PHYSICAL REVIEW B VOLUME 55, NUMBER 15 15 APRIL 1997-|

Spin relaxation in polarized interacting exciton gas in quantum wells
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Fast initial decays of both the luminescence intensity and the circular luminescence polarization, under
resonant excitation of high exciton densitiggpically above 2 10'° cm™2), are reported. These fast decays,
which are not observed in a dense excitonic system with well-defined angular momdptuin (or
J,=—1), are simultaneously initiated by the increase of the ellipticity of the photogenerating picosecond laser
beam. We show that all the experimental observations support the driving role of the exciton-exciton exchange
interaction in the spin-relaxation mechanism at high density. The theory of the mechanism is developed,
leading to the simulation of luminescence and polarization dynamics for varied photogeneration conditions
(intensity and polarization of the laser beam, temperature of the excitpnTdgestheory provides an excellent
interpretation of all the very specific features of the experimental data. The dephasing mechanism in polarized
interacting exciton gas is identifiefi50163-18207)02515-0

[. INTRODUCTION the same spifpresently,J,=+1 exciton$ is invoked to in-
terpret the blueshift of the™ polarized luminescence com-
The optical properties of two-dimension@D) excitons  ponent.
in quantum wellfQW'’s) have been the subject of extensive  More recently, Snellin@t al.reported time-resolved mea-
studies. Ten years ago, Huliet al. demonstrated that, in surements of the changes in transmission produced by exci-
guasi-two-dimensional systems, the exciton energy is renottonic saturation at various wavelengths in the vicinity of the
malized to higher values at high densitfesThe blueshift of  heavy-hole exciton resonance, at room temperdtireey
the exciton absorption line was shown to be tied to the reconclude that the two contributions to the exciton saturation
duced dimensionality of excitons, being well apparent inin GaAs quantum wells, i.e., phase-space filling and Cou-
GaAs wells of approximately 50 A wide, but disappearingjombic effects, were of similar magnitude.
rapidly for larger well sizes. A clear redshift of thes™ polarized exciton line has been
The authors interpreted this effect in terms of a Strongrecognized, in time-resolved absorpticand luminescenée
reduction of long-ranged many-body interaction in a 2D sySxpectroscopy performed witha™ polarized beam. This red-
tem, in agreement with the theoretical analysis by Schmittyhif jngicates the action of an attractive interaction between

[‘;}mk’ ghem"?" angDMIIIe?.t It is Vtvr?” doqltjment(;d tlh"f[‘t N the optically active excitons of opposed spins. In a previous
erree-relmaeigzlounnac[hari ?;S E;r\‘:r'] atehieXhCI doennssiiilezo'llv'lheisecnc;work in resonant excitation conditions, we investigated the

9y . Anged, 9 ' .%nplitting of the exciton luminescence at tite0, (i.e., im-
stant energy is attributed to an almost exact compensatio

between two many-body effects acting in opposite direc.ediately after the laser excitatiphen the polarization of

tions: an interparticle attraction which, for bound electron—t.he Iagser _beam was progresswgly yaned from circular to
hole pairs af =0 K, is similar to a van der Waals interaction linear. Th!s led us to th‘? determination 9f the ;trengths of
between atoms, and a repulsive contribution having its origiri€ "épulsive and attractive parts of the interaction between
in the Pauli exclusion principle acting on the Fermi particlesth® €xcitons. The results, which will be useful in this paper,
(electrons and holgsforming the excitons. It has been ar- Were close to the predictions of Schmitt-Rink, Chemla, and
gued by Schmitt-Rink, Chemla, and Miller that the attractiveMiller.®

component, which can be viewed as a long-ranged Coulomb The exciton photoluminescen¢BL) dynamics has been
correlation effect, is strongly reduced in a 2D system, so thainvestigated in resonant excitation conditions in very high
the short-range repulsive part now becomes unbalanced. quality GaAs/AlGa ,As QWs!®'? after a quasi-

A few years ago, in time-resolved luminescence spectrosnstantaneous rise, the luminescence intensity decays over
copy under circularly polarized and nonresonant laser beammore than one order of magnitude in a characteristic time of
excitation, an energy splitting has been reported between thebout 20 ps, followed by a much slower decay in the order of
two components of the HHE1 exciton luminescenc®> 200 ps. The long decay time is attributed to the radiative
The component of the same helicity as the pump laser isecombination of thermalized excitons. Four contributions
always at a higher energy than the other of opposed helicitywere proposed to interpret the short of@:the radiative free
The splitting increases with the exciton density and isexciton lifetime!''3 (b) the exciton scattering out of the
strongly correlated with the time evolution of the spin- J=1, k=0 optically active states td=1, k,>0 optically
polarization rate of the optically active excitons. These re-nonactive state¥!! (c) the relaxation of the exciton total
sults were also interpreted in terms of many-body interactiomngular momentum from the photogenerated 1) states to
within the excitonic system. The mutual Pauli repulsion ofoptically nonactive2,+2) states by hole spin flip>*(d) the
excitons photocreated by tle” polarized laser beam having recombination of biexciton¥'!®

0163-1829/97/54.5)/988017)/$10.00 55 9880 © 1997 The American Physical Society



55 SPIN RELAXATION IN POLARIZED INTERACTING . .. 9881

In Secs. 1l and Il we recall briefly the experimental ef- is set using a Soleil-Babinet compensator. The polarization
fects already publishetf, concerning the relaxation of the of the excitation beam can be tuned continuously from
luminescence intensity and of the luminescence polarizatiopurely circularly to purely linearly polarized light. The de-
which follow the resonant photogeneration of bidimensionalgree of circular polarization of the elliptically polarized ex-
dense exciton gas by a picosecond laser pulse. They relate &ation light beam is defined aBg=(X"-3")/(X"+X7),

a 60 periods of nonintentionally doped 4.8-nm GaAs We||3vyhereE+ andE_‘ denote the intensities of the right and left
and 15 nm A} Ga, ;As barriers grown on 4100 substrate. circularly polarized components. The degree of linear polar-
The shift between the ground-state heavy-hole exdix) ization of the elliptically polarized beam is defined @'
absorption peak and the XH emission peak, measured, re= (2*—32")/(2*+3Y), where3X and" denote the inten-
spectively, in cw photoluminescence excitatitPLE) and 5|t|es_ of theX _andY Ilne_arly polarized componen_ts. To de-
PL experiments, is 6 meV. The characteristics of the lasefe'Mmine the circulaior lineay degree of the luminescence
excitation(intensity, energy, polarizatiorare varied in order Pelarization, a rotating/4 (or A/2) plate is placed before the

to get information on the mechanisms of exciton-excitonr,‘on“near cr_ystgl, which acts as an ana_lyzer. The circular 'and
scattering in the dense exciton phasel0® cm2). Under Imegr polarization degrees of the Iumlnes?ence are defined
elliptically polarized light excitation, a short decay tire4 ~ Similarly as P, =(l =IO +17) and PM=(1X=17)/

ps) of the luminescence intensity is observed which cannof!*+1"), wherel *, 17, 1%, 1Y are the respective components
be interpreted in the known schem@s, (b), (c), or (d). of the luminescence.

As a matter of fact, recent experiments gave evidence of For a(100-grown quantum well, the relevant symmetry
the consequences of the exciton-exciton scattering on the r& D24, and the growth direction is taken as the quantization
diative recombination of thermalized excitéf® but none  axis for the angular momentum. The conduction bane-is
of these studies considered the possibility of an associatdék® With two spin-statess, ,=+1/2. The upper valence
spin-flip process. Experiments under elliptically polarizedband is split into a heavy-hole band with the total angular
light excitation demonstrate that a new very efficient mechaomentum projectiofy, ,=+3/2 and a light-hole band with
nism driven by the exciton-exciton spin interaction takesin,=*1/2 at the center of the Brillouin zone. As the ampli-
place at high density=2x10'° cm2). tude of the heavy-hole/light-hole splitting in the investigated

Several groups have reported recently that, in GaAs quari@mples is much greater than the exciton binding energy, as
tum wells, exciton-exciton interactions are observable inWell as the exciton thermal energy in resonant experiments,
transient coherent spectroscopy, as four-wave-mixin he heavy-hole exciton states will be described using only the
experiment2®-22 The mechanisms by which coherence isheavy-hole subspace, with the basis|9gt=|jn ;.Se 2). i-€.,
destroyed are widely ignored however. This paper is a conk.=1=[3/2,-1/2), |3,=-1)=[-3/2,1/2, [3,=2)=[3/2,1/2,
tribution in this field of investigations. [J,=—=2)=|-3/2,~1/2). HereJ andJ, represent the total an-

Theoretical models which have been propd&édito ex- gular momentum of the exciton and its projection on the
plain the exciton spin relaxation do not consider exciton-duantization axis, respectively. This basis set is diagonal
exciton interaction. The models give alternative explanationdVith respect to the exciton exchange interaction, and the
about spin relaxation in terms of intraexcitonic twofold degenerated=1 states are split from the twofold
exchangé®~2® Dyakonov-Peref? and Elliot-Yaffef® -type ~ J=2 states by the electron-hole exchange energy. In this rep-
mechanisms. We present in this paper the theory of a spirfésentation, it is obvious that heavy excitons wits1 are
relaxation mechanism of excitons which is controlled by thedipole allowed and those with=2 are forbidden for optical
interexciton exchange interacti(ﬁﬁec- |\/) Th|s mechanism transitions. The tWO'dimenSional Subset Of dip0|e-a||Owed
dominates the initial phase of spin relaxation at high densityptates can be described in terms of an exciton effective spin
(=2x10% cm™?). Kinetic equations are derived in Sec. V. @s usual. The light propagation being parallel to the quantum
They yield the simulation of the main specific features of thewell's growth axis, we take the same quantization axis for
luminescence intensity and circular polarization decays. APhotons and excitons. Circularly polarized photaris and
more achieved theory is developed in Sec. VI, which pro-o_ Will create, respectively|+1) and |-1) exciton states
vides a clear interpretation of the experiments. with equal probabilities. So the extension to ellipticalyr

We recall the experimental conditions. The sample, in din€arly) polarized photons is straightforward: when heavy-
liquid-helium bath at 1.7 K, is excited by 1.2-ps pulses genfi0le excitons are excited resonantly with elliptically polar-
erated by a tunable Ti-doped sapphire laser at a repetitioed light (Pg), the excitons are created in statgg, which
rate of 80 MHz. The excitation energy is strictly resonantare expressed as linear superpositions|-ot) and [—1)
with the XH absorption peak and the detection energy is se$tates, with coefficients corresponding to the light ellipticity
to the excitonic luminescence peak. The photocreated exc{Pe=sin20):
ton densityN(0), calculated from the measured spot diameter
and total absorbed energy, is varied frotd B’ to 7x10'° cosf+sing cosy—sing
cm 2. The uncertainty on the determination of the absolute |Y0)= V3 [+1)+ V3 =1, @)
density is estimated to bAN/N=0.4, while the relative
variations of N are accurate within 2%. We checked thatwith —#/2<6<+m/2. We refer to these exciton states as
the spectrally integrated intensity i£0 has a linear depen- elliptic excitons in the following. Excitons in statPs) =)
dence on the excitation power within 10%. The PL signal isand |Y)=|#,,), photogenerated withX-polarized and
detected by the up-conversion technique using a4i@n-  Y-polarized light, respectively, are called linear excitons. Ex-
linear crystal; the overall time resolution is thus limited by citons in statedi,,,) and |_ .., photogenerated witlr*
the laser temporal width. The excitation light polarizationando™ polarized light, are called circular excitons. An ellip-
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tic exciton is characterized by its circular and linear polar-
ization degree, respectivelf,,=sin20 and P'},”zcosw.

II. LUMINESCENCE DECAY

We investigate first the total excitonic luminescence dy-
namics. We showed previously that time-resolved PL experi-
ments, using different degrees of circular polarization of the
excitation light, is a very powerful tool to investigate the
exciton formation and the complex behavior of the exciton
depolarization dynamic¥. Presently, we apply this proce-
dure to the study of the luminescence dynamics in resonant
excitation conditions.

Figure Xa) presents the PL intensity variation during the
first 40 ps for an initial exciton densityi(0)=2x10 cm™2
and P=50%. It is well known for resonant excitation, that
the risetime of the luminescence is extremely {éistited by
our instrument response timen contrast with the long rise
time (>100 p3 observed for nonresonant excitatifnThe
monoexponential decrease is slow, characterized by a decay
time 724 of about 300 ps measured in an experiment per-
formed on a larger time range. As expected, the fast free
exciton lifetime (which is about 20 psis not observed in
QWs with interface defects whose presence is revealed
here by the Stokes shift of 6 meV. Figuréjldisplays also
the result of the same experiment for a higher created exciton
densityN(0)=7x10' cm 2. The striking difference is that
the luminescence decay is not monoexponential now: the
intensity drops by about a factor 2 within 5 ps and then
decays much more slowly. This factor of 2 suggests that this
surprising effect, i.e., the initial fast luminescence decay, is C (c)
directly connected to the exciton relaxation betwden +1 3
andJ,==*2 states. In Fig. (b), we observe step by step on -
the same point of the sample that this initial fast decay time, -
absent at low exciton density, is more and more pronounced -

as the photocreated exciton density is raised froni@° to 3 03
5x10'° cm 2. A saturation of the effect is observed how- - 04
ever: the fast drop by a factor close to 2 shown in Fig) 1 - 0.32
was the maximum that could be observed. Above the photo- C
generation density of 710'° cm™2 the trend is rather a de- C

5 0 5 10 156 20 25 30

Intensity (arb. units)

crease of the relative intensity of the initial spike of lumines- I N=5x1070 cm?

cence. These observations suggest that the initial short decay [ . : . . : . .

time has its origin in a collective phenomenon. § 0 5 10 15 20 25 30
Several authors state strong biexcitonic effects in GaAs

quantum wells at low temperatuté!®34-36|n the experi- T'

ment reported by Wanet al,'* excitons are excited reso- iIme (ps)

nantly by linearly polarized laser puls€%20 fs temporal

width). The authors attribute the cross-polarized lumines- FIG. 1. (a8 Normalized total luminescence intensity at

cence to biexcitons, assuming that biexcitons are created(0)=2x10'and 7x10'° cm 2 Pg=50% in both casegb) Nor-

resonantly through the two-photon absorption process. Themalized total luminescence intensity fBg=50%. From the top to

conclude to an extremely fast decé&/ p9 of the biexciton the bottom, we have indicated the estimated initial exciton density

into a photon and an exciton. Nevertheless in their photogeN(0) in units of 13° cm™2. (c) Normalized total luminescence in-

neration conditions, the copolarized excitonic luminescencéensity atN(0)=5x10"" cm 2 and for differentPg (from 32% to

always dominates. Our laser excitation conditiépgosec- 97%.

ond pulses, elliptic polarizatigrare rather less propitious for

dominant biexcitonic effects. However a definitive conclu-we performed a series of experiments with a fixed initial

sion cannot be pronounced at this moment. We will see irexciton densityN(0)=5x10'° cm™2, but with different P

the next section that the circular polarization of the luminesvalues, from 32% to 100%, Fig(d). The fast initial drop of

cence dynamics can rule out this biexcitonic effect hypoththe luminescence intensity is not observed RPar=100%. It

esis. begins to be visible foP=80% and then becomes more
In order to further investigate this initial short decay time, and more pronounced &5 decreases; the associated decay
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time decreases wheRg decreases. This behavior defini- 0.35

tively rules out an interpretation of the short decay time (a) _ 10 -2
based either on the fast radiative exciton lifetime as in Refs. 0.30 | - N=5x10""cm

11, 13, or on the exciton scattering frahs 1, k=0 optically

active states td=1, k>0 optically nonactive staté$;*' a 0.25} ]
process not expected here since the energy to disdipdie

meV) from the exciton absorption peak to the emission peak 0.20

is higher than the lattice thermal energyT, (a fast initial 0.15|
luminescence intensity drop due to this process is only ob- :

served in very high quality samples—i.e., without Stokes o.10l
shift—in which the resonantly photocreated excitons are
colder than the lattige 0.05}

The same experiment performed at low excitation densi- L L L L L L -
ties [N(0)<2x10'° cm 2] shows that there is no initial fast -5 0 6§ 10 15 20 25 3
decay of the PL intensity whatever tig value is. Further-
more, under pure circularly polarized excitation
(Pe=100%, when the excitation density is raised up to
N(0)=7x10 cm™2, no initial fast decay time is observed in
the exciton time-resolved luminescence.

The conclusion of the preceding analysis of the lumines-
cence dynamics is that the fast initial decay exists only at
high density{N(0)=2x10'" cm™2] when a population oél-
liptic excitons is photogeneratéB#100%. This suggests
that the transfer from optically active to optically nonactive
exciton states is initiated by the interaction between excitons
resulting from an elliptic photogeneratigR<100%. The
efficiency of this transfer is an increasing function of the
ellipticity and of the density.

101 N=5x10"cm™
Ill. CIRCULAR DEPOLARIZATION
. . . . . 0.8+
We investigate now the luminescence circular polariza-
0

(c)
0.97
tion dynamics. The intensity and the polarization of the laser
beam are varied again. Figuréa2shows the time evolution 0.6
of the rightl © and leftl ~ circularly polarized luminescence
intensities and the corresponding decay of the circular polar- 04} 0.82
ization degree of the luminescenég (t) at high exciton .57 0.71
04
\—‘__\_o._sg
' 10 15 20

(syun *qte) Aisusyul

o

N (x10'%m™)
0.2+

0.1

0.0 1 Il ) ! |
0

Polarization rate

density N(0)=5x10" cm 2 when Pc=35%. The results 0.2k
with Pc=50% are similar. The luminescence polarization

dynamics has clearly two components. With a decay time of 0.0 ,
5 ps, the polarization drops from 35 to 10%. From investi- ) 0 5

gations with longer time delays, we find that the remaining

polarization decreases in this case, with a decay time of Time (ps)
about 35 ps. Moreover, Fig(& shows clearly that this fast

polarization decay and the fast luminescence detay-( ~)
occur simultaneously.

FIG. 2. (a) Luminescence intensitids (t), | ~(t), and circular

his ob ion definitively rul he .. polarizationP(t) at N(0)=5%x10" cm 2 and Pg=35%. (b) Time
This observation definitively rules out the interpretation in g, o1tion of P, (1) at N(©)=7x16° and 5¢<10°° cm 2 when

terms of fast radiative recombination of biexcitdﬁé?Biex— P.=35%.(c) Time evolution ofP, (1) at differentPy. from 32% to

citons are known as combinations of two excitdfd) and 9704 whenN(0)=5x10%° cm 2

|-1).22 The biexciton luminescence process leaves one pho-

ton and one exciton of opposite helicity. If the initial spike of decay is less and less pronounced as the photocreated exciton

luminescence was due to the radiative recombination oflensity decreases. BeloW(0)=2x10" cm™2, the circular

biexcitons it would be unpolarized, the+1) and |-1) polarization decays monoexponentially with a time constant

components decaying at the same rate. Therefore, a fast def 35 ps, regardless of the value BE . This last value is in

cay of biexciton luminescence would correspond to an ingood agreement with the calculated exciton spin relaxation

crease of the circular polarization. This is in contradictiontime T; (the so-calledlongitudinal spin relaxation time

with the experiment which shows a fast circular polarizationdue to both exchange interaction between the electron and

decay starting aP, (0)= P (cf. all the recordings shown in the hole within the exciton and spin-orbit interaction for the

Fig. 2. hole?® The conclusion is that a very efficient new spin-
Figure 2b) illustrates the density dependence of the cir-relaxation mechanism takes place at high density.

cular polarization dynamics foPz=35%. The fast initial In order to further investigate this new spin-relaxation
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mechgnism, we al_so anfalyze the roIeRq;_f_ by perf_orming Hg_ie: aesie,zsje,z+ be(SL,ije,fo SL:,ije,y)! (2a
experiments at a fixed high exciton density but differBgat
values, as in Sec. Il. Figure(@ presents the results at Hyh=ag | 8, +bE 30,450,510, (@b

N(0)=5x10'"° cm™2.
(i) For Pe=100%, there is no initial fast decay Bf ;the = Whereas the parametesig anday, are expected of the same
decay time is the “slow decay time{'~35 ps. order,by, is much smaller thab,, in principle, since it cor-
(i) When Pg<100% the initial acceleration of the depo- responds to a second-order effect resulting from the mixing
larization is observed and the corresponding decay time déo the light-hole subband: in the limit of vanishing mixing
creases wheR: decreases. (large splitting between the heavy- and light-hole subbands
When it occurs, the fast circular depolarization dynamicsV€ should haveb,=0. In the following we neglecb, in

exhibits two very unusual features which can be used a§Pmparison withb,. Moreover, because of the different
critical tests for a theoryFig. 2. symmetries of conduction- and valence-band wave functions,

(i) The fast depolarization stops before the full depolar—the e-h term of the exciton-exciton exchange interaction is
smaller and can be totally ignored. Finally, the total spin-spin

ization; then a slow dynamics follows. coupling between two excitons is approximated as
(i) The fast depolarization begins with a downward cur- pling P

vature.
The conclusion of this analysis of the circular depolariza-H'i=a.s, sk ,+ a8 | ;5 | ,+ % (Se.Sh_+s,_sL,). (9

tion dynamics is that the fast initial decay of the circular

polarization exists only atigh densitywhen a population of  Now we adopt the convention thslf, ands |, are the Pauli
elliptic excitonsis photogenerated. It is striking that these spin operators. The interaction of two excitons is described
two conditions are identical to those which drive the fasthy the action of/{') on their exciton pair state. Then, the
initial drop of the luminescence intensity already discussedhree following equations provide the basis for the interpre-
in Sec. Il. Moreover we notice that the fast initial circular- tation of the observed phenomena:

polarization decay always coincides with the fast initial drop N _ _ _ _

of the luminescence intensity: it is clearly observed in Fig. H'"|¢y)'| ) =(aet+an)|¥mo- )| ¥ mio— o)’

2(a). This suggests that both phenomena are related to the

same exciton-exciton scattering mechanism. b2 00529( [2)'12)) + |2>'|2>J) a
e \/E )
IV. ROLE OF THE EXCHANGE INTERACTION 1) 1) = — (ag+ay)| 1) 1)+ 2be/2)[2)],  (4b)

BETWEEN EXCITONS
HW|2)[2) = — (ag+ap)[2)'[2)) +2be| 1) | 1)), (40)
The conclusion of the experiments on luminescence and _ o _ _
circular-polarization dynamics is that their simultaneous fasEquation (4a) indicates that exchange interaction between
decay appears when a population of elliptic excitons is photWO glllpt|c excitons results in the transfer to the optically
togenerated at high density. In principle, in an ideal experi{@ssive states byreserves the circular polarizatiodegree
ment where one photon is absorbed, the electron-hole pa?rf the optically active phase sinag,,_, and 4, excitons
should preserve the polarization stife) in which it is cre- Nave the same circular polarizatidfiThis instability is a real

ated, the electron-hole spin correlation being held by théspecificity of eII_ipticaIIy polarized excitonic phases: the

electron-hole exchange interaction. But as soon as severgfijfer rate, which takes the form

photons are absorbed, the exchange interaction between the

excitons, which can reach several millielectron volt at high

density? affects their Stability. At hlgh density, this interac- is zero in a pure|y Circu|ar|y p0|arized exciton System

tion becomes stronger than the electron-hole exchang@=+=/4) and is maximum in a purely linearly polarized

within the exciton, destroying the internal spin correlation.one (=0 or =/2).38

The efficiency of this mechanism depends on the ellipticity Assuming that coherence is lost in the first transfer to the

of the occupied stateg,). This is analyzed now in details. optically passive subspace, the study of binary interactions
First, examine the structure of the different terms describwithin the optically passive subsystem needs to consider the

ing the exciton-exciton exchange interactionDlp, symme-  operation of #') on the three different two-exciton states

try, the heavy-hole exciton is made ofI% electron with  [2)'|2)!, 12)!|2)}, and[2)'|2)! successively. State®)'|2)’

s, ,=+1/2) as basis states, andg hole with|j, ,==3/2).  and|2)'[2)’, in which the two excitons have the same orien-

The spin operatas, belongs to thd,, while (s, ,s,) belongs ~ tation, are stable for the same reasorji8§ 1)’ but scatter-

to theT's representation. Introducing an effective heavy-holeind can occur when2) and [2) excitons interact. Equation

spin $,=1/2 and identifying thelj, ,=+3/2) with the (40) shows that this interaction produces optically active ex-

5, ,=+1/2 state andj,, ,=—3/2) with [3, ,=—1/2), sym-  Citons withequal probabilitiesfor the two opposed helicities

metry considerations aliow us to describe the andh-h | +1) and|—1). The rate of transfer is

spin-spin couplings representing the exchange between two ‘

excitons (designated a$ and j hereafter by the effective — %2 2 _ 2

Hamiltonian: 2k,N,NS 5 (Nj—2)* where ky=k;%2|b|?. (5)

ky(1—sirP20)N2,  where k;2|bg|?



55 SPIN RELAXATION IN POLARIZED INTERACTING . .. 9885

We reach here the mechanism of tiast circular depolar- ky(1—sin20’ Xsin20")N, Ny where ky<2|bg/%.  (8)
izationobserved quasisimultaneously with the fast transfer to ) . )
the optically passive subspafiig. 2@)]. N, denotes the density of excitons occupying stdigs.

Equation(7) shows moreover that the transfer probabilities

On the contrary, in a mixed population pf1) and|—1) o=t TR
excitons, the transfer to the optically nonactive states det—OWardS states+2) and |~2) are equal. This principle of

oopulates thé+ 1) and|— 1) states at the same rdeq, 4b)] equal population of stategt+2) and |—2) can easily be

resulting in the relative increase of the dominant helicity, i.e checked in all the reactions.
: ginther : o Y. €. it \we consider now the exchange splitting between opti-
in a repolarization In this case, the depolarization effect

ated with th ; cally active and optically passive exciton states, measured by

associated wi € reverse procéE_s]. 4(C)]_ cannot coun- gex, the necessity of agreement with the detailed balance
terbalance the repolarization associated with the direct tra”%‘rinciple provides the relatiok, =k, exp(—2s./ksT)
. e ey e .

fer [Eq. 4b)] since|+2) states are not initially populated. ~ congitions for the modelization of the recorded lumines-

The overall result is then a repolarization of the lumines-cgnce and polarization dynamics are now collected. Two lev-

cence, while there is always depolarization for an elliptice|s of approximation shall be examined successively in Secs.

exciton system. V and VI.

All the preceding simple considerations about the mecha-
nism of the exciton-exciton exchange interaction give the V. KINETIC EQUATIONS
true qualitative support to the conclusions of Secs. Il and Il WITHOUT RENORMALIZATION
relative to the conditions of the observation of the simulta- OF THE EXCITON ENERGY

neous initial fast decays of both luminescence intensity and
circular polarization.

As soon as reactions described by E¢a) and (40 For the sake of simplicity, we do not consider in this first
progress, statel),,_ o), |*1), and|+2) are populated. In approach the possible corrections resulting from renormal-
order to develop a quantitative theory leading to the kinetidzation of the exciton energy in the interacting exciton gas.
equations which control the luminescence intensity and poWe wish to obtain the kinetic equations describing the dy-
larization dynamics it is necessary to examine all the poshamics related to the exchange interaction between the exci-
sible binary interactions that can occur then within the excitons. Consequently, we ignore all other spin-relaxation
tonic system. Consider successively reactions between tHeechanisms and recombination. Consider the photogenera-
optically active and the optically passive excitonic sub-tion of N excitons at timet=0, by an elliptically polarized
systems(i) and within the optically active subsystem itself laser beamP¢). We imagine the optically active subsystem,
(ii). at the timet of the relaxation, as an assembly of excitons

(i) The first class of reactions is described by distributed on different elliptic statesy,. We denote

N,=N(0,t) this distribution hereafter. The density of opti-
cally active excitons and the circular polarization of the as-
HI| ) | £ 2) = F (ag—an)| o o) | £ 2)] sociated luminescence at tinheare, respectively,

+be| £2)! ) £ el £ 2) [ thrp- ). (6)

A. Kinetic equations

Ny=1=2 Ny (93
This equation shows that exchange interaction between agind
optically active and an optically passive exciton does not
modify the circular polarization nor the intensity of the ex- .
citonic luminescence. EH Ny sin2o
(ii) The second class of reactions is described by P,_=N—. (9b)
J=1

. ) . ) , Initial conditions are
H I ho) [gr)) = (Bt an) [ Wmip— o) | Wia— o)

+be\/§cos{ 0'+6") —) The decay rates of density and circular polarization of opti-
\/E cally active excitons(the measured observableare ex-
AT (mT A pressed as
. 2)'12)! = 12)'|2)!
+ r__ pgn .
bey2sin( 6"~ 6") 2 ANy, dNj_, dN,
=- =2 o (11a
@) dt dt 7 dt’
1 dP, 1 dNj-, 1 ) dN,
The transfer to statds/,,_,), described by the first term in P, ar Ny, dt + PNy, EH sin20 ar
the second member, does not change the circular polarization B B (11b

nor the intensity of the luminescence. The transfer to the
optically passive subspace, described by the two other term$he decay rate of the density, is evaluated according to
occurs at the rate Egs.(5) and(8):
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dN, _ _ active subspace. This is a reasonable hypothesis for an
WZ—MZ (1—sin29 sin20")NyN, energy nonconservingrocess. Therefore, we considered
o' that excitons come back on optically active stdtes) and
5 |-1) exclusively[cf. Eq. (4c)]. Consequently the optically
t5 (N3=2)Ssinzs, 1 active excitons distribute only on three states at any time
of the decay: the elliptic photogeneration St =|,),
. > characterized by sir®=Pg#*1, and the pure circular
=—ky(1= Py SIN20)NgN)= 1 + = (N3=2)%8sinzg, = 1- state§+1) and|—1). The decay of the coherence term in Eq.
(130 is then fully related to the decay of the density of
(12 excitons on the photogeneration statés(t) due to their

Equations which control the decays of the luminescence intransfer to theJ=2 optically nonactive subspace. The formu-
tensity and of the circular polarization of the luminescencédation is
are obtained by the substitution of Ed2) into (11):

dN,_, > Ny cof20’ =(1—PZ)Ng(t), (153
—gr = K(A-PH(NG-)?Hke(Ny-2)?, (138 ’
with
dN;-» dN;-y dN
dt  dt (13p d_tE: —Kk1(1—PgP)NgN;_;. (15b)

1 dP_ 1 dN;_; / The energy-conserving transitions towafds,_, [Egs.(6),
B dt . Ny, dt klz Ny cos26’. (139  (7)], a state which has the same circular polarizatioh/gs
0 have not been considered explicitly here because excitons

In Eqg. (130, the two contributions are positivdirst term |10 @nd|es,) contribute identically to the circular polar-
and negative(second term respectively, the second being ization P, and behave identically with respect to the transfer
the very specific contribution of elliptic excitor(éor pure  to optically nonactive statdef. Eq. (8)]. For these reasons,
circular excitons, cd26’'=0). This means that the fast cir- both populations are considered togetheNin. This should
cular depolarization relate unambiguously to the presence die different if the problem was the evaluation of the linear
elliptic excitons within the optically active excitonic sub- polarization dynamics.
system. When these metastable excitons anihilate, the second The full set of Eq.(13) is rewritten as
contribution cancels and the fast circular depolarization

stops. Then the system moves slowly towards a quasistation- dN;—; _ 52 2 2
ary repartition of the excitons between the1 and 2 sub- gt~ K(1=PDNy=1)"+ka(Ny=2)%, (163
systems satisfying the condition:
dN;-» dN;-y
ka (Na—z)z =- , (16b
1-P?=—= . 14 dt dt
L kl NJ:l ( )

This quasiequilibrium corresponds to a stationary solution iﬂ:_ 1 dNle_k (1-P2)N (160
for the system(13). Then, the circular polarization increase, P, dt Nj—, dt ! &R
related to the transfer of a pair pf 1) and|—1) excitons to
the J=2 subsystem, is strictly balanced by the transfer of a dNg
pair from theJ=2 subsystem, which becomes optically ac- gt = Ka(1=PePUNeN,-;. (160

tive in the two opposed helicities. The observation of the fast
circular depolarization is the first very specific feature of theThe coherence decay-time depends on the photogenerating
experimental recordings previously noticed. The presengonditions (N,Pg) and is strongly time dependent.

theory predicts also the second unusual feature i.e., the initial

downward curvature of the fast circular-depolarization sig- C. Simulation of the experiments

nal, Fig. 2: this is shown by an initial slope equal to zero,

according to Eq(130. Considering thaPg is fixed by the excitation conditions,

the numerical solution of16) for N;_,(t) and P (t) de-

pends on the reaction constaki only. The constank,

=k exp—2e./kgT is deduced taking.,=0.15 meV for the
Elliptic excitons, which express as linear combinationsGaAs/GaAl,_,As gquantum well(well width 4.8 nnj, a

of states|*1), are coherent statesAll the coherent states choice in agreement with the experimental measurements re-

contribute additively to the second term in the secondported in Ref. 39T is the exciton temperature.

member of Eq.(13¢ and their presence in the excitonic  The simulations of the experimental data, which results

phase is revealed by the recording of the fast circular defrom the numerical resolution of Eq16) using the four

polarization. So far, we merely interpreted the exciton-points Runge-Kutta method, are displayed in Figs. 3 and 4.

exciton exchange interaction in terms of transition probabili-Here, the exciton photogeneration is modelized by a very

ties (Sec. 1V), assuming that coherence memory was definishort squared hyperbolic secant puls8VHM=7,,;=0.2

tively lost as elliptic excitons transfer to the nonoptically ps), so short that exciton-exciton interactions which occur

B. Coherence relaxation



55 SPIN RELAXATION IN POLARIZED INTERACTING . .. 9887

T=1.7K ’L'eXOO T=10 K Toy © T=10K Tex—35ps
5l (a) r(a1) 07 " (a2) 0 r(a3) 0
nfd 0.7x10"°
L o R 00 R oo I L
7 AT W J\sw ﬁ
3l L Pe=50% Pe=50% L P=50%
o~ AA 3x101o M F _]&,
1010 1010
0 2~ . !
byt N 4x10 3x10"
C 1| 7, i 3x10 | 3x10"
° 10
> . 5x10 5x10% = -
.o o Pz=50% | I 5x10 5x10
.E 5 0 5 10 15 20 25 30 5 0 5 10 15 20 25 30 5 0 5 10 15 20 25 30 5 0 5 101520 25 30
3 F(B) st H(b1) 7 Hb2) . (b3)
> | =5x10"0cm2 N=5x10"0cm2 =5x10"%cm? 1
of §9OIPOARA00ROIVOVAOOO000
= 0.82 H H M
w "ﬁc Bt psnrssppovansbesnsnsansprorotts
GC) > 0.5 I ‘ — T 0.52 _ 0.82
i !\
el T AR AR RARITAIRT E R
C N 0.4 A 05 _ ] 05 I ‘ 0.5
— - . H ‘ 0.4 I ‘ 04
N 0.32 i
| o N=5x10"0 emi? I ‘ o032 I 0.32 ’ 0.32

5 0 5 10 15 20 25 5 0 5 10 1520 25 30 5 0 5 10 15 20 25 30 5 0 5 10 15 20 25 30

FIG. 3. (a) and (b) duplicate Figs. (b), 1(c). The simulations displayed in columns 2, 3, 4, correspond to the three combinations of
parameters given in the Table I.

during the pulse have negligible consequenttbe actual perimental behavior as the consequence of the localization of
experimental pulse width will be introduced in a secondexcitons at low density, an expected effect in the present
step. The values chosen for the parametkfsand T are sample’® The exciton-exciton exchange interaction is a
reported in the Table I. The experimental recordings of Figsspecificity of extended exciton states for which the center-of-
1(b), 1(c), and 2Zb), 2(c) are reproduced in the first column of Mass wave functions overlap. When the photogenerated den-
Figs. 3 and 4, respectively, for comparison. Figurés)-3 Sity is of the ordgr or Iowerth.an the exciton traps de_n5|ty, we
3(ad and 4a)-4(a3) illustrate the effect of varying the den- €Xpect that luminescence arises entirely from localized exci-
sity N at a fixed laser polarizatioRe . Figures 8b)—3(b3)  tons for which the short-range mutual exchange interaction is
and 4b)—4(b3) illustrate the effect of varying the polariza- switched off. It follows that the vanishing of the fast decays

0 npm2 - - -
tion P at a fixed densit\. Columns 2 and 3 correspond to WNeN N=2x10"* cm 50con§2|stent with an exciton traps
two different temperatures, 1.7 and 10 K, respectively, i.e.J€NSIty of the order210° cm “. It should be very interest-

. -~ . ing to perform similar experiments on a high quality sample,
lower and higher thai o,=2g.,/kg=4 K. Column 4 illus- . - ; X
trates the effect of adding the extra ter/z,, with 7,.=35 characterized by a negligible Stokes shift. The experiment

. . . would require however in this case two synchronized laser
ps in the second member of E4.6¢) in order to include the g y

X 3 A~ sources of different wavelengths, in order to perform reso-
consequences of the intraexciton exchange spin-flip mechay h+ excitation.
nism.

, ) Figure 5 illustrates the consequences of increasing, in the

Actually, the reaction constant has been chosen in order tgimy|ation, the photogenerating pulse width to the actual ex-
get the best similitude with the experimental data recorded 8erimental value. The experimental recordings are reported
the highest densit{5x10'° cm™?). The comparison between again in the left column for an easier comparison. Simula-
theory and experiment leads us to the two following remarkstions with Touse=0.2 and 1.5 ps are displayed in columns 2

(i) The theory provides a good description of the phenomand 3, respectively. When,c=1.5 ps, the transfer towards
enon. The main features of the luminescence and circulathe optically dark states begins during the pulse itself at high
polarization dynamics, as well as the density-anddensity. The main consequence is a progressive smoothing of
polarization-dependent trends, are well expressed by thihe initial spike of luminescence when the density increases,
theory. We emphasize that the very specific experimentah agreement with the experime(it was reported in Sec. Il
features arise from the effect of a single parameter, the reathat, aboveN=7x10'" cm™2, the trend is to the decrease of
tion constank;. the relative intensity of the initial fast luminescence degcay

(ii) The observed phenomenon develops on a smaller deffhe increase of the pulse width has minor consequences on
sity range than predicted theoretically. We interpret this exthe polarization dynamics.
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FIG. 4. (a) and (b) duplicate Figs. &), 2(c). The simulations displayed in columns 2, 3, 4 correspond to the three combinations of
parameters given in the Table I.

0 5 10 15 20

D. Repolarization of a mixed population P_(0) P.(0)
of |[+1) and |-1) excitons N;=1(t)=N(0) PO’ NJz(t)=N(0)[1— P,_(t)}
One can photogenerate directly such a mixed population (17)

by focusing colinearly two-pulsed laser beams of oppose€he transient initiated by the arrival of the second pulse cor-
helicities but avoiding coherent coupling. Practically, the twoyegponds to the increase of circular polarization which results
beams are split from the same primary picosecond lasgfom the immediate transfer of excitons pairs of opposed
source but an additional delay, larger than the excitorhelicities from the optically active subspace to the optically
dephasing time, is attributed to one of them. The possibilityhonactive one. This transfer vanishes when a quasistation-
of photogeneration of elliptic excitons is ruled out in this nary equilibrium still verifying Eq.(14) is reached. A fast
way. luminescence decay accompany necessarily this transfer. The
The first (second pulse generates™ (o) excitons at circular polarization saturates at the value obtained by com-
densityN; (N7). Taking the time origint=0) at the arrival  bination of Eqs(14) and (17):
of the second pulse the total exciton density is almost

N(0)=N;+N7, with polarization P (0)=(N;—N7)/N. P (0)=P\ (0 ko /Ky + (1= ko /K)[PL(0)]°+Kp /Ky
The second term in the second member(IBc) vanishes. L(*)=PL(0) [PL(0)]?+ky /K, '
The integration is then straightforward. The result is (18a

TABLE I. The parameters used for the resolution of ELp) leading to the simulation of the luminescence decays and the circular-
polarization decays displayed in Figs. 3, 4, and 5, respectively.

Figs. 3 and 4 Figs. 3 and 4 Figs. 3 and 4 Fig. 5 Fig. 5
(az1,by) (az,by) (as,bs) (az,by) (az,by)
Ky 20 cnf/s 20 cnf/s 20 cnf/s 20 cnf/s 20 cnf/s
T 1.7 K 10 K 10 K 10 K 10 K
Tpulse 0.2 ps 0.2 ps 0.2 ps 0.2 ps 1.5 ps
Tex 0 o0 35 ps 35 ps 35 ps
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FIG. 5. lllustration of the effect of increasing the photogenerating pulse width in the simulation of the circular-polarization dynamics.

This value is between the “high-temperature” and “low- Err=[({ag)+{(an) F({ae)—{an)) P IN;=1

temperature” limits, b
2P (0) + ((ae) +(an))Ny=2— K,N. (19b)

P)= e (8D

kgT>28ex, Index 6, +2 refer to the different spin statdg,) (which

include ==+ n/4) and|=2). TheK,N term, in each equation,

KeT<2eex, Pu(*)=1. (189 represents the <):ontri|buti>on of th2e weak attractive c|]0art of the

We emphasize the prediction of a full repolarization of theexciton-exciton interaction of the van der Waals type: here,

excitonic luminescence at the lower temperatui&. for the sake of simplicity, it is assumed spin independent.
(1809]. We performed this two pulses™, o) experiment. The exchange splitting betwedn-1 and 2 exciton states is
We do observe such a repolarization. These results shall &so taken into account. Equatioh9a is well supported by

analyzed at the end of Sec. VI. the experiment.
Actually, the transfer of an exciton pair induced by the

VI. KINETIC EQUATIONS WITH RENORMALIZATION exciton-exciton exchange interaction corresponds to a

OF THE EXCITON ENERGY “potential-energy variation” denoted,=e¢ 3" in the follow-
_ ing. We recall the reactions which govern the population
A. Renormalized rate constant evolution with the introduction of this potential-energy varia-

In a dense and polarized exciton gas, a spin-dependefin:
renormalization of exciton states which can reach several

meV occurs. In the present case, where th@) and |—2) et o
spin states are equally occupied, positions on the energ¥xciton|y,)+exciton| 4, ) — exciton|2)+exciton|2),
scale ard Appendix B, Eq.(B4)] (209

Ep=((ae) +(an))(1+ P sin20)N;_; =

2

)
TN

+((ag) T (an)INy=2=KoN+eee, (198 gxiton|2)+exciton|2) — exciton|1) +exciton[1),  (20b)
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where dN ,
d—t9= — > k' (1—sin26 sin20" )N N,/
20! =(E+E)— (Eg+Ep) o
K, k*2 2
== = (sin20+sin20")P N1~ 2e.y, + 5 (N3=2)"sinzg, +1- (25

— All details on the calculation of the reaction consth(g ),
e2?=(E1+E1) — (E3+ E7) = 28y (21)  as expressed by E(4), are given in the Appendix A. The
final result depends on the choice of the interexcitonic po-
rtlential be(r). Following Landau in the problem of two hy-
drogen atom&! the asymptotic decrease of the envelope
wave functions of excitons, leads to the form

Here, K, =2({(a.) +(ay)) is a positive constant representing
the strength of the repulsive part of the interaction betwee
excitons having the same spilike |[+1) and |+1)), which
takes its origin in the Pauli exclusion principle.
In Sec. IV 1, both spin-dependent renormalization and ex- _ —r\V2

. ; : : . be(r)=beoe - (26)
citon motion were ignored. They are considered now, which
compel us to treat the problem of transition probabilities inlt leads to the resuliEq. (A8)]:
detail. Actually, an exciton state is fully determined when
both the internal state—presently the spin statg) or
|=2)—and the mass center motion—specified by the mo-
mentumK—are given. For instancey,)|K) refer to an el-
liptic exciton of momentunK. In the exchange Hamiltonian,
amplitudesa,, a;, b, are now considered as a function of 2, 12

r=[r,—r,|, the distance between the centers of mass of ex- (ley))= Amh @ 1+exp-epl/keT X1(2:€). (27D
citons 1 and 2. Consider the example of reacti®db). The oEp M &5 (1+]gplley)® ’
transition probability per unit time for a specific exciton pair
transfer is written as follows:

k(ep)=Ko(|&p|) (279

1+expep/KgT)’

where

1(£;€ is an integral expressed itA8b) with a low-
temperature limit equal to 1. For the range of temperatures
om o R which was explored in our research of the best fit of the
" I(Ki+Qi K +Q; (22 H 1) | 1)) K K |2 experimental data, the integrb((;€) remained very close to
unity. The parameters are defined as
X 5(8p+ Skin)- (22)
|8p|

|2l
Ki, K; andK;+Q;, K;+Q; are momentum of excitorisand ex=h%2M\%, (=—, ¢&= ﬁ- (28)
. . . . €\ B
j before and after the transfer, respectively, wiilg is the
corresponding kinetic-energy variation of the exciton pair: The form (273 respects the detailed balance principle. The
result (273, (27b shows that the potential-energy variation
in the transfer is paid by a reduction of the probability,
dependent of the sigof the variation: in the low-temperature
limit, this reduction accounts for the fact6t+|e,|/e,) .

%2 %2
Ekin= )] K+ Q2+ M IK;+Qyl?

2 2
K K2
2M 2M B. Coherence relaxation
h? h? ) ) We come back to our precedent hypothesis concerning the
= (Kir QK- Q)+ 5 (IQIF+]Q)D). (23 relaxation of coherenceSec. V B. Here, the optically ac-
o ) ] _tive excitons, initially created with the same ellipticiti£),
Considering then the spin parts of matrix elements previgre assumed to lose their coherence suddenly and completely
ously derived in Sec. IV and assuming a Boltzman distribuas they transfer to the optically nonactive states. Conse-
tion function for the exciton momentum of the form guently, optically active excitons are all distributed, at the
f(K)=exp—BK? with B=A%2MkgT (M is the exciton mass time t, on the three statel-1), |—1), and |E)=|y;), the
and T the exciton temperatuyethe rate constant for any cjrcular polarization of which are+1, —1, and Pg

reaction like Eq(20) is expressed as a function of inthe  —gjn2g++1, respectively. The kinetic equations for the
form densitiesN;, N7, and Nz are derived from the general
5 form (25). Adding the equation folN;_,, i.e., dN;_,/dt
K(sp) = 777 (4mB)2 S e KK S (K, +Q K =—d(N;+N7+Ng)/dt, the full set is written as follows:
Kji.Kj i »Qj _
2 le - 2.2
+QJ|\/§be(r)|K,,K]>| 5(8p+8kin)- (24) W:_Zkl,lNlNl—_kE,l(l_PE)NlNE+T(NJ:2)2'
Considering reaction§20) and their associated potential- (299

0,0’
P
transfers are denoted? =k(s%?'), k22=k(£2?), respec- dN1 1 Tm i LEL k*2 2

p ) p ) b T ¥ — KE i
tively. The kinetic equation which generalizes Et2) fol- dt 2K NN =k (14 Pe)NTNe+ 5= (No=2)%
lows: (29b)

energy variationg

or e57, the reaction constants for the
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dN - 0.4
Tt tE =—KkEE(1-P2)NZ—KEL(1+Pg)NeNT @) Nx10"%m?) @) N (x10"%m?)
KEL (299 T o@D 03 A 0.001(07)
—KEY1—Pg)NeNy, 290 / stz
( BUE 0.03 (2) 02l .
dN;- -
o =~ AkEINGN T 2kEH 1 Pe)NiNe o
1, 2\N 2 2 2
—2kB (14 Pg)NTNg— kEE(1— PZ)N2Z T 7/ © oof _
: o’ P=35%
Y St P=50%
+k2'2(NJ:2)2, (29d) N S S — C-01 ST TR Y
- Q 5051015202530 G750 5 1015202530
where the four rate constank§'E, k5=, k', k?2, as ex- © o
pressed by(27), depend on the potential-energy variations : " (b1) g N 100D, nesx10%em?
e derived from(21): = —
Ee féi I -(—g 0.8}
fo :_K]_PEPLN_]:]__ZS y i
P ex ‘.g i D_ 06l
N *1-P —
ey =Ky 5 = PNy 1~ 2660, i 041
_ _ 02t
1,1_ _ _22_ _
°p °p Zeex: (30 | o N=5x10"%m 0.0}
C. Fit of the experiment 5 0 5 10 15 20 25 30 50 5 101520 25 30
It appears that the quality of the fit is improved when the Time (pS)

intraexcitonic exchange spin flip is taken into account. For g 6. (a1), (a2: the experimental luminescence and circular-
simplicity we consider the low-density contributions to the pojarization dynamicgsymbols at different exciton densities but

decay rates oN;, N7, Ng: constant laser beam polarization and their best simulation when the
density N is considered as the fitting parametéull lines). The

ﬂ _ i N, —N— ~E N (319 resulting values are mentioned on each recording; the experimental
dt | 2Tey 1 1 2 E) values are reported between brackéld), (b2): the experimental

& luminescence and circular-polarization dynamisgmbolg at dif-

dN; 1 1+Pe ferent laser beam polarizations but constant exciton density and
NT_ 1 2 NE ’ (31b)

their best simulatiortfull lines).

dt ex_ 27ey
repulsion constant, we take the valuk;=2x10*°
Ng meVxcn? in agreement with a previous measurement on the
- 270y (319 same sampl@ Simulations afl > T =2¢.,/kg=4 K turn to
be slightly better; we takd@ =10 K. The remaining param-
These contributions must be added to the second member efersby ande, , which characterize the exciton-exciton ex-
Egs. (2939, (29b), (290, respectively. For the sake of sim- change interactioficf. Egs.(A7a) and(28), b.(r)=bey exp
plicity we keep the intraexciton exchange relaxation-time—r\Me, /%?], result from the fit; the best values are
value 7,,=35 ps, measured at low excitatigthe impact of
the interexciton interactions o, is another problem that is beo=6 meV, &,=10 meV. (33
out of the scope of this paperThe numerical solution of
(29) leads to the components (t) and |~ (t) of the lumi-
nescence:

dNg
dt

ex

The fact that the best fit is achieved for an exciton tempera-
ture appreciably higher than the lattice temperature is not
really surprising. First, we recall that our samples exhibit a
i _ _ Stokes shift, so that excitons have to relax some kinetic en-
(1) Ny +Ne(1+Pe)/2, | (t)leJFNE(l_PE)/(ZéZ) ergy. Second, even in samples without measurable Stokes
shift, an intrinsic exciton heating mechanism has been re-
The luminescence and the circular polarization dynamicsported at high exciton densif.
I (t)+17(t) and (T—17)/(I"+17), respectively, are de- It is instructive to observe that the value of 10 meV found
duced then. The best fit of the experimental data are showfor &, corresponds ta=38 A, which is of the order of the
in Fig. 6. First, consider the data recorded at a constant ph@D exciton Bohr radius. This confirms the short-range char-
togeneration density but different laser beam polarizationsacter of the exciton-exciton exchange interaction.
Figs. @bl) and 6b2). The measured photogenerated density The model leads to a very good simulation of most of the
(N=5x10' cm™?) and successive laser beam polarizationsdata. Insufficiencies are limited to the two intensity decays
the measured pulse widtr,,sc=1.5 p9, are taken in the recorded at the highest laser polarization, i.e., when the fast
simulation. We maintain our preceding choice for the in-transfer to the nonoptically active states is less efficient. We
traexcitonic exchange splitting,,=0.15 meV. For the Pauli believe that this discrepancy is related to the exciton local-
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FIG. 7. lllustration of the effect of renormalization on the qual-
ity of the fit. For example, three circular-polarization dynamics are
simulated withK ;=0 (full lines) andK;=3x10"1° meV cnf (dot-
ted lines successively. Symbols reproduce the experiment.

ization. But the actual evaluation of all the consequences of
this phenomenon is a difficult task which is beyond the scope
of this paper.

The fits of the luminescence and polarization decays re-
corded at a fixed polarization of the excitatidfigs. 1b) and
2(b)] are shown in Figs.®&1) and &a2. The parameters are
the same as in the preceding simulatidfigs. §b1) and
6(b2)]. The measured laser polarization is taken in the simu-
lation Pe=50% and 35%, respectively. But now, the exciton
density N is considered as the fitting parameter. The best
values are reported in the data. They become much lower
than the actual photogenerated densitieslicated in the o i
bracket$ when the threshold of the effect is approached. As i Lol
discussed previously in Sec. V C, this is the direct conse- N=3x10"%cm?
quence of the localization of excitons. The densities which 20 40 0 10 20 30 40
lead to the best fits must be considered as representative of T_
the fraction of free excitons. ( )

The improvement of the fit resulting from the consider- Ime ps
ation of the renormalization consequences is illustrated in
Fig. 7 where the best simulations of three polarization dy- F|G. 8. The two-pulses excitation experimet’ o) for At
namics obtained with ;=0 (renorma"zation neglectedind =10 ps. The pulse peak positions are—10 ps foro™ andt=0 for
K1:3><1(Tlo meVXcnr are compared. The optimum value ¢, The exciton temperature is tak@r=5 K. [I: the experimental
K,=2x10"1° meVxcn? was taken in Fig. 6. The improve- luminescence intensity* (t)+1~(t); A: the experimental circular
ment provided by the consideration of the renormalizatiorpolarization P, (t). The full lines result from simulations in the
effect is the most obvious for experiments performed withfollowing conditions: the values of the parameters are the same as
the highest polarizations. in Figs. Gbl) and Gb2); the repartitionN, /N7 between|+1) and
|—1) exciton states is fixed by the experiment; the total deriity
=N;+ N7 is chosen in order to obtain the best fit.

Intensity (arb. units)
ajey uonezie|od

40.2

)1 0.0

D. Repolarization of a mixed population

of |[+1) and |—1) excitons Measurementcm™2)

The theory predicts a repolarization when a mixed popu- Ny N1 N=N;+Ny-
lation of |+1) and|—1) excitons is created. The experimental e 3.4x10° 1.6x10° 0.5x10L°
conditions are achieved in a two-puls@s’,o) excitation (b) 1.6x 109 0.9% 100 2 5% 10
experiment when the delagt between the two pulses is 0 1.7%x10L0 1.3x 10 3% 1010
long enough, so that any coherent coupling between the two
photogenerated populations is excluded. Sec. V §. The
results reported in Fig. 8 are recorded from the same point of Simulation(cm™?)
the sample, takinght=10 ps. The total photogenerated den- (a) 6.8X10° 3.2x10° 10
sity N=N;+ N7 increases froma to c¢. Simultaneous fast (b) 1.92x10° 1.08x10° 3x10°

luminescence decay and repolarization follow the secongk) 6.8x10° 5.2x10° 1.2x10°
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pulse in Figs. &) and §c), i.e., at densitie?\=2.5x10'°  mental photogenerating conditions and provide very satisfy-
and 3x10Y cm 2, respectively. Such effects are not ob- ing fits of the data. The mechanism responsible for the co-
served aN=0.5x10' cm 2 [Fig. 8(@)] and lower densities. herence relaxation in dense excitonic phases is elucidated: it
Simulations, based on Eq&1)—(34), are performed in the corresponds to the transfer of the photogenerated excitons to
same conditions as in Figs(efl) and Ga2); the values of the the optically nonactive states, a process driven by the
parameters are the same; the repartitp/N7 between exciton-exciton exchange interaction.
|[+1) and|—1) exciton states is fixed by the experiment; the The theory predicts again a fast luminescence decay, but
total densityN=N;+ N7 is chosen in order to obtain the accompanied with a repolarization, when a mixed population
best fit. Similar differences with the measured values as imf |[+1) and |—1) excitons is photogenerated. The effect,
Figs. §al) and a2 are noticed: this is again the effect of which has been observed, has also been simulated.
the exciton localization. With this reserve, we observe that The coherence relaxation phenomena reported in this pa-
the theory provides an appropriate prediction of the repolarper are strongly related to the “dephasing processes” as
ization effect. measured in four-waves-mixing experiments performed at
high excitation density® However, in a gas of polarized in-
VII. CONCLUSION teracting excitons the dephasing processes are expected to
_ ) ) include not only the transfer of excitons to the optically non-
When HH-E, excitons are excited resonantly with an el- active stategi.e., the specific contribution to the fast decays
liptically polarized laser beam, they are created on stategaported in this papgrbut also the transfer to optically ac-
which are expressed as a linear superpositiof+df) and  five states with crossed linear polarization, a mechanism
|—1), with coef_ficients corresp_ond_ing to the light ellipticity. \which is described by Eq4a—more generally by Eq7)—
We have studied the depolarization processes which occynd Eq.(6). These additional contributions are certainly ex-
during the free relaxation of such an excitonic phase at higl{aremmy efficient at high density~10'° cm~2 and abovi
density. The Stab|l|ty Of the phase iS inVeStigated, as a fUnC' Note added in proofWe have performed Very recenﬂy
tion Of the e||lptICIty and intensity Of the piCOSGCOﬂd .Iaserexperiments on h|gh_qua||ty homogeneous quantum We”s
beam. The fast luminescence decays and fast circulagwithout Stokes shift under resonant excitation, using an
polarization decays, which appear when the ellipticity of thegptical parametric oscillator synchronously pumped by the
laser beam excitation decreas@x<1), illustrate the driv-  sapphire:Ti laser. The very specific features of the lumines-
ing r0|e Of the eXCiton'eXCiton eXChange interaction in thecence dynamics are again observed_ Th|s experiment con-

spin-relaxation mechanism at high density. . ~ firms the present theory of exciton-exciton spin scattering.
We have developed a theory of the exciton spin relaxation
in a gas of polarized interacting excitons in which the spin ACKNOWLEDGMENTS

flip is driven by the exciton-exciton exchange interaction.

The renormalization of excitonic states has been taken into Itis a pleasure for us to acknowledge V. Thierry-Mieg for
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APPENDIX A

Calculation of the reaction constantk(e,)

The reaction constant for exciton transfers betweenlthg and 2 excitonic subspaces is expressed by(Z4).
(i) The matrix-elemenis first calculated:

Mg, ,Qj:<Ki+Qi Kj+Qjlbe(r)[Ki,Kj),

Mo, ,szf e‘iQi"ie‘iQJ'ribe(r)dzridzrj=f e“(Qi+Qi)'rid2rif e Q% oy (r)d?r. (Ala)

Finally, we obtain

Mg, ,Qj|2:5Qi,—Qj|be(Qj)|2, with be(Qj):f e ' Thy(r)d?r. (Alb)

(i) The sum $2q o [(Ki+Qi,Kj+Qj[v2be(r)|K; K |?8(ep+ iin):
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QQ
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8+

h? h? ) )
€ +_(K Q|+K Q])+2|\/| |Q| +|QJ|)

72K —K;|Q h2Q?
M cosf+ M

25(u)

du

_ 2 (v
R

~2[ 22 b Q2 [
0

The index in Q; has been dropped. We have defined

—uy)(u—u-)

[N—ui u_ if u=0elu_,uy[

if u=0¢]u_,u,l.

2 2
+HAK,—K, |Q/M+(a +#%2Q?/M). Defining now k(sp)— (4773)2 > e PRIFKDG(IK - K.
K K —K; and mtroducmg the quantities (Ki Kp*

) 5 Notation (K;,K;)* means that summation is restricted to
a=K%2=Me,/h*, couples sat|sfy|ng the conditig; —K;|>K,, whereK,=0
w2iw2iA 2 whene,<0 andK,=V4Me,, Ih? Whensp>0 A more con-

A=KAKTA=Me /77, venient formulation is
Qi=a=* VA, (A2)
- k(sp)— (4773)22 e 28K} 2 e 28K Kg=BK%g(K)

one can reformulate the integral as (K)*

Q Q n © K dK _ 2
s=2[ 27 Q) =27 ampr T e sk

0 Ko T
2M , . % Jm K;dK; efzﬁszjzw ﬁ e~ 2BK{K cos
if <, 2 2
% hz\/_(QZ_QZ_)(QZ_Qi) Q E]Q Q+[ 0 ™ 0 ™
2 = K dK
0 i Q2¢1Q% QI =T amp? | S e s
K
whenA>0 or K*>4Me /#? and °
% K]dKJ —ZBK-Z .
S:O X 0 We JJO(2|EK]K)

< 2< 2,

whenA<0 or K“<4Meg/A°. The sumS results 277(4 B)fo K dKe—BKZS(K) eBKZ/Z
=" (47 -
sy = 2M [ 99 [be(Q)|2 h ke 27 87p
7 o2 4 [—(QP-Q)(Q*- Q) A4

whenK?>4Me /%2,
Taking successwelpz—aJrX\/K and X=cox, we de-
duce the form

B M = dXx b B
S(K)_Zwﬁz fo ?| Q=
whenK?>4Me /%2 and

Va+ A co)|?

(A3a)

(A3b)
whenK?<4Me /%2,

(iii ) The reaction constafEq. (24)] is written as follows:

M ® 7 dx
=3 (1+exp—|sp|/kBT)J' du e*”f —
h 0 0

k0(|8p|): i

oo

where Jo(Xx) is the Bessel function of the first kind. The
reaction constant is expressed then as

K(ep) ,3 f S(K)e™ AR2d K2, (A5)
Considering(A3) and taklng as a new varlable=,8K2/2
whene,<0 andu= BK?/2—&,/kgT whene,>0, we obtain

the result, which is correct regardless of the sigrepf

k(Sp):ko(|8p|)Xm, (A6a)
with
U+|ep|/2kgT+cosxyu(u+|e,|/kgT)
2_ P p
h212MKkgT (A6D)
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The form(A6b) respects the detailed balance principle. Calculatiokydfivolves a choice for the potentibl(r). Considering
the asymptotic decrease of the envelope wave functions of excitons, we take the form

be(r)=bege "2, (A73)
with the Fourier coefficient
b _ 4’77)\2be0 A7b

It leads to the formwe define the parametef =#%/2M\?)

42t b5y 1+exp—|e,|/keT
M el (1+]gplle))?

Ko(ep)= I(leplley;lepl/keT), (A8a)

wherel (£;€) is the following integral:

1+[1+2y+2Vy(y+1)cox]

T dx

‘3_foc digy)e™® 1+ [1+2y+y(y+1)/2]

|<§;§)=f0wd<fy>e*fYJ

o 1+¢ o [1+42yI(1+0%1%% 14 f1+2y+2Vy(y+ )]’
(A8b)
|
Here, {=|ey|/e, and é=|g,|/kgT; the following result has Hi=<ae>[—NJ:1PL+(N2—N?)]Sie,z
been usedg>b): _
+(@an)[Ny=1PL+(N,—N2)T5 }, ,. (B2)
™ dx a+h/4 . .
j — (a+b cos<)‘3=Tb (a2—b?)~3%2 As an example, the self-energy of excitoaccupying a state
m a |+1) in a gas ofN excitonsj occupying state$—1) is ob-
o tained withN;_;=N, N,=N3=0, andP =—1. One then
The low-temperature limit is finds
o | NegllelegllkoT) =1 (A1H]2)'= (@IN'(1]s} 1)/~ (@) N (1S J1)

, . - =—((ae)+(an))N.
Equation (A8) shows that the potential-energy variation
in the transfer is paid by a reduction of the probability, Since excitoni does not sustain any Pauli repulsion in this
independent of the sigrof the variation: in the low- sjtuation, the effective Hamiltonian measures the net Pauli
temperature limit, this reduction accounts for the factorrepulsion energy experienced by the excitdn any case if

(1+[eplley) . its energy origin is shifted by
APPENDIX B ((ae) +(an))N=((ae) +(an)) (Ny—1+Np+N3).
Renormalized exciton energies This gives the renormalized effective Hamiltonian:

In a mean-field approximation, the spin-spin coupling of _ _ .
any exciton () with all the others ) is expressed by the H'=[(ae)(1—P S, ,)+(an)(1+PS} )IN;_;1+[(ae)Se,

following effective Hamiltonian: ~
+(@n)S . (N;—N2) +((ag) +(an)) (N2 +N3). (B3)

Hi=> (K| (| H | ) [K ) The Pauli repulsion energy of excitd,) and |+2) are,
j : : respectively(first-order approximation
=(8e)se. .2 WISk v) +(anfS .2 (US|l v Ev=" ol "'l )’
(Bl) :[<ae>+<ah>](1+ PL Sinza)NJ:l_[<ae>_<ah>]

. . Xsin 26(N,—N3) +[(ae) +{(an) J(N>+N3),
Here ' is defined by Eq.(3); |#) represents the spin 2Nz~ N2)+[(3e) +(an) J(N2+N2)

state of excitorj; (f)=[f(r)d?r, the integration extending i i i

over the unit area. Assuming a distributibl of excitons on Erp=(F2[H[+2)

elliptic states|i,) and densitiesN., of excitons on states —[(a) (1T PL) +{(an)(1£P)IN,_

|+2), the calculation of the sums is straightforward. The € - nAST L=

result is +2[{ag) +{(an)IN-,. (B4)
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