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Role of the exchange of carriers in elastic exciton-exciton scattering in quantum wells
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A study of the elastic exciton-exciton Coulomb scattering in a semiconductor quantum well is presented,
including the interexciton exchange of carriers and the spin degrees of freedom. The theoretical results show
that electron-electron and hole-hole exchanges are the dominant mechanisms of interaction, while the classical
direct term is negligible. The density-dependent homogeneous linewidth is calculated within the Born approxi-
mation and good agreement with the existing experimental data is obtained. Owing to the interexciton ex-
change of carriers, collisions lead to spin relaxation as actually observed in recent time-resolved photolumi-
nescence experimen{sS0163-18208)06736-9

[. INTRODUCTION the results for the density-dependent homogeneous broaden-
ing are actually very small compared to the existing experi-
The optical spectra of semiconductor quantum wells neamental dat&: Finally, in all the above mentioned models,
the fundamental absorption edge at low temperatures arthe spin degrees of freedom are not taken into account.
moderated excitation densities are dominated by excitons. The role of the spin degrees of freedom in an interacting
An excitonic resonance is characterized by the energy of thexciton gas has been actually investigated in the recent ex-
peak, the oscillator strength, and the linewidth. These quarperiments by Amanet al” In particular, they have studied
tities are significantly influenced by the presence of a finitehe time-resolved photoluminescence on a GaAs quantum
density of excitons and free carriers. For low temperaturesvell for different degrees of elliptical polarization of the ex-
and for optical excitation resonant with the exciton energyciting beam. They have shown that the time-resolved signal
the population of free carriers can be neglected and therefoiie characterized by a very fast decay, followed by a much
the density-dependent features are due to exciton-exciton irslower one. The initial fast component disappears in the lim-
teraction. It is known that with increasing excitation density,iting case of circular polarization or for low excitation den-
the exciton energy blue-shifts and the oscillator strengthsity. This interesting feature is explained as a result of the
saturates. The exciton-exciton scattering also produces thetransfer from optically active to optically forbidden exciton
so-called collisional broadening, that is a density-dependerstates, which correspond to different spin states. According
homogeneous linewidth. This effect has been observed in thie Ref. 7, the inter-exciton exchange of carriers is the mecha-
four wave-mixing experiments in pump and probe configu-nism responsible for this density-dependent spin-relaxation
ration by Honoldet al? and in the photoluminescence mea- process. In order to fit the observed dynamics, they derive
surements under resonant excitation by Devestual 2 kinetic equations by employing an effective phenomenologi-
The problem of exciton-exciton scattering in quantumcal spin-spin Hamiltonian.
wells has been considered theoretically within two- In this paper, we present a theoretical study of the elastic
dimensiondt® (2D) and quasi-2D modefsThese articles, exciton-exciton scattering due to Coulomb interaction in a
however, do not provide a complete description of the intertwo-dimensional system. In the model, the inter-exciton ex-
action process. In the paper of Feng and Spéttbe clas- change of carriers and the spin degrees of freedom are in-
sical electrostatic dipole-dipole interaction is the only con-cluded. The scattering matrix elements deriving from a four-
sidered scattering mechanism, while the contribution due tearrier Hamiltonian are calculated within a two-band
exchange effects is not taken into account. Moreover, thenvelope function formalism. We show that electron-electron
authors study the properties of the scattering matrix eleand hole-hole exchange are largely dominant with respect to
ments, but they do not calculate the collisional broadeningthe classical electrostatic dipole-dipole interaction and to
which is a very significant physical observable. In a recenexciton-exciton exchange. We study the behavior of the ma-
paperS the previous model is extended to the quasi-2D casetix elements in momentum space. Within the Born approxi-
including also the symmetry effect when two excitons aremation, we calculate the collisional broadening, which is
identical (exciton-exciton exchangebut still neglecting the found in good agreement with the existing experimental
inter-exciton exchange of carrierfermion-fermion ex- results>® Owing to the inter-exciton exchange of carriers,
changé. On the other hand, in the article by Manzieal,>  Coulomb scattering can lead to spin relaxation. For example,
these effects are formally considered, but it is not showniwo interacting excitons in the same elliptically polarized
whether they are significant when compared to the direcstate can scatter into dark states. We also provide a complete
interaction. Furthermore, the dependence of these scatterirpscription of the allowed spin channels for scattering.
matrix elements on exciton wave vectors is not studied and The paper is organized as follows. In Sec. I, we describe
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the two-dimensional theoretical model. In Sec. Il the prob-

lem of the collisional broadening is considered. Conclusion
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7927

As observed in the introduction, we are interested in the
£xperiments of resonant optical excitation at low tempera-

are drawn in Sec. IV, while in the Appendix we show a fewtures. In this paper, we limit ourselves to the channel de-

technical details.

Il. 2D-THEORETICAL MODEL
A. General remarks

A two-dimensional exciton in theslstate whose center of
mass has wave vecto is described by an envelope
function®® which is the product of terms relating to the cen-

scribed in Eq.(3). The justification lies in the assumption
that, by resonant excitation, excitons are created in the 1
state with very small wave vector Q and thus with small
kinetic energy. The energy of an exciton is given by the
energy of the relative motion plus the kinetic energy of the
center of mass. It is known that thes btate is the ground
exciton state of the electron-hole motion. In two dimensions,
the other bound states ¢2p, ...) arevery close to the

ter of mass motion and the internal relative one, respectively¢ontinuum. In fact, the first excited state has a binding en-

1
\PQ(rea )= \/—KeXF[i Q- (Beret Bnrn)]
1
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X\ ——ex

7T)\2De '
wherer, andr, are the in-plane position vectors for the elec-
tron and the hole respectively, whike represents the nor-
malization area. The coefficient8., B, are defined as
Beny=Meny /M, wheremgy,) is the electror(hole) effective
mass andVl =m,+m,. Finally, A, is the two-dimensional
Bohr radius of the & state;\,p= €y 2/(2e°w), whereu is
the reduced mass ang the static dielectric constant.

Let us take the growth directianas the quantization axis
for the angular momentum. The conduction band has
spherical symmetry and therefore the total angular
momentum projection is given just by the sgine {+ 1/2}.

_ |re_ rh|

Aop

D

Concerning the valence bands, we observe that in ordinar

[lI-V quantum wells the heavy-hole/light-hole splitting is

comparable or even larger than the exciton binding energ

and therefore the valence-band mixing effects ar
negligible’ contrary to the bulk case where the splitting is
absent. As if we focus our attention on heavy-hole exciton
we can limit ourselves to consider the heavy-hole subspa

only. We remember that heavy-hole states have a tota

angular-momentum projectioiy, € {=3/2}. Therefore, for

heavy-hole excitons, we have the four independent states: th

dipole-active state$J,==1)=|s,=F1/2; j,==3/2) and
the dipole-forbidden dark statgs,==2)=|s,==*1/2; j,
=+3/2).

For a generic exciton stateS) belonging to the above
mentioned four-dimensional space, we defige(Se,jn)
=(Se;jn|S). For exampley; —1= &s_ —1120j, 312- In the case
of excitation by elliptically polarized light, excitons are cre-
ated in the elliptic state

|E,)=sin a|+1)+cosal—1). %))

We notice thalE, , /) =cosa|+1)—sin a|—1). Therefore,
|E,) and|E,. .;») are two orthogonal elliptically polarized
states. For particular values @f, we obtain the limiting
cases of circular and linear polarization, namek)
=|=1), [Em2)=[+1), [Ex)=1¥), |E(ziaym) = %)

In the present paper, we consider the elastic Coulom
scattering of % excitons by ¥ excitons

(1s,Q,S)+(1s,Q’,S’)H(ls,Q+q,Sf)+(1s,Q’—q,Sé)(. )
3

s . : S :
C%:oduce spin-relaxation mechanisfs* However, since
!

ergy that is only 1/9 of the binding energy of the &tate.

This means that inelastic scattering channels towards differ-
ent relative motion states are strongly suppressed, because of
energy conservationA priori biexciton bound state could
contribute to the exciton collision broadening. In this paper,
we do not consider the channels where biexciton are in-
volved. By considering only the elasticskhannel, we ob-

tain good agreement with the experimental results. This, in
the end, allows us to argue that the other channels play a
marginal role.

Since electrons and holes are fermions, the wave function
of a two-exciton state has to be antisymmetric under the
exchange of the two electrons and, separately, under the ex-
change of the two holes. In the present model, we consider
electrons and holes as different quasi-particles, not taking
{ijlnto account the so-called electron-hole exchange effects, as
Usually done in two-band many-body mod#ls.The
electron-hole exchange actually produces a very small split-

ing (=0.1 meV for a GaAs quantum wglt between the
ipole-active and the dipole-forbidden states. As we are
working in the framework of a two-band model within the
Lffective mass approximation, we neglect also the effect of

Ghe valence-band mixing due to spin-orbit interaction. The

electron-hole exchange and the spin-orbit interaction actually

e corresponding spin-flip times are very lof§0—100
9,2 the above mentioned mechanisms can be reasonably
éaglected in the initial phase of the dynamics, which is domi-
nated by the inter-exciton exchange of carriefgherefore,
within the Hartree-Fock approximation, the two-exciton ini-
tial state in Eq(3) is described by the following wave func-

tion:

p
n

ss . .
(I)QQr(reaSevrthh Fer 1Ser s Iy a]h’)

1

V2

V2

[‘I’Q(re,rh)Xs(Se dnWor(re ,p)
X Xs(SersJnr) +Wolle ,Th) Xs(Ser s Jn ) Wy (e h)
. 1 .
X X5 (Serin) ]~ E[\I’Q(re’ Th) Xs(Ser +in)
b X\I,Q’(revrh’)XS’(Seijh’)+q,Q(re!rh’)XS(Sevjh’)

X W (e ) xs (Sersin) | | - 4

We consider the following four-carrier Hamiltonian:
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H h? V2 h? 2 h? V2 The spin-exchange sun&, ., and S, ., satisfy the equali-
Co2mg ¢ 2m, " 2m, ¢ ties
h? SexcSS'81,8)) = Seef S.5'.81 .S, (10

- Vﬁ’_V(|re_rh|)_v(|re’_rh’|)+v(|re_re’l)
My, e(h) , 1 ce(h)x / '
Sexch(slS ’Sfasf)_sexch (Sf!Sf’SaS ) (11)

If excitons are created by elliptically polarized light, then the
where V(r)=e?(e,r) is the Coulomb interaction energy, SPin statesE,), |E, -2, [+2) and|—2) are the proper
screened by the static dielectric constagt The scattering basis to consider. It is crucial to remark that, due to electron-

amplitude corresponding to the process in &)is given by  €lectron and hole-hole exchange, two interacting excitons in
the matrix element the same elliptic statE, can scatter to different spin states.

In particular, SZ&E{(EQ ,Eo,£2,%2)#0. On the other hand,

+V(r=rn ) =V(|re=rn ) = V(|rn—rel), )

St Sy , the scattering of two excitons in the same circular state can-
sg (RQQa) not change their spin polarization. A list of the allowed spin
channels and of their corresponding spin-exchange factors
:f d%r.>, derhE deréZ derr’1 S8 nandSh . is shown in Table I.
Se In Se’ The expression for the direct Coulomb integral is
XE (I)QQ' (fesSes M TersSer s o) Hdir(QiQ,iq):f dzreJ dzrhj der’f dzrh'
X HCIDZf+;Q, (FesSesThiihTe 1Ser »Thsinr).  (6) X\Ifa(re,rh)\lfa,(re, TV (Felh e \Thr)
The approach we have followed to calculate the scattering XW gl Vo —ole M), (12

amplitude has been suggested in an old paper by Haug.with
After some algebra, we find that this matrix element is the
sum of four contributions Vi(Fefn e fh) =V(|re=re|) + V([r,—ry)

SfS' _V(|re_rh’l)_v(|rh_re’|)- (13)

f ! _ ’ U ’

Hse' (QQO)=(SIS)(S'|SH)Ha(Q.Q".a) The term corresponding to the exciton-exciton exchange is
+(SIS{N(S|SHHAEAQ.Q' ) given by

+Sexed S, S S, SHHeAQ Q') HX (Q.Q', q)—f dzref erhJ' dzre/f d2rp WE(re )

+8"SS, S SHHLHQ.Q',a).
exctl St ,S)Hexerl q - xxlfa,(re,,rh,)V|(re,rh,re,,rh,)

Hgr is the direct Coulomb term which corresponds to the *Woralle )V -dllefn)- .
classical electrostatic interaction between the two excitonddexcndiffers fromHg;, because of the simultaneous exchange
On the other handHX , is the term due to the exciton- e le andryery, in the final stateHy, ., is related toH g
exciton exchangésimultaneous exchange of the two identi- by the equality

cal electrons and the two identical holehe third term X ) .,

HE,cnis the term due to the electron-electron exchange, while Hexed Q.Q", ) =Hi(Q,Q",Q"—Q—0). (15

ngch is the analogous contribution ansmg from the hole-The electron-electron exchange is given by
hole exchange. The facto&, ., and Sh, ., are given by the

following spin-exchange sums ,
gsp 9 He e Q.Q ,q)z—f dzref dzrhf dzre,f dr,,
5ol SSS.SN=2 2 2 2 X&(Se.dn) XU Te ) W (e i)
e h Se’ In’
N . _ _ XV (re,fnle st ) Worg(Ter ,Th)
XX (Ser sin)Xs(Ser sin) Xs!(Sesin) ome e
@ XWq _(Felhr). (16
The expression foH§,., differs from Hy;, because of the
exchanger.—r. in the final state and a minus sign. In an
St SS.S.S)=2 2 2 2 x&(Se.in) analogous wayH" . is obtained fromHg;, by exchanging
e In Se’ In’ rn—ry and by changing the sign. We observe that all the
* . . . i H . X e h
X X (Ser in)Xs,(Serin)Xs; (Ser Jn)- considered Coulomb integrabi,, Heyens Hexcnn Hexch @€

real, because the complex conjugation is equivalent to the
(90 transformationQ— —Q, Q'——Q’, g——q, which does
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TABLE |. Allowed scattering spin channels and their corresponding spin-exchange f&dqrsand
ngch, corresponding to electron-electron and hole-hole exchange, respeci§end|S’) are the initial
spin states, which scatter in the final one%), |Sf). The considered basis §E,),|Eqt 2),] +2),
|—2)}, where|E,), |E.. ) are two generic elliptically polarized states, which are orthogdna2) are
dipole-inactive dark states. The allowed channels, which are not explicitly indicated in this table, can be
obtained by using Eq€10) and (11).

S S S S; S5 S.S'.Sr,S) S&edS:S'.S1.S)
E, E, E, E, sinfa+coda sinfa+coda
ED( Ea Ea+77/2 Ea+ /2 % Sin22a % Sin22a
Ea Ea Ea Ea+ 2 _3-_1 Sin 4a _% Sin 4{,‘(
E, E, +2 -2 % sin 2 3 sin2a
Ea Ea+77/2 Ea Eg+ 72 % Sin22a % Sin22a
Ea Ea+77/2 Eu+71-/2 Ea+—n—/2 % sin 4a % sin 4o
E, Eptniz +2 -2 —sirfa coa
E, +2 E, +2 coa sirfa
E, +2 Einio +2 — 3 sin 2 3 sin 2
E, -2 E, -2 sirfa cofa
E, -2 Eoinpo -2 3 sin 2 — 3 sin 2
+2 +2 +2 +2 1 1
not change the result of the integration. In fact, the terms that 1 e? 2
are momentum independefite., the relative motion wave Hair(Q) = 7 —Nao| —| lai(9), (19
functions and the Coulomb potentipkre even under inver- 0
sion of all spatial coordinates. where
We remark that the expression for the fermion-fermion
exchange terms are the same, which have been obtained in s 1 2]~ 32
Refs. 5 and 16. In this paper, we study in detail the depen- Lair(Q) = 200 1+|5BeAN2p

dence of such terms as a function of the exchanged momen-

tum. Furthermore, we compare them to the direct term and 1 21- 322
calculate the collisional broadening. As shown in Appendix ~|1F|58nAr20 : (20
A, we have
Notice thatH, actually vanishes whegq=0 or whenm,
Hgi(Q,Q",q)=Hgy,(q). (17  =m,, as previously discussed. The integig) depends

) critically on the mass ratim./m;,, as depicted in Fig. 1. For
Furthermore, owing to symmetriig|q—o=0. Moreover, ine exciton-exciton exchange contribution, we have
when me=m,,, Hg(q)=0 for every value ofg. The fact

that the direct term vanishes in the lingjt-0 is of crucial 4.0 i . . . .
importance, because excitons created by optical excitation — mm, =05
have small wave vectors. For the fermion-fermion exchange 7Ny == melm:=0'
term, there are rather different properties. We have / N

3.0

ngck(QaQ,’Q):ngch(Aquve)v (18

whereAQ=|Q’ — Q| and # is the angle betwee® —Q and
0. As explained in Appendix AHE, ., does not vanish neither = 20
for =0 nor form,=my,. The same properties are of course
valid for H, ;.

1.0

B. Calculation of matrix elements

The calculation of the direct contributidd4,(q) can be
performed analytically, by changing from variablesr,, to 0.0
the center of mass and relative coordind®s B¢t Bnlh, 00 20 40 qr 60 80 100
p=re—ry. In this way, the multiple integrals in E¢12) can ®
be factorized and the problem is reduced to the calculation of FIG. 1. The dimensionless direct integtg} as a function of the
simple two-dimensional Fourier transforms. The final resultransferred wave vectay. Solid line: m,/m,=0.5. Dashed line:
is m./m,=0. In the casen,/m,=1, l4=0.
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15.0 T y T T Starting from a nonequilibrium formalism within the Born
AQ=0  —— m/m,=0.5 (GaAs) approximation’ it is possible to show that the line width of
——- m/m,=0 an exciton with wave vectd and in the spin stateS) obeys
3 e mg/m, =1 the implicit equation
10.0 | .
—_— S S !
> rg=2n2 2 NS/<Q>2 HS'(QQ.9)?
< Q' 8,55
o 50 .
g X L(Eq+Eq —Egsq—Eqr_q. TS+TS
< (EqtEq —Eqiq=Eg-a gty
- Sf,
0.0 F +FQ+q+FQ,_q), (29
where Eq=%2Q%2M is the exciton kinetic energy and
Ng (Q’) is the number of excitons in the states(®@’,S'),
500 70 20 30 20 50  With S'e{Ey Eqps mo,+2,—2}. The Lorentzian distribu-
QA tion £ is defined as
FIG. 2. The dimensionless electron-electron exchange integral 1 yI2
—lexe{AQ=04,6,8,) as a function of for three different values LE,y)=— = > (25
of me/m,. Solid line:m,/m,=0.5, corresponding to a GaAs quan- ™ E+(vy/2)

tum well. Long-dashed linem,/m,=0. Dotted line:m,/m,=1.

Inset: the dimensionless direct integkg} is shown for comparison. The implicit expression for the line width in E4) reduces

to the usual Born approximatihin the limit of very small
1 &2 212 damp@ng. In fact, f_ory—>0,_£(E,y)—>6(E). The physical
{AQ,q,0)=— _)\ZD ( ) r_neanlng_of Eq(24) is that, in presence of Coulomb interac-
Hec €0 tion, excitons are damped quasi-particles and therefore the
energy conservation in the scattering processes is softéned.
X14i[ V(AQ)2+q2—2AQq cos 6]. In a typical experiment under pulsed excitation, the value of
(21)  the collisional broadening actually depends on the distribu-
tion of excitons both in momentum and spin spdce.,
For the fermion-fermion exchange ter§,, andHY,, the Ng(Q)]. This distribution can be obtained only by consider-
involved multiple integrals can not be computed analytically.ing the dynamics of the exciton gas, which is not the purpose
They can be rewritten in the form of this paper. At this point we remark that, because of the
softened energy conservation, a single exciton-exciton scat-
tering event may take place between initial and final states
lexc{4Q.9,6,8e), (22 who.ge energy geparati%n is of the order of the collisional
broadening. Taking into account the exciton dispersion and
22 assuming a collisional broadening of the order of 1 nia¥
lexcH AQ,0,6,81). (23)  we will actually find, then the corresponding in-plane mo-
mentum space spanned by the scattering events is such that
The quantityl e is a real number, whose explicit expression Ns(Q) is significant only well withink 35 . In this range the
is given in Appendix B. We have computég,., by a stan- value of the fermion-fermion exchange matrix elements is
dard Monte Carlo integration. In Fig. 2, we show a plot of approximately constant. We thus make the approximation of
—loxedl AQ, 0, 6, Be) in the caseAQ=0. As it can be seen in assuming an exciton population in the states V@ta 0 only.
the expression given in Appendix B, facQ=0, the hole- ~We consider the two particular cases of excitation by linearly
hole term is equal to the electron-electron one. Furthermoreédnd by circularly polarized light. Let us consider the case of
in this case there is no dependence on the amgl@he exactly resonant excitation by a linearly polarized laser
modulus of the fermion-fermion exchange integral has itspulse, which propagates along the growth direction. Initially,
maximum value atj=0, while the direct term vanishes. The excitons are all in the same linear spin state. As we can see
dependence on the mass ratig/m;, for | 4., is Not as criti- from Table | in the case= #/4, two interacting excitons in
cal as forl g,. In fact, in the region of smaly, which is the ~the same linear polarization can scatter to the orthogonal
most relevant for optical excitation, the matrix elements ardinear polarization and also to the dark states. Considering all
weakly influenced bym./m;,. The fermion-fermion ex- the allowed scattering channels and their relative weight, we
change contributions are largely dominant with respect to théealize that in the steady-state case, collisions lead to an
direct interaction. equal population of these four spin statée., |x),
|+2), |—2)). This equal redistribution takes place on a
time scale given by the inverse of the broadening. Therefore,
we assume that Ny(Q)=Ny(Q)=N.,(Q)=N_5(Q)
As far as optical experiments are concerned, the exciton=3NdJq o, whereN is the total number of excitons. For
exciton scattering produces the so-called collisional broadersimplicity, we neglect anyQ dependence of, consistently
ing, that is a density-dependent homogeneous line widthwith previous arguments. Eq24) becomes

2

. le 2\?
Hexel AQ.0,60)=— % 6_0)\2D p

1¢e?
xcr(AQ °F ‘9) - __)\ZD(

Ill. COLLISIONAL BROADENING
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2 4 ﬁZ 2 1 © 1000.0 T T T T
r=(=| 5] 2 —nJ dq gFs(a) — 8=x; S'=x
n 2,LL s/ 4 0 )
——- 8=x; S’=y or +2 or -2
800.0 s S=1; §’=1 .
1 2r
X ﬁquz (26)
+(2T') 600.0 0.0 ]
wheren=N/A is the total density of excitons. The function w’ 5 10.0
F is defined as 400.0 .
S¢S, 00
Fsg(a)= E ||ngf(AQ=0,q,¢9)|2, (27 200.0 i
Sr.St
1
where
0.0 e R e T I k
S . 0.0 . 2.0 3.0 4.0 5.0
105 (AQ.0,0)=(SIS)(S'[S)ai(q) Ay
+<S| SINS |sf> FIG. 3. The dimensionless functidfsg as a function ofy for
m./my=0.5 (GaAs. Solid line: S and S’ are the same linearly
X i \/(AQ)2+ q2—2AQq cos f] polarized spin state. Dashed lin8:is a linearly polarized state,
while S’ is orthogonal. Dotted lineS andS' are the same circular
—SexehSS', S, S exed AQ, 0, 6, Be) spin state. Inset: the region of largeis enlarged.

— St S S, St S0 AQ,T, 6,8 _ .
excil 51 el Q0. 6,81) (—2,2)}. In the first two channel§, =S =3, while in

(28 the last twoS¢ =—S" . Thus, in these two channels

there is destructive interference between the electron-

the situation is different. As we can deduce from Table | in€'€ctron and the hole-hole contribution. Therefore, as far as
the casex=0, collisions between excitons in the same cir-fermion-fermion exchange is concerndd, is one half of
cular polarization do not lead to spin relaxation, becaus&xx- The same result holds fé,..,. In Fig. 3, we actually
only the channel £ 1,+1)— (+1,+ 1) is allowed. Thus, ex- see that, becaijse fermion-fermion exchange contributions
citons remain all in the same circularly polarized states adominate,Fyy,~3F. .

long as other spin-relaxation mechanisms are negligible, W€ have solved numerically Eg®26) and(29) by a stan-

; _ - ; dard iteration technique. In Fig. 4, the results for the self-
Therefore, if we takeN =Nég o, We finally obtain : ) ' i )
+1(Q) Q.0 y consistent density-dependent homogeneous line width are

In the case of excitation by a circularly polarized pulse,

2\4 52\2 -, 1 T shown for the two above mentioned situations. The self con-
r:(_) (—) nj dagF(d) =577 — sistency lead to a sublinear behavior of the line width as a
m) \2up 0 ™ (ﬁ_ T (2r)? function of the total density of excitations. In the casg

M
(29) 15 T T . T
] ) ) ) n=n=n_=n,=1/4n i
In Fig. 3, we show a plot of the dimensionless function ——- n,=n e

Fsg(q), defined in Eq.(27). As shown in Table I, in the
case of scattering of two excitons in the same linearly polar-
ized state(namely x), the four allowed channelsx(x)
—{(x,x);(y,y);(2,—2);(—2,2)} have the spin factors such
that S&,.=Sh.« In particular,|SS . ?=|Sh/?=%. On
the other hand, when the two interacting excitons are in the =
same circular spin statégnamely +1) only the channel
(+1,+1)—(+1,+1) is allowed, but with spin factors

S8 =S8N =1. Thus, as far as fermion-fermion exchange

is concernedF,, andF, are equal. As depicted in Fig. 3,

F.x andF; coincide except in the region of largewhere

I 4 contributes. In this region the curves do not coincide
because of a different interference between the fermion-
fermion exchange terms arig;. In fact, with respect to

Fxx: lar appears only in the channﬁk,é()ﬂ(x,x), where FIG. 4. The self-consistent collisional broadening of an exciton

the spin-exchange factors af, ;=S ox=z. ON the other  \ith Q=0 as a function of the total exciton densityer unit area
hand, in the channel 1,+1)—(+1,+1) these spin- for two particular situations. Solid line: the), |y), |+2), |—2)
exchange factors are both equal to 1. Concerring, we  states are equally populated. Dashed line: only a circular polariza-
have the four channels x{y)—{(x,y);(y.x);(2,—2); tion is populated.

meV)
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=ny=nt2=%n, the collisional broadening is smaller than in dipole-forbidden dark ones. They attribute to the inter-
the casen,=n, becauser,,~Fq;, while F,g~3F;;. To  exciton exchange of carriers the characteristic features of the
the authors’ knowledge, the difference in the value of theobserved photoluminescence signal. In order to fit their time-
collisional broadening in the two above mentioned situationgesolved signal, they consider an effective phenomenological

has never been specifically investigated in experiments.  spin-spin Hamiltonian. Our model naturally shows how this
spin-relaxation mechanism originates from Coulomb interac-
tion, when the antisymmetry under carrier exchange in the

IV. DISCUSSION AND CONCLUSIONS two-exciton wave function is correctly included. In particu-

In this paper, we have presented a theoretical model of thigr, two interacting exciton's in the same elliptically polarized
elastic exciton-exciton scattering in a semiconductor quanState can scatter to the dipole-forbidden dark states. On the
tum well. Within a two-band envelope function formalism, Otheér hand, two excitons in the same circularly polarized
we have calculated the scattering matrix elements, includin§t&t€ cannot. This spin relaxation mechanism holds because
also the exchange terms and the spin degrees of freedorﬂf. the domlnant ro_Ie of the inter-exciton .exchange of carriers
Our results show that the inter-exciton exchange of carrierd) the exciton-exciton Coulomb interaction.
is the dominant interaction mechanism. In fact, the direct
term and the exciton-exciton exchange are found to be neg- ACKNOWLEDGMENTS
ligible compared to the electron-electron and hole-hole ex-
change. Within the Born approximation, we have calculateq/e
the density-dependent homogeneous broadening.

Comparing our results with the existing experimental
data, we find satisfactory agreement. In a photoluminescen
experiment under resonant excitation, Deveatdl® mea-
sured a collisional broadening of nearly 1 meV at the esti-
mated density of 18§ cm™2. The experiment was performed APPENDIX A: SYMMETRY PROPERTIES
on a 45 A GaAs quantum well, by employing linearly polar- OF MATRIX ELEMENTS

ized light. As we can see in Fig. 4, this is in good agreement Here we show some peculiarities of the direct integral

with our resglts. On the other hand, the fogr—wave—mixinngir and of the fermion-fermion exchange term§,, and
experiment in pump and probe configuration by Honoldh

> , Hecn- As far asHy;, is concerned, there are significant sym-

et al“ gave smalle_r values for the densﬂy-d_ependent ho,mor"netry properties. First of all, iy, , the product
geneous broadening (G:D.2 meV at an estimated density
of 10'°cm™?). The measurement was still performed with
linearly polarized light, but on a much thicker GaAs quan-
tum well (120 A), where the two-dimensional character is
weaker. Our calculation is for a purely two-dimensional
guantum-well system and therefore form factors for realistic
quasi-2D structures are not taken into account. We remindoes not depend o@,Q’, as it is clearly obtained from Eq.
that for thicker wells the efficiency of Coulomb scattering is (1). Therefore we have
expected to be weaker. Furthermore, in the experiment by
Honold et al,, the probe beam arrived on the sample with a
delay of 20 ps after the pump, in order to avoid coherent Hair(Q,Q",a) =Hil(q). (A2)
effects. The(;;%ical calculatiot¥sand more recent experi-
mental studi have shown that in high-quality quantum
wells, excitons have a radiative lifetime of the order of 10:;%8](2;2?”(16”06 og of the product(Al) appears through
+20 ps. This should lead in Ref. 2 to an overestimate of the
actual density of excitons when the sample is probed and iq. _ _
consequently to an underestimate of the broadening. SXPIQ-[ Belle=Te) + Bnlth )1} (A3)

Our model takes into account also the spin degrees dfly(q=0) does not depend on the carrier massas (
freedom. Owing to fermion-fermion exchange, collisions can#my). In particular, if we perform in Eq(12) the change of
lead to spin relaxation. We have derived the selection rulewgariablesrg:=ry,, rv=re , we find that
for the allowed scattering spin channels. As already observed
in the introduction, the problem of the spin relaxation of an Hgi(d=0)=—Hg(q=0)=Hg(q=0)=0. (A4)
interacting exciton gas has been very recently inveStigategurthermore ifmg=my,, Hyy(q) =

7 . , ifmg=my,, Hgi(q) =0 for every value ofy.

Iby Amandet al. They have performed tlme-resolyeq photo- The fermion-fermion exchange integra#<, ., and ngch
uminescence experiments, under resonant excitation by ekave verv different proberties. If we consider. for inetance
liptically polarized light. Their measurements show that a, ery d Properties. i w sicer, Tor ins '
density-dependent spin relaxation takes place. In particuIaHEXch given in Eq.(16), we have that
they observe a fast decay of the luminescence followed by a . *
much slower one. The fast component disappears in the low- Worerm) W (Te i Th) WouqTe 1) Wor —q(Te )
excitation regime and in the limiting case of circular polar- o O —0). —r,
ization. According to Amanct al, the fast decay is a con- expli(Q = Q) [Belrere) ]}
sequence of the transfer from the optically active states to the Xexpiq-[Be(re —re) + Bu(rh—rn)1}- (A5)
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This means that APPENDIX B: FERMION-FERMION
EXCHANGE INTEGRAL

e " q)=He¢ In this appendix, we give the simplified expression for
Horal QQ" 0 =Heal2Q.0.0), (A6) HE,., [see Eq.(22)] after shortly explaining how it is ob-
tained starting from Eq(16). Let us defineR= B.r.+ Bl
and p=r,—r,,. Changing the variables,, ro, ry,, ry to &
whereAQ=|Q'— Q| and ¢ is the angle betweeQ —Qand  —R—R’, ¢={R+R'}/2, p, p', it is possible to reduce the
g. The exchange of electron coordinates in the final statgimension of the integration from eight to six; in fact the
breaks the symmetry between electron and hole, which iﬁ1tegrand does not depend an and therefore the corre-
instead present ikl in the caseg=0 and, more generally, sponding integration is trivial, giving the factév, that is the
in the casem,=m,,. Thus, we haveHg,{AQ=04=0,d)  normalization area. If we again change the varialflgs, p’
#0 andHg,.{AQ,q,0)#0 also in the casen,=m,,. The into the new ones;={&— Bep— Bnp H\2p, Yo={&+ Bnp
same properties are of course valid f, . +Bep’ H\2p, X=pI\,p, we finally obtain Eq(22), where

o 21 o 2 o0 27
Lo 3Q.0,0.80= [ “ax| "o, [ “ay. [ 7o, | “dy, [ a,xyiyaco8a0nscl pex coso-ay)
+ Bey1€09 60— 61)]+ N op[ — X COS O — Bey1COS 01+ (1— B)y,C0S 0]}
X exp(— [(Y,C0S 6, —y,€0S B, — X €OS 6,)%+ (y,Sin ,—y;sin 6;— X sin 6,)2]Y)exp —x)

1 1 1 1

xXexpl—y)exp—y,) + :
\/y'f+x2+ 2y1x cog 0;— 6,) \/y§+ x2—2y,x cogb,—6,) Y1 Y2

(B1)
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