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A scattering-state approach is proposed to study the propagation of extremely short optical pulses through
semiconductor heterostructures. The formalism is applied to the propagation of exciton polaritons: Our simu-
lated experiments predict the formation of an exciton-induced polarization grating when the light pulse is
resonant with the excitonic transition, and suggest proper physical conditions for its experimental detection.
Moreover, our analysis of the polariton transport in thick semiconductor layers reveals a decrease of the
average polariton group velocity as a function of time, which we ascribe to a re-emission—reabsorption of
light by excitons[S0163-18289)01043-7

Femtosecond spectroscopy of low-dimensional semiconretical approach allows to reduce the problem of ultrafast
ductor structures has been made possible by rapid develofight-pulse propagation to the evaluationsafattering states
ment of up-conversion techniqdesas well as phase- i.e., states corresponding to a monochromatic light beam in-
dependent reflectivity experimerﬁ%. These advanced Ccident on our multilayer structure. In spite of its linear-
techniques allow us to study the coherent dynamics of eled€sponse character, the method allows to describe in a very
tronic excitations in semiconductors and give much insigh§imple manner excitonic absorption and re-emission of light
into the physics of ultrafast optical processes in multilayern the structure, the so-called exciton-polariton effect. This
structures. In particular, the phase-dependent reflectivitjheoretical scheme is applied to the propagation of exciton
technique allows to study thénear optical response of polaritons in semiconductor f|Im_s. We find unexpected as-
quantum systems to ultrashort pulses of light, which allowgP€cts of this old problem. In particular, for resonance condi-
to investigate basic properties of single unscreened exciton0nS we predict the formation of a excitonic polarization
including their radiative coupling and exciton-polariton 9rating, which moves backward with respect to the light
kinetics3 propagation. The velocity of this motion is found to decrease

Optical-interference effects appear to be of key impor—With t@me, w_hich is asgribed to multiple reabsorption/re-
tance in a wide class of semiconductor structures includingMission of light by excitons. _
multiple quantum wells and vertical cavity surface-emitting AS Starting point, let us consider Maxwell's equations de-
lasers(VCSEL'’s). A proper account of multiple reflection of scr|b|.ng light incident on a plan_ar muItllaygr structure. For.
laser pulses in light-absorbing or -emitting systems liketh€ Simplest case of a TE-polarized wave in a nonmagnetic
VCSEL'’s requires an adequate theoretical approach. In gednaterial (u=1) we have in the frequency domain
eral, time-dependent Maxwell equations must be solved tak-
ing into account absorption or emission of light in the system
due to electronic transitions. A recently developed quantum-
mechanical approatiprovides a time-dependent solution of
a set of coupled Maxwell and semiconductor Bloch equaynereE (7, ) is the Fourier transform of the time-dependent
tions. This method, while being quite powerful for the a”aly'electric fieldE(z,t), i.e.
sis of nonlinear problems, has some disadvantages with re- A
spect to electrodynamic macroscopic models in the linear-
response regimeln particular, the classical theory provides E(z,t)=f dwE(z,w)e '(t"t0), )
simple analytical expressions for the reflectivity and trans-

missivity coefficients, whi_ch within a.fuIIy microspopic ap- and the polarization field is expressed in terms of a
proach can only be obtained by tedious numerical calcula;

tions frequency-dependent dielectric function, i.eP(z )

In this paper we present a semiclassical formalism allow=[£(z,®) ~1]E(z, ). _
ing to model propagation of ultrashort light pulses in The stationary solution& describe the spatial propaga-
multilayer structures accurately taking into account multiple-tion through our multilayer structure of a monochromatic
reflection as well as interference effects. The proposed thedight beam with frequency. A part from their amplitude,

w’e(Z,0)

LE(z,0)=| A+ E(z,w)=0, )
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such stationary solutions can be regardedatering states 100
of light. More specifically, we can write

E(z,w)=c(0)s(zw), 3 80

wheres(z,w) are the scattering states of the linear operator ¢

L, i.e., solutions of Eq.(1) with s(z=0,w)=1+r(w),
where r(w) is the amplitude reflection coefficient of the GE)
structure, and(w) are arbitrary Fourier coefficients, whose =
value will be dictated by the initial conditiorE(z,tg)

= Eo(Z) .

The scattering statescan be readily found by applying a
transfer-matrix methddto our electromagnetic problem.
Within this method, each layer of the structure is character-
ized by a 2< 2 matrix connecting the in-plane components of 0 200 400 600 800 1000
electric and magnetic fields at the beginning and at the end o Z (nm)
the layer. The total transfer matrix—relative to the entire
structure—is obtained as the product of the transfer matrices FIG. 1. Evolution of the excitonic polarization induced by a
corresponding to the individual Iayer§:=H}Z,9,Tj , where 150 fs-long Gaussian pulse in a 1000-nm-thick layer of GaAs with
the layers are numbered starting fram O till the end of the  the following excitonic parametergiw,=1.515 eV,iw 1=0.08
structure. meV, andaI'=0.1 meV. The pulse is centered at the exciton reso-

The reflection coefficient of the structure can be ex- nhance frequency. Darkness is proportional to the logarithm of the
pressed as a function of the elemefits, of the matrixT ~ €Xcitonic polarization.
according to

60

(P

The above theoretical scheme has been applied to the
Ni(T1a+ Toong) = (Toy+ Toong) propagation of exciton-polaritons in semiconductors. This
N(Togt Toane)+ (Togt Toonp) (4) has been a subject of hundre_ds of works during recent 40
years starting from the pioneering papers by Pekar, Hopfield,
Here, n; is the refraction index in the lagsemi-infinite and Agranoviclf The semiclassical approach to this problem
layer of the structure. The scattering stasemre then given consists in the introduction of the frequency-dependent com-
by plex dielectric constant

rNw)=

S(z,)=Ti[1+r(w)]+ T 1-nir ()], (5) o1

1+ ——=
wo—w—il

, ®

e(w)=¢p

whereT? is the transfer matrix from O ta.
Given the above scattering statgsby inserting Eq.(3)

into Eq. (2) we finally obtain the desired space and timeWhereeg is the background dielectric constani, is the
evolution of our light pulse exciton resonance frequencyy 1 is the longitudinal-

transverse splitting, anb is the damping. Here, the spatial
_ dispersion has been neglected for simplicity. The exciton-
E(Z,t)ZJ doc(w)s(z,w)e”'710), (6)  polariton wave vectoK is connected withe by the relation
()= w?/K2c?, while the corresponding group velocity is
where the Fourier coefficient is given by the scalar producyiven byv(w)=dw/JK. Two polariton branches are usually
between the electromagnetic-field distribution at the initialsupposed to produce two waves of polarization with different
time to and the corresponding scattering state wave vectors, which may interfere giving rise to quantum
beats in the time-resolved transmission spettfactually,
for a short light pulse containing all frequencies around the
C(w):f dzs'(z.w)Eo(2). (7 exciton resonance, the polariton group velocity cannot be

) ) defined in a simple way. In this respect two basic questions
The above expression follows directly from th7e orthonormal-neeq to be answeretivhat is the initial spatial distribution
ity and completeness of our scattering-state’ séfe stress  f this polarizatior? How it changes with time due to coher-
that for the case of an initial light pulse located far from thegnt emission and reabsorption of light by excitens

structure—the one considered in our simulated \ye have addressed these questions by performing a simu-
experiments—the scattering stat Eq. (7) can be replaced  |ation of the exciton-polariton dynamics in a semiconductor

by its incident parts(z,»)=exp(njw/c2) and the coefficient  fjim ysing our scattering-state formalism for the frequency-
c(w) reduces to the spatial Fourier transform of the initial gependent dielectric consta®).

conditionE  : ¢(w)xE_(k)=E_(n;jw/c). The difference of Figure 1 shows the excitonic polarization in a 1000-nm-
our approach from that of Jahnke al? formulated for mul-  thick film of GaAs excited by a short light pulse, as a func-
tiple quantum well structures and microcavities is that we ddion of space and time. Here, the central energy of the pulse
not solve directly the time-dependent Maxwell equationsis equal to the exciton resonance eneffp15 eV while its
(which is quite hard in many caselsut we operate with the spectral width is 150 fs. Moreover, we have takkew, t
scattering states of the system. =0.08 meV andiI'=0.1 meV. The excitonic polarization
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1516F ' ' ' ' ] eigenstates of the system as follows from the Heisenberg
1515.8] ] relations. This explains the decrease of the oscillation period
with the coordinate seen in Fig. 1.
L Further interpretation of the temporary behavior of the
1515.4 excitonic polarization grating requires a more detailed analy-
S 15152 sis of the evolution of polariton packets. Let us consider a
£ single maximum in the excitonic polarization. As stressed
& 1°is before, the polarization changes in time are only due to co-
3511514.8 herent emission and reabsorption of light by excitons. The
151461 width of the excitonic spectral line in absorption is propor-
tional toI", which has been chosen to be much smaller than
1514.4} the spectral width of the pulse. Due to multiple absorption,
1514.2} : the spectral function of the pulse gets narrower and tends to
1514k | the form of the exciton line in absorptideee Fig. 2 This is
0 200 400 500 300 1000 consistent with the observed broadening of the maxima of

Z(nm) the excitonic-polarization in time and space during their mo-
tion (Fig. 1). The average group velocity tends in this case to

FIG. 2. Space- and frequency-dependent excitonic polarizatiogne exciton velocity, which is always very small and is equal
induced in a 1000-nm-thick layer of GaAs at the same conditions afy zero in our model.

in Fig. 1. This effect can also be understood in terms of the exciton-

eghoton coupling strength. Actually, the wings of the pulse
are weakly coupled to the exciton than the central part of the

clude any optical interference effect due to reflection frompulse tuned at the resonance. The polaritons created by these

the surfaces we have chosen in the media before and after tH\éeakly coupled photons are fast and arrive first at the given

GaAs film the same background dielectric constants as jpoint of the slab. The mterferen_ce _between these . fast” po-
GaAs (eg=13). Thus our results must be also valid for g laritons creates the short oscillations at short times. The

bulk. Note the picosecond time scale, in contrast to the feml_ong-penod oscillations are created by the central part of the

tosecond time-scale corresponding to the light propagatioﬂmse strongly coupled with the exciton, which propagates

time through the film. This means that on this time scale théSIOWIy compared to the photonlike polaritons. The interfer-

contribution of the fast photonic components of the pulse tg 1€ Processes within this type of polaritons play a major

the dielectric polarization is negligibly small. The light pulse role at longer times thus inducing an increase of the period of

. . he beats with time
has quickly passed through the crystal, and the light Waé o ' . . .
partiglly abyscf)rbed in the c?ystal by gxcitons, which V\?e hav Quantitatively, these effects can be described either in the

supposed to be infinitely heavy and unable to move. Fo ramework of classical thif:S or i.n tem?s of the quantum
these conditions, the observed motion of the excitonic polarl_nterference. From the classical point of view, the appearance

izations in the crystal is only due to emission and reabsor of a camel-back structure in the frequency-dependent dielec-
tion of light tric polarization results from the interplay between optical

We clearly see a periodic dielectric grating in the crystal,fibsorption and transmission. Actually, the excitonic polar-

which moves backward with respect to the light propagatior{Zatlon at a given point is proportional to the absorption

direction, first quickly then slower and slower. AppearancecoefﬁCiemA(w) (having the same Lorentzian shape in any

of the grating in a homogeneous media after a single- uIs;BOint of the ;tructurptimes the amplitg(_je of light transmit—
9 g g gie-p ted to the poinZ. This latter has a minimum at the exciton

excitation seems to be a striking effect. In order to under- .
stand the nature of this grating we have plotted in Fig. 2 th(%esonance frequency due to absorption. The product of these

excitonic polarization in the same structure as a function o wo terms behaves as

frequency and coordinate. One can see that an initial single-

resonance distribution of the dielectric polarization at the P(w,2)*xA(w)[1—f(Z)A(w)], 9
exciton frequency drastically changes as one goes deeper

into the semiconductor media. A pronounced camel-backvheref(Z) is a monotonic function which increases with
structure appears, with two maxima split by almost 1 meV inClearly, the functionP(w,Z) experiences bifurcation at cer-
the end of the structure. Clearly, the beats in the time dynamntain values ofZ. Then, two maxima appear, whose splitting
ics of the polarization are due to a double-resonance strudgncreases as a function @t

ture in its frequency-resolved spectra. This structure is typi- In terms of quantum interference, one should consider
cal for a regime of strong coupling between excitons andexciton polaritons in the structure as quasiparticles described
photons. The new propagation eigenstates, i.e. excitorby certain wave packets. The dielectric polarization at point
polaritons, are split proportionally to the coupling betweenZ and timet within the crystal, is governed by wave packet
an exciton and a photon. This splitting of the maxima of thecomponents that have a group velocity=Z/t. Evidently,
polarization is roughly proportional to the number of absorp-there are always two frequencies that correspond to the same
tion and re-emission processes of a photon by an excitogroup velocity, one from the upper polariton branch and an-
during the propagation of the polariton mode, and thus itother from the lower one. Thus, the polarization at a given
increases with the coordinate. The period of the beats in timpoint and time is always the result of interference between
is inversely proportional to the splitting between the twotwo waves, while the phase difference between such two

has been computed as the product of the electric field tim
the resonant term in the dielectric function. In order to ex-
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waves is a function oZ andt. This consideration allows to (i.e., polarization grating predicted by our analysis, by look-
apply to our problem the stationary phase method developeitig, e.g., to self-diffraction phenomena.

by Andreani and Panzariffifor the explanation of the beats In conclusion, we have proposed a semiclassical theoret-
in time-resolved excitonic transmission through a semiconical approach for the study of the ultrafast dynamics of short
ductor slab. Using the same arguments, we obtain an agight pulses in multilayer semiconductor structures. The

proximate expression for the period of the beats method allows to reduce the complexity of a full space and
112 time propagation to a scattering-state problem. Within our
2ct . . . .
T=m (10) approach the coupling of light to the electronic system is
Z\/s—BwowLT taken into account within a standard local-dielectric-response

model.
This appears to be in excellent agreement with the nu- Quite peculiar and unexpected results have been obtained
merical results reported in Fig. 1 at the valueZ@xceeding  from the simulation of the ultrafast dynamics of exciton-
the critical value where the bifurcation ¢#(w,Z) takes  gjariton modes generated by short light pulses in thick

place.f ZActu;[Iy, the beatln% period decreg%es as the squag@ miconductor layers. When the optical pulse is energetically
root ofZ and increases as the square rodt SUMMArze, — rosonant with the excitonic transition, the induced polariza-

the grating arses and gvolves due to the interference be'fion becomes an oscillating function of the coordinate. Peaks
tween two exciton-polariton branches

. : . . . of the dielectric polarization formed in this way experience a
Interestingly, the dielectric grating created in the crystal P Y &Xp

by a short light pulse moves backward with respect to th drift backwards with respect to the light propagation direc-

ropagation direction. This does not violate momentum con%ion' The velocity of this drift decreases as the time in-
propag ’ - . ) creases. Such features have been explained in terms of opti-
servation because such motion is not a motiomethanical

excitons(which are infinitely heavy in our modelThe vis- cal interference between two polariton branches and multiple
ible motion is completel ayresult gf reabsorption of the li htreabsorption and re-emission of photons by excitons. We be-

. pietely : P 9ieve that the ultrafast coherent spectroscopy of semiconduc-
re-emitted by excitons. Due to the interference between tw

polariton branches, this reabsorption is a periodical functior?Or films will co_nfirm our.prediction of a dielectric grating
of the coordinate, drifting with time towards the beginning of nduced by exciton-polariton effects.
the structure. Formally, this follows from the analysis by the We thank Joel Leymarie for many helpful discussions.
stationary phase method and E@0). Taking into account A.V.K. and M.V. are grateful to the Istituto Nazionale per la
the finite mass of excitons this drift velocity is only slightly Fisica della Materia and to the University of Rome Il for
reduced. support during their stay in Rome. This work was supported
We finally stress that two-pulse coherent experimentsn part by the EC through the TMR Network “Ultrafast
may be able to directly probe the presence of the dielectriquantum optoelectronics.”
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