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Coherent spin dynamics of excitons in quantum wells is investigated theoretically. Resonant and nonreso-
nant excitation conditions are considered. The single-particle hole spin-flip mechanism within the exciton is
always the dominant cause for breaking the exchange coupling. The two-dimensional confinement and low
temperature are the most important factors which stabilize the hole spin orientation within the exciton. The
experimental observations reported previously are interprgf&d.63-182607)06235-9

[. INTRODUCTION In large QW’s(a fortiori in the bulk such a hole spin flip
occurs as a consequence of the mixing of states in the va-

When two energetically closely spaced transitions are exlence band; the observation of the electron precession in a
cited with a short optical pulse, the two induced polarizationgQW of 25 nm well widthunder the resonant or nonresonant
in the medium oscillate with their slightly different frequen- excitationconditions reported in Ref. 1 is understood on this
cies. Their interference manifests in a modulation of the neground.
polarization, the so-called quantum be@@8'’s). This paper In narrow QW'’s the hole spin flip, which results in the
is devoted to the interpretation of QB’s observed recently inobservation of QB’s at the pulsatiamin nonresonant exci-
the time-resolved free-exciton photoluminesceribg) in tation, is related to the formation-dissociation process of ex-
type-I quantum welfs® (QW’s) on a time scale of a few citons and the related long cooling of the excited system.
hundreds of picoseconds, in a magnetic field perpendicular to QB’s of the excitonic kind have been observed only in
the growth axis. narrow quantum wellsl(, =210 nm) under resonant excita-

Modulation of the free-exciton luminescence componentgion. This is the indication that the hole-spin orientation is
was discovered by Heberé al® The authors interpreted the stable in cold two-dimension&RD) excitons ¢>#/5). The
QB in terms of the Larmor precession of electron spins in eexperiments reported in Ref. 3 showed moreover that a shift
magnetic field perpendicular to the growth axis. The correof the excitation from the resonance position as small as
sponding pulsatiom directly revealghe electron spin split-  +1 meV results in an intermediate situation, between pure
ting iw=0g.ugB. exitonic QB (pulsation{}) and pure electronic QBpulsation

In a recent papérwe reported on investigations in rela- «) manifestations. It was interpreted as the indication that
tively narrow QW’s when the excitation is resonant with thethe stability of the hole-spin orientation within 2D excitons is
heavy-hole exciton(XH). It was demonstrated that QB’s strongly dependent on the exciton temperature, decreasing
then reflectthe exciton spin splittingn the transverse mag- quickly when this temperature increases.
netic field, Q= (% w)?+ 6° where § is the electron-hole In this paper we propose a quantitative theory of the QB
exchange energy which splits the XH-fjuadruplet into the in exciton luminescence. Section 1l is devoted to the inter-
radiative and nonradiative pair of states B=0. It was  pretation of experiments in which excitons are photogener-
shown moreover that QB’s at the pulsatian as Heberle ated directly by the laser beam tuned at the XH position.
observed, could be recorded from the same well with nonElectronic or excitonic QB, at pulsatiamor (), respectively,
resonant excitation. are indeed predicted depending whethet7/5 or =1/ 6.

We suggested in Ref. 3 that the manifestation of QB’s oriThe general features observed experimentally, including an
the excitonic luminescence at the electronic or excitonic pulacceleration of the luminescence depolarization in the condi-
sation(w or €, respectively is related to the stability of the tions of observation of excitonic QB’s, are qualitatively de-
hole-spin orientation within the exciton. The argument wasscribed by a simple theory in which the only relaxation
the following. Within the exciton, the correlation between mechanism considered is the hole-spin relaxation. However
electron and hole spins is held by the electron-hole exchangse cannot give a quantitative description without taking into
interaction. However, if this correlation is not strong enoughaccount other relaxation processes. The most important of
to reduce the single-particle hole spin flip at a rate lower tharthe processes left aside is certairtlye exciton spin-flip
S/, the exchange interaction splittingno longer plays a mechanismi.e., the spin flip of the exciton as a whole which
role in the QB. Then the QB appears at the pulsation corresponds to the simultaneous spin flip of the electron and
Finally an electron bound into an exciton precesses like #@he hole, a mechanism of the kind described in Refs. 5 and 6.
free electron in the transverse magnetic field provided thatThis process is known to determine the depolarization at zero
7<#/8 where 7 is the single-particle hole spin-flip time. field and contribute to the damping of the exciton QB in the
This condition can be fulfilled in large and narrow QW'’s but magnetic field. Unfortunately we do not actually know how
for different reasons. to introduce the exciton spin-flip mechanism in the theory.

0163-1829/97/5@.6)/1041211)/$10.00 56 10412 © 1997 The American Physical Society



56 COHERENT SPIN DYNAMICS OF EXCITONSN . . . 10 413

(@) 10.8 £ [(a)
C
[ =
..- e‘ -— a ".“)
i & 10.4 ® ;U::S‘
~ B I+ XH+23 meV c = I (oo B=0T  B=3.4T
L |8 20 = 1+
= 00§ e
2 8 =
& 2
> [ 10
B 08 ©
c I = 0.8
[ o c
€ o 2 0.6
- 0.4 ©
N 04
£ 0.2
--~10.0 DO_
, _ , . . 0.0
0 50 100
Time (ps)
FIG. 1. Sample I: the luminescence intensitiésandl ~ and the FIG. 2. The excitation isr" polarized. (a) Sample I. The ex-

circular luminescence polarizaticd®,_ after theo*-polarized exci- ~ citation is TonrescinantE(l— HH,<hy<XL). The luminescence
tation, at B=2.8 T. (a) The excitation energy is nonresonant Intensitiesl” and1™ atB=3.4T (doty andB=0T (lines. Note
(E;—HH,<hv<XL, whereE;—HH, is the QW gap an&L the that the amplitude of the oscillations in the presence of the magnetic

light hole spectral positions(b) the excitation energy is resonant field is equaltd ™ 1~ at zero field. (b) Sample II. The excitation
with XH. is resonant with XH. lllustration of the acceleration of the depolar-

ization by the transverse magnetic field.

Section lll is devoted to the interpretation of nonresonant
excitation experiments, when the laser beam generates free- (1) Under nonresonant excitation, the amplitude of the
electron-hole pairgabove bandgap excitatiprin such con-  oscillations ofl © and 1~ in the magnetic field is equal to
ditions, excitons form by random binding of electrons andl * —1~ at zero field: this observation, which has been previ-
holes. We present the theory of the resulting excitonic lumi-ously reported by Heberlet al,! is illustrated in Fig. 2a).
nescence in transverse magnetic field which displays QB'’s at (2) Under resonant excitation, the magnetic field induces
the electron Larmor frequenay. The effect of the hole spin an acceleration of the depolarization: this effect is shown in
flip within the formed excitons is investigated. The addi- Fig. 2(b).
tional implication of hot exciton redissociation during the
decay is also examined. For realistic values of parameters we ||. RESONANT PHOTOGENERATION OF EXCITONS
find that the formation and/or dissociation cannot explain ) . .
alone the electronic nature of the QB. We conclude that the® The spin precession of coherently photogenerated excitons:
hole spin flip within the formed excitons is always the domi- Theory of the luminescence signal
nant reason for breaking the exchange coupling. The high For a (001)-grown QW, the conduction band i8-like
hole spin-flip rate in nonresonant excitation experiments isyith two spin state$,= + 1/2. The valence band is split into
related to the temperature of the hot exciton system whicky heavy-hole band with the total angular-momentum projec-
remains well above the lattice temperature during the wholgjon Jh.,=+3/2 and a light-hole band with, ,= +1/2. The
depolarization phase. heavy-hole excitorfXH) states are described using the basis

It is useful first to recall briefly the important experimen- set{|J,+S,)} whereJ,=J,,,. In the conditions of 2D con-
tal features. Figure 1 illustrates the observations in ginement, the transverggfactor of the hole is zero. The spin

GaAs/Ab GayAs QW of 3 nm well width(sample ). In Hamiltonian of the XH exciton in the transverse magnetic
nonresonant excitation conditiofSig. 1(a)], oscillations on  field (BIIOx) is

the two circularly polarized luminescence componetits

and| ™ at the pulsation frequency are phase shifted by 26

(electronic QB. Under resonant excitatidig. 1(b)], oscil- H=to-S— 3 5 1)
lations at the pulsatiofi) are visible on thd © component

only (excitonic QB. Similar effects have been observed onwherefiw=gugB and é is the zero-field exchange splitting
another GaAs/A)Ga, /As narrow QW sample, of 4.8 nm between the optically active doublet 1) and the two close-
well width (sample ). Details can be found in Ref. 3. We lying singlets of the{|=2)} subspacethe much smaller
mention two additional observations which shall be usefulsplitting between the singlets 2) is neglected. The equa-
for the comparison between theory and experiment. tion of motion for any time independent observaliles
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do 1 The interpretation is straightforward: 2/9 is the normaliza-
gt 7 O] tion factor; 3/4-J,S, is the factor which ensures that
=0 when nonoptically active states are concerned, i.e.,
Applying it to S, J,S, andJ, successively, we obtain (S;,J)=(£1/2,£3/2); 3/2+ ], is the factor which ensures
thatl *=0 when §,,J,) =(* 1/2,5 3/2). Equationg5) may
ds 2~ . )
5= wlS— 3 5 n0J,S, (29 be written in the form
d(J,S) 3 |+—l(l +1(1J 6
di =wD(JZS)—§§ nOS, (2b) =2127 Q3|39 %) ©)
43 The total luminescence intensity)(and polarization P) are
z
TR (20 L1
~ =17 417 =5-Q;, (7a)
where = 6/4 andn=(0,0,1) is a unit vector normal to the
2D plane of the QW. In the following, we denot® IT—1-  J3/3-S,
=(2/3)J,S and take the quantum-mechanical average of Egs. T 172 . (7b)
(2). From now on we will writeS for (S), Q for (Q), andJ, + -Q;

for (J,). Note thatQ describes the correlation betweép

and'S within the exciton. Equationé?) take the form Initial conditions depend on the photogeneration condi-

tions. With ac " -polarized short pulse dt=0 they are

ds -
gr -~ @bsS—é nlQ, (3a S(0)=0, S,(0)=0, S,(0)=-1/2,
Qx(0)=0, Qy(0)=0, Q,(0)=-1/2, )
4_ 10-3 nos- 2 - 3,0)=312.
dt T’

Note that that *(0)=1 andl ~(0)=0.
dJ, J, Specific equations fos,,Q,,J, which determind andP
—_=——. (3c0  are derived from Eq(4):
dt T
Extra terms— Q/ 7 and —J,/ 7 have been added in the equa- 7S,+S,+ 702S,+ 0?S,=0, (9a)
tions “by hand” in order to take into account any specific
hole spin-relaxation mechanism, represented by a phenom- o - 22 . ~
enological relaxation time. Equations(3) govern the evo- 7°Qz+27Q,+ (2777 +1)Q,+ 76°Q,=0, (9b)
lution of the mean values of the observables in the excitonic .
population (statistical average The present formulation is, 7J,+J,=0, (99
of course, in agreement with the standard density-matrix for- =
malism (see the Appendijx whereQ = yw?+ 8.
Projection of Eqs(3) on the Cartesian axes leads to the
three independent sets of equations:

The following approximate solutions of the third-order
differential equationg9a) and (9b) can be found easily for
low-, intermediate-, and high-hole spin-flip ratege intro-

S,=wSy, duce r* = 762 w? and note that™ > 7):
a 5 - — 1 2
@ | =25, N S(t)y=—= [1 qz (1~ coth)}
Sy=—5 QX—wSZ 1r<é 1 w2
Q, Qz(t)=—§[1—?(1—cosm)}
Q _wa_ 7!
b | 5=3 Q,, S<lr<8w Sz(t)—— e U
_ _ Q and t>7 _
Q=-3 8- Q- Y, Q0= 0’1
w,s,;‘;‘z/a)< 1/ S,(t)=— = cos wt,
o d and t>r 2
(©) Jp=——, 4) Q,(t)=0. (10
whereSZEdSZ/dt, etc. When 14<, Egs.(9a) and(9b) reduce to:S+ QZSZ—O and

The luminescence intensity components of right and:
left helicity correspond to the mean value of the operator Z+QZQZ Ozrespeguvely Whe;aS< 1/72< 52/“’ Eq. (93
|=1)(*+1], respectively. They take the form reduces tor()°S;+ 0”S,=0 or 76°S,+ w”S,=0. Wheno,

‘5<1/7, Eq. (93 reduces tB,+ ?S,=0.
|¢:E <<§_J s, (§+J )> (5) The corresponding luminescence componéfitare then
9\\4 7 27 7% derived from Eq(7):
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I*(t)=1 o’ —1—coth excitonic
(a8  1lr<s O=1"Gz—>% cltor
_ oscillations
I~ (t)=0,
(b) :
()= 1+exp—-t/7*
© 5<lr< 8w ()= 4 ’ damped regime
and t>r B 1—-exp—t/7* [7*=76%(hw)?]
F)=—7
(d) .
o) = 1+ cos wt
© ©,8,04 w<1lr O=—7 electronic 11
and t>r7 B 1—coswt oscillations (1D
()= —

Note that, in regiméc), the depolarization rate described by
the effective relaxation time* increases with the magnetic
field asB?. 5

When the condition /<< § is fulfilled, Eqgs.(11) predict
the appearance of excitonic QB’s on thiecomponent of the

Figures 3a’)—3(¢’) show the decisive role of the hole
spin flip on the luminescence depolarization in the presence
of a transverse magnetic field. In the intermediate range
[Figs. 3b")-3(d")], the hole spin flip is the cause of an ac-
celeration of the depolarization by the fiethis effect is

luminescence, as the magnetic field increases. When the opXplicit in Eq. (119]. This acceleration is observed experi-

posite condition is fullfilled §<1/7), Egs.(11) predict the
appearance of electronic QB on the two luminescence co
ponents, with a phase shift ef between them, as the mag-
netic field increases.

mentally[Fig. 2(b)]. On the other hand, the simulation con-

nfirms the theoretical prediction that the magnetic field has no

damping effect in the extreme casesr<&/5/h or 1/t
> 6lh. We will comment on that point in Sec. IlI.

More generally, the luminescence components are ob- The excitonic spin-flip mechanismvhich corresponds to

tained from the numerical solution of Eq¥) and (6). Fig-
ures 3a)—3(e) illustrate the results for the specific ranges of
parameters distinguished abol@—(e), Eq. (11)]. In the
excitonic QB regimégFigs. 3a) and 3b)], modulations at the
frequencyQ) are visible on the component only. In the
electronic QB regiméFigs. 3d) and 3e)] the two lumines-
cence components oscillate with a phase shiftrdfetween

the simultaneous spin flip of the electron and the hole within
the exciton, is ignored in the present theory. This mechanism
however has been recognized as the relevant depolarizing
mechanism of 2D excitons whdh= 0278t has been shown
that it affects free excitosand bound excitons as wéll.
Nevertheless, the free-exciton spin-flip theory has not been
currently extended to the case of excitons in a transverse
magnetic field. Due to this lack of a relevant theory, we

them. These conclusions are in agreement with the expergannot propose a full fit of the experimental data. It is indeed

ments.

B. The interpretation of resonant excitation experiments

possible to fit the luminescence depolarization curves if we
arbitrarily damp the calculated luminescence polarization by
the factor exp{t/r) which is needed to fit th&=0 data
(74 is the excitorspin-flip timg. Good fits of the polarization

The present theory, which puts forward the role of thedynamics including the acceleration of the depolarization by
hole spin-flip process in the manifestation of electronic orthe magnetic field are obtained witt+ 14 ps, a value which

excitonic spin QB, supports the interpretation reSonant
excitation experimentgiven previously and summarized in

satisfies the condition K 6/h. However, this relatively
fast single-particle hole spin-flip time involves a fast initial

the Introduction. In QW'’s, the electron-hole exchange inter-decay of the total luminescence due to the transfer of the
action within the exciton increases rapidly with the confine-exciton to the optically nonactive stated,€2). This is
ment, and simultaneously the mixing between the light- anchever observed in the experiments. This is the proof that the
heavy-hole states in the valence band decreases. This resuitsle spin-flip time is really longer and probably indicates
in the decrease of the single-particle hole-spin-relaxatiorthat the excitonic spin-flip mechanism has to be introduced
rate. As a consequence, exciton QB’s are visible in narrowigorously in the theory, a task beyond the scope of this
enough QW’s, where the exchange splitting becomes larggraper.

than the lifetime broadening of the exciton spin state due to Finally, numerical solutions of Eq$4) and(6) lead us to

the single-particle hole spin-flip process£&6/#). In large  the conclusion that the spin oscillations in a transverse mag-
guantum wells £10 nm) the electron-hole exchange is notnetic field are a general phenomenon observable in the exci-
strong enough to counterbalance the effect of spin mixing inonic luminescence as long as the field intensity is high
the valence band. As a consequence, the condition for thenough. The luminescence oscillations are of excitonic or
manifestation of the electronic QB'’s is fulfilled/m ). electronic kind for 1#4<6/h or 1/7> 8/, respectively.



10416 M. DYAKONOV et al. 56

e has never been measured directly but was deduced indirectly
T by various ways. Dameat al. conclude from their analysis
: ' —1 of the rapid decay of the homogeneous exciton linewidth that
&l 1 the exciton formation time is less than 20 ps for an excitation
o density of 2x 10'° cm~2.12 The result we obtained in Ref. 4
NANANS | is not very different although our analysis was based on a
a 0.5 modified interpretation of the decay of the homogeneous
a' linewidth: we found less than 10 ps for the density range
650160180 260 0.0 455750180 200 10°-10" cm2. Much longer formation times are reported
by Deveaudet al® (~200 ps for densities of the order of
10" cm~2) and more recently by Kumaat al1* (50 ps at the
density of 4<10'° cm?).
: b' Another important question concerns the stability of the
""""""" exciton formed by the binding of an electron-hole pair. We
0 50 100 150 200 observed previously that the rapid initial decay of the exciton
homogeneous luminescence linewidth is consistent with the
assumption of a dynamical thermal equilibrium between dis-
sociatede-h pairs and the excitorfsThis implies that exci-
tons form and ionize at a very high rate, the time dependence
of the different populations arising mainly due to the slow
cooling of the electronic system~100 ps) by acoustic pho-
non emission. On the contrary, Kumat all* considered
that excitons formed by the random binding process at low
crystal temperature are definitively stable, i.e., cannot ionize
again.

The question of hole-spin stability within the excitons
formed by the bimolecular process is fundamental in the
prospect of the interpretation of electronic QB’s always ob-
served in nonresonant excitation conditions. Moreover, the
two frames of formation just recalled, i.@) binding without

[ Q
— T
«~— 0
—Q

o
e
>

Intensi
(C,
Polarization

’
Nos

6I 50 160 150 éoo - 0 50 100 150 200 redissociation, onr(ii) multiple binding and/or dissociation
during the decay, have to be considered separately. This will
Time (ps) be done below. We present in Sec. Il A the general theory of

spin precession in a population of excitons formed by ran-
FIG. 3. Simulation of resonant excitation experiments with thedom binding of electron-hole pairs, after the photogeneration
sample Il parametergj,=0.24,5=0.10 meV. (a)—(e) The lumi-  of a free-electron-hole gas. We shall consider the specific
nescence intensity dynamit$ (solid line) andl ~ (dashed lingin ~ frames(i) and(ii) in Secs. Il B and Ill C, respectively.
the transverse magnetic field, from the numerical solution of Egs.
(4) and(6). The different ranges of the hole spin-flip rate- listed

in Egs.(11) are illustrated aB=3 T. (d)—(€) The polarization A. The spin precession in a population of excitons formed
decay for the same ranges ofrlfrom the numerical solution of by random binding of e-h pairs:
Egs. (4) and (7b) at B=0 (doty, B=1.5 (dashed ling B=3T Theory of the luminescence signal

(solid line). 7=2000 ps in(a) and (&), 7=50 ps in(b) and (B),
=6 psin(c) and (¢), 7=1ps in(d) and (d), 7=0.05 ps in(e)
and (€).

The laser pulse creates electron-hole pairs &t=0. We
denote byn(t) the density of freee-h pairs and byN(t) the
exciton density at timé>0. It is assumed that the photoge-
nerated free holes are depolarized quasi-instantaneously. Ex-
citons form by random binding &-h pairs at a rateyn?(t)

The observation of electronic QB’s is the general rule forand redissociate at a rateN(t) where y and « are the bi-
the experiments performed with excitation energies abovenolecular formation and dissociation coefficients, respec-
the QW gap. But the most intriguing question is the follow- tively. We introduce the following notations:s for the av-
ing: why does the narrow QW, which exhibits excitonic erage spin of free electrons ame=n(t)s for the electron
QB’s when the excitation energy is resonant with XH, showspin density within the free-electron-hole systenfor the
electronic QB’s when the excitation energy is tuned aboveaverage spin of electrons bounded into excitons &nd
the band gap? =N(t)S for the electron spin density within the exciton sys-

When the laser excitation energy is above the band gatem;Q for the average correlation between electron and hole
(HH,—E,), excitons are not directly formed by the laser spin orientations within excitons an@=N(t)Q for the
pulse. It has been demonstrated previously that, in such phdeorrelation density” within the exciton system;J for the
togeneration conditiongj) the holes are immediately depo- average spin of holes bounded into excitons gfe N(t)J
larized (from Ref. 10,7<4 ps at low sample temperatiire for the hole spin density within the exciton system. The
and (ii) the excitons form by random binding of the gener-rates of change o&r and 3 due to exciton formation and
ated free electrons and holsThe exciton formation time dissociation express as

lll. BIMOLECULAR FORMATION OF EXCITONS
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This equation expresses the conservation of the average elec-

tron spin in the formation and dissociation processes. Sinc
free holes are depolarized, the rate of change/oand Q
comes entirely from dissociations:
72 o,
ot ot

form._
diss.

aQ, (12b

form._
diss.

ad,.

The componentg&*=N(t)I = of the excitonic luminescence
may be expressed by equations derived from (Zj.

1((N T,
(=3 (E—Qz)r(f—ﬁz) : (13
The kinetic equations fon(t) andN(t) are
dn
a=—yn2+aN, (149
dN_ ’ N [*+1-
E_’yn e Trad
N/2—Q
=yn?—aN— ———, (14
Trad

where 7,4 is the radiative lifetime of an optically active ex-
citon. Neglecting direct recombination of free-electron-hole
pairs, the rates of change of, X, and @ due to radiative
recombination are given bighe Appendix, Eq(A7)]

o _ 15
E — Y, ( @
rad
% 3—J,Nn/3
= —Z, (15b)
ot rad 27'rad
d —Nn/2
o) gt 150
ot rad 27'|-ad
a, J,— 33
_Z} =z 7z (150
ot rad 27rad
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Equations(143, (14b), and(17) are integrated numerically
and the luminescence components are derived, according to
Eq. (13). In Sec. Il B exciton redissociation is not consid-
ered (@=0). Exciton redissociation will be considered in the
frame of the dynamical equilibrium concept in Sec. Il C.

B. The exciton redissociation is neglecteda=0)

The two cases where the hole-spin orientation is staple
or unstable(ii) within the formed excitons are examined
separately.

1. The hole-spin orientation is locked at the moment
of exciton formation

Equations(17) are solved takingr=0 and 1#=0. The

The evolution of the coupled system of free-electron-holgesult depends on the initial value of the exciton formation
pairs and excitons is now described by the following set oftime 1/yny. Four representative values are considered in Fig.

equationgextension of Eq(3)]:

do-_ . +z90' +¢90'
W_w i Eform. E '
diss. rad
=wdX—6 nO L= =
E_w n Q Eform. E '
diss. rad
do ~ Q 92 0Q
gt o @Pe TN A e |
diss. rad
AR Y AR .
dt T Jt |form. ot '
diss. rad

4. The temporal evolution of the luminescence is dominated
by the competition between exciton formation and exciton
recombination. The formation rate is higher than the recom-
bination rate during the intensity rise and lower during the
decay. As a consequence, the increase of the photogenerated
density (or a higher formation coefficieny) results in the
decrease of the rise time.

The simulation illustrates the two consequences of the
coupling of the electron spin with the transverse magnetic
fields.

(1) The small oscillations of the componerits and |~
(Fig. 4): with a phase shift ofr between them, these oscil-
lations are superimposed on the luminescence evolution just
described. The general trend is that their pulsation is close to
o when the rise time of the luminescence is lahgng ex-

These equations are projected on the three Cartesian axesciton formation time 1yn,>1/w) and close t) when the
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electron Larmor pulsatiom, with a phase shift ofr between
them[Fig. 1(a)]. The oscillations super-impose on the long
rise of the exciton PL mainly related to the cooling of the
electronic system, an usual effect after above band-gap
excitation! in the experiment, the role of the bimolecular
formation of excitons on the luminescence rise is hidden by
the cooling effect.

When the luminescence components recordeB=ad T
are reported on the same figufég. 2@)], it appears clearly
that the amplitude of the oscillations in the magnetic field is

()" = 5000 ps () =500 ps

[) 100 200 300 ° 100 200 300

{tmg)' =5ps

Intensity (arb. units)

p equal tol *—1~ at zero field. This proves that the coupling
o) = S0 ps of electron spins with the transverse magnetic field does not
3 0 20 300 ° o 200 300 really result in an additional depolarization when the excita-
Time (ps) tion is nonresonant. This is in contradiction with the above

theoretical expectation that a strong depolarization contribu-

FIG. 4. Simulation of nonresonant excitation experiments withtion arises from the dephasing of the electron spins when
the parameters of sample(d=0.24,5=0.10 meV.. The excitons  1/7=0 in the excitonic system, related to the random bind-

form by the bimolecular process. The excitonic luminescence COMing. As a consequence, the hypothesis that the random bind-

ponents| + (solid line) and |~ (dashed lingare obtained from the ing of free electrons and holes generates excitons in which
numerical solution of Eqs(13), (14), and (17) at the transverse the hole-spin orientation is blocked, does not hold.
magnetic fieldB=3 T. The redissociation of the formed exciton is '

not considered ¢=0). The hole-spin orientation in the formed
excitons is blocked (X~=0). Four representative values of the for-
mation time are considered.

2. The hole-spin orientation is not stable in the hot excitons
formed by random binding

It was shown in Sec. Il that the amplitude of the PL os-

rise time of the luminescence is sh¢stmall exciton forma- cillations is directly related to the hole spin-flip rate within
tion time 1Any<1/Q). the excitons. The conclusion was that the application of the
(2) The strong depolarization of the luminescer(&ég. transverse magnetic field does not involve an additional
5): we emphazise that no spin-relaxation mechanism othef@amping of the electronic QB provided that the condition
than the instantaneous and full hole depolarization in the free<fi/ 3 is fuffilled. This suggests that the hole-spin orientation
state, before the exciton formation, has been introduced i really unstable in the hot exciton formed by random bind-
the theory which, as a consequence, predicts no depolarizig of e-h. pairs. The effect of this instability is investigated
tion atB=0T. The strong depolarization predicted by the NOW.
present theory is the consequence of the random phase of TWo cooling regimes have been observed in the thermal-
electron spin at the moment of the electron-hole binding. ization of the excited electronic systef@lectrons, holes, ex-
These theoretical expectations must be compared with th@tons, after the strong initial LO-phonon emission which
experimental observations. We consider the narrow QW ohas reduced the electronic temperature to about 80—-60 K
Ref. 3 (samples | and Il of 3.0 and 4.8 nm well width, re- Within the excitation pulsé.'®
spectively which show clear excitonic QB’s when the exci-  The fast cooling regime, in which the temperature drops
tation is resonant. Under nonresonant excitation, botiArom 80—60 K to 30—-20 K in about 20 ps: this regime cor-

samples show pronounced oscillationsléf and |~ at the ~ responds to the end of the LO-phonon emissfire emis-
sion of LO phonons is possible even if the carriers are ex-

cited with an excess energy lower than the LO-phonon
energy since a fraction of the carriers, after the internal ther-
malization process is achieved, has kinetic energy greater
than the LO-phonon energy
The slow-cooling regime which occurs at a much longer
‘ time scale of several hundreds of picoseconds: this regime
0 300 0 020 300 corresponds to acoustic phonon emission.
0 (nyt=S0ps 10 (g =5 ps ~ Theory predicts that the stability of the hole-spin orienta-
tion within the exciton decreases when the temperature
08 os \/\N\/\/\/V\/ increases® We checked this point previously.As a conse-
guence, a fast increase of the hole spin-flip tirig expected
0o during the fast-cooling regime and a slow increase is ex-
pected during the slow-cooling regime. We consider here the
crude model of variation according to whiehincreases ex-
ponentially in time from an initial value, (less than~1 p9g
FIG. 5. Simulation of nonresonant excitation experiments. Thel® @ quasistabilized value denoted reached at the end of
polarization decays correspond to the luminescence intensity dythe fast cooling regime, i.e., in a characteristic time of let us
namics of Fig. 4. The effect of the magnetic field is illustrated for Say 20 ps. The numerical solution of E¢3), (14), and(17)
(yng) "1=500 ps(dotted lineB=0, dashed linB=1T, solid line  is performed takingro=1 ps (shorter initial spin-flip times
B=3T). do not change the resuitand 7/ 5=6.6 ps, the exchange

(ny)"! = 5000 ps 10

0.5 0.5

0.0

0.0 \/

Circular polarization
o
a
o
o

0.0

0 100 200 300 0 100 200 300
Time (ps)
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(yng)™ = 500 ps (yny)™" =50 ps (yng)" =5 ps

FIG. 6. Simulation of nonreso-
nant excitation experiments. The
excitonic luminescence compo-
nentsl * andl ~ are obtained from
the numerical solution of Egs.
(13), (14), and (17). The redisso-
ciation of the formed exciton is
not considered¢=0). The hole-
spin relaxation within the formed
excitons is considered for three
typical values of the hole spin-flip
rate at long delay (¥,). The
consequence for the luminescence
1= 20 ps guantum beats is shown for differ-
ent exciton formation times.

0.05

o
°
S

e
o
a

1= 4 PS

o
o
=3

Intensity (arb. units)

0.00

0 100 200 0 100 200 0 100 200

Time (ps)

splitting measured in sample 1l. The resulting luminescencéhat the observation of electronic QB in above bandgap ex-
dynamicsl = are displayed in Fig. 6 for representative valuescitation conditions implies that the conditionr¥ 6/# is ful-

of the exciton formation time at=0. For formation times filled during all the time range of the depolarization
longer than 500 ps, we do not see significant changes of thig~100 ps).

dynamics in the time range of interest. The corresponding
luminescence polarization dynamics is shown in Fig. 7.
Three different values of the quasistationary hole spin-flip
time into the formed excitonsr(,) are considered. Two of
them(7,,=1 and 4 p§ satisfy the conditionr,,<%/45 while In a previous papémwe found that a similar time depen-
the third one {..=20 ps) satisfies the opposite conditien  dence observed for the exciton homogeneous linewidth and
>h/é. It appears clearly that the simulation of electronicthe carrier temperature in GaAs QW is consistent with the
QB’s of large amplitude, the requirement for the interpreta-assumption of thermodynamical equilibrium for the free car-
tion of the experiments, is obtained only for valuesroffor  riers and the exciton assembly. This would imply that the
which the conditionr,,<#/6 is fulfilled. One can conclude number ofe-h pairs forming excitons per unit time is equal

C. The exciton redissociation is considered in the frame of a
dynamical equilibrium between excitons ande-h pairs

(yny)™ =500 ps (rng)™ = 50 ps (ng)"' =5 ps

1.0 1.0 1.0
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\ A \ A\ \ N\ - 1
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1.0 18
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3 05 08 05 .FIG.. 7. Simu!ation of the po-
o A~ _ larization d_ynam|cs co_rrespc_)ndlng
o %0 0.0 \/ 0.0 Ve To=4 Ps to the luminescence intensity dy-
8 o \_/ 05 05 namics of Fig. 6.
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to the number of excitons ionizing per unit time at any time; 10°
the time dependence of the corresponding populations is then
governed by the cooling of the electronic system. In this

case, the dissociation timedl/is related to the formation —~10*L
coefficienty. From the detailed balance principle, R
§
_¥ M —E,/kgT 10°]
K(T) Y W kBTe X , (18) E (I)
<
wy=(m; 4+ m, 1)~ Lis the reduced effective mads; is the §102
[2e] L

exciton binding energy7 is the temperature of the excited
system. We examine here if the instability of the exciton (n
state related to the concept of dynamical equilibrium can be
the basis of an alternative interpretation of electronic QB’s L
observed in above bandgap excitation experiments. 20 30 40 50 60 70 8
In the frame of the dynamical equilibrium, the dissocia- Temperature (K)
tion time of excitons7,=1/«a, is the stability timeof the
exciton state. Then the condition for the observation of elec- FIG. 8. The minimum value of the formation coefficient
tronic QB'’s in the excitonic luminescenced3<f#/§ during  [d/AK(T)] vs temperature for the observation of electronic QB's
all the depolarization period~100 ps). Taking Eq{(18) (hypothesis of a dynamical equilibrium between free electrons holes
into account and considering the long cooling of the elecand excitons (I) Sample | parameters:E,=14meV, o

tronic system described above, this condition writes =8'1(3) mex- () Sample Il parameters:E,=12meV, &
=0. mevV.

d
=N
T

)
y(T)>m for T=20 K. (19

the end of the depolarization period which lasts typically

about 100 ps. We show, moreover, that the additional impli-

The functions/AK(T) is displayed in Fig. 8 for the param- cation of exciton redissociation during the decay, considered

eter valuegs andE,) of samples I and II. It is not expected n the frame of the dynamical equilibrium between excitons

that condition(19) is fulfilled: from Fig. 8, this should re- and dissociated pairs, does not change this conclusion: the

quire very high values of the formation coefficienty ( rate of the alternative exciton formation and dissociation is

=1000 cnt/s) which have never been reported. We havenot high enough, in principle, to explain alone the manifes-

checked these qualitative conclusions by simulations usingation of the strong electronic QB’s observed.

Egs.(13) and(14), in which « was replaced byK(T) and Finally the main factors which contribute to the stabiliza-

1/7 taken equal to zero. tion of the hole spin orientation within an exciton are the
One can conclude that the instability of the exciton statefollowing: the increase of the electron-hole spin correlation

related to a possible dynamical equilibrium between excitongia the increase of the exchange interaction related with the

and dissociate@-h pairs, is not strong enough to explain confinement and the corresponding decrease of the valence

alone the observation of electronic QB’s. This means that iband mixing; the decrease of the exciton temperature.

the concept of dynamical equilibrium is correct during the

first hundred of picoseconds after the above bandgap laser

excitation, the instability of the hole-spin orientation in the ACKNOWLEDGMENTS

hot excitons, related to the long cooling of the electronic
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system, is here also a necessary additional hypothesis. g op P
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IV. CONCLUSION

We have developed a theory of the QB in the excitonic APPENDIX
PL accounting for the hole-spin instability within the exci-
ton. This theory provides theoretical support to the intuitive Optical orientation and alignment of excitons are usually
interpretation given previousf. obtained by solving the equation of evolution of the density
When excitons are generated resonantly by the laser puls@erator whose components are denotedpRy(t) in the
the luminescence oscillations are of excitonic or electronigXxcitonic basi§|m=J,+S,)} wherem=1, 2, 1, 2:
kind according to whether 2K 6/h or 1/7> 6/h, respec-

tively. dp 1 p
When the excitation is nonresonant, above the QW band- at_ih [H,p]+E . (A1)
gap, QB’s of electronic kind are always observed, regardless : relax

of the well-width value. The theoretical study led us to the

conclusion that the random binding efh pairs gives hot dp/dt],eax iS the relaxation term which generally includes
excitons in which the hole-spin orientation is not stable. Thespin relaxation and recombination.

progressive stabilization of the orientation in excitons is due The average value of any single-particle observébt=n

to the effect of the coolingvia the emission of acoustic be expressed in terms of the density-matrix components from
phonons. But the stabilization is far from being achieved af ©)=Tr{p(t) O}. Thus, forS,, Q, andJ, we find
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1 Equations (4) result from Egs.(A3a) and (A5) with O
(S0=5 (pratp-1-2tpatp-2-1), =S,, andQ, andJ, successively.
The radiative recombination of excitons could be included
i similarly in Eg. (4). The recombination contribution to the
(S)=5 (=pratp-1-2tpa—p-2-1), (A28  relaxation term in Eq(AL) has the standard ford:

1 apm’mr 1
<Sz>:§(_P11+P—1—1+P22_P—2—2): ot :_?md(almlvl"' Sjm'|,)Pmm - (AB)
rec
Q)= 1 (pro— + e ) Taking this matrix form ofdp/dt],eax in EQ. (A3b) and tak-
x/ =5 (P127 P-1-2T P21 P-2-1) ing account of Eq(A2), the contributions take the form

i S S —(J,)n/3
<Qy>:§(_912_P7172+P21+p7271)1 (A2b) xS :_M, (A73)
ot rad ZTrad
1
<Qz>:§(_Pll_P7171+P22+P7272), é’(Q)} =_(Q>—n/2, (ATb)
3 ot rad 27'rad
(J=5(pr1—p-1-1FP2o—pP-_2-2) (A2¢)
© 2 X3 _ 3)-3(S) 70
The time evolution of the average value of any time- at | g 2Tad
independent observablé is derived from Eq.(A1l). Using
the cyclic property of the Trace operator we obtain In Sec. Ill, we consider the macroscopic observables of
the excitonic systenk, Q, or J and of the electronic sys-
d(0) _ r{d_p ] tem o. Their time evolution is also described by equation of
dt dt ' the form (A3).

For the excitonic system, the Hamiltonian is still ex-

d0) 1 o HO) A3 pressed by Eq(1). The single-particle hole spin flip and the
ot g (ORI el (A3 | diative recombination contributions to the relaxation term
_ _ ) ) dpl at] keep the form Egs.(A5) and (A7)] but with X, Q,
with the expression of the relaxation term in E43a): and J replacingS, Q, andJ. The relaxation term includes in
e P addition the contributions related to the exciton formation
AV 1l P ol (A3b)  and exciton dissociation, the form of which is represented by
N | oiax N oiax Egs. (12). Equations(17a and (17b) are obtained by this

. o way.
In order to interpret the role of the hole spin-flip process  For the electronic system, the spin Hamiltonian reduces to
on the time evolution of the excitonic luminescence in theihe Zeeman termkw-s and the relaxation term reduces to
presence of a transverse magnetic fi@ec. I), we take the  the contributions of the exciton formation and dissociation

Hamiltonian in Eq.(A1) in the form given by Eq(1) and  processe$Eq. (128]. Equations(17a are obtained in this
restrict the relaxation term to the single-particle hole-spiny gy,

relaxation. With holes oriented either along Oor Oz, the The contribution of radiative recombination to the time
nonzero components in the excitonic bafie)} take the  evolution of the exciton density is derived from E@3b)
form taking O=N. We obtain
IPs+],5 +3 PS+1,5' +3' T PS-3,8 ~J’ oN 9 J
’ - | | | (A4) :| } [ p ]_ [ p:| ]
at 27 —| =Tri—| N{=NTr—

st at rad at rad at rad
In this formula,S=S, andJ=J;, ,. The relaxation terms in 3 P 9 9
the time evolution ofS), (Q), and(J,) are derived taking :N( p“} L P2 pﬂ + pﬂ )
Eq. (A4) into Eq. (A3b). Taking account of Eq(A2) the N g M lag g 9 g
result may be written in the form (A8)

S i
f?t> —0, (A53) From Eq.(A6) the result is
N &N} 1 (N 0 >) 9)
—| =——|5—(Q2)/.
AQ| _ (Q , (ASb) M| .g  Trad |2
ot ; T
This contribution is added to the contributions coming from
9Jz) (J2) ; ; ~ONributions ¢
=— ) (A5c)  the exciton formation and the exciton dissociation processes
at Iy T in Eq. (14b).
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