequencies down to zero.
g Therefore, effects of the finiteness of the crystal can be ex-
=

5-05 pected only at the very edge of the shock wave,pat

-0.5 0 05 1 15 2 — — ;
Time delay (5] =L tanfc=Lng/c, whereL is the length of the crystal. For

example, the edge of the shock wave ipat2.6 mm in our

‘§_ 1 b 1-mm-thick LiTaG, sample, well beyond what we can prac-

§ 05 tically measure due to the fall-off proportional g0 ¥ in the

S 9 electric field from a point source.

£ The situation is considerably different in the subluminal

§-05 regime because polaritons ne@g are emitted in the near-

5 _q , . , . , forward direction. In the 1-mme-thick ZnTe crystal, the Cher-
0 05 1 15 2 25 enkov angle for 2.5 THz polaritons is about 9°, so that this

Time delay (ps) component reachgs= 160 um before the pulse reaches the

FIG. 9. Results of pump-probe experiments with weakly fo- end of the crystal. In the 30m t,hiCk crystal, it only
cused ultrafast pulses {@) ZnTe and(b) GaP. The region near time reachep =50 um. Thus, the subluminal beats, due to inter-

zero is dominated by two-photon absorpti¢a. 1 mm-thick ZnTe ~ ference between frequency components sent in the forward
crystal. The main frequency is roughly 2 THp) 1-mm-thick Gap ~ direction, require some propagation time to develop. We be-

crystal. The main frequency is roughly 7.5 THz. The feature at 1.dieve this is the reason why they do not appear in the thin
ps is an artifact due to a reflected pulse. crystal. This could also explain the other discrepancies be-
i ) , , _ tween theory and experiment in Fig. 8. The large oscillatory
As discussed earlier, subluminal CR is expected to exhibitjgna| at) . nearx=0 in the calculation is clearly absent in
a beating pattern. In Fig.(8), there is a striking node that e eyneriment, probably because radiatiof)atis emitted

separates the shock wave into two and possibly three distingh o torward direction. The difference in the shape of the

part.s. This can be explained |n'the ca!culatlons by bOth. S.Ubéone between theory and experiment is likely due to the
luminal beats or by a convolution artifact due to the finite

tial si fh d prob | H 1 ths me effect. A finite-crystal calculation is probably needed to
spatial size ot In€ pump and probe pulses. Fowever, note lly understand the details of the experiment. Note that CR
the node is not as prominent in the calculation. This dlscreplrn

. . a finite crystal is similar to the so-called “Tamm problem”
ancy and the lack of experimental signal nearO are prob- y P

S ; . f CR for a particle traveling along a finite path?®
Ia:ikzleyrdue to the finite size of the crystal, as discussed in detaﬁ The finiteness of the crystal is expected to play an even

more important role in the planar geometry, in which Cher-

enkov components are emitted exclusively in the forward

direction. The CR pattern is the result of interference among
For the planar geometry, scans were performed only in thghese components, so that this pattern should change dra-

z-v 4t direction. Results for GaP and ZnTe with a pump waistmatically with crystal thickness. A very thin crystal would

of roughly 100um are shown in Fig. 9. The GaP sample, show no propagation effects, simply reproducing the time

(110 oriented, was a % 1X 1 mn crystal. The time scans derivative of the pump pulse envelope as a short THz pulse.

show oscillations at the group-velocity-matched frequencies

predicted by theory, with an apparent decay probably due to

a combination of the finite length of the samptee below E. Periodic source: Experiments

and the finite extent of the pump puf§eThe planar geom- We adapted the setup described previously to perform ex-
etry is commonly used for generating THz pulses by nonperiments with two pump pulses, creating a periodic dipolar
resonant optical rectificatiofi. The distortion of the electro- distribution in LiTaQ, and used frequency shift detection to
optic sampling signal due to infrared dispersion, especially ifmap the polariton field. The pump pulse was split into two
a thick crystal, has been the subject of much discussiogqually intense pulses which were focused by a single lens
recently’* _ ~and crossed inside the sample at an anrgléJsing a beam

We also performed an experiment on the superluminajyaist such thatw<wvy7/sina, we avoided the so-called
material LiTaQ. As expected, there was no signal from the“pancake effect,®® a shrinking of the overlap between
lowest polariton branch. However, our pulses were shorfyeakly focused pulses due to their short duration. In our
enough to see higher branches. The phase-matching con@speriments, we did not have to measure because the
tion is given by /vy, and this expression was found to grating period was directly obtained by measuring the coher-
match the higher polariton branches quite well. ent artifact as a function of spatial position. As for the point
geometry, we mapped the polariton field due to this pump
configuration as a function af—v4t andx. The results in

Point geometry experiments were also performed on d&ig. 10 show excellent agreement with the theoretical predic-
300-um thick ZnTe sample. As is apparent in FigdcB the  tions.

C. Planar source: Experiments

D. Finite-crystal effects
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-300 -200 -100 0 100 200

FIG. 10. (Color online Results of transient-
grating experiments in LiTap Left: derivative
of the polariton field as a function of time delay
b and position of the pump lens. Right: cross sec-
tions at zero time delay, showing the intensity
grating’s period. The phase-matched frequency is
0 100 200 300 400 500 —-200 -100 0 100 (a) 1 THz, (b) 2 THz, and(c) 3 THz. Damping is
higher at higher polariton frequencies.

-200

-100

X (um)

100

Cc
200 400 600 -150 -100 -50 0 50
z-v t (um) X (um)
F. LiTaO 3 Phonons and Polaritons expression, our data fall almost exactly on the dispersion

g relation of the lowest branch; polaritons inferred from the
literaturel®.1128.3043.47-5¢ this section we compare our data IR data of Barkeet al*® Recent ISRS papers have begun to

to those of other reports. There are two main points ofdke this into account as wefl** The grating technique is
contention in the literature: the origin of frequency- also sensitive to nondispersive phonons, and the signal at 7.8
dependent damping effects and avoided crossings at loWHZ rc;éghly matches a, phonon peak seen in Raman
frequency. Our results for the polariton dispersion are sumSPectra:” Scans in the planar geometry, with wave vector
marized in Fig. 11. given by the group velocity of _the pulse, are also shown in
As previously discussed for the transient-grating geomfi9- 11. Here, we are sensitive to even more phonon
etry[see below Eq(17)], the Cherenkov angle appears in the branches, including a higher-branch polariton above 12 THz.

expression for the polariton wave vector. Using the correcf¥Ote that higher branches were also observed in a recent
heterodyne experimeri.

Our measurements of the polariton damping ratey the
grating method® agree very well with those reported by
others:y=2.4 cm ! at 1 THz,y=4.4 cm ! at 2 THz, and
15} 1 y=7.5 cm'! at 3 THz. Large damping, peaked at 2.7 THz,
was reported by Auston and Nuss in their original
experiment® They suggested that this was due to mul-
s tiphonon absorption. In their homodyne transient grating ex-

I periment, Wiederrechet all° measured increased damping
peaked at 2.76 THz and 4.38 THz, and attributed this to
strain-induced coupling to heavily dampegsymmetry
X modes at the same frequencies. Very recently, Crimmins,

LiTaO; has a particularly rich history in the ISR

X0 O

frequency (THz)
—
o

S Stoyanov, and Nelson measured the damping rate using het-
erodyne detection and suggested that the damping is due to
quadratic coupling between the phonon-polariton mode at

0 2.1 THz and the lowest-lyin§ mode at 4.2 THZ°

0 5000 10000 The inelastic neutron scattering data of Chestgal>*

support the idea that the damping is due to anharmonicity—
more precisely, to a process involving the simultaneous cre-
FIG. 11. Summary of results in LiTaO Circles indicate fre- ation and destruction of two different phonons. Close to the

quencies measured using the grating technique, with wave vect@oserved peaks at 2.76 and 4.38 THz, the phonon dispersion
given byk, /sin 6, wherek, is the wave vector of the grating asd ~ Shows TO and LA(TA) branches for which the frequency
is the Cherenkov angle. Crosses indicate measurements with a pidifference at the zone edge, where the density of states is
nar geometry, with wave vector given i§§/v4. The solid lines large, is 2.6 THZ4 THz). In this context, we note that decay
give the polariton dispersion according to the infrared measureby two-phonon difference modes has been seen in many ma-
ments of Ref. 35. terials, including ZnTé&> Furthermore, many spontaneous

wavevector (cmi ")
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Raman studie¥>*®including one on our particular crystdll,  increasingly anisotropic. Anisotropy is known to have an im-
show a broad peak centered at 2.55 THz, consistent with portant effect on CR® but as far as we know, it has been
second-order feature. An alternative explanation for polaritortompletely ignored in the LiTaQliterature. For a point
broadening, supported by the fact that the TA and LAcharge traveling through a uniaxial material in a direction
branches at the zone edge are at 3.2 and 4.6 THperpendicular to the optical axis, both ordinary and extraor-
respectively’ is coupling to high-wave-vector phonons due dinary waves are emitted, with the extraordinary waves po-
to disorder-induced breakdown of momentum conservationarized at a finite angle to the optical axis. Assuming that this
Given that LiTaQ is often nonstoichiometric, defect-related is also true for a dipole oriented along the optic axis, it
processes may contribute strongly to the damping. should have a large effect on the CR pattern.

Another anomaly reported in LiTads an extra avoided
crossing in the polariton dispersion at 0.9 THZ7*8Similar
avoided crossings were also reported for LiNp®and in-
creased absorption was observed at the corresponding fre- In summary, we have used ultrafast optical pulses to gen-
quencies in stimulated Raman gain measurent@nie erate and image coherent polariton fields in ZnTe, GaP, and
avoided crossings were assigned by Bakker and co-wdtkersLiTaO;. For single and multiple pulses of arbitrary shape
to quantum beats between levels of an intrinsic anharmoniand, in particular, for the transient-grating geometry, we have
potential. However, our work on LiTaQ as well as a recent shown that the polariton field can be calculated by convolv-
heterodyne ISRS experimetitshows no sign of an avoided ing the slowly varying pulse envelope with the Cherenkov
crossing at 0.9 THz. The observation of several low-lyingfield due to a dipole. The standard phase-matching arguments
modes in a CARS study of MgO-doped LiNpQRef. 60 can also be explained by applying ideas from the theory of
suggests that the extra modes are due to defects. If this wefgherenkov radiation. Results for pointlike and planar sources
the case, the reported discrepancies for LiJay simply reveal important differences between the superluminal and
be due to differences in the concentration of defects for difsubluminal regimes, especially for the Cherenkov emission
ferent samples. by a plane of dipoles which can only occur in the subluminal

We take issue with the intrinsic anharmonicity proposedcase.
by Bakkeret al! to explain these extra modes. Unlike in
molecules, lattice anharmonicity in solids leads to decay, be-
cause anharmonic coupling involves a continuum of modes.
Hence, unless the anharmonicity is strong enough to support We thank G. Narayanasamy for assistance in the early
two-phonon bound states, it cannot introduce new frequenstages of the experiments and T. E. Stevens for useful dis-
cies. To the best of our knowledge, no such bound statesussions. We are grateful to M. DeCamp, C. Herne, and J.
have been observed in LiTa@r LiNbOs. Murray for providing the ZnTe samples and J. Deibel for the

An unexplored area is the role of anisotropy in LitaO LiTaO; sample. This work was supported by the AFOSR
As briefly discussed earlier, for frequencies approaching thender Contract No. F49620-00-1-0328 through the MURI
lowestE-phonon frequency, the index of refraction becomesprogram and by the NSF FOCUS Physics Frontier Center.

VII. CONCLUSIONS
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