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Propagation and Dephasing of Picosecond Phonon Polariton Pulses in Ammonium Chloride
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A space- and time-resolved coherent anti-Stokes Raman spectroscopy technique gives direct ac-
cess to the propagation and loss of coherence of picosecond phonon-polariton pulses of widely vary-
ing wave vector and frequency in noncentrosymmetric crystals.

PACS numbers: 42.65.Dr, 42.65.Re, 78.30.Gt

The creation and measurement of ultrashort pulses
of propagating collective excitation in crystals is a new
and important problem in solid state physics, yielding
novel information on crystal behavior via the temporal
and spatial evolution of such pulses. In recent experi-
ments,! femtosecond far-infrared pulses were generat-
ed and used to perform coherent time-domain spec-
troscopy of infrared and Raman-active modes in fer-
roelectrics. The selectivity of this technique is, how-
ever, limited, and the separation of temporal and spa-
tial features is not straightforward.

We show in this Letter that it is possible to create
and follow the spatial and temporal evolution in crys-
tals of a picosecond pulse of propagating Raman-active
polaritons by use of a time- and space-resolved co-
herent anti-Stokes Raman spectroscopy (CARS) tech-
nique. This method gives, for the first time, direct ac-
cess to the energy propagation velocity and dephasing
time of phonon polaritons over a large portion of the
polariton dispersion curve, and imposes no restriction
on polariton frequency. Furthermore, space- and
time-resolved picosecond CARS allows direct study of
the scattering of polaritons from spatial inhomo-
geneities (e.g., boundaries) and more generally opens
up the field of polariton ‘‘acousto-optics.”’

We have performed the first demonstration of
space- and time-resolved CARS on the phonon polari-
ton associated with the v4 polar vibration in ammoni-
um chloride, whose dispersion curves®? and Raman
spectra® have been extensively studied. The principle
of the experiment is outlined in Fig. 1. Coherent exci-
tation of the polariton at time ¢ =0 and position X=0
is provided by two time-coincident optical picosecond
pulses of wave vectors k; and ks and frequencies w;
and ws, respectively. The polariton wave vector is
k,=k; —ks, and, hence, its propagation direction is
chosen by adjusting the angle between the two beams;
and resonant excitation at w,(k,), the frequency of
the polariton of wave vector k., is obtained by fre-
quency tuning w; such that w; — ws=w,. Coupling
with the light fields in the coherent excitation stage is

described by a phenomenological energy density

where E; and Eg are the electric fields at w; (laser)
and ws (Stokes), respectively, E, and Q, represent
the electric field and transverse optical mechanical vi-
bration associated with the polariton, and dg and dj
are coupling parameters which vary only slowly with
polariton frequency.’ This coupling produces a pi-
cosecond duration polariton wave packet at r=0 and
X =0 which then propagates in the crystal in a direc-
tion determined by the polariton wave vector ki,
=k, —ks, and at a speed given by polariton group
speed V,(k,). The temporal and spatial evolution of
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FIG. 1. Schematic outline of the experiment. The polari-
ton wave packet, created by coherent scattering of pi-
cosecond laser and Stokes pulses, propagates in the crystal at
an angle # with respect to the excitation direction. This an-
gle is determined by the excitation wave-vector geometry
(see text). The coherent amplitude of the propagating wave
packet may be measured by phase-matched coherent anti-
Stokes scattering of a probe pulse suitably delayed in time
(by tp) and displaced in space (by X,).
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the propagating excitation is followed by phase-
matched coherent anti-Stokes scattering at w,=w,
+ w, of a third pulse w, displaced with respect to the
excitation in time (by #p) and space (by Xp) (see Fig.
1). The measured dependence of the spatial displace-
ment Xj, where the signal is maximum, on time delay
1p is directly related to the energy-propagation charac-
teristics of the polariton wave packet.

The experimental system is driven by a mode-locked
Nd3*/glass laser system producing a single 5-ps pulse
at 1.054 um which is frequency converted to generate
w, (18975 em™!), wg (16935 cm™!), and w; (tun-
able 17900-18400 cm~™!). These three beams are
focused into a 3- or 10-mm-long cooled NH4Cl sample
in a noncollinear k-matching geometry and the anti-
Stokes signal is detected by a photomultiplier after
suitable filtering. The results obtained for the polari-
ton of frequency w,=1300 cm™!, which has almost
50% photon and 50% phonon character.® are shown in
Fig. 2, where we plot the measured position Xp of the
peak coherent excitation as a function of probe delay
tp. The experimental points are well described by a
straight line of slope P passing through the origin, and
the polariton group velocity may thus be calculated
from

V= P/(sinf + Py cosd/c),

where n is the crystal refractive index at the probe
wavelength,” 6 is the angle between the w; beam and
the polariton propagation direction, and c is the speed
of light in vacuum, yielding V,=(7.5+0.5)x10°
cms™! for the 1300-cm ™! polariton.
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FIG. 2. The measured probe delay at which the coherent
anti-Stokes signal scattered from the propagating polariton is
maxium, as a function of lateral probe displacement from
the excitation position. The slope of this line is directly re-
lated to polariton group velocity (see text).
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The energy propagation velocity measured for vari-
ous polariton frequencies is shown in Fig. 3. The ob-
served energy propagation velocity varies strongly with
polariton frequency from —~ ¢/2 at low frequency to
~ ¢/50 at high frequency. This large variation reflects
the change in polariton character (from photonlike to
phononlike) in the investigated frequency region. The
polariton dispersion law in NH4CI has been extensively
studied by Raman scattering?* and the polariton wave
vector may be reproduced (as the contribution from
absorption is negligible in the frequency region of in-
terest here) by the simple expression

- l 73— ]1/2

k,, = 277'1/,,. €0 ﬁ ,

V4 —Vn

with 74,=1400 cm™!, #4;,=1418 cm™~!, and €,, the op-
tical dielectric constant. The group velocity may be
calculated directly from the above expression by use of
V,-'=98k/dw, and the full line in Fig. 3 shows the
group velocity obtained in this manner. Agreement
with the experimental points is excellent (there are no
fitted parameters) and provides an indirect confirma-
tion of our measurements of group velocity. Spatial or
temporal spreading (due to velocity dispersion) of the
polariton wave packet is small in our experiment and,
hence, the intensity decrease of the peak (‘‘followed
polariton’’) coherent anti-Stokes signal with time delay
and space displacement of the probe pulse gives direct-
ly the loss of coherence (T,) of the polariton packet.
Exponential time decay of polariton coherence is ob-
served for all polaritons studied (between 1200 and
1380 cm™!) except when the polariton interacts with
the crystal exit surface. The results of these measure-
ments at 78 K are shown in Fig. 4 where we plot the
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FIG. 3. Measured polariton group velocity Vg in NH4ClI
normalized to the speed of light in vacuum c (filled circles),
as a function of polariton frequency. The full line is calcu-
lated with use of spectroscopic line positions (see text).
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FIG. 4. Measured coherent decay rates (2/T,) for the vy,
polariton in NH4Cl as a function of polariton frequency in
cm~! (filled circles) at a crystal temperature of 78 K. Also
shown (open square) is the decay rate at 78 K of the
nonpropagating longitudinal component v4; at 1418 cm~1.

observed decay rate 2/ T, as a function of polariton fre-
quency (7 cm™!). Also shown in Fig. 4 is the decay
rate (open square) of the longitudinal (nonprop-
agating) component of v, at 1418 cm~!. A marked
broad resonance-type dependence of decay rate on po-
lariton frequency is observed at this temperature (78
K). The form of this dependence remains essentially
unchanged as crystal temperature is lowered and decay
rates decrease only slightly, by about 10%, at 7 K.
However, as crystal temperature is increased above
about 130 K a dramatic increase of relaxation rate oc-
curs for all polaritons and relaxation times become
subpicosecond as the order-disorder phase transition of
this crystal at 243 K is approached.

The polariton is an admixture of an electromagnetic
(photon) and a material (phonon) part and its damping
' is certainly related to the way these two components
are affected by the different lattice interactions and
imperfections. Because this admixture arises through
a coherent interaction of an electromagnetic mode and
a material mode, there is no clear-cut way to locate the
damping in any of these two components in particular.

In an ordered crystal the damping of polaritons is
mainly due to the finite lifetime of their mechanical
component Q, in (1), which is anharmonically cou-
pled to many phonon bands. This mechanism is the
only one that has been considered? in the literature. It
is particularly important in low-temperature ammoni-
um chloride and can explain the frequency variation of
the polariton damping rate (Fig. 4) which (with the
phonon strength factor taken into account®) reflects
the many-phonon density of states. This process gives
only a weak temperature dependence of relaxation rate
I'., via Bose-Einstein occupation numbers, as experi-
mentally observed between 7 and 130 K.
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FIG. 5. Behavior of the strongly temperature-sensitive
component I'p of the coherent relaxation rate of vg4, at 1360
cm~!. (The low-temperature residual rate ', which is near-
ly temperature independent has been subtracterd.) T'p, de-
fined to be zero at low temperature, increases rapidly as the
order/disorder phase transition at 243 K (dotted line) is ap-
proached. The full line is a fit using I'p =y, (1 — L?) where
L is the order parameter of the crystal obtained from spe-
cific-heat data. Experimentally, I, is essentially indepen-
dent of polariton frequency.

At higher temperature, in addition to the anharmon-
icity, the effects of disorder in the crystal become im-
portant and introduce an additional damping mechan-
ism I' p which can directly affect the electromagnetic as
well as the mechanical part of the polariton. The ef-
fect of disorder can be globally introduced with the or-
der parameter L, deduced from specific heat data,’
which begins to show significant deviation from its
low-temperature value of L =1 at about 130 K, de-
creasing to L =0 at the phase-transition temperature
of 243 K. If we set

r=r,+I,

for the total damping and subtract the essentially tem-
perature-insensitive part I, a strong correlation is ob-
served (see Fig. 5) between the high-temperature re-
laxation rate T'p and (1 — L?), indicating that disorder
makes an important contribution to coherence loss
near the crystal phase transition.

In conclusion, we have shown that the space and
time evolution of a propagating picosecond Raman-
active phonon-polariton pulse in NH4Cl may be direct-
ly followed by use of a space- and time-resolved CARS
technique. This method should be immediately appli-
cable in many other noncentrosymmetric crystals to
the study of propagation and relaxation of phonon po-
laritons. This technique has also allowed us to study
the scattering of the polariton from the crystal sur-
face!® and should give access to other important prob-
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lems such as the interaction between polariton beams
in crystals.
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