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Optical polarization grating in semiconductors induced by exciton polaritons
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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.@S0163-1829~99!01043-7#
o
lo

-

le
gh
ye
vi
f
w
on
n

or
in

ng
f
ike
e

ta
em
m

of
ua
ly

r
a
s

ns
-

ula

w
in
le
e

ast

in-
r-
very
ght
his
iton
as-
di-
n
ht
se

e-

e-
or
etic

nt

a

-
tic
Femtosecond spectroscopy of low-dimensional semic
ductor structures has been made possible by rapid deve
ment of up-conversion techniques1 as well as phase
dependent reflectivity experiments.2,3 These advanced
techniques allow us to study the coherent dynamics of e
tronic excitations in semiconductors and give much insi
into the physics of ultrafast optical processes in multila
structures. In particular, the phase-dependent reflecti
technique allows to study thelinear optical response o
quantum systems to ultrashort pulses of light, which allo
to investigate basic properties of single unscreened excit
including their radiative coupling and exciton-polarito
kinetics.3

Optical-interference effects appear to be of key imp
tance in a wide class of semiconductor structures includ
multiple quantum wells and vertical cavity surface-emitti
lasers~VCSEL’s!. A proper account of multiple reflection o
laser pulses in light-absorbing or -emitting systems l
VCSEL’s requires an adequate theoretical approach. In g
eral, time-dependent Maxwell equations must be solved
ing into account absorption or emission of light in the syst
due to electronic transitions. A recently developed quantu
mechanical approach4 provides a time-dependent solution
a set of coupled Maxwell and semiconductor Bloch eq
tions. This method, while being quite powerful for the ana
sis of nonlinear problems, has some disadvantages with
spect to electrodynamic macroscopic models in the line
response regime.5 In particular, the classical theory provide
simple analytical expressions for the reflectivity and tra
missivity coefficients, which within a fully microscopic ap
proach can only be obtained by tedious numerical calc
tions.

In this paper we present a semiclassical formalism allo
ing to model propagation of ultrashort light pulses
multilayer structures accurately taking into account multip
reflection as well as interference effects. The proposed th
PRB 600163-1829/99/60~23!/15554~4!/$15.00
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retical approach allows to reduce the problem of ultraf
light-pulse propagation to the evaluation ofscattering states,
i.e., states corresponding to a monochromatic light beam
cident on our multilayer structure. In spite of its linea
response character, the method allows to describe in a
simple manner excitonic absorption and re-emission of li
in the structure, the so-called exciton-polariton effect. T
theoretical scheme is applied to the propagation of exc
polaritons in semiconductor films. We find unexpected
pects of this old problem. In particular, for resonance con
tions we predict the formation of a excitonic polarizatio
grating, which moves backward with respect to the lig
propagation. The velocity of this motion is found to decrea
with time, which is ascribed to multiple reabsorption/r
emission of light by excitons.

As starting point, let us consider Maxwell’s equations d
scribing light incident on a planar multilayer structure. F
the simplest case of a TE-polarized wave in a nonmagn
material (m51) we have in the frequency domain

L̃Ẽ~z,v![FD1
v2«~z,v!

c2 G Ẽ~z,v!50, ~1!

whereẼ(z,v) is the Fourier transform of the time-depende
electric fieldE(z,t), i.e.,

E~z,t !5E dvẼ~z,v!e2 iv(t2ts), ~2!

and the polarization field is expressed in terms of
frequency-dependent dielectric function, i.e.,P̃(z,v)
5@«(z,v)21#Ẽ(z,v).

The stationary solutionsẼ describe the spatial propaga
tion through our multilayer structure of a monochroma
light beam with frequencyv. A part from their amplitude,
15 554 ©1999 The American Physical Society
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such stationary solutions can be regarded asscattering states
of light. More specifically, we can write

Ẽ~z,v!5c~v!s~z,v!, ~3!

wheres(z,v) are the scattering states of the linear opera
L̃, i.e., solutions of Eq.~1! with s(z50,v)511r (v),
where r (v) is the amplitude reflection coefficient of th
structure, andc(v) are arbitrary Fourier coefficients, whos
value will be dictated by the initial conditionE(z,t0)
5E0(z).

The scattering statess can be readily found by applying
transfer-matrix method6 to our electromagnetic problem
Within this method, each layer of the structure is charac
ized by a 232 matrix connecting the in-plane components
electric and magnetic fields at the beginning and at the en
the layer. The total transfer matrix—relative to the ent
structure—is obtained as the product of the transfer matr
corresponding to the individual layers:T5) j 5N

j 50 Tj , where
the layers are numbered starting fromz50 till the end of the
structure.

The reflection coefficientr of the structure can be ex
pressed as a function of the elementsTmn of the matrixT
according to

r ~v!5
ni~T111T12nf !2~T211T22nf !

ni~T111T12nf !1~T211T22nf !
. ~4!

Here, nf is the refraction index in the last~semi-infinite!
layer of the structure. The scattering statess are then given
by

s~z,v!5T11
z @11r ~v!#1T12

z @12nir ~v!#, ~5!

whereTz is the transfer matrix from 0 toz.
Given the above scattering statess, by inserting Eq.~3!

into Eq. ~2! we finally obtain the desired space and tim
evolution of our light pulse

E~z,t !5E dvc~v!s~z,v!e2 iv(t2ts), ~6!

where the Fourier coefficient is given by the scalar prod
between the electromagnetic-field distribution at the ini
time ts and the corresponding scattering state

c~v!5E dzs* ~z,v!Es~z!. ~7!

The above expression follows directly from the orthonorm
ity and completeness of our scattering-state set.7 We stress
that for the case of an initial light pulse located far from t
structure—the one considered in our simulat
experiments—the scattering states in Eq. ~7! can be replaced
by its incident part:s(z,v)}exp(iniv/cz) and the coefficient
c(v) reduces to the spatial Fourier transform of the init
conditionE

s
: c(v)}Ẽ

s
(k)5Ẽ

s
(niv/c). The difference of

our approach from that of Jahnkeet al.4 formulated for mul-
tiple quantum well structures and microcavities is that we
not solve directly the time-dependent Maxwell equatio
~which is quite hard in many cases! but we operate with the
scattering states of the system.
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The above theoretical scheme has been applied to
propagation of exciton-polaritons in semiconductors. T
has been a subject of hundreds of works during recent
years starting from the pioneering papers by Pekar, Hopfi
and Agranovich.8 The semiclassical approach to this proble
consists in the introduction of the frequency-dependent co
plex dielectric constant

«~v!5«BF11
vLT

v02v2 iGG , ~8!

where «B is the background dielectric constant,v0 is the
exciton resonance frequency,vLT is the longitudinal-
transverse splitting, andG is the damping. Here, the spatia
dispersion has been neglected for simplicity. The excit
polariton wave vectorK is connected with« by the relation
«(v)5v2/K2c2, while the corresponding group velocity i
given byv(v)5]v/]K. Two polariton branches are usual
supposed to produce two waves of polarization with differ
wave vectors, which may interfere giving rise to quantu
beats in the time-resolved transmission spectra.9,10 Actually,
for a short light pulse containing all frequencies around
exciton resonance, the polariton group velocity cannot
defined in a simple way. In this respect two basic questi
need to be answered:What is the initial spatial distribution
of this polarization? How it changes with time due to cohe
ent emission and reabsorption of light by excitons?

We have addressed these questions by performing a s
lation of the exciton-polariton dynamics in a semiconduc
film using our scattering-state formalism for the frequenc
dependent dielectric constant~8!.

Figure 1 shows the excitonic polarization in a 1000-n
thick film of GaAs excited by a short light pulse, as a fun
tion of space and time. Here, the central energy of the pu
is equal to the exciton resonance energy~1.515 eV! while its
spectral width is 150 fs. Moreover, we have taken\vLT
50.08 meV and\G50.1 meV. The excitonic polarization

FIG. 1. Evolution of the excitonic polarization induced by
150 fs-long Gaussian pulse in a 1000-nm-thick layer of GaAs w
the following excitonic parameters:\v051.515 eV,\vLT50.08
meV, and\G50.1 meV. The pulse is centered at the exciton re
nance frequency. Darkness is proportional to the logarithm of
excitonic polarization.
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has been computed as the product of the electric field ti
the resonant term in the dielectric function. In order to e
clude any optical interference effect due to reflection fro
the surfaces we have chosen in the media before and afte
GaAs film the same background dielectric constants a
GaAs («B513). Thus our results must be also valid for
bulk. Note the picosecond time scale, in contrast to the fe
tosecond time-scale corresponding to the light propaga
time through the film. This means that on this time scale
contribution of the fast photonic components of the pulse
the dielectric polarization is negligibly small. The light puls
has quickly passed through the crystal, and the light w
partially absorbed in the crystal by excitons, which we ha
supposed to be infinitely heavy and unable to move.
these conditions, the observed motion of the excitonic po
izations in the crystal is only due to emission and reabso
tion of light.

We clearly see a periodic dielectric grating in the cryst
which moves backward with respect to the light propagat
direction, first quickly then slower and slower. Appearan
of the grating in a homogeneous media after a single-p
excitation seems to be a striking effect. In order to und
stand the nature of this grating we have plotted in Fig. 2
excitonic polarization in the same structure as a function
frequency and coordinate. One can see that an initial sin
resonance distribution of the dielectric polarization at
exciton frequency drastically changes as one goes de
into the semiconductor media. A pronounced camel-b
structure appears, with two maxima split by almost 1 meV
the end of the structure. Clearly, the beats in the time dyn
ics of the polarization are due to a double-resonance st
ture in its frequency-resolved spectra. This structure is ty
cal for a regime of strong coupling between excitons a
photons. The new propagation eigenstates, i.e. exci
polaritons, are split proportionally to the coupling betwe
an exciton and a photon. This splitting of the maxima of t
polarization is roughly proportional to the number of abso
tion and re-emission processes of a photon by an exc
during the propagation of the polariton mode, and thus
increases with the coordinate. The period of the beats in t
is inversely proportional to the splitting between the tw

FIG. 2. Space- and frequency-dependent excitonic polariza
induced in a 1000-nm-thick layer of GaAs at the same condition
in Fig. 1.
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eigenstates of the system as follows from the Heisenb
relations. This explains the decrease of the oscillation pe
with the coordinate seen in Fig. 1.

Further interpretation of the temporary behavior of t
excitonic polarization grating requires a more detailed ana
sis of the evolution of polariton packets. Let us conside
single maximum in the excitonic polarization. As stress
before, the polarization changes in time are only due to
herent emission and reabsorption of light by excitons. T
width of the excitonic spectral line in absorption is propo
tional to G, which has been chosen to be much smaller th
the spectral width of the pulse. Due to multiple absorptio
the spectral function of the pulse gets narrower and tend
the form of the exciton line in absorption~see Fig. 2!. This is
consistent with the observed broadening of the maxima
the excitonic-polarization in time and space during their m
tion ~Fig. 1!. The average group velocity tends in this case
the exciton velocity, which is always very small and is equ
to zero in our model.

This effect can also be understood in terms of the excit
photon coupling strength. Actually, the wings of the pul
are weakly coupled to the exciton than the central part of
pulse tuned at the resonance. The polaritons created by t
weakly coupled photons are fast and arrive first at the gi
point of the slab. The interference between these ‘‘fast’’ p
laritons creates the short oscillations at short times. T
long-period oscillations are created by the central part of
pulse strongly coupled with the exciton, which propaga
slowly compared to the photonlike polaritons. The interfe
ence processes within this type of polaritons play a ma
role at longer times thus inducing an increase of the period
the beats with time.

Quantitatively, these effects can be described either in
framework of classical optics or in terms of the quantu
interference. From the classical point of view, the appeara
of a camel-back structure in the frequency-dependent die
tric polarization results from the interplay between optic
absorption and transmission. Actually, the excitonic pol
ization at a given pointZ is proportional to the absorption
coefficientA(v) ~having the same Lorentzian shape in a
point of the structure! times the amplitude of light transmit
ted to the pointZ. This latter has a minimum at the excito
resonance frequency due to absorption. The product of th
two terms behaves as

P~v,Z!}A~v!@12 f ~Z!A~v!#, ~9!

where f (Z) is a monotonic function which increases withZ.
Clearly, the functionP(v,Z) experiences bifurcation at cer
tain values ofZ. Then, two maxima appear, whose splittin
increases as a function ofZ.

In terms of quantum interference, one should consi
exciton polaritons in the structure as quasiparticles descr
by certain wave packets. The dielectric polarization at po
Z and timet within the crystal, is governed by wave pack
components that have a group velocityV5Z/t. Evidently,
there are always two frequencies that correspond to the s
group velocity, one from the upper polariton branch and
other from the lower one. Thus, the polarization at a giv
point and time is always the result of interference betwe
two waves, while the phase difference between such

n
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waves is a function ofZ and t. This consideration allows to
apply to our problem the stationary phase method develo
by Andreani and Panzarini10 for the explanation of the beat
in time-resolved excitonic transmission through a semic
ductor slab. Using the same arguments, we obtain an
proximate expression for the period of the beats

T5pF 2ct

ZA«Bv0vLT
G 1/2

. ~10!

This appears to be in excellent agreement with the
merical results reported in Fig. 1 at the values ofZ exceeding
the critical value where the bifurcation ofP(v,Z) takes
place. Actually, the beating period decreases as the sq
root of Z and increases as the square root oft. To summarize,
the grating arises and evolves due to the interference
tween two exciton-polariton branches.

Interestingly, the dielectric grating created in the crys
by a short light pulse moves backward with respect to
propagation direction. This does not violate momentum c
servation because such motion is not a motion ofmechanical
excitons~which are infinitely heavy in our model!. The vis-
ible motion is completely a result of reabsorption of the lig
re-emitted by excitons. Due to the interference between
polariton branches, this reabsorption is a periodical funct
of the coordinate, drifting with time towards the beginning
the structure. Formally, this follows from the analysis by t
stationary phase method and Eq.~10!. Taking into account
the finite mass of excitons this drift velocity is only slight
reduced.

We finally stress that two-pulse coherent experime
may be able to directly probe the presence of the dielec
B
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~i.e., polarization! grating predicted by our analysis, by look
ing, e.g., to self-diffraction phenomena.

In conclusion, we have proposed a semiclassical theo
ical approach for the study of the ultrafast dynamics of sh
light pulses in multilayer semiconductor structures. T
method allows to reduce the complexity of a full space a
time propagation to a scattering-state problem. Within o
approach the coupling of light to the electronic system
taken into account within a standard local-dielectric-respo
model.

Quite peculiar and unexpected results have been obta
from the simulation of the ultrafast dynamics of excito
polariton modes generated by short light pulses in th
semiconductor layers. When the optical pulse is energetic
resonant with the excitonic transition, the induced polari
tion becomes an oscillating function of the coordinate. Pe
of the dielectric polarization formed in this way experience
drift backwards with respect to the light propagation dire
tion. The velocity of this drift decreases as the time
creases. Such features have been explained in terms of
cal interference between two polariton branches and mult
reabsorption and re-emission of photons by excitons. We
lieve that the ultrafast coherent spectroscopy of semicond
tor films will confirm our prediction of a dielectric grating
induced by exciton-polariton effects.
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