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Time- and Space-Resolved Study of a Dressed Polariton: The Polariton Fermi Resonance
in Ammonium Chloride
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Using a time- and space-resolved coherent anti-Stokes Raman-scattering technique we study the de-

phasing of a polariton state that crosses and strongly couples with a two-phonon band. Polariton damp-

ing is found to be dominated by a direct and phonon-assisted disintegration of the polariton into the
two-phonon continuum.

PACS numbers: 42.65.Dr, 42.65.Re, 78.47.+p

The polariton Fermi resonance is a very conspicuous
feature of polariton-mode propagation in crystals. It is
produced whenever a polariton branch crosses a many-
phonon band, most often two phonon, of the same sym-
metry as the polariton. This situation is frequently en-
countered because both polariton and two-phonon states
span large regions in frequency and wave-vector space.
For sufficiently strong anharmonic coupling, polariton
Fermi resonance leads to a drastic alteration of polariton
characteristics, formation of an additional gap in the po-
lariton dispersion curve, and strong, frequency-
dependent damping of the polariton line. '2 The other-
wise slowly moving two-phonon states are also affected,
acquiring polaritonlike properties.

Polariton dispersion and the new gap formation have
been extensively studied in several crystals with use of
spontaneous near-forward Raman or hyper-Raman tech-
niques. ' The severe modification of polariton relaxa-
tion that occurs in the vicinity of a many-phonon band is,
however, very difficult to address with these or similar lo-

cal nonlinear optical techniques, whether in the frequen-

cy or time domain. This difficulty arises because of the
large variation of polariton frequency with scattering an-

gle and related propagation effects. Furthermore, for
these fast-moving composite excitations, relaxation, and

propagation effects affect their coherence and energy
content on comparable time scales, and adequate
methods must be devised to disentangle these processes.
Although femtosecond far-infrared pulses have been
used to perform coherent time-domain spectroscopy of
infrared and Raman-active modes, this method is re-
stricted to low-frequency polaritons, with an upper fre-
quency limit given by the infrared femtosecond pulse
bandwidth. However, for Raman-active polariton modes
it has been shown recently that a nonlocal technique,
namely, time- and space-resolved coherent anti-Stokes
Raman scattering (CARS), allows the proper separa-
tion of temporal and spatial features, awhile placing no
restriction on polariton frequency.

We have performed the first time- and space-resolved
study of polariton Fermi resonance in ammonium
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FIG. 1. The polariton dispersion curve of ammonium
chloride in the vicinity of the 2v4 two-phonon quasicontinuum
(shaded region) obtained by near-forward Raman scattering
(filled circles) (Ref. 5). The dashed curve is the calculated
dispersion curve in the absence of polariton Fermi resonance.

chloride (NH4C1), in a frequency region where the po-
lariton is in strong interaction with the polar (2v4) two-

phonon band, ' which extends roughly from 2800 to
2900 cm ' (see Fig. 1). We focus our attention on the
damping mechanisms that affect this composite mode, its
dispersion curve and Raman spectrum having been ex-
tensively studied by conventional techniques. '

Within the formalism of Green's functions the polari-
ton Fermi resonance, or dressed polariton, is defined by
the propagator G~(to, k) which is related to the bare po-
lariton propagator G~(to, k) through the Dyson equa-
tion,

Gt, (to, k) Gt, (co,k) {I—X (k)Gp(to, k)g2(to, k)j ', (1)

where

G~( kta) -4a —to~(k)+iy~/21
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co~(k) and y~ are, respectively, the polariton dispersion
law and damping rate in the absence of Fermi resonance,
and g2(ro, k) is the two-phonon propagator with anhar-
monicity included (v4 intramolecular anharmonicity in

our case). The polariton-two-phonon anharmonic cou-
pling X is composed' of a mechanical part X~ and an
electro-optic part X~ but, supposing the latter to be
negligible, we may write'

(3)

where S(k) is the fraction of mechanical energy in the
bare polariton of wave vector k. Similarly, "

y, =yoS(k),

for the bare polariton damping where y~ may depend on

frequency in general. 4'
The polariton density of states defined by p(ro, k)- —(I/x)lmG~(ro, k) is

rrX'(k) p2(ro, k)+ y~/2
p rok =

o z z 2 z, 5
[ro —ro~o(k) —X'(k) Reg2(ro, k)]'+ [zX'(k)p2(ro, k)+ y~/2]'

'

with pp(ro, k) —(I/z) Img2(ro, k) the anharmonic two-phonon density of states. Compared with the bare polariton

[Eq. (2)] the dressed polariton [with Fermi resonance, Eq. (1)] has a new dispersion law given by the maximum of Eq.
(5), and a quasi-Lorentzian line shape with a width

y~(k~) y~+2zX (k~)p2(ro~, kp) [y~+2zX~p2(rnp, krp)]S(kp) . (6)

The second term in (6), which is proportional to the
two-phonon density of states, is due to the direct
polariton-two-phonon interaction and leads to a dramat-
ic modification of polariton line broadening in the neigh-
borhood of a two-phonon band. It is this term which is

the principal object of the present investigation using the
time- and space-resolved CARS technique.

As the essence of this technique has already been de-
scribed elsewhere, and demonstrated on the v4 polariton
of ammonium chloride, '3 we simply recall here that a
picosecond-duration polariton wave packet of frequency
co~ is created at an initial instant and space point in the
crystal by coherent Raman scattering using time-
coincident picosecond pulses of frequencies roL and ros,
such that roL

—res ro~. This polariton wave packet sub-

sequently propagates freely inside the crystal in a direc-
tion fixed by overall wave-vector conservation, and its
temporal and spatial evolution is followed by coherent
anti-Stokes Raman scattering of a picosecond probe
pulse (co~„) displaced in time and space with respect to
the excitation. The measured dependence between prob-
ing position and optimum-signal probe time delay gives
direct access to polariton group velocity, and the varia-
tion of coherent signal intensity with probe time (and
space) delay yields polariton dephasing times T2. The
three independent picosecond pulses necessary for the ex-
periment, ro~„ro&, and roL, which is continuously tun-

able, are produced by frequency conversion of a single
5-ps infrared pulse provided by a passively mode-locked
Nd +:glass laser. The three beams are focused into a
cooled 10-mm-long NH4C1 crystal with use of a noncol-
linear geometry and the generated anti-Stokes signal is

detected after suitable filtering.
Figure 2 shows a plot of the observed coherent anti-

Stokes signal as a function of probe delay, for a polariton
frequency of v~ 2740 cm ' and a crystal temperature
of 78 K. Note that probe time delay and spatial position
were varied simultaneously to "follow" the polariton in-

side the crystal. After a rapid rise, the coherent signal
decays exponentially over nearly 7 orders of magnitude,
yielding T2 7.7~0.8 ps for this polariton frequency at
78 K. Exponential decay is observed for all polariton
frequencies studied, including inside the 2v4 two-phonon
band, indicating a Lorentzian polariton line shape
throughout this range. The linewidth and amplitude
(scattering cross section) of these Lorentzians depend
markedly on polariton frequency, however, implying that
mixing of the bare polariton and two-phonon states
opens new relaxation channels and leads to a strong
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FIG. 2. Space- and time-resolved CARS signal from the
2740-cm ' "followed" polariton in NH4C1 at 78 K, plotted on

a logarithmic scale as a function of probe delay (tD)
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redistribution of oscillator strength between the various
branches. '2

The dramatic frequency dependence of the dephasing
rate 2/T2 2+1~(v~) is depicted in Fig. 3 for a fixed
crystal temperature of 78 K and various polariton fre-
quencies close to the edges of the 2v4 band. The very
rapid increase of I ~ inside the 2v4 band is a clear indica-
tion that the isoenergetic two-phonon states provide a
direct and very efficient polariton relaxation channel.
This means, in particular, that the second term in (6) is
dominant inside the 2v4 continuum and thus the mea-
sured I ~ essentially reflects the two-phonon density of
states which, by definition, increases rapidly at the edges
of the two-phonon band.

Outside the two-phonon continuum, this relaxation
mechanism is not directly accessible and damping is

determined by the channels incorporated in the first term
of (6). Polaritons close to the two-phonon band edges
may still preferentially relax into this band with the as-
sistance of low-energy lattice phonons of frequency vE,
in an up- or down-conversion process. If we single out
this mechanism, introducing energy and momentum con-
servations, the coefficient y~ can be written y++SI 2„,[1
+n(vE)] above the two-phonon continuum (down-con-
version process) and y-+SI2„,n(vs) below it (up-con-
version process), where n(vE) is the low-energy phonon
occupation number and I 2„, is an anharmonic coupling
coefficient which can be taken as frequency independent
in the frequency range studied. Apart from the differ-
ence due to the different nature of the processes above
and below the two-phonon band (down and up conver-
sion) the frequency dependence is embodied mainly in

the polariton phonon-strength factor S(k~) and to a
lesser extent in the small residual damping constants y+
and y . These latter residual constants may be different
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FIG. 3. Measured polariton dephasing rate 2/T2 ps
' vs po-

lariton frequency, under conditions of Fermi resonance with

the 2v4 band (shaded region), at a crystal temperature of 78 K.
The full line is calculated (see text).
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because of the presence of additional higher-order
many-phonon bands which, because of energy and
momentum conservation restrictions, may intervene
differently above and below the 2v4 continuum.

On the basis of these assumptions, the overall damping
rate of the dressed polariton may be represented by

I z y-+ [ 2„,n(vs)+2xXsrp2„, (v~))S(k~),

close to the lower edge of the 2v4 band and,

(7)

1~ -yes+ [I 2o„,[1+n(vs) j+2zXs2rp2„, (v, )/S(k~),

(8)

near the upper limit of the two-phonon band.
Taking into account lattice phonon density of states'

and energy conservation restrictions allows us to use a
mean value of vE of 90 cm '. The two-phonon density
of states p2„,(v~) was estimated from the F2-symmetry
90' spontaneous Raman spectrum, 7 s' and y is ob-
tained from low-temperature ((10 K) measurements
well outside the two-phonon continuum. Because of the
(1+n) factor in (8), y+ cannot be obtained in this way.
The overall behavior of I z is very well reproduced (full
line in Fig. 3) with y 0.15 cm ', 1 „, 3.8 cm
Xsr 15 cm ', and y+ =0.0 cm ' with an uncertainty
of roughly 0.2 cm ' in the latter value. One might ex-
pect a larger value for y than for yo+ because the polar-
iton crosses an infrared-active higher-order many-
phonon band lying below the 2v4 continuum6's into
which it may decay. This does not occur above the two-
phonon band.

The detailed relaxation processes outlined above for
the dressed polariton receive additional support from our
temperature-dependent measurements of the polariton
dephasing rate, as exemplified in Fig. 4. Indeed, very
good agreement with the temperature variations predict-
ed by expressions (7) and (8) is obtained over the whole
frequency range studied and for temperatures ranging
from 10 to 120 K. At higher temperatures, additional
phonon-assisted up-conversion processes into other con-
tinua may become important, '3 as well as dephasing of
the electromagnetic part of the polariton by the crystal
disorder that is introduced as the phase transition of am-
monium chloride at 243 K is approached.

In conclusion, we have shown that time- and space-
resolved CAR$ is well adapted to the investigation of
polariton-many-phonon interactions in noncentrosym-
metric crystals and that this technique gives, for the first
time, direct access to polariton dephasing under the con-
ditions of polariton Fermi resonance. Our frequency-
and temperature-dependent measurements demonstrate
clearly the critical role played by the two-phonon band
in polariton damping, not only through the direct decay
of degenerate polaritons into two phonons, but also via
an indirect lattice-phonon-assisted process for polaritons
outside the two-phonon continuum. These processes
are similar to those observed for two-phonon bound
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tal with an arbitrary concentration of impurity could be
particularly interesting.
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FIG. 4. Temperature dependence of the damping rate of the
2780-cm ' polariton which lies just below the 2v4 two-phonon
continuum. The curve is calculated (see text).

states ' '
Furthermore, our technique constitutes a powerful and

almost unique tool for the continuous probing of crystal
anharmonicity as a function of frequency, which, togeth-
er with temperature-dependent measurements, opens up
new possibilities for the investigation of anharmonic pro-
cesses in solids. This technique could be applied to the
study of many other kinds of interactions in crystals such
as polariton-defect or polariton-impurity coupling. Spe-
cifically, the observation of polariton dynamics in a crys-
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