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Coherent transient in photoluminescence of excitonic molecules in GaAs quantum wells
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Time-resolved photoluminescend@@L) of excitonic molecules in GaAs quantum we(RW's) reveals an
initial transient characterized by a finite rise and an extremely fast nonexponential[ttedatang, J. Shah,
and T. C. Damert al,, Solid State Commur@8, 807(1996]. The transient is attributed to coherent quantum
evolution towards the molecule ground state of two optically correlated excitonando—, which undergo
the Coulombic attraction. In the present paper, we develop a theory of the transient PL and fit the experimental
data. The radiative decay of a quasi-two-dimensiai24)) excitonic molecule is analyzed with the giant
oscillator strength model adapted to QW'’s and with the bipolariton model. Within the 2D bipolariton model,
the main “hidden” channel of the radiative decay of an excitonic molecule is the resonant dissociation into
two outgoing interfacésurface polaritons rather than the observable decay into the bulk radiative modes. We
conclude that quasi-2D molecules dissociate already within the initial transient of PL, while the following
exponential decay of the molecule-mediated PL is due to the escape of secondary interface polaritons into the
bulk modes. According to the 2D bipolariton model, the sequence “two incoming phetoves virtual
excitons—2D molecule~two outgoing interface polaritons” is a completely coherent process. The fit of the
time-resolved molecule-mediated PL provides us with numerical estimates of the exciton-photon coupling in
GaAs QW's.[S0163-182697)08431-3

[. INTRODUCTION servation of the coherent transient at the very beginning of
the m-mediated PL is interpreted in terms of distructive
The quasi-2D excitonic moleculém’s) contribute to the  quantum interference between the ground state and-x
various linear and nonlinear resonant optical processes ioontinuum. Thedensity-independeniemporal behavior of
GaAs QW'’s. Them PL has been reported in Refs. 1-5, thethe initial transient stems from the quantum evolution to-
m resonance has been detected in the time-resolved differemards them bound state of two excitons;* ando~, opti-
tial absorptiorf;” and them-mediated transient four-wave cally correlated at timeé=0 by the short pump pulse. The
mixing (FWM) has been studied in Refs. 8—14. Xx(o*)—x(o~) Coulombic attraction causes this coherent
Subpicosecond radiative dynamics in lower dimensionamotion and gives rise to the inherently decaying beats be-
systems such as GaAs QW'’s is a subject of intense experiween them ground state and the-x dispersive continuum.
mental and theoretical efforts. While the excitor) dynam-  The importance of the wave vector dispersion of the
ics after resonant or nonresonant optical excitations has beaontinuum has been emphasized in Ref. 19 for the
extensively investigatet? 1’ very little information is avail- m-mediated FWM.
able on the radiative dynamics of quasi-2D excitonic mol- In this paper we are mainly interested in the theoretical
ecules in these structures. Recent PL measurefiemith ~ model and numerical simulations of the experimental results
femtosecond resolution have shown a delayed rise okthe on them-mediated transient PL. Our main result is a theo-
PL following a resonant excitation. The rise is determined byretical evidence that the resonant radiative dissociation of a
the initial exciton momentum relaxation, mainly due to thequasi-2D molecule into QW polaritons is considerably more
density-dependent(x* (7)) —x(o" (7)) Coulombic scatter- effective than the observable decay into the bulk radiative
ing. modes. In addition, we model a complete kinetics of the
A preliminary discussion of the radiative dynamics with m-mediated PL and, in particular, estimate numerically the
100 fs resolution of quasi-2D excitonic molecules in GaAsoscillator strength of the exciton-photon coupling in GaAs
QW'’s has been reported in a previous pabktere, the ob- QW'’s. The rest of Introduction summarizes the experimental
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1000 ponential decay follows the initial transient. In the density
range 18 to 10'° cm™? the rise time of the initial transient is
independent of the excitation level and of the temperature
T<30K (see Figs. 1 and 2 of Ref)4

The initial transient of then-mediated PL cannot be ex-
plained within a standard picture of incoherent lumines-
cence, which implies aimstanteneou®L signal right after
the optical excitation at=0. We attribute the very first stage
of the cross-polarized PL to a transient coherent quantum
evolution towards then ground state of two’s, ¢* and
o, virtually excited at=0 by the femtosecond pulse with
duration 5<%/ €q (g is them ground-state binding en-
ergy). The optical pump induces coherently the real and vir-
tual x’s with fixed in-plane momenturR=17%k <#/a,, due
to momentum conservation along the QW. Hekg,is the
in-plane component of the wave vector of the pump light and
a,, is the quasi-2Dm radius. These&’s cannot emit photons
(v/'s) in the detection direction. On the other hand, such an
impact optical excitationprovides the well-defined initial
conditionW (p,t=0)= &(p) for the wave function of relative
motion of two optically correlated’s.

In the absence of any dephasing, twd ando~ excitons
start to evolve coherently from the above initial condition
due to the resonamt(c*) —x(o ") attraction. This coherent
quantum evolution given by the wave function of relative
motion ¥(p,t) can be described by the time-dependent
Schralinger equation. Alternatively, one can expand the
wave function:

PL (arb. units)

3000

2000

PL (arb. units)

W(p,t)=V(0) ¥ (p)eic+ ; Co W (P)E PN,
0
1)

where ¥ (p) is the ground-staten wave function and
{\Ppo(p)} is thex-x unbound eigenstates. We assume that a

quasi-2D m in GaAs QW’s has no excited states well-
separated from the continuum. In further numerical evalua-
tion of Eq. (1) the approximation of free-particle-x con-
tinuum states is used, ie.,W,(p)=d(p—py) and

0

t (ps) e(p)=p?M,, where M, is the x translational mass. The
expansion coefficienttspo are then determined by the initial
FIG. 1. Time-resolved cross-polarized PL from GaAs QW's condition¥(p,t=0)= &(p).
samples no. 1a) and no. 3(b). Points, experiment; solid line, fit The function|\lf(p,t)|2, which describes the guantum co-
within the 2D bipolariton model; dashed line contribution of exci- herent relative motion of two correlate¢s, is plotted in Fig.
tonic molecules to the resonant photoluminescence. 2 for timest,,= nwﬁ/(Zeg‘) (n=0,1,2,3,4). Here, we use the

; (0) —
data of Ref. 4. We also provide some additional argumenth2 ) deugazron wave  function Wy(p) 2\/27(7(')?m/
that the initial transient of then-mediated PL is due to in- (P“@n*1)”* for them ground statgin real spaceVy’(r)

herently decaying quantum beats betweemthground state = V2/(may,) exp(-r/a,)]. According to Fig. 2, at=0 the
and thex-x dispersive continuum. wave packet is concentrated@t 0. Then, the wave packet

Three high-quality samples have been used in our medsotropically spreads in momentum space up to momentum
surements and qualitatively the same behavior observed ip~%/an and att=m#/eg starts to evolve back to the initial
all three samples. Sample no(rio. 2 contains 15 periods of form. The wave packet approaches again its initial form at
130 A (175 A) GaAs QW and 150 A AJ.Ga, -As barrierand t=2m#/€y . Then, the motion repeates itself. The beats be-
sample no. 3 contains four periods of 200 A GaAs QW andween them ground state and the-x continuum eventually
150 A AlyGa, -As barrier. The temporal evolution of the damps out within a few periods due to complicated interfer-
m-mediated cross linearly polarized PL is shown in Figs.ences involving simultaneously all modps<#/a,,. These
1(a) and Xb) (points refer to the experimental datbor  inherently decaying oscillations differ from usual quantum
samples no. 1 and no. 3, respectively. Themediated PL  beats in transient optical measurements which are due to the
reveals an initial transient characterized by a finite rise andnterference of the optical polarization field of different dis-
an extremely fast nonexponential decay. A much slower exerete transitions. Moreover, the transiemtmediated PL
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cannot be modeled within the few-level optical Bloch
equation$2where thex-x continuum is approximated by a
discrete level.

The initial coherent stage of then-mediated PL is
governed by the time dependent wave function
\If[(kﬁ —k))/2,t], where the in-plane wave vectkf charac-
terizes the direction of observation of the cross-polarized PL.
The finite rise of them-mediated PL is due to the coherent
evolution of the reduced relative momentum frgrs0 to
pzi(kﬁ—kH)/Z caused by the(o*)—x(o~) Coulombic
attraction. The coherent stage of the PL allows us to estimate
the m binding energyeg' by

|¥(p)|? (arb. units)

Th

where 7(I'"™) is the rise time of the cross-polarized PL.
Physically, Eq(2) is consistent with the basic result of quan-

o - tum mechanics: according to the time-energy uncertainty
principle one cannot measure the binding energyeg

n o~ quickly than duringAt~#/eg'. The finite rise timer(1™

of PL determines the duration of the coherent “measure-
ment” of €.

Within the above picture, one deals with Bloch coher-
ence: right after an impact optical excitation the evolution of
excitons follows the initial condition. On the other hand, the
initial transient of then-mediated PL is insensitive to photon
statistics of the pump pulse. Basically, several important fea-
tures distinguish then transient from similar collisionless
vibrational transients in polyatomic molecuf®s! (i) the
m-mediated quantum beats occur for thkectronic excita-
tions (excitong rather than for the considerably more heavy
atoms; (i) the x(c™)—x(c~) quantum motion under the
Coulombic attraction is described in momentum, rather than
in real, spacefiii) the complicated interference in tha
transient involves thex-x continuum rather than a quasi-
equidistant discrete spectrum as for atomic oscillations.

According to the experimental dataee Figs. 1a,b and
Fig. 2 of Ref. 4, only the first half-period of then-mediated
guantum beats is observed in the coherent initial transient.
Therefore, in order to develop a complete kinetics of the
cross-polarized PL one needs to analyze the corresponding
dephasing and damping processes. Formally, the dephasing
rate influences the off-diagonal terms |df (p,t)|? given by
Eq. (1), while the damping rate is presented in the both di-
agonal and off-diagonal terms. In GaAs QW's, thdephas-
ing time is typically 7=1.3
—6.0 ps®1118As will be shown below, the strongest damp-
ing process in then-mediated PL, which even dominates
over the dephasing, is the radiative dissociation of quasi-2D
molecules into interfacésurface polaritons. Then radiative
decay is determined by thephoton coupling in QW's.

In Sec. I, the radiative decay of a quasi-2Din GaAs
QW’s is examined theoretically. We discuss briefly the QW
(interface polaritons and bulk radiative modes. The giant
oscillator strength model is adapted to the optical decay of a
quasi-2D molecule into the bulk modes. Alternatively, a pos-
sible dissociation ofn’s into QW polaritons is analyzed. For

FIG. 2. Temporal evolution in momentum space of thethis purpose, we generalized the recently developed exactly
m-mediated wave functiof® (p,t)|2. solvable bipolariton model of an excitonic molecilin or-

@

€

1¥(p) |2 (arb. units)

%
%
I;,';
/]
i
I

7
i

I
li

0
///// %
i
i

/)
[
"

T

| (p)|? (arb. units)

|¥(p)|? (arb. units)

| {p))? (arb. units)




3944 A. L. IVANOV et al. 56

der to include the both radiative and confinédterface 162
modes. Within the generalized 2D bipolariton model, it is |
shown that the dissociation of molecules into QW polaritons

is much more effective than tha radiative decay into the 160 [~
bulk modes.

In Sec. Ill, we apply the 2D bipolariton model to describe ___ =
the complete kinetics of then-mediated PL from GaAs =3, 158 - =4
QW'’s. The model yields a dissociation ofs already during & | 1 5
the initial transient of the cross-polarized PL. The fit of the =
experimental data allows us to estimate the oscillator & 156 108 5
strength of thex- y coupling in the QW’s. We also discuss a = B =

. . ) L - 06 2
spatial anisotropy of then-mediated PL.
154 |- H04 =
R=4
Il. OPTICAL DECAY OF A QUASI-2D EXCITONIC [— —02 %’
MOLECULE 157 \ _j | | 0 >
27 28 29 30 3 32

In this section we analyze the radiative decay of a 5 -
quasi-2D excitonic molecule both within the giant oscillator Wave vector (107 cm ')
strength model adapted to QW’s and with the 2D bipolariton
model. It will be shown that the main “hidden” channel of FIG. 3. The polariton dispersion in bulk GaAsolid lines and
the decay ofn’s in QW's is the dissociation into two outgo- quasi-2D GaAs QW's(interface polaritons,#?R,=6.0x 102
ing QW polaritons rather than the observable radiative decagV? A, dashed-dotted line, anti?R.=30.7<102 eV? A dashed
into bulk modes. line). The corresponding dependenges W= ¢~ *W(p) for bulk

and interface(surface polaritons. The following parameters of

) o GaAs have been usetlw;=1.592 eV, A .=15.6 meV,ex=12.9,
A. Surface polaritons and bulk radiative modes andM, = 0.44m,
«=0. .

in GaAs quantum wells

The conventional polariton concept gives an adequate dé-€., they are localized in tredirection. These modes cannot
scription of the exciton-photon system of a bulk direct-band-be excited straightforwardly by means of the external light,
gap semiconductor, if the-+y interaction is dominant. Due i.e., they are “nonradiative.” In other words, the 2D polar-
to the momentum conservation in the optical transitioniton picture, which needs the momentum conservation in the
“photon—exciton,” an incoming photon with momentum resonant exciton-photon coupling, holds only in tkey
fip can be many times resonantly reabsorbed and re-emittgelane of the QW. Roughly, with increasing confinement in
by the x’s with the same momentum. Within the polariton direction the upper dispersion branch of the bulk polaritons
picture, this process is coherent and does not lead to “trugives rise to radiative modes, while the lower one transforms
optical absorption.” The dispersion law of bulk polaritons into confined modes associated with the interface polaritons.
c?p?l(eow?) =1+ Q2/[ w3(p)— w?] gives rise to the upper A complete classification of interface excitonic polaritons
[w=0P(p)=w*(p)] and lower [o=wP°(p)=w (p)] of a quasi-2D QW has been developed in Refs. 25 and 26.
dispersion branches. Herey(p) = w;+#Ap3/2M, is the x For a fixed polariton wave vectqr, along thex axis, there
dispersionf w, is the energy of the transverse ¢, is the are X-, Y-, and Z-mode interface polaritons in accordance
background dielectric constant, and the polariton parameté¥ith polarization of the light field. Th& (Y,Z) mode refers
Q. characterizes the exciton-photon coupling. The polaritorio @ polarization parallel to the (y,z) axis. We concentrate
states have been observed in bulk GAAEhe polariton dis-  ON theY-mode transverse interface polaritons with in-plane
persionw=w=(p) is plotted in Fig. 3 for bulk GaAgsolid  wave vectomp and polarization parallel to the QW. The 2D
lines). Following the experimental data of Ref. 23, we usebipolariton model deals with these polaritons. The dispersion
the longitudinal-transverse splittinyw;;=0.08 meV which eduation forY-mode polaritons is given By
gives#i Q=% 2w, w;=15.6 meV.

The polariton eigenstates are more complicated for c?p? = 2t w’Re\p°— w?eq/c? 3)
quasi-2D QW's. In this case, the momentum conservation in € —@ 0>+ 0 p?My— ?’

the exciton-photon interaction holds only along a QW in the

X-y plane. In thez direction(a growth directionthere is no where the parameteR; is proportional to the oscillator
translational invariance and, therefore, the photon momerstrength per unit area of the QW and refers to the quasi-2D
tum is not conserved in resonant absorption or emissiorexciton-photon coupling. The 2D QW polaritons are sensi-
This simple argument allows us to classify two kinds oftive to the design of a concrete semiconductor microstruc-
modes, bulk and confined on&s2°Bulk or radiative modes, ture. Equation(3) implies a symmetric GaAs QW sand-
which are activated in conventional optical experiments, corwiched in between two identical GaAlAs barriers. The
respond to a plane-wave light field far outside—{=* ) thicknessd of the well corresponds to the long wavelength
from the QW. These modes lie inside a photon cone, i.elimit, i.e., satisfies the conditiopd<1.

p<w\/ey/c. Surface or confined modes are associated with For narrow-width QW’s ¢—0), one can estimate the
interface(surfacg@ QW polaritons. The electromagnetic field x-photon coupling parameter in Eq(3) as R.=

of interface polaritons decays exponentially outside the QW22 ¢?®)(0)/¢*?)(0)|?=16a*P w|,w, . Here,e®®)(r) and
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¢CP)(r) are the real-space wave functions of the ground-Then, the optical properties of the molecule are treated
state 2D and 3[X’s, respectively, the corresponding 2D and within the giant oscillator strength model.
3D x Bohr radii satisfy the conditioa?® =a{*”)/2, and the The giant oscillator strength model applied for the optical
polariton parameter§), and w, refer to bulk material. For creation of the molecule, real or virtual, operates with the
GaAs QW'’s, we estimate the upper limit of the coupling following two-step elementary scheme: “two incoming
parameter a#2R.=30.7x 102 eV2 A. The Y-mode polar-  photons-excitontphoton—excitonic molecule’?®® This
iton dispersionsv= w?Y(p) given by Eq.(3) are plotted in  two-photon process is effective due(tpthe nearly resonant
Fig. 3 fori?R,=6.0x 10 2 eV? A (dashed-dotted lineand ~ intermediatex level, and(ii) the spatial extension of the
#?R,=30.7x10"2 eV? A (dashed ling Figure 3 traces an Wave function. Within this scenario, the PLwfs deals with
evolution of the lower polariton branch=w~(p) towards an optical conversion th— y+ recoil x.” The 2D giant
the interface polariton dispersions. oscillator strength model formulates tihhemediated optics
The Y-mode dispersion shown in F|g 3 reflects the fol- in terms of Coupling of molecules with the radiative modes.
lowing general tendency. The quantum confinement in QW’s In order to adapt the giant oscillator strength model for
enhances the exciton-photon coupling in comparison witteXcitonic molecules in QW’s, we estimate the spontaneous
that in bulk material. The coupling paramefy is respon-  optical decay of a quasi-2in into the radiative modes as
sible for this effect. On the other hand, from compari-

son gf the dispef;sions of 3ID _and Qw polar;tlons, ong can T21|k=2fkopt|‘1’(o)(2p)|2 rx Kopt p_dp
u m
introduce an e ect|v_e polariton para_met@ C(p,w)] 0 /—kcz)pt_ p2 2
=R.Vp?— w?ey/c?. This parameter provides the fast decay o
of the polariton effects with a decrease af=w?"(p) =8(amkopy T, (6)

[w®WY(p)—cp/\e, for p—0]. The photon factor
Jp?— w?ey/c? is responsible for such a behavior. The 2D
polaritons have been observed in GaAs QW's.

One can still apply Eq.3) to describe the radiative modes
located within the photon cone given py(w) = w+/eg/c. In
this case,\p?— w?ey/c?=i+/p5—p? and the frequencyw
can be approximated by;—i(I";/2), wherel'} is the radia-
tive decay rate of the quasi-2D exciton with momentpm
Formally, F’rj/2 is the imaginary part of the complex fre-
guency w= w(p) which is the solution of Eq(3) for real
p=<pg. In the resonant approximation one gets

Where‘lfﬁﬁ)(p) is the deuteron wave function of the 2D
ground state andoy= wVeg/C (Kop=2.9X10° cm™* for
GaAs is the resonant wave vector of the crossover between
the unperturbed dispersions of free photons and 2D excitons.
Physically, the radiative width},, is given by a product of
two probabilities in the integrand of E@6). The first one,
|w©(2p)|?, is the probability of two bound’s with the
reduced relative momentump2to be in the radiative zone
p=<Kgp, I-e., within the photon cone. The second oﬁ%,
(the term in the square brackgtss the probability per unit
time that an exciton with momentupr=Kk,, emits a photon
into the radiative modes. The numerical prefactor 2 in Eq.
. ~r% Po , (4) (6) is because the botk's equally contribute to the optical
Vp5—p? Vp5—p? decay of the molecule. _

According to the right hand side.h.s) of Eq. (6), the 2D
whereI'5=(\eo/C)R; is the radiative width of the exciton giant oscillator strength model contains a natural enhance-
with in-plane momentunp=0. Equation(4) is consistent ment factora?>a2. In other words, due to the spatially
with the results of Refs. 26. However, the main advantage ofxtendedm wave function®(?, the x with in-plane mo-
our approach is an explicit inclusion of the same couplingmentump acts like an “antenna” that collect@scapesthe
parameteR; for a description of the both conjugated, con- secondx with momentump’ from the whole coherentn
fined and bulk, modes. The parameRey can be written in area~ar2n.
terms of the_: oscillator strength(_y per unit area of the QW For a,,=130 A (el'=2meV), we estimate from Ed6)

(the subscripixy refers to the light polarization parallel to M ~1.2I%. As a results™, =#/T'™ ,~20 ps, i.e., the gi-

the QW by ant oscillator strength model yields approximately the same
2 lifetime of a quasi-2D molecule as the radiative lifetime of
Re=m —— fyy, (5)  the constituenk’s [%/T'§~25 ps(Ref. 26]. This result con-
€0Mo tradicts the conclusion of Ref. 30, where the giant oscillator
W's’trength model has been interpreted as misleading for
quasi-2D excitonic molecules in QW'’s.
Within the 2D giant oscillator strength model one can
indeed reproduce thm-mediated PL The resulting theoret-
) ) o ical fit is shown by the dashed line in Fig. 2 of Ref. 4. Here,
B. Giant oscillator strength model for excitonic molecules for sample no. 1 we have taken the coherence lifetime
in quantum wells 70'=1.3 ps, them radiative lifetimerf,,=27.4 ps, and the
Usually, one separates tixey polariton coupling and the m binding energyej'= 1.6 meV. In this approach, the initial
X(a)—x(a~) Coulombic attraction. First, the ground state transient of then-mediated PL dies away due to the loss of
of an excitonic molecule is evaluated variationally within thethe initial coherence and the following exponential decay is
underlying electron-hole picture. This procedure yields theattributed to the observable decay of ground-statg into
ground-state eigenfunctioWET?)(r) in the x representation. the radiative modes.

€0 Wt

wheremy is the free electron mass. The extension of the Q
polariton dispersiori3) on the bulk modes, i.e., E¢4), cor-
responds to the polarization of the incident or emitted light.
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C. Bipolariton model of quasi-2D excitonic molecules 57 T T
An exactly solvable bipolariton model of a molecule has N ,!!!‘ 106 %
X . L /A 20-Gads £

been developed recenthto include the exciton-photon cou- - VRN 1 g
pling in an equal manner with the-x attraction. Thex-+y ' R o’ \g _'U'ZE“"
interaction influences then wave function®(?(p) unper- m 53:; . ‘lK"l e ]
turbed by the polariton effects. Even in the low-excitation \% ) 0 5 v a
limit, both the x(¢=) - photon @) and x(¢*)—x(c") 2 KD em )
interactions have to be treated simultaneously and beyond Elﬁ -
standard low-order perturbation theory. Within the bipolari- L
ton concept, the true components of an excitonic molecule in
direct-band-gap semiconductors are two polaritons quasi- -
bound through the resonant Coulombic attraction, rather than 1 | . 1
two excitons. The solution of the bipolariton wave equation 00 o 002 003
describes then resonant decay into two outgoing polaritons ﬁz R, (eVZA)

as a continuous quantum evolution of theinternal state
rather than as a discrete act of the optical conversion rig 4. The radiative lifetimer{,(K=0) (solid ling and
“m—x-+y.” The importance of the bipolariton concept has m (K~0) (dashed ling versus the exciton-photon coupling pa-
been already recognized in Ref. 31 for molecules in bulkameterr,. Them binding energyel=2 meV. Inset: the radiative
semiconductors. half-width T'g,(K)/2 due to the dissociation of a quasi-2D mol-
Within the 2D bipolariton model, both the confined and ecule into two interface polaritons in a narrow-width GaAs QW
bulk modes contribute to the internal state of a molecule. Theiith #2R,=30.7x1072 eV? A. The vertical arrow indicates the
resonani(o*)—x(o~) Coulombic attraction couples these positionK, of the van Hove singularity in the joint density of QW
modes in the relative motion of two quasibouxid. In other  polariton states.
words, an “umklapp” of thex between surface and radiative
modes is possible. However, the main contribution torthe In the absence of the polariton effects, the Bethe-Salpeter
state is due to the surface modes, because the radiatieguation for a quasi-2D molecule is given by
modes are located qt<K,y, while the relative motion of
two constituentx’s involves the momentep~ar;1>kopt.
Therefore, a quasi-2D molecule in QW'’s exists mainly as
two quasibound QW polaritons and, consequently, radia-
tively dissociates primarily into two outgoing interface po- (7)
laritons. This important feature is completely ignored in the
conventional approaches tm-mediated optics of GaAs where p={p,w} and p’'={p’,»’} are the reduced in-
QW's. The 2D bipolariton model naturally emphasizes theplane relative momenta and frequencies of tws before
role of the confined modes. and after an interaction ever={K,Q} is the conserved
The influence of the polariton effects on the ground in-plane total momentum and frequency. The two-
state increases drastically with a reduction of the dimensionGreen function Gy(p,K) is determined byGgy(p,K)=
ality from 3D to 2D. This is because the fraction of the phase— (i/27) [dwG®(—p +K/2)GO(p+K/2)=[Q — w,(—p
space where the polariton effects dominate over the Couloms K /2) + w,(p+K/2)] 7%, where GO(p)=1[w— w(p)
bic x(¢")—x(o ") attraction is roughly of the order of +is]is the freex propagator. In a spectral vicinity of the

(Kop@m)®. One gets Kopdm) °~0.1 for GaAs QW's. In Ref.  ground-statem resonance, i.e., fofl=Q, one approxi-
22, the exactly solvable 2D bipolariton model has been depates

veloped for the deuterom-x attraction potentiaM/;5(p).
This theory, which treats only the confined modes in a 2D
bipolariton, yieIdSTSW:O.S—B.O ps for them spontaneous
radiative dissociation into two outgoing interface polaritons
(see the inset of Fig.)4Theref0re,78W is indeed consider- ®

ably shorter tharTrbnwk estimated within the 2D giant oscilla- With this basic property of the vertex functid]’b’ the ho-

tor strength model. Here, we develop a 2D bipolariton theorymogeneous part of the Bethe-Salpeter &g.reduces to
which treats the both confined and bulk modes. This allows

us to make a self-consistent comparison of the two decay _

mechanisms. Apart from a generalization of the exactly solv- G, X(p,K, Q@)W (p)— >, Wi(p—p ) ¥V (p')=0.
able 2D bipolariton model to include the radiative modes, we p’

find a bipolariton solution valid for an arbitrary short-range
potentialW,,.

In order to describe a molecule ascuas) bound state of
two excitons(polaritong one can apply the standard diagram
technique. Namely, the poles of the vertex functigrwhich
refers to thex(o*)—x(o~) Coulombic attraction, provide
the m energies.

To(p,p’;K)=WyAp—p')+ > Wi(p—p")
p//

X Go(p",K)To(p",p’;K),

¥ O (p)w 0% (p")
Q-Ql+is

Go(p,K)Go(p’, —K)To(p,p’;K)=

9
From Eqg.(9) one finally gets the standard wave equation

for an excitonic molecule unperturbed by the polariton ef-
fects:

[wx(p+K/2)+ w,(—p+K/2)]P P (p)
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where DO(p,w)=1/(w—cp/\ex+i5) is the free-particle

+§ Wip—p) Wi (p") =¥ (p). (100 photon propagator in the resonant approximation and
Due to the quadratig dispersion, the center-of-mass motion
splits off and the wave functiof{®)(p) of the relative mo- ¢"p,0™(p)]
tion of two constituent’s as well as the corresponding Ry(p?— w2ey/c?) Y2
binding energye)'= 2w+ K?/2M,,— QF are independent of = S ML et W=z
the translational in-plane momentuli of the molecule. Re(p™~ 0 /c?) ™™+ 4l ox(p) — w="(p)]

In the bipolariton model, we include the polariton effects

in the Bethe-Salpeter equation:

"M p, 0™ (p)]=1-¢°M(p,0°W(p)). (13

T'(p.p';K)=Wiy(p—p')+ > WiAp—p")
p’ Here, w?WU(p) are the dispersions of the interface polari-
Xé(p”,K)F(p”,p’;K), (11) tqns _and the radiative stba;tkes, respec_tively. The last disper-
sion is approximated by (p)=wt—|(1“>,§/2) for p<Kop-
(—p+K/2)G(p+K/2) is now the frequency convolution of H(Q)va/%fr' only the two branches of its solution, i.e.,
two x propagators dressed by the light field. In the 2D bipo-¢ (p), have a physical meanirighe third branch cor-
lariton model, the photon-mediatedSreen function is given fesponds to an amplified wakve

by The functionse®"*Uk characterize the distribution of the
X state between the confined and bulk modes. The last rela-
G(p,w)=GO(p,w)+ L [Q(p,0)2GO(p, o) tionship of Egs.(13) is a “sum rule” for the photon-
¢ quasi-2D exciton transition. Thex-weight functions
XDO(p,w)G(p,w) o p,w°Y(p)] of interface polaritons ang [p,w (p)]

of the lower dispersion branch of bulk polaritons in GaAs are
~oMp,0™MpP)] ™ p, 0™ (p)] (1  Plotted in Fig. 3.

T o—0p)+is | w—o™Xp) Using Eq.(12) one derives

e[ —p+K/2,0% —p+K/2)]e¥ [p+K/2,0* (p+K/2)]

G(p.K)= ; : (14)
(PO E Q—0(—p+K2)—w® (p+K/2)+ib
|
where a,a’ =QW/bulk. The x-vy resonant coupling modi- The 2D exactly solvable model has been developed in

fies the m ground-state energy Qf=Qp+A™(K) Ref. 22 for an interfacésurface bipolariton, i.e.,only the

—iI'™(K)/2. Here,A™(K) is the radiative renormalization confined modes have been treatddere, we adapt this

of them energy, i.e., then Lamb shift. Within the bipolari- mMethod to include the bulk modes. The bipolariton wave

ton model, the 2D molecule is metastable due to the resonafignction can be written as(p,K)=¥"(p)+ ¥ (p,K),

interaction with the electromagnetic field. The both radiativewhere\Ifg?)(p) is a known solution of the standard wave

and confined modes contribute to tofdl(K). Similarly Eq.  Eq. (10), while 6% (p,K) is large only in the optical range,

(8), one has in the resonant approximation of thebipo- j.e., for p:kopt<a;]1_ With this substitution, Eq(16) re-

lariton) ground state: duces to a Fredholm integral equation with separable kernel
for 6¥(p,K). The solution of this equation yields

W(p,K)¥*(p’,K)

Q-Qr

G(p,K)G(p',—K)['(p,p’;K) = W(p,K)=G(p,K, QN[ (p)+CxWi(p)], (17
(15  whereCy=Ax/(1+By) and

where"f'(p,K) is the bipolariton wave function. From Eqgs. ~ ~ ~o = S
(11) and(15) we find the 2D bipolariton wave equation AK:% [G(p,K, ) = Go(p,K, Q) P’ (p), (18

G Hp.K QW (p.K)— 2 Wilp—p")¥(p',K)=0, (16) By=— 3 WiAp)G(p,K, ).
p p

whereG(p,K,QF) given by Eq.(14) includes the bulk and In Egs. (17) and (18), Gy (p.K.OF) = — €'~ %M, and
radiative modes. ®O(p)=G, 1 (p,K, QM O(p).
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For model potentials, which satisfy the condition The polariton dispersion in Eq14) does not allow us to
le(p)IIB\Ifs]?)(p) with 8=conskO0, the bipolariton energy split off the center-of-mass motion in the bipolariton solu-

is determined by the equation tions given by Eqs(17)—(19) and Eq.(21), respectively. As
_ o a result, the in-plane momentuiaK of the molecule influ-
QR=Q7— BCk(QY). (190  ences the relative motion of two constituers and causes

- the K-dependence of the radiative correctiond™ andI"™.
In this casesW (p,K)—0, ¥(p,K)—>¥{(p) for p>key  Furthermore, the bipolariton model recovers the enhance-
and only the poles 06(p,K,Qy) contribute tos¥(p,K). ment factorafn>a)2( of the giant oscillator strength model.
These poles are determined by the energy-momentum con- According to Egs.(21) and (14), three decay processes
servation ﬁ&ﬂ_wa(_er K/2)—w® (p+K/2)=0 (a,a' contribute to the m radiative width TI'™(K)/2
=QW, bulk) in the optical decay of the quasi-2D molecule. = —IM{Q'— Qg'}. The first one is the dissociation of the
The condition(19) provides that the poles o¥(?)(p) at  quasi-2D molecule into two outgoing QW polaritons. This
p=*ila,, do not contribute tas¥(p,K). Equation(19) is process satisfies the energy and in-plane momentum conser-

transcendent with respect to the bipolariton enefgf.  vation OF— w?"(—p+K/2)— w®"(p+K/2)=0. The con-
However, if the radiative corrections are small comparedservation of energy is well defined because within our model
with the unperturbedn binding energy 4™ T'™<¢l), one Im{w?™}=0. In the second processm—QW polariton

Ql=Q7— BC (D). photon leaves a recoil QW polariton. This decay is also al-

The conditionW,(p) =W (p) indeed holds, e.g., for some lowed by the energy — in-plane momentum conservation

particular realizations of the 2D deuteroW,,(p) QQ_“’QW(_MK)(__NK/Z)f“’bUIk(Qm(p+K/2):0' ~ How-
=W(0)/[(pan)?+11%2 and Gauss W;(p)=W(0)exp €Ver, the imaginary termif2)I'% ., due to the finite ra-

X[ —(pay)?/4] potentials. Namely, it is valid for the deuteron diative lifetime of the bulk states relaxes the energy conser-
potential with W(0)=—27=/2 (Fourier transform to real Yation. The third channel is attributed to
space isWy(r) = (— 27/4)expEriay), wherer=\x2+y?) Q- (—p+K/2)—”*(p+K/2)=0. For the 3D bipo-
and for the Gauss potential with(0)= — 9 [in real space lariton model this process, which corresponds torthéecay

Wy,(r)=—9 exp(-r?a2)]. Here, the potentiaW,, is given  into two outgoing polaritons of the upper dispersion branch,
in units of the Rydberdv &%/ (2% 2¢,). is strictly forbidden. However, the decay of the quasi-2D

The solution, Eqs(17)—(19), implies a “soft” potential molecule into two bulk photons is weakly allowed due to the
W,, which changes in momentuiinea) space in the same €nergy uncertainty given by (L/2)f, o +T, kp)-
scale as the wave functiohi"). Here, we construct an ap-  Due to the pole structure d&(p,K) given by Eq.(14),
proximate solution of the 2D bipolariton model for a short- one can easily discriminateg,y (the first channgland g,
range “contact” potentiaM/,,. In real space such a poten- (the second and third channel&rom Eq.(21) we conclude
tial can be modeled by;,(r)«&(r), while in momentum

spaceW,,(p) can be approximated bW;,(0) within the ow(K)+TEu(K)
scale ~1/a,, of the change of#(”(p). In this case, the . O O 2
second term in square brackets on the r.h.s. of (Ef). can =(=12m%)3m{J © " (p)G(p,K, Q) P (p)d“p}.

be neglected, i.e¥(p,K)=G(p,K, QM) ®(p). Therefore,
K m

from Egs.(8) and (15) one gets In our experiments, the molecules with in-plane wave vector

K=0.55<10° cm <k, have been involved in transient
O (p)®©* (p') m-mediated PL. The dependences #fy,=7%/Tgy(K=0)

To(p,p’;K)= a_atris (solid line) and rpy = A/T 5, (K=0) (dashed lingupon the

K exciton-photon coupling parametB, are plotted in Fig. 4.

SO (p) O (p') We conclude that indeeld,>I'py,, Within the 2D bipolari-
I'(p,p':K)=—" m (20) ton model.

Q-7 The dissociation of the molecule into two outgoing QW

o ) ) polaritons is more effective than the decay into the bulk
The substitution of the expressiof&)) in the Bethe-Salpeter modes due to (i) the x-weight factors (2WeRW)
Egs.(7) and(11) leads after some algebra to the final rela- > (,QWbulk) i the numerators of Eq14) and(ii) the joint
tionship density of states determined by the denominator of(E4),
_ _ i.e., by the functions&Q“'“'(p,K)zﬂﬁ—w”‘(—p+ K/2)
Qn-00=> &Op)[G(p,K,QD —® (p+K/2). The joint density of QW polariton states
P given by JWQW=(1/472) [d?ps[ O — wW(p+K/2)
—Go(p.K, QM0 O* (p), 21 — oW (=p+K/2)] is considerably higher than the joint
_ density of states for the decay into the bulk modes. More-
where dO(p) =G, Y (p.K, ANV O (p)=(—€l—p?  over, the energy-momentum conservation surface
M,)¥O(p). The potentiaW,, does not enter Eq21) ex-  dQWW(p,K)=0 in 3D momentum spacep(,py,K)
plicitly. The m binding energyej' completely determines the shown in Fig. 5 has a critical saddle pof@tat Ko=2Kkp.
deuteron ground-state wave functig{?)(p). This is a sig- The _critical point is characterized bysQ(p,K)/dp,
nature of the contact potential. =9d6Q(p,K)/dpy=0 and gives rise to a logarithmic van
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K (2a) plotted in Figs. 1@ and Xb) (dashed ling Although them
optical decay into the bulk modes is relatively weak
(Thu™ Tow) this channel yields then-mediated PL signal
(2b) in our experiments and tests the “hidden” dissociation of
/.)0 molecules into outgoing interface polaritons. In order to get a
g direct evidence of the hidden channel, one should visualize
the dissociation of quasi-2's into QW polaritons by the
QW grating technique or by the detection of the light from
the GaAs QW'’s edgeghis technique has been developed in
Ref. 32.

Using the dependende,y=T"gw(R.) of Fig. 4, we esti-
mate #°R,=25x102eV?A for sample no. 1 and
©?R,=18x10"2 eV? A for no. 3. The increase o and
R. with decrease of the thicknessfrom 200 A (no. 3 to
130 A (no. 1) follows the theoretical conclusions of Ref. 33
and Refs. 25 and 26, respectively. Moreover, the 2D bipo-
lariton model with 75,,<7; explains the experimental
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D result$® on four-wave mixing in GaAs QW’sd=100 A)
A where them-mediated signal decays with"=0.8 ps, while
the x dephasing timers=3.9 ps> ™.
FIG. 5. The surface sQWW(p K)=0P—Wp The width of the Lorentz spectral band of secondary QW

+K/2)= o™(—p+K/2)=0 in 3D momentum spad@y, py, K). polaritons is determined by the energy uncertainty
The pointO (py=p,=0, K=Ky) is the critical saddle point. The I'™(K=0) in the generation sequence two incoming
wave vectorK, corresponds to the degenerate two-QW-polaritonphotons—virtual molecule~-two outgoing QW polaritons.
resonant decay of the molecule with the in-plane wave ve€tor  The center of the band is Iocated?é{fzolz A fraction of the
into o™ and+ ¢~ interface polaritons with the wave vectiy/2. secondary polaritons which belong to tkdike part of the

. o . . . QW polariton dispersion is AN/Nocjfm,FmSQW[dx/(l
Hove singularity in the joint density of QW polariton states. +x2)]=SQW[7T/2— arctan€/I'™)], whereSqy=const is the

This singularity, which is absent for thm decay into the ; ! .
bulk modes, is responsible for the strong coupling of the2D density of QWx states. The secondary quasi-2D exci-

quasi-2D molecule with the interfagsurface light. One can tons, i.e., thex-like QW polaritons, can populate the radia-

trace the influence of the critical point K, up to the small E'Ve mmodes and contribute to the cross-polarized PL at

in-planem wave vectorsk =0. >TQw- Estimate:_s _ show  that AN/N)sampie no. 1
=(AN/N)sample no. 3 Within 20% accuracy. The secondary

“cold” excitons equilibrate and completely thermalize with
lll. DISCUSSION the lattice only in subms scale'®!’ The measured decay of

The 2D bipolariton model shows thagwg ¢, There- the thermalize’s in samples nos. 1-3 also agrees with the

fore, the excitonic molecules dissociate already within thePrier measurements. _ _

initial transient stage, while the following exponential decay 1 n€ Secondary quaS|-2XD excitons from the narrow fre-
of the cross-polarized P[see Figs. (a) and 1b)] is due to  duency bando;<w<=w+I™ couple resonantly with the ra-
escape of secondary QW polaritons into the bulk modes. Théiative modesp=k,y. The width of the band is due to the

complete kinetics of the cross-polarized PL is approximate@nergy uncertaintyl(I'*<I'"=T'g,,) of the radiative
by modes. The umklapp between the bulk and confined modes

is due to Rayleigh scattering by QW impurities and interface
fluctuations as well as due to Brillouin scattering by low-
energy LA- and TA- phonons. The efficiency of the optical
_atiry —t/ escape of secondary QW polaritons is proportional to the
t2p(l-eTrovje ' @2 population of the bulk modes and inversely proportional to
where 7> TSW is the characteristic decay time of PL at the the x radiative lifetime within the photon cone. As a result,
second exponential stage apis a parameter which charac- the parametep of Eq. (22) is poc(I'5)?cRZ. Here, thex
terizes the fraction of the secondary QW polaritons escapetidiative ratel’} is given by Eq.(4). The values of the cou-
into the bulk modes. These secondary polaritons are due fgling parameterR, estimated from the transient stage at
the quick dissociation of the quasi-2D molecules. t< 78w Yield (Re sample no. )/ (Re, sample no. °=1.9, While the
A fit of the cross-polarized PL within the bipolariton ki- fit of the total kinetics by EQ.(22) gives psampie no. {
netics of Eq.(22) is shown in Figs. @) and Xb) (solid ine)  pg,mpie no. 32.3. The coincidence of the numerical values is
for samples no. 1d=130 A) and no. 3 §=200 A), re- reasonable. Moreover, the characteristic decay time of the
spectively. We get the following parametertg‘wz 0.5 ps, cross-polarized PL at> Tgw is TX°C<F§>_1°‘RC_1- Again,
€g=18meV, 7=274ps, p=0.7 for no. 1 and the ratiorS,mpie no ATsample no. = 1.3 is quite well reproduced
7ow="0.8 ps, €g'=0.7 meV, 7=36.6 ps,p=0.3 for no. 3. by the ratioR; sampie no. { Rc,sample no. 3= 1.4 found from the
The m contribution to the complete time-resolved PL is alsoinitial transient.

|, (1) =1o{[e Y Qw+ 1— 2e~¥27Qwcog elt) ]
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The resonant scattering of the incident light by interfacevector of the pump light. Due to the unrelaxed in-plane mo-
disorder can also lead to an initial transient in exciton PLmentum K =2k of the created quasi-2D molecules, the
with the rise time given by the inverse of the inhomogeneougmission occurs predominantly kj direction. This conclu-
width.3* The extremely short rise time of tme-mediated PL  sion, which is valid for them radiative decay into the both
[7(1T®)=<1.5 ps for the all studied samplefiowever, rules confined and bulk modes, stems directly from the conserva-
out the possibility that the observed rise time is due to intertion of the total in-plane momentum. A similar effect has
face disorder. According to our measurements, the typicabeen discussed for transient PL from a photogenerated
width (Sw), of the x PL line is less than 0.2 meV corre- electron-hole plasma in GaAs QWS.
sponding to a time scale longer than 5 ps. Formally, the
radiative correctiond™ andI'™ to the quasi-2Dm binding
energyeg is considerably large tharns), . IV. CONCLUSIONS

The dimensionless paramet@:(T"Q’Weg")‘1<1 deter-

mines an accuracy of the estimate of thebinding energy In this work we analyze the transient coherent stage at the

m 3 . . very beginning of the time-resolveoh-mediated PL from
€0 by Eq.(2). For 6<1, Eq.(2) gives a pre(n:]lse value & GaAs QW's. The following conclusions summarize our
In our case$~0.4—0.5 and Eq(2) yields 5'=2.4 meV for udy

sample no. 1 andg'=1.4 meV for no. 3. These values are  (j) The initial transient stage of the-mediated photolu-
about 20-50 % large than the corresponding values obtaingdinescence is attributed to the coherent quantum evolution
by the fitting procedure from Figs.(& and Xb). _ of ¢* ando~ excitons towards then ground state right after
The |n|t|§1l transient of then-medlat.ed PL after.an impact he impact optical excitationfs<#/€J). The finite rise
optical excitation should alsp occur in bulk sem_lcond_uctorstime of PL provides us with a straightforward estimate of the
For example, our 100 fs time-resolved technique is Welly ;100 e binding energy®. The initial transient also re-
suited fo_r bulk.CdS or Cng, wheef=3-5 .m.eV. Because flects a type of quantum beats caused byxte™) —x(o ")
the 3D bipolariton model gives<1, one anticipates to see a cqjombic attraction. These inherently decaying beats occur
few complete beats in the transiemtmediated PL. More-  panveen them ground state and the-x dispersive con-
over, in this case the estimate ef' by Eq. (2) should be {inyum and cannot be analyzed within the standard few-level
very precise. _ o . optical Bloch equations which simplify the description of the
The extremely fast dissociation of the molecules into QWyyg-exciton continuum.
polaritons with7gy,< ¢ shows that the complete dynamical  (ji) The 2D bipolariton model clarifies that the main “hid-
sequence of the 2D bipolariton model, i.e., two incomingden” channel of them radiative decay is the dissociation
photons o and o~ —two virtual excitons ¢ and  into two QW polaritons rather than the observable decay into
o~ —molecule (bipolariton—two outgoing QW polaritons  the bulk modes with emission of photons outside a QW. We
o ando, holds as a conservative, coherent process. Suconclude that excitonic molecules dissociate already within
a behavior, which shows that the coupling of the moleculehe initial transient, while the following exponential decay of
with the light dominates over the scattering processes, is thghe cross-polarized PL is due to escape of secondary inter-
fundamental signature of the bipolariton model. For ex-face polaritons into the bulk modes. Moreover, due to the
ample, this property occurs for biexcitons in bulk CuCl atvery short dissociation t|me,%w~1 ps, the Optica| genera-
T<10K due to an anomalously weak(x) LA-phonon  tjon of a quasi-2D molecule and the following radiative de-
coupling® In our experiments with high-quality GaAs cay, ie., the sequence two photenswo virtual

QW’S, th|S feature also holds because thenediated tran- excitons—molecule—=two outgoing QW po'aritonS, is a co-
sient PL is independent of the temperatlire 30 K and the  herent process.

intensity of the optical pump. In other words, an optically
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served in-plane momentufiK and radiatively decays before
scattering or dephasing. We appreciate valuable discussions with L. J. Sham, D.

Within this picture, them-mediated PL from QW'’s has a Heitmann, and D. S. Citrin. This work was been supported
spatial anisotropy about in-plane projectikpof the wave by the NATO Collaborative Research Grant No. 930084.

IR. C. Miller, D. Kleinman, A. Gossard, and O. Munteanu, Phys.  Series in Chemical Physi¢Springer-Verlag, Berlin, 1994 pp.

Rev. B 25, 6545(1982. 362-363.

’D. C. Reynolds, K. K. Bajaj, C. E. Stutz, R. L. Jones, W. M. 4H. Wang, J. Shah, T. C. Damen, A. L. Ivanov, H. Haug, and L. N.
Theis, P. W. Yu, and K. R. Evans, Phys. Rev.4B, 3340 Pfeiffer, Solid State Commur28, 807 (1996.
(1989; D. J. Lovering, R. T. Phillips, G. J. Denton, and G. W. 5p_Birkedal, J. Singh, V. G. Lyssenko, J. Erland, and J. M. Hvam,
Smith, Phys. Rev. Lett68, 1880(1992; R. T. Phillips, D. J. Phys. Rev. Lett76, 672 (1996.
Lovering, G. J. Denton, and G. W. Smith, Phys. Rev$34308 6S. Bar-Ad and I. Bar-Joseph, Phys. Rev. L68, 349(1992; S.

3 (1992. ) Bar-Ad, I. Bar-Joseph, G. Finkelstein, and Y. Levinson, Phys.
H. Wang, J. Shah, T. C. Damen, and L. N. PfeifferUtrafast Rev. B50, 18 375(1994.

Phenomena IXedited by G. Mourowet al, Vol. 60 of Springer



56

’G. 0. Smith, E. J. Mayer, J. Kuhl, and K. Ploog, Solid State
Commun.92, 325(1994.

8B. Feuerbacher, J. Kuhl, and K. Ploog, Phys. Rev4® 2439

COHERENT TRANSIENT IN PHOTOLUMINESCENCE P. . .

3951

Phys. Lett.160, 101(1989; P. C. Becker, H. L. Fragnito, J. Y.
Bigot, C. H. Brito Cruz, R. L. Fork, and C. V. Shank, Phys. Rev.
Lett. 63, 505(1989.

(199D: K. H. Pantke, D. Oberhauser, V. G. Lyssenko, J. M. ?A. L. lvanov and H. Haug, Phys. Rev. Lef4, 438(1995; Phys.

Hvam, and G. Weimannbid. 47, 2413(1993.

9D. S. Kim, J. Shah, T. Damen, L. Pfeiffer, and W. SiemaPhys.
Rev. B50, 5775(1994); H. Wang, J. Shah, T. C. Damen and L.
N. Pfeiffer, Solid State Commur.l1, 869 (1994.

10T, sajki, M. Kuwata-Gonokami, T. Matsusue, and H. Sakaki,
Phys. Rev. B49, 7817(1994).

11K, Bott, O. Heller, D. Bennhardt, S. T. Cundiff, P. Thomas, E. J

Mayer, G. O. Smith, R. Eccleston, J. Kuhl, and K. Ploog, Phys.,s5

Rev. B48, 17 418(1993; E. J. Mayer, G. Smith, V. Heucker-
oth, J. Kuhl, K. Bott, A. Schulze, T. Meier, D. Bennhardt, S. W.
Koch, P. Thomas, R. Hey, and K. Ploothid. 50, 14 730
(1994; 51, 10 909(1995.

2G. Finkelstein, S. Bar-Ad, O. Carmel, |. Bar-Joseph, and Y.
Levinson, Phys. Rev. B7, 12 964(1993.

13G. Bartels, V. M. Axt, K. Victor, A. Stahl, P. Leisching, and K.
Kohler, Phys. Rev. B1, 11 217(1995.

14p, Leisching, R. Ott, P. H. Bolivar, T. Dekorsy, H. J. Bakker, H.
G. Roskos, H. Kurz, and K. Kder, Phys. Rev. B2, R16 993
(1995.

153. Feldmann, G. Peter, E. O."Bal, P. Dawson, K. Moore, C.
Foxon, and R. J. Elliott, Phys. Rev. Le&9, 2337 (1987; R.
Eccleston, R. Strobel, W. W. Rie, J. Kuhl, B. F. Feuerbacher,
and K. Ploog, Phys. Rev. B4, 1395(199J).

6B, Deveaud, F. Ci®t, N. Roy, K. Satzke, B. Sermage, and D. S.
Katzer, Phys. Rev. Let67, 2355(1991).

YA, Vinattieri, J. Shah, T. C. Damen, D. S. Kim, L. N. Pfeiffer, M.
Z. Maialle, and L. J. Sham, Phys. Rev.38, 10 868(1994).

8Hailin Wang, J. Shah, T. C. Damen, and L. N. Pfeiffer, Phys.
Rev. Lett.74, 3065(1995.

19Th. Ostreich, K. Schohammer, and L. J. Sham, Phys. Rev. Lett.
74, 4698(1995.

20p_ M. Felker and A. H. Zewail, Phys. Rev. Lefi3, 501 (1984.

2, L. Fragnito, J. Y. Bigot, P. C. Becker, and C. V. Shank, Chem.

Status Solidi B188 61 (1995; A. L. Ivanov, in Microscopic
Theory of Semiconductors: Quantum Kinetics, Confinement and
Lasers edited by S. W. Koch(World Scientific, Singapore,
1996, pp. 359-399.

2R. G. Ulbrich and G. W. Fehrenbach, Phys. Rev. L48. 963

(1979.

24y. M. Agranovich and O. A. Dubovskii, Pis'ma Zh. Teor. Fi&.

345 (1966 [JETP Lett.3, 223(1966)].
M. Nakayama, Solid State CommuBb5, 105 (1985; M. Na-
kayama and M. Matsuura, Surf. S&i70, 641 (1986.

26] . C. Andreani and F. Bassani, Solid State Commuf,. 641
(1991); Phys. Rev. B41, 7536(1990; F. Tassone, F. Bassani,
and L. C. Andreanijbid. 45, 6023(1992.

27M. Kohl, D. Heitmann, P. Grambow, and K. Ploog, Phys. Rev. B
37, 10927(1988; 42, 2941(1990.

28A. A. Gogolin and E. I. Rashba, Pis'ma zh. Teor. FiZ, 690
(1973 [JETP Lett.17, 478 (1973].

29E. Hanamura, Solid State Commur2, 951 (1973; J. Phys. Soc.
Jpn.39, 1516(1975.

30D, s. Citrin, Phys. Rev. B0, 17 655(1994).

31D, S. Chemla, A. Maruani, and E. Batifol, Phys. Rev. Lég,
1075(1979; A. Maruani and D. S. Chemla, Phys. Rev.2B,
841 (1981).

32F_ Kreller, M. Lowisch, J. Puls, and F. Henneberger, Phys. Rev.
Lett. 75, 2420(1995.

33D. A. Kleinman, Phys. Rev. B8, 871(1983.

34R. Zimmermann, Nuovo Cimento D7, 1801(1995.

35H. Akiyama, M. Kuwata, T. Kuga, and M. Matsuoka, Phys. Rev.
B 39, 12 973(1989; H. Akiyama, T. Kuga, M. Matsuoka, and
M. Kuwata-Gonokamijbid. 42, 5621(1990.

36A. L. Ivanov and H. Haug, Phys. Status SolidilB3 211(1992;

in Ultrafast Phenomena VlJledited by A. Miguset al,, Vol. 55

of Springer Series in Chemical Physi&pringer-Verlag, Berlin,

1993, pp. 414—415.



