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Polariton pulse propagation at exciton resonance in CuCl: Polariton beat and optical precursor
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We observed polariton beats and optical precursors in propagation experiments at exciton resonance in CuCl,
and obtained good agreement between experimental results and numerical calculations using a two-oscillator
model. The observation of more than thirty periods of beatings enables us to determine the polariton param-
eters and the dephasing constants. At higher intensities we observed a suppression of the polariton beat and
found that the suppression is well reproduced by excitation induced dephasing.
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The problem of light pulse propagation in the reson
region has been extensively studied in atomic gases
semiconductors. Interesting and unusual phenomena suc
self-induced transparency~SIT!,1 electromagnetically in-
duced transparency~EIT!,2 and lossless superlumina
propagation3 have been observed in atomic gases. For s
novel propagation phenomena, coherent nonlinear inte
tions between light and matter are essential. Similar cohe
propagation phenomena have been rediscovered at the
ton resonance in semiconductors, for example, R
flopping,4 self-induced transmission,5 and solitonlike
propagation.6,7 While coherent light-propagation physics
atomic gases can be modeled by noninteracting two-lev1,8

or three-level systems,2 pulse propagation at an exciton res
nance in semiconductors is a more complicated problem
to the many-body effects of the electron-hole excitatio
Therefore an investigation of pulse propagation at the e
ton resonance is of great importance for the understandin
light-matter interactions in many-body systems.

In the linear propagation region, the exciton-light syste
form exciton-polaritons that are split into two branches~up-
per and lower branches!. If the spectrum of an input pulse i
broad enough to cover both branches, the interference
tween the upper and the lower polariton modes produce
beat in the temporal shape of the propagated pulse, the
called polariton beat. A clear observation of the polarit
beat means that both modes of polariton propagate co
ently across the whole length of the sample. Therefore
can derive several characteristics of the excitons from
polariton beat. For example, we can estimate the oscill
strength of the exciton from the periods of the beat9 with
almost the same accuracy as high-resolution frequen
domain experiments. We can also obtain information on
damping rate of the polariton which is difficult to obtaine
by the frequency-domain experiments, because the co
ence between both polariton modes is strongly affected
the damping rate, i.e., the dephasing process of the exc
polariton system.

At increased pulse intensities, it is known that the pol
iton beating is suppressed by the increased dephasing
cess due to incoherent exciton-exciton interactions.10–12Thus
the suppression of the polariton beats in the nonlinear reg
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includes important information on the many-body effects.
the past experimental demonstrations on polariton be
however, the periods of the beatings were very long due
the small longitudinal-transverse~LT! splitting energies of
the excitons, and thus the number of observable beatings
too small to allow analyzing the beating properties in det

In the present study, we performed pulse propagation
periments just at theZ3-exciton resonance of CuCl and ob
served very clear polariton beats. Since the exciton in C
has a very large LT splitting energy, more than one order
magnitude larger than the dephasing energy, a great num
of beatings can be observed. By fitting the observed beat
to a calculation over a range of more than thirty beat
periods, we determined the parameters of polariton dis
sion and obtained good agreement with the values de
mined by frequency-domain experiments. With increas
input-pulse intensity, strong suppression of the polari
beats was observed as previously reported for other ma
als. We attribute this suppression to excitation-induc
dephasing~EID!,13 and again obtained good agreement w
calculations using the propagation equation.

In addition to the polariton beat, we could observe a p
cursor in front of the main polariton pulse, since the inp
spectrum extended into the region where polariton dispers
is almost linear. For such a case it was theoretically predic
that a fast front of the pulse travels with a speed ofc/A«`

~the Sommerfeld precursor14 due to the high-frequency par
of the initial pulse! or of c/A«0 ~the Brillouin precursor15

due to the low-frequency components of the initial puls!.
Herec denotes the velocity of light in vacuum, and«` and
«0 are the dielectric constants at the higher and lower
quency limits. Precursors of microwaves16 and magnetostatic
waves17 have been observed experimentally, however, p
cursors in the optical region are difficult to observe beca
of the high carrier frequency. Although there have been a
reports on the experimental observation of optic
precursors,4,18 a clear peak separation from the main pu
has not been observed and an analysis of precursors ha
been attempted. In the present study, we observed the
cursor component clearly and found that the observed
cursor consists of the lowest-frequency part of the in
pulse. The precursor is hardly influenced by many-body
©2002 The American Physical Society02-1
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fects because of the large detuning from the resonance;
it can be used as a marker in the temporal shape at high i
intensities where the polariton pulses are greatly modified
the many-body nonlinear effects.

The experiments were performed at 10 K using a h
purity single crystal of CuCl with a thickness of 3.4mm. For
the input pulse, we used second harmonic generation~SHG!
of a regenerative Ti:sapphire amplifier whose center
quency was set just at the center energy of the LT splitting
theZ3 exciton~3.204 eV!. Since the transmitted pulse sha
is influenced by a frequency chirp of the input pulse, t
chirp was carefully compensated by a combination of a g
ing pair and a prism pair. Thus the pulse was almost tra
form limited. Its temporal width is 150 fs and energy width
11 meV which covers the LT splitting energy of theZ3 ex-
citon. The temporal shapes of the transmitted pulses w
measured by a down-conversion technique using a fun
mental pulse of the regenerative Ti:sapphire amplifier a
reference pulse, and the frequency resolved measurem
were done using an optical Kerr-shutter technique.

Figure 1~a! shows the transmitted pulse shapes for diff
ent input-pulse intensities. We found two characteristic co
ponents, an optical precursor labeled@A# and the main polar-
iton pulse. We observed explicit polariton beats in the m
broad polariton pulse at low input intensity. The number
the beatings is larger than in any other materials reporte
far. Increasing the intensity, we observed suppression
these polariton beats clearly. Figure 1~b! shows the fre-
quency resolved measurements of the transmitted pulse
intermediate intensity. The polariton beat appears in the
gion of the LT gap and that the precursor consists of
lowest-frequency part of the transmitted pulse. Therefore
observed precursor is a kind of Brillouin precursor. Howev
it is hard to observe the Sommerfeld precursor in
Z3-exciton resonant region because another resonance o

FIG. 1. ~a! Measured transmitted pulse shapes for differ
input-pulse intensities. The time scale has been set to the arriv
the pulse without sample. A characteristic peak@A# and a main
broad polariton pulse with explicit polariton beats are observed.~b!
Frequency resolved measurement at an intermediate inte
(;40 MW/cm2). We can easily see that the precursor compon
consists of the lowest-frequency part.
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Z1,2 exciton exists just above theZ3 exciton. The clear ap-
pearance of the Brillouin precursor is due to the fact that
input pulse spectrum has a long low-energy tail with so
structure. The condition for a clear appearance of precur
is determined by a complicated relation between
spectrum-tail shape and the polariton dispersion in the
region.19 Actually the heights and positions of the precurso
were sensitive to the alignment of the laser and the S
system both of which affect the input spectrum shape.

In order to analyze the observed polariton beats at
intensity, we used a two-oscillator model20 in which the
Z1,2-exciton state is included in addition to theZ3-exciton
state. In our study, the spatial dispersion is included only
transverse energy of theZ3 exciton. Therefore the dielectric
function of our model is given as

«~v!5«b1
4pb12V12

2

V12
2 2v22 ivg12

1
4pb3v3

2

v3
22v22 ivg3

, ~1!

v35V31
\k2

2M3
, ~2!

where«b is the high-frequency dielectric constant,V i andg i
( i 53 or 12! are the transverse energies and the depha
constants of theZi exciton, respectively, andM3 is the ef-
fective mass of theZ3 exciton. Parameters 4pb i characterize
the oscillator strength, and are related to the LT splitti
energies. Since periods and phases of the beats are very
sitive to the oscillator strength of theZ3 exciton, we can
determine 4pb3 to a very high accuracy by fitting to th
experimental results. The fixed parameters21 of the calcula-
tion and the fitted parameters are listed in Table I. The
rameters obtained are in agreement with the values de
mined by frequency-domain experiments. Note that
values of the energies of the longitudinal excitons were
used in the calculation, but they appear when«(v) is set to
zero forg i→0. The derived value of the LT splitting energ
of the Z3 exciton is also in agreement with the obtain
value previously21 DLT55.7 meV.

To demonstrate the beat periods and phases we com
the differentiated data in Fig. 2~a!. It shows the good agree
ment between the experiment and the calculation based
the two-oscillator model. Figure 2~b! demonstrates discrep
ancies in phase and amplitude between experiment and
culation separately for each beat. The phase shiftsDphase

t
of

ity
t

TABLE I. ~a! Fixed and~b! fitted parameters used in numeric
calculations. Herem0 is the rest mass of the electron.

~a!

V3T V12T «b M3

3.2022 eV 3.270 eV 4.3 2.3m0

~b!

4pb3 4pb12 g3 g12

4.61831023 1.16531022 0.12 meV 10.0 meV
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~filled squares! are in the range of2p/12 to p/12 for more
than thirty beating periods which gives a precision of t
oscillator strength of60.3%. This high precision arises from
fitting to the whole features of the polariton beats which,
turn, come from coherent interferences over a wide rang
both branches. On the other hand, the deviation of the mo
lation amplitudeDamp ~open squares!—which shows the pre-
cision of the dephasingg i—exceeds 1 in the pulse tail re
gion. This discrepancy is mainly due to the small signal-
noise ratio in the tail region, but there is another intrin
reason: the beatings in the tail region come from slow gro
velocity components of both polariton modes. The damp
rates of such slow polaritons in or near the LT gap are
pected to deviate from those derived by the dielectric fu
tion.

The dotted line in Fig. 2~a! shows the calculated beatin
using a one-oscillator model withDLT55.7 meV. It clearly
shows a large discrepancy with the experimental data. W
the one-oscillator model, no set of parameters could be fo
that would allow a good fitting over the whole range. It i
dicates that the polariton dispersion in CuCl can only
described by a two-oscillator model as has been pointed
by frequency-domain experiments.22

In our calculation, we use Pekar’s additional bounda
condition ~ABC! ~Ref. 23! to determine the amplitude rati
of the upper and lower polariton branches. There have be
great number of debates on the ABC problem.24 In our cal-
culation, however, the important features of the polari
beating~periods and phases of the beatings! are not affected
by the selection of the ABC, although the modulation de
of the beating changes slightly with ABC.

FIG. 2. ~a! Differentiated beatings of the experimental res
~thick line!, together with fits based on a two-oscillator model~thin
line, almost indistinguishable from the experiment!, and on a one-
oscillator model~dotted line!. ~b! Difference between experimenta
result and calculation based on the two-oscillator model. Fil
squares show the phase shiftDphase and open squares show th
deviation of the modulation amplitudeDampseparately for each bea
of the experimental and calculational results.
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As shown in Fig. 3~a!, the calculations reproduce not on
the beat properties but also the whole transmitted pulse sh
when appropriate dephasing constants are used. They
reproduce the optical precursor qualitatively because the
perimental spectrum which includes the long low-energy
was used in the calculations. The suppression of the polar
beat at higher intensities can also be reproduced when
dephasing constants are increased. In previous studies
suppressions were explained by the density-dependent a
metry dephasing12 or an interaction of the single excito
states with the two-exciton continuum.11 Such incoherent
exciton-exciton interactions yield additional dephasing of
excitonic polarization. Therefore we analyzed the suppr
sion of the polariton beats with a simple model in which
many-body effects on the polariton beat were pushed into
EID. In the formalism of semiconductor Bloch equatio
~SBE!, EID is modeled by including a density-depende
term in the imaginary part of the dynamically screen
Hartree-Fock self-energies. Specifically, at low excitation
tensities, the dependence of the dephasing rate on the ex
densitynex can be expressed as13

g5g01g8nex, ~3!

whereg0 is the homogeneous linewidth at zero exciton de
sity andg8 is the scattering cross section. The second term
the right side represents EID. Figure 3~b! shows the dephas
ing constants which best reproduced the experiments at
intensity. The obtained dephasing constants obey Eq.~3! at
low intensities. Although a difference between experime
and calculations in the intensity of the precursor at hig
intensities may arise from our simple analysis, at least
EID explains the suppression of the beats qualitatively. F
ther analysis using a modified SBE is expected to result in
improved quantitative agreement.

Note that the largest intensity of the traces in Fig. 1~a! is
well below the exciton Mott transition intensity25 of several
GW/cm2. Finally we performed a few confirming measur
ments and calculations on the intensities in our experime
In order to find the range of thex (3) nonlinearity, we per-
formed two-pulse four-wave-mixing~FWM! measurements
The FWM signal intensity increases in proportion to the th

d

FIG. 3. ~a! Numerical fittings using different pairs of dephasin
constantsg3 and g12. ~b! Values of dephasing constants used f
the fittings. The intensity axis corresponds to the intensities of
experimental results Fig. 1~a!.
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power of the input intensity up to;40 MW/cm2 and satu-
rates at higher intensities. Thus beat suppression s
around the boundary region of thex (3) nonlinearity. We also
calculated the transmitted pulse shapes using a nonli
propagation equation in the frequency domain with thex (3)

nonlinearity. The results show that the increase of inten
leads to a shift in the temporal phase of the beatings but
to a suppression. Thus we reconfirmed that pulse propaga
in the nonlinear region is mainly dominated by the incoh
ent EID effect, not by the coherentx (3) nonlinearity.

In conclusion, we observed polariton beats and opt
f
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precursors by propagation experiments at exciton reson
in CuCl and obtained good agreement between experime
results and numerical calculations using a two-oscilla
model. Suppression of polariton beats was observed in
nonlinear region. Fittings to the experimental results
given, that obtain good agreement between the experime
results and EID-based calculations.
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