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Femtosecond coherent polariton dynamics in the layered IlI-VI semiconductor InSe
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We report on the observation of the time-resolved free-induction dgei®) in a layered IlI-VI semicon-
ductor. The coherent propagation of the-dxciton polariton in InSe leads to severe distortions of the trans-
mitted laser pulse shape and aperiodic modulation of the FID on a femtosecond time scale. This coherent
polariton dynamic becomes operative even in optical thin samples. The characteristic dependence of the
propagation beats as a function of sample thickness and excitation energy is demonstrated. The major features
of the polariton dynamics are well described by coupled Maxwell and semiconductor-Bloch equations for
linear pulse propagation. The scattering of polaritons by carriers and phonons is studied at different excitation
densities and lattice temperaturS0163-182@07)01207-1

. INTRODUCTION of polariton wave packet$!® compared to the usugjuan-
tum beats of optical transition$'° The explanation of real-
Transient spectroscopy with femtosecond time resolutiorspace dynamics of wave packets in general has to take into
is a powerful method to study the ultrafast coherent dynamaccount the dispersion of the optical excitation and cannot be
ics of electronic excitations in bulk semiconductors andunderstood within simple few level modéfs'®7In this pa-
semiconductor heterostructures. The dynamics at the senjper we present a comprehensive studygalfierent propaga-
conductor band edge observed with ultrashort laser pulses t®n of exciton polaritons in bulk materidy time-resolved
dominated by excitonic effects> This is due to the strong FID. Polaritons from the upp&itUPB) and the lower(LPB)
enhancement of excitonic resonances and the fast dephasipglariton branch of the polariton dispersion in InSe are ex-
of the continuum stateSExcitonic dynamics are even more cited by a laser pulse, whose spectrum is broader than the
pronounced in systems of low-dimensional structure such a®ngitudinal-transversalLT) split w 1 of the polariton dis-
two-dimensional2D) quantum-well system$® This is also  persion. As the laser pulse duration is shorter than the
the case in some naturally layered bulk semiconduttush  dephasing timeT, of the exciton polariton, the coherent
as those of the 111-VI compound€ The large optical non- propagation dynamic of the polariton is resolved. The trans-
linearities of these materials can be used for possible futureitted pulse form is severely distorted and aperiodic beats,
applications in optical switching. known as polariton beat$*1""9stem from the drastic
The coherent excitation of an optical interband transitionchanges in the polariton dispersion near the exciton reso-
with an ultrashort laser pulse is followed by the subsequenhance.
reradiation of the induced polarization, known as free- The investigation of coherent propagation effects is of
induction decayFID).1° The coherent dynamics and the lossinterest for several reasons. As polariton formation is, in
of coherence of the material excitation due to scattering caprinciple, connected with every optical excitation of an iso-
be temporally resolved if the duration of the applied laselated material resonané®;??propagation effects are a rather
pulse is shorter than the dephasing tifigof the systenf.  common and manifold phenomenon in semiconductohs-
Moreover, a coherent superposition of two closely spacedestigating the FID gives valuable information about the
interband transitions can be excited if the laser spectrum ispectral properties of a semiconductor for optical excitation
broader than their splitting v. In this case the coherence of and the coupling strength of the excitonic material polariza-
the induced polarizations is directly reflected by the subsetion and the exciting light field? In semiconductor hetero-
quent beating of the excited transitioHs. structures, in which translation symmetry is perturbed, the
Beat phenomena in semiconductors of various physicaransmitted pulse shapes are sensitive to the detailed geom-
origin have been investigated with several measuremerdtry of the system as welf. Most of all propagation effects
techniques in the past few yedrs!! A particular case of may have significant influence on the detected signal shape
quantum beats results from theherent real-space dynamics even for nonlinear time-integrated experimefit& Never-
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theless, the interpretation of experiments mostly neglects the _ 2 _

effects of spatial dispersion and propagation, arguing with Es(0)=Eg(w) Y, aj(w)e i@,

the use of optical thin samples. However, the critical inves- =1

tigation of propagation effects is most clearly done by study- , , ) i

ing the time-resolved FID of a systet. Eq(w) is the Gaussian shape of the incoming pulse. The
Previous FID experiments were performed on material$Pectral weights;(») (j=1,2) are assigned to the occupa-

with an extremely small LT splitsomeueV in Cu,O) com- tion of the lightlike portion of the polariton in the LPB and

pared to their large exciton binding energyore than 50 the UPB. From microscopic theory in real space these can be

meV).123 The T, times are large, and rather slow polariton derived from the boundary conditfi}ons for the exciton enve-

beats on a time scale of several hundreds of picoseconds dRPe at the borders of the sgmﬁfez. The propagation of the

observed in thick bulk sampleeveral hundreds of mi- polariton is determined by itk vectork(w) and is strongly

crometers in CyO and ZnR). dispersive near resonance. As the electric light field at the
In this paper we demonstrate ultrafast coherent dynamickear of the sample with thickneskis a superposition of the

of exciton polaritons in a bulk semiconductor. The coherentight fields from the LPB and the UPB, the detected intensity

propagation effects become relevant even for optical thirS ( )(fjr|t|c;ally dependent on the phase factors

samples and are resolved on a femtosecond time scalf.”" (J=1,2). The interference of polaritons from the

Ultrafast polariton dynamics have been investigated-PB and the UPB at the end of the sample results in char-

previously by time-resolved studies of FID only in 2D acteristic beat phenomena if the polaritons phase is preserved

GaAs/AlL,Ga, ,As quantum wells(QW's).}"!8 Here we during propagation. The temporal resolution of the experi-

study the dynamics of thesiexciton polariton in the layered Ment is given by the pulse shafgs(t—7) of the laser

I11-VI bulk semiconductor InSe, which to our knowledge has Pulses, as the emitted electric fidigd(t) is upconverted, and

not been examined previously. The particularity of the apethe second harmonic is detected in a photomultiplier

riodic polariton beats is demonstrated by studying in detail .

their dependence on sample thickness and excitation energy. _ j * _

The experimental data are quantitatively analyzed within the S(7) —w dtEp(t=mEs(t)

polariton concept by using the coupled Maxwell and

semiconductor-Bloch-equationdISBE’s) for linear pulse The main features of the detected sigBék) are sensi-
propagation. This yields the dispersion of theéxciton po-  tively dependent on the intrinsic material properties. The
lariton. Furthermore, we investigate the influence of in-sample acts like a spectral filter whose shape is determined
creased scattering of carriers and phonons on the coherely the exciton polariton dispersian(k). It is defined by the

propagation of the d-exciton polariton by varying excitation Fourier transform of the wave equation and the linear SBE
density and sample temperature. We discuss the limitationgRef. 1)

of linear theory and of the introduction of phenomenological
damping constants. 2 A
The paper is organized in the following way. In Sec. Il we —| —l=x(w) with x(0)=—57——F-
. - 1) 1+Bk*—w—il’
give a summary of the theoretical approach. In Sec. Il we

describe the material system under investigation and the For simplicit ' andk lized tivelv.
measurement setup for femtosecond time resolution of th or simplicityw, 1, andk aré hormaiized, reSpectively, to
the resonance frequency of thes lexciton in InSe,

FID. In Sec. IV we present a comprehensive study of polar-, ™~ ~ i . .
iton dynamics in InSe. Experimental data on different samplé’ 0~ 1.331 eV, and the C°§reSF_’?”d”?"9"eC‘°r O.f I'g.ht n
atter, ko= won/c=2.06<10" m~~, with refractive index

thicknesses and under various excitation conditions are giveW : o )
and discussed. Conclusions are made in Sec. V. n=3.05. The linear susceptibility(w) describes the spec-
tral dependence of the material respordés introduced as a

phenomenological damping constant with equal value for all
Il. LINEAR PULSE PROPAGATION k vectors.A and B are related to microscopic material pa-
AND POLARITON BEATS rameters derived from density-matrix thedry:

2

The coupled propagation dynamics of the exciting laser o 1 (mydy)2 K2 7
light field and the reradiated coherent polarization in a semi- A=t = D070 g0
conductor can be described by simultaneous solution of the wo wo hegep wo 2M
MSBE'’s. Exciton polaritons are excited at the front of the . )
sample by the short laser pulse, subsequently propagate The LT splitw 1= wypg(k=0)—wq is @ measure for the
through the crystal, and are transformed into light again agoupling strength of the light field and the material polariza-
the rear of the sample. This pulse propagation dynamics in Hon at the exciton resonance. It is connected with the micro-
strongly dispersive medium is properly described by thescopic parameters of the interband transition dipojeand
Fourier-transform metho .12 The time evolution of the as well with the amplitude of the exciton envelope function
transmitted electric fielEg(t) at the end of the sample is Po. € and e, stand for the vacuum permittivity and the
given by dielectric background constant, respectivedy; determines
the splitting Ay of the LPB and the UPB at resonance
d ~ (wo,ko) by Ag=1\2Awo.* The dispersion parametér ac-
Es(t)ZJ e W Eyw), counts for the center-of-gravity motion of the exciton. Its

—w 27T value is determined by the exciton center of gravity mass
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FIG. 1. Spectral position of the excitonic band gexciton FIG. 2. FID signal at the 4-exciton resonancet a temperature

binding energyEx= 15 meV) in InSe determined by linear absorp- of 10 K) in InSe shown as a solid line and the autocorrelation trace
tion measurements, as a function of temperature. AGov&80 K (AC) as a reference. The transient is taken at a low excitation den-
the excitonic absorption peak vanishes due to thermal dissociatiogity of 10'® cm~3. The strong modulation of the decaying FID
of the exciton. The observed onset of the continuum absorption isignal is clearly aperiodic and the duration of the beats increases
depicted as a dashed line aboVe- 180 K. The inset shows the with increasing time delay. The theoretical model of the data is
layer structure of InSe. The layers are oriented perpendicular to thglotted as a dashed line. The graph in the inset illustrates the exci-
crystal'sc axis. As indicated, this direction coincides with the di- tation and the propagation dynamics of the exciton polariton.

rection of polariton propagation in the experiment. )
temperatures of 180 KFig. 1). Above 80—-100 K the homo-

: eneous linewidth of the exciton line is effectively broad-
M=168n, along the InSe crystal'sc ax'sao- o gned due to the efficient occupation of optical ghon70ns.
B=7.2x107° A and[I are the only fit parameters in this Above 200 K the exciton is thermally dissociated. We inves-
model. tigate several thin, high-qualitg-InSe crystals grown by the
The original polariton picture is adequate for small Bridgman method? By carefully cleaving the samples per-
damping?7 In this case the near resonance splitting of thependicular to the crystal's axis, thin slabs with optical flat
polariton branches, determined by[Réw)], is only rarely  surfaces and thicknesses of 1x6n are prepared. The slabs
affected by the value of’. Due to the polariton’s mixed are strain-free attached to a sapphire substrate and mounted
character of light and exciton polarization, the values of thén a closed-cycle cryostat.
occupied, near resonance polaritonectors can greatly ex- The FID experiments are performed with 100-fs pulses.
ceed those of lighk vectors of the same frequency. The The pulses are derived from a Kerr-lens mode-locked
resonant polariton components propagate with a strongly refi:sapphire laser, with a repetition rate of 76 MHz and tun-
duced group velocity, as can be seen from the derivation adble from 900 nm to 1000 nm. One weak laser pulse is
the polariton dispersiom,=dw/Jk. Moreover, the extinc- transmitted through the sample and a second variable de-
tion of the propagating polariton frequencies[kfw)] is  layed pulse is used for up-converting the transmitted pulse in
small for the lightlike part of the polariton, but drastically a nonlinear crystal §-barium boratg This yields a time
enhanced for resonant polariton frequencies. In the measureesolution of the FID signal given by the duration of the laser
ment, therefore, a high contrast ratio is required to observpulse. The sum frequency signal is detected with a GaAs
these near-resonance polariton components. photomultiplier. The pulse intensity is adjusted for low exci-
tation densities of 1% cm 3. A third laser pulse can be used

to excite additional carrier densities up to*4@m3.

I1l. EXPERIMENT AND MATERIAL SYSTEM
IV. RESULTS AND DISCUSSION
InSe is a IlI-VI class direct-band-gap semiconduttdf _ o

with a layered crystal structure and therefore represents a A. Coherent polariton propagation in FID
naturally grown quasi-two-dimensional systérithe layer Figure 2 depicts the normalized FID signal for resonant
structure of InSe is depicted in Fig. 1. The intralayer bondingexcitation of the %-exciton polariton in InSe on a logarith-
of the Se-In-In-Se atoms is of covalent character, but thenic scale. The experimental data are plotted as a solid line
layers themselves are bound only by weak van der Waalgith the autocorrelation trace as a reference. The time shift
forces. The crystal therefore exhibits various molecularlikeAt of the FID signals maximum is defined by the thickness
properties® e.g., a rich spectrum of phonon modes andd=At(c/n) of the sample. The rise time of the signal is
strong anisotropic properties of the phonon and electron sysimited by time resolution, whereas its decay exceeds the
tem. InSe is an outstanding candidate for investigations opulse length by at least 3 ps and is resolved over at least four
excitonic properties on an ultrashort time scale because of itsrders of magnitude. This behavior reflects the reemitted co-
large exciton binding energ;E@= 15 meV) compared to the herent polarization induced by the exciting laser pulse. The
excitonic gap fwy=1.331 eV. In linear absorption mea- strong aperiodic modulation of the FID is due to the coherent
surements we observe the resonance of thexciton up to  propagation of the 4-exciton polariton through the InSe
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sample along the crystal’s axis. The interference of the The real part of the exciton polariton dispersion
polaritons from the LPB and the UPB at the rear of theRd k()] and the corresponding frequency-dependent group
sample results in the characteristic dependence of the polavelocity v4(w) of the polariton are shown in Fig. 3. The
iton beats on time delay. The duration of the polariton beat$maginary part ofk(w) (not shown here describes the
is short at early time delays and increases gradually withhesonant-enhanced extinction of the polarization, as the po-
increasing time delay. The resolution of the fast beats afariton propagates through the sample. However, damping
early time delays can be improved by using shorter laseaffects the real part of the dispersion as well. As a result, the
pulses. true LT split is reduced slightly and the UPB develops even
The time evolution of the measured signal can be underbelow w,. The additional low-frequency dip of the group
stood in a simple pictufé*?as illustrated in the inset of Fig. velocity as well reflects this behavior. However, these polar-
2. The exciton-polariton dispersion and the excitation on theton frequencies are not observed in the experiment, as this
1s-exciton resonance are shown. The broad spectrum of theart of the UPB is strongly damped.
laser pulse covers the LT split of the polariton dispersion and Linear theory within the polariton concept fits the major
polariton wave packets are excited at the front of the samplefeatures of the signal well. Multiple reflection on the sample
which then propagate along the InSe crystal'sxis. The boundaries have no influence on the FID profiles. The rela-
propagation is strongly dispersive near resonance and th#e contribution compared to the FID signal is much too
group velocityvy is strongly reduced. At the rear of the small, as calculated from the reflection and absorption coef-
sample only polaritons can interfere, which arrive there at théicients of InSe. Moreover, the transit times of a sequence of
same time, and therefore these must have the same groupultiple reflected laser pulses are clearly too short in the
velocity. However, polaritons of the same group velocity samples under investigation to be temporally resolved. Be-
from the LPB and the UPB have slightly different frequency.sides this, one would expect a periodic modulation of the
The inserted points mark the different spectral positions ofFID from multiple reflected laser pulses, which is clearly not
two pairs of polaritons with equal group velocity of the po- observed in the experiment. The slight deviations of experi-
laritons from the LPB and the UPB, respectively. Those la-ment and theory are mainly connected with the introduction
beled withAt; have a larger group velocity and therefore of a phenomenological damping constant. First, the ampli-
arrive at earlier times than those labeled wiity. According  tude of the modulation due to the polariton beats diminishes
to the polariton dispersion, the early arriving polaritons havefaster in the experiment than proposed by the theory. As this
larger energy splittings than those arriving at later times. Agan be accounted for by introducing two separate damping
a consequence, the observed characteristic beating behavimnstants for the LPB and the UPB, this indicates the exist-
reflects the energy splitting of these polaritons and the oscilence of different scattering channels for the two branches.
lation period of the polariton beats increases in time. Second, for early time delays the FID signal decays faster
This behavior is quantitatively described by theorythan for later time delays. This is not reproduced by theory.
(dashed line in Fig. 2 The model yields a fit of the In addition, one observes slight deviations of the measured
1s-exciton polariton dispersion with the parameters for thebeat period at early time delays in experiment from those
LT split «1=0.67 meV and the damping constant proposed by theory. We attribute these deviations mainly to
I'=0.16 meV. All other parameters for exciton mass, samplehe increased polariton scattering at early time delays and the
thickness, spectral width, and tuning of the laser are knowmlisturbance of the g-exciton polariton dispersion by ener-
from experiment and the literature. The valuewf; deter-  getically higher polariton resonances. The excitation of
mines the resonant splitting tA;=42 meV. The corre- higher resonances and continuum states, though of minor
sponding time period agrees well with the observed fastestscillator strength, is possible because the spectral width of
beats at early time delays. the laser pulse is in the range of the exciton binding energy.



4624 NUSSE, BOLIVAR, KURZ, LEVY, CHEVY, AND LANG 55

To model the decay of the observed FID more accurately,
one has to take into account the dispersion of energetically
higher polariton states and the increased scattering rates of
the energetically higherstexciton polariton frequencies. In
general one must consider the damping constant as a func-
tion of energy, i.e.k vector?® However to model the func-
tional quantity ofl’(k), a microscopic theory of the scatter-
ing processes should be appli¥d.

The excitons finite center of gravity ma$g=1.68n, ) ; : .
along the InSe crystal's direction clearly affects the time oo o fifhe (s ® 20 28
evolution of the FID and cannot be neglected to model the
data. However, the kinetic energy of the polariton at reso-
nance, fiko)%/2M =0.01 meV, is small compared to the LT
split w, +=0.67 meV. Because the largevectors of the LPB
have small group velocities, the effect of the exciton disper-
sion in the FID is observable only on a long time scale
(~40 p9. In the experiment the dephasing of the signal is
too fast to see the very small group velocities. One can esti-
mate the lower limit ofv ; observed in the experiment from
the duration of the slow polariton beats in the FID to ap-
proximately 5< 10 3c/n.

The LT split determined here from the analysis of the FID
experiments for the uniaxial layered semiconductor InSe can
be compared with values @b 1+ known from cw measure-
ments in cubic semiconductors. The observed value,gf
for InSe is somewhat smaller than the LT split known, e.g.,
for the polariton of theA-exciton resonance in CdSe /
(0 7=0.9 meV), which has nearly the same exciton binding ;604 . .
energy as InS& However, CdSe has a higher absorption o0 o® e ©s) =0 e
coefficient than InSe, and our finding @f 1 in InSe appears
to be overestimated compared to the valuapf one would
expect from a linear relationship between LT split and exci- FIG. 4. Time transients of the FID taken on sampesT=10
tonic absorption coefficient. We assign the rather large LTK) with th'CkneSSES between one and two a_lbsorptlon Iengths. The
split in InSe to a partly 2D character of the exciton in this de_ished lines show the theoretlcal_ calcglatlon_ for each thickness
layered material and the corresponding enhancement of tH¥th equal parameters for the polariton dispersion.

exciton envelope functiod,. Nevertheless, there is some polariton beats on sample thickness by FID measurements on
uncertainty about this. Due to the strong extinction of thesevera| samp|es with thicknesses between 1 ay)ﬂh'ﬁ F|g-
polariton frequencies near resonance only the larger freure 4 shows time transients for the FID taken for three
quency splittings with moderate damping show up in thesample thicknesses of 3, 1.8¢1, and 2.&x~*. The ab-
FID. Therefore, the theoretically fitted LT split results from sorption length in InSe is&~*=2.5 um. The results are well

an extrapolation of the polariton frequencies observed in thelescribed by theory for the corresponding thickness with
experiment to frequencies closer to resonance according ®gual parameters for the dispersion of the polariton. Clearly,
the theoretical model for the dispersion. In addition, therea slowing down of the polariton beats with decreasing
may be some slight deviation in the polariton dispersion dugample thickness is observed, which can be understood again
to a small uncertainty in the damping const&htFrom the  if one considers the strong spectral dependence of the group
FID experiment the dephasing time cannot be assigned teelocities on resonance. At a given fixed time delay, in a
either homogeneous or inhomogeneous broadening of the efflicker sample those polaritons with a corresponding larger

citon resonance. Here the fitted phenomenological dampingoup velocity interfere and in a thinner sample those with a
constant is taken to be homogeneous. corresponding decreased group velocity interfere. As lower

group velocities are connected with smaller energy splittings
of the interfering polaritons, the oscillations in thinner
B. Dependence of polariton beats on sample thickness samples are slower than in thicker samples. Although with
and excitation energy decreasing sample thickness the pulse distortions are dimin-
, ) ) ished, it is important to note that even at thicknesses below
The time evolution of the polariton beats depends nojyne ahsorption length we find the FID affected by coherent
solely on the LT split of the polariton dispersion, but also ONpropagation effects. We conclude that the polariton propaga-
sample thickness. This is a remarkable distinction to usualgn can be neglected only at very thin samples with thick-
quantum beats of optical transitions. With the coherenhesses well below one absorption length. Similar results have
propagation of the polariton, its spatial phase fa@f“”*  peen reported for 2D GaAs/fBa,_,As QW's1"18 These
evolves according to its dispersion relation and the interferfindings are even more important for resonant excitation and
ence at the rear of the samplexat d is dependent on the increasing coupling strength of the material resonance and
quantity ofd as well. We demonstrate this dependence of thehe light field.
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FIG. 5. FID transients for several detunings of the laser aljpesitive and below(negative the 1s exciton in InSe(at T=10 K). The
quantity of the detuning of the laser is listed in the plots and corresponds to the transients from top to bottom. The data are normalized and
shifted for clarity. (a) Experimental data. (b) Theoretical calculation. (c) Three calculated spectra exemplifying resaitatine) and
off-resonant(dashed and dotted lineexcitation of the %-exciton polariton.

The spectral dependence of the polariton beats in the FIBpectrum at the rear of the sample. Figufe) Shows three
is measured by detuning the laser from threekciton reso- calculated spectra for resonant tuning and large detuning of
nance. The normalized experimental ddRg. 5@] and the laser respectively. If the laser is tuned to resonance, the
theoretical predictiongFig. 5(b)] for detuning of the laser transmitted spectrum is strongly modified and split into two
within roughly one spectral width belownegative and parts. This is due to the strong extinction of the near-
above(positive) the 1s-exciton resonance are depicted. Forresonance polaritons. The time evolution of the detected
positive and negative detuning the amplitude of the FID sigropagation beats is sensitive to the form of the transmitted
nal and the modulation depth due to the polariton beats despectrum and the spectral gap separating the two parts. How-
crease. Moreover, the fast oscillations at early time delaysver, with increased detuning of the laser, the occupation of
disappear. All observations are explained well by theorythe polariton frequencies near resonance, and thus the distor-
One can understand these findings from the transmitted pulg®n of the transmitted spectrum, becomes smaller. There-
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fore, the FID amplitude and the modulation of the FID signal
are diminished. Moreover, with gradually increased detuning
of the laser, faster propagating polaritons are excited on one

T= 9. 20, 40, 60,
70. 80, 10C.
120. 140,160 K

counterpart of the same group velocity on the other side of E 1oL
the resonance. Therefore, there is no interference from these x|
N

polaritons, which results in the observed vanishing of the fast &

polariton beats at early times. ~
The features described are predicted from theory to be Qg4

roughly the same for positive and negative detunings of the =

laser[Fig. 5b)]. However, in the experiment this is not ex- 0.01

actly verified[Fig. 5@)]. For positive detuning the polariton

beats undergo a slight additional phase shift. We assign this c.o01

effect to the modification of thestexciton polariton disper-

sion due to higher exciton polaritons and continuum states.

For large positive detuning of the laser these are increasingly

excited, but as they are not included in the calculation of the FIG. 6. FID measured at several lattice temperatures as shown

dispersion, the model of the data does not account for thé the inset. The listed temperatures correspond to the transients
observed phase shift. from top to bottom. The data are normalized and shifted for clarity.

polariton beats at later time delays of the FID are diminished
C. Scattering of coherent propagating polaritons already at low temperature because they are due to the small

To study the effect of increased scattering on the coherer}fequenk;:y Sp|lttlngS|Of _the p()jollarlton branches. The E;TSt p.or'l
polariton propagation, we performed FID experiments at in-a" 0" _eatts at earty time tehays remlal? mori Stf‘ € V‘f"t
creased excitation densities and at increased lattice tempergcreasing temperature, as they result from the large fre-

tures. As already mentioned the influence of additionally exJuency splittings of the polarlyon branches. This is most
clearly seen from the FID transient at 80 K, where the slow

cited electronic states shows up in the FID at early time . . .
delays. One observes a faster initial decay of the FID signe{fc"a”ton beats are almost suppressed. In addition, this tem-

and a slight deviation of the observed beat period from thderature coincides with the onset of the effective broadening
one expected solely due to thes-gxciton polariton. This of the 1s-exciton resonance due to the efficient occupation of

behavior cannot be accounted for perfectly by linear theonPtical phonons in InSe. The effective scattering due to op-
for one exciton resonance and one phenomenological dam cal phonons strongly reduc;es the FID at temperatures above
ing constant. 0 K and the transmitted signal shows nearly_ a total Ioss_of

We varied the intensity of the propagating laser pulse':ID above 180_ K: The therr_nal energy equn_/al_ent of this
within two orders of magnitude and applied an additionalt€MmPerature coincides well with ,the exciton binding energy
strong pump pulse at negative time delay as well. Both exand the energy of the strong{" phonon mode in InSe.
periments result in a reduction of the FID and a loss of thelherefore, the loss of the FID at 180 K can be attributed to
modulation. This demonstrates that additionally excited carthe effective dissociation of theslexciton in InSe at this
riers reduce the coherent propagation of the polaritons due t@mperature.
scattering. However, the density range examined is limited
and only a slight ingre_ase 'of the dephasing rate of the signal V. CONCLUSION
can be observed within this range.

The investigation of the FID signal in a temperature range In conclusion, we demonstrate the time-resolved FID in a
between 10 and 300 K shows the gradually increasing influtayered IlI-VI semiconductor. A comprehensive study of the
ence of phonon scattering on the FID signal. Figure 6 showsltrafast coherent dynamics of exciton polaritons at the
the time transients for temperatures between 10 and 160 KLs-exciton resonance in InSe is given. The detected beats
The laser is adjusted to the temperature shift of theesult from the coherent propagation and interference of po-
1s-exciton resonance at the corresponding temperature. THaritons from the LPB and the UPB. The particular depen-
transients for 10, 80, and 160 K are labeled separately, adence of the aperiodic polariton beats on sample thickness
they show the significant changes in the FID very clearly. and excitation energy distinguishes them from the usual

The amplitude, modulation, and relaxation time of thequantum beats of optical transitions. Moreover, we find that
FID signal are steadily reduced with increasing temperaturepropagation effects are important on a femtosecond time
Above 180 K the transmitted pulse shape is nearly autocorscale and even for sample thicknesses below one absorption
relationlike. Specifically, the dephasing rate reflects the inlength. Therefore, one has to be careful with the neglect of
crease of the homogeneous linewidth of tteeekciton reso-  propagation effects even in thin samples. The major features
nance: below 40 K the reduction of the FID is rather weak.of the experimental data are quantitatively described by solv-
This is because at low temperatures the decay of the Fllhg the MSBE for linear pulse propagation. The limitations
signal is mainly due to crystal imperfections and static dis-of theory are mainly due to the introduced simple phenom-
order. The comparatively small increase of the dephasingnological damping and the neglect of energetically higher
rate of the FID signal with rising temperature is attributed topolariton resonances. Propagation effects are enhanced with
the increasing scattering from acoustic phonons. The slowncreasing sample thickness and resonant excitation of the
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