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Coherent spin dynamics of excitons in quantum wells
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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 interpreted.@S0163-1829~97!06235-8#
e
n

n-
ne

i

r

nt
e
n
re

-
he
s
-

on

o
u

a
n
n
gh
a

e
th
.
ut

va-
in a
t
is

e

x-
.
in

is

hift
as

ure

hat
is
sing

B
er-
er-

on.

an
ndi-
e-
n
ver
to
t of

h
and
d 6.
ero
he
w

y.
I. INTRODUCTION

When two energetically closely spaced transitions are
cited with a short optical pulse, the two induced polarizatio
in the medium oscillate with their slightly different freque
cies. Their interference manifests in a modulation of the
polarization, the so-called quantum beats~QB’s!. This paper
is devoted to the interpretation of QB’s observed recently
the time-resolved free-exciton photoluminescence~PL! in
type-I quantum wells1–3 ~QW’s! on a time scale of a few
hundreds of picoseconds, in a magnetic field perpendicula
the growth axis.

Modulation of the free-exciton luminescence compone
was discovered by Heberleet al.1 The authors interpreted th
QB in terms of the Larmor precession of electron spins i
magnetic field perpendicular to the growth axis. The cor
sponding pulsationv directly revealsthe electron spin split-
ting \v5gemBB.

In a recent paper3 we reported on investigations in rela
tively narrow QW’s when the excitation is resonant with t
heavy-hole exciton~XH!. It was demonstrated that QB’
then reflectthe exciton spin splittingin the transverse mag
netic field, \V5A(\v)21d2 where d is the electron-hole
exchange energy which splits the XH-1s quadruplet into the
radiative and nonradiative pair of states atB50. It was
shown moreover that QB’s at the pulsationv, as Heberle
observed, could be recorded from the same well with n
resonant excitation.

We suggested in Ref. 3 that the manifestation of QB’s
the excitonic luminescence at the electronic or excitonic p
sation~v or V, respectively! is related to the stability of the
hole-spin orientation within the exciton. The argument w
the following. Within the exciton, the correlation betwee
electron and hole spins is held by the electron-hole excha
interaction. However, if this correlation is not strong enou
to reduce the single-particle hole spin flip at a rate lower th
d/\, the exchange interaction splittingd no longer plays a
role in the QB. Then the QB appears at the pulsationv.
Finally an electron bound into an exciton precesses lik
free electron in the transverse magnetic field provided
t!\/d where t is the single-particle hole spin-flip time
This condition can be fulfilled in large and narrow QW’s b
for different reasons.
560163-1829/97/56~16!/10412~11!/$10.00
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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
lence band; the observation of the electron precession
QW of 25 nm well widthunder the resonant or nonresonan
excitationconditions reported in Ref. 1 is understood on th
ground.

In narrow QW’s the hole spin flip, which results in th
observation of QB’s at the pulsationv in nonresonant exci-
tation, is related to the formation-dissociation process of e
citons and the related long cooling of the excited system4

QB’s of the excitonic kind have been observed only
narrow quantum wells (Lw&10 nm) under resonant excita-
tion. This is the indication that the hole-spin orientation
stable in cold two-dimensional~2D! excitons (t.\/d). The
experiments reported in Ref. 3 showed moreover that a s
of the excitation from the resonance position as small
11 meV results in an intermediate situation, between p
exitonic QB~pulsationV! and pure electronic QB~pulsation
v! manifestations. It was interpreted as the indication t
the stability of the hole-spin orientation within 2D excitons
strongly dependent on the exciton temperature, decrea
quickly when this temperature increases.

In this paper we propose a quantitative theory of the Q
in exciton luminescence. Section II is devoted to the int
pretation of experiments in which excitons are photogen
ated directly by the laser beam tuned at the XH positi
Electronic or excitonic QB, at pulsationv or V, respectively,
are indeed predicted depending whethert!\/d or t@\/d.
The general features observed experimentally, including
acceleration of the luminescence depolarization in the co
tions of observation of excitonic QB’s, are qualitatively d
scribed by a simple theory in which the only relaxatio
mechanism considered is the hole-spin relaxation. Howe
we cannot give a quantitative description without taking in
account other relaxation processes. The most importan
the processes left aside is certainlythe exciton spin-flip
mechanism, i.e., the spin flip of the exciton as a whole whic
corresponds to the simultaneous spin flip of the electron
the hole, a mechanism of the kind described in Refs. 5 an
This process is known to determine the depolarization at z
field and contribute to the damping of the exciton QB in t
magnetic field. Unfortunately we do not actually know ho
to introduce the exciton spin-flip mechanism in the theor
10 412 © 1997 The American Physical Society
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Section III is devoted to the interpretation of nonreson
excitation experiments, when the laser beam generates
electron-hole pairs~above bandgap excitation!. In such con-
ditions, excitons form by random binding of electrons a
holes. We present the theory of the resulting excitonic lu
nescence in transverse magnetic field which displays QB
the electron Larmor frequencyv. The effect of the hole spin
flip within the formed excitons is investigated. The add
tional implication of hot exciton redissociation during th
decay is also examined. For realistic values of parameter
find that the formation and/or dissociation cannot expl
alone the electronic nature of the QB. We conclude that
hole spin flip within the formed excitons is always the dom
nant reason for breaking the exchange coupling. The h
hole spin-flip rate in nonresonant excitation experiments
related to the temperature of the hot exciton system wh
remains well above the lattice temperature during the wh
depolarization phase.

It is useful first to recall briefly the important experime
tal features. Figure 1 illustrates the observations in
GaAs/Al0.3Ga0.7As QW of 3 nm well width~sample I!. In
nonresonant excitation conditions@Fig. 1~a!#, oscillations on
the two circularly polarized luminescence componentsI 1

and I 2 at the pulsation frequencyv are phase shifted byp
~electronic QB!. Under resonant excitation@Fig. 1~b!#, oscil-
lations at the pulsationV are visible on theI 1 component
only ~excitonic QB!. Similar effects have been observed
another GaAs/Al0.3Ga0.7As narrow QW sample, of 4.8 nm
well width ~sample II!. Details can be found in Ref. 3. W
mention two additional observations which shall be use
for the comparison between theory and experiment.

FIG. 1. Sample I: the luminescence intensitiesI 1 andI 2 and the
circular luminescence polarizationPL after thes1-polarized exci-
tation, at B52.8 T. ~a! The excitation energy is nonresona
(E12HH1,hn,XL, whereE12HH1 is the QW gap andXL the
light hole spectral positions!, ~b! the excitation energy is resonan
with XH.
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~1! Under nonresonant excitation, the amplitude of t
oscillations ofI 1 and I 2 in the magnetic field is equal to
I 12I 2 at zero field: this observation, which has been pre
ously reported by Heberleet al.,1 is illustrated in Fig. 2~a!.

~2! Under resonant excitation, the magnetic field induc
an acceleration of the depolarization: this effect is shown
Fig. 2~b!.

II. RESONANT PHOTOGENERATION OF EXCITONS

A. The spin precession of coherently photogenerated excitons
Theory of the luminescence signal

For a ~001!-grown QW, the conduction band isS-like
with two spin statesSz561/2. The valence band is split int
a heavy-hole band with the total angular-momentum proj
tion Jh,z563/2 and a light-hole band withJl ,z561/2. The
heavy-hole exciton~XH! states are described using the ba
set $uJz1Sz&% whereJz[Jh,z . In the conditions of 2D con-
finement, the transverseg factor of the hole is zero. The spi
Hamiltonian of the XH exciton in the transverse magne
field (BiOx) is

H5\v•S2
2d

3
JzSz , ~1!

where\v5gmBB andd is the zero-field exchange splittin
between the optically active doubletu61& and the two close-
lying singlets of the$u62&% subspace~the much smaller
splitting between the singletsu62& is neglected7!. The equa-
tion of motion for any time independent observableO is

FIG. 2. The excitation iss1 polarized. ~a! Sample I. The ex-
citation is nonresonant (E12HH1,hn,XL). The luminescence
intensitiesI 1 and I 2 at B53.4 T ~dots! and B50 T ~lines!. Note
that the amplitude of the oscillations in the presence of the magn
field is equal toI 12I 2 at zero field. ~b! Sample II. The excitation
is resonant with XH. Illustration of the acceleration of the depol
ization by the transverse magnetic field.
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dO
dt

5
1

i\
@O,H#.

Applying it to S, JzS, andJz successively, we obtain

dS

dt
5v∧S2

2

3
d̃ n∧JzS, ~2a!

d~JzS!

dt
5v∧~JzS!2

3

2
d̃ n∧S, ~2b!

dJz

dt
50, ~2c!

whered̃5d/\ andn5(0,0,1) is a unit vector normal to th
2D plane of the QW. In the following, we denoteQ
5(2/3)JzS and take the quantum-mechanical average of E
~2!. From now on we will writeS for ^S&, Q for ^Q&, andJz
for ^Jz&. Note thatQ describes the correlation betweenJz
andS within the exciton. Equations~2! take the form

dS

dt
5v∧S2 d̃ n∧Q, ~3a!

dQ

dt
5v∧Q2 d̃ n∧S2

Q

t
, ~3b!

dJz

dt
52

Jz

t
. ~3c!

Extra terms2Q/t and2Jz /t have been added in the equ
tions ‘‘by hand’’ in order to take into account any specifi
hole spin-relaxation mechanism, represented by a phen
enological relaxation timet. Equations~3! govern the evo-
lution of the mean values of the observables in the excito
population~statistical average!. The present formulation is
of course, in agreement with the standard density-matrix
malism ~see the Appendix!.

Projection of Eqs.~3! on the Cartesian axes leads to t
three independent sets of equations:

~a! H Ṡz5vSy ,

Q̇x5 d̃ Sy2
Qx

t
,

Ṡy52 d̃ Qx2vSz ,

~b! 5
Q̇z5vQy2

Qz

t
,

Ṡx5 d̃ Qy ,

Q̇y52 d̃ Sx2vQz2
Qy

t
,

~c! J̇z52
Jz

t
, ~4!

whereṠz[dSz /dt, etc.
The luminescence intensity components of right a

left helicity correspond to the mean value of the opera
u61&^61u, respectively. They take the form

I 65
2

9 K S 3

4
2JzSzD S 3

2
6JzD L . ~5!
s.

m-

ic
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r

The interpretation is straightforward: 2/9 is the normaliz
tion factor; 3/42JzSz is the factor which ensures thatI 6

50 when nonoptically active states are concerned,
(Sz ,Jz)5(61/2,63/2); 3/26Jz is the factor which ensure
that I 650 when (Sz ,Jz)5(61/2,73/2). Equations~5! may
be written in the form

I 65
1

2 S 1

2
2QzD6

1

2 S 1

3
Jz2SzD . ~6!

The total luminescence intensity (I ) and polarization (P) are

I 5I 11I 25
1

2
2Qz , ~7a!

P5
I 12I 2

I 11I 2 5
Jz/32Sz

1/22Qz
. ~7b!

Initial conditions depend on the photogeneration con
tions. With as1-polarized short pulse att50 they are

Sx~0!50,
Qx~0!50,

Sy~0!50,
Qy~0!50,
Jz~0!53/2.

Sz~0!521/2,
Qz~0!521/2, ~8!

Note that thatI 1(0)51 andI 2(0)50.
Specific equations forSz ,Qz ,Jz which determineI andP

are derived from Eq.~4!:

t Ṡ̈z1S̈z1tV2Ṡz1v2Sz50, ~9a!

t2Q̈
˙

z12tQ̈z1~V2t211!Q̇z1td̃2Qz50, ~9b!

t J̇z1Jz50, ~9c!

whereV5Av21 d̃2.
The following approximate solutions of the third-ord

differential equations~9a! and ~9b! can be found easily for
low-, intermediate-, and high-hole spin-flip rates~we intro-
ducet* 5td̃2/v2 and note thatt* @t!:

1/t! d̃ H Sz~ t !52
1

2 F12
v2

V2 ~12cosVt !G ,
Qz~ t !52

1

2 F12
v2

V2 ~12cosVt !G ,
d̃!1/t! d̃2/v
and t@t H Sz~ t !52

1

2
e2t/t* ,

Qz~ t !50,

v,d̃,d̃2/v!1/t
and t@t H Sz~ t !52

1

2
cosvt,

Qz~ t !50. ~10!

When 1/t! d̃, Eqs.~9a! and~9b! reduce toṠ̈1V2Ṡz50 and

Q̇̈z1V2Q̇z50, respectively. Whend̃!1/t! d̃2/v, Eq. ~9a!
reduces totV2Ṡz1v2Sz50 or td̃2Ṡz1v2Sz50. Whenv,
d̃!1/t, Eq. ~9a! reduces toS̈z1v2Sz50.

The corresponding luminescence componentsI 6 are then
derived from Eq.~7!:
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~a! 1/t! d̃ H I 1~ t !512
v2

V2

12cosVt

2
,

I 2~ t !50,

excitonic
oscillations

~b! ••• ••• ,

~c!
d̃!1/t! d̃2/v
and t@t H I 1~ t !5

11exp2t/t*

4
,

I 2~ t !5
12exp2t/t*

4
,

damped regime
@t* 5td2/~\v!2#

~d! ••• ••• ,

~e!
v,d̃,d̃2/v!1/t
and t@t H I 1~ t !5

11cosvt

4
,

I 2~ t !5
12cosvt

4
,

electronic
oscillations. ~11!
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Note that, in regime~c!, the depolarization rate described b
the effective relaxation timet* increases with the magneti
field asB2.

When the condition 1/t! d̃ is fulfilled, Eqs.~11! predict
the appearance of excitonic QB’s on theI 1 component of the
luminescence, as the magnetic field increases. When the
posite condition is fullfilled (d̃!1/t), Eqs.~11! predict the
appearance of electronic QB on the two luminescence c
ponents, with a phase shift ofp between them, as the mag
netic field increases.

More generally, the luminescence components are
tained from the numerical solution of Eqs.~4! and ~6!. Fig-
ures 3~a!–3~e! illustrate the results for the specific ranges
parameters distinguished above@~a!–~e!, Eq. ~11!#. In the
excitonic QB regime@Figs. 3~a! and 3~b!#, modulations at the
frequencyV are visible on the componentI 1 only. In the
electronic QB regime@Figs. 3~d! and 3~e!# the two lumines-
cence components oscillate with a phase shift ofp between
them. These conclusions are in agreement with the exp
ments.

B. The interpretation of resonant excitation experiments

The present theory, which puts forward the role of t
hole spin-flip process in the manifestation of electronic
excitonic spin QB, supports the interpretation ofresonant
excitation experimentsgiven previously3 and summarized in
the Introduction. In QW’s, the electron-hole exchange int
action within the exciton increases rapidly with the confin
ment, and simultaneously the mixing between the light- a
heavy-hole states in the valence band decreases. This re
in the decrease of the single-particle hole-spin-relaxa
rate. As a consequence, exciton QB’s are visible in nar
enough QW’s, where the exchange splitting becomes la
than the lifetime broadening of the exciton spin state due
the single-particle hole spin-flip process (1/t!d/\). In large
quantum wells (*10 nm) the electron-hole exchange is n
strong enough to counterbalance the effect of spin mixing
the valence band. As a consequence, the condition for
manifestation of the electronic QB’s is fulfilled~1/t@d/\!.
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Figures 3~a8!–3~e8! show the decisive role of the hol
spin flip on the luminescence depolarization in the prese
of a transverse magnetic field. In the intermediate ran
@Figs. 3~b8!–3~d8!#, the hole spin flip is the cause of an a
celeration of the depolarization by the field@this effect is
explicit in Eq. ~11c!#. This acceleration is observed expe
mentally @Fig. 2~b!#. On the other hand, the simulation co
firms the theoretical prediction that the magnetic field has
damping effect in the extreme cases, 1/t!d/\ or 1/t
@d/\. We will comment on that point in Sec. III.

The excitonic spin-flip mechanism, which corresponds to
the simultaneous spin flip of the electron and the hole wit
the exciton, is ignored in the present theory. This mechan
however has been recognized as the relevant depolari
mechanism of 2D excitons whenB50.5,7,8 It has been shown
that it affects free excitons5 and bound excitons as well.9

Nevertheless, the free-exciton spin-flip theory has not b
currently extended to the case of excitons in a transve
magnetic field. Due to this lack of a relevant theory, w
cannot propose a full fit of the experimental data. It is inde
possible to fit the luminescence depolarization curves if
arbitrarily damp the calculated luminescence polarization
the factor exp(2t/tx) which is needed to fit theB50 data
~tx is the excitonspin-flip time!. Good fits of the polarization
dynamics including the acceleration of the depolarization
the magnetic field are obtained witht514 ps, a value which
satisfies the condition 1/t,d/\. However, this relatively
fast single-particle hole spin-flip time involves a fast initi
decay of the total luminescence due to the transfer of
exciton to the optically nonactive states (Jz52). This is
never observed in the experiments. This is the proof that
hole spin-flip time is really longer and probably indicat
that the excitonic spin-flip mechanism has to be introduc
rigorously in the theory, a task beyond the scope of t
paper.

Finally, numerical solutions of Eqs.~4! and~6! lead us to
the conclusion that the spin oscillations in a transverse m
netic field are a general phenomenon observable in the e
tonic luminescence as long as the field intensity is h
enough. The luminescence oscillations are of excitonic
electronic kind for 1/t,d/\ or 1/t.d/\, respectively.
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III. BIMOLECULAR FORMATION OF EXCITONS

The observation of electronic QB’s is the general rule
the experiments performed with excitation energies ab
the QW gap. But the most intriguing question is the follo
ing: why does the narrow QW, which exhibits exciton
QB’s when the excitation energy is resonant with XH, sh
electronic QB’s when the excitation energy is tuned abo
the band gap?

When the laser excitation energy is above the band
(HH12E1), excitons are not directly formed by the las
pulse. It has been demonstrated previously that, in such
togeneration conditions,~i! the holes are immediately depo
larized ~from Ref. 10,t,4 ps at low sample temperature!
and ~ii ! the excitons form by random binding of the gene
ated free electrons and holes.11 The exciton formation time

FIG. 3. Simulation of resonant excitation experiments with
sample II parameters:ge50.24,d50.10 meV. ~a!–~e! The lumi-
nescence intensity dynamicsI 1 ~solid line! and I 2 ~dashed line! in
the transverse magnetic field, from the numerical solution of E
~4! and~6!. The different ranges of the hole spin-flip rate 1/t listed
in Eqs.~11! are illustrated atB53 T. (a8) – (e8) The polarization
decay for the same ranges of 1/t, from the numerical solution of
Eqs. ~4! and ~7b! at B50 ~dots!, B51.5 ~dashed line!, B53 T
~solid line!. t52000 ps in~a! and (a8), t550 ps in~b! and (b8),
t56 ps in ~c! and (c8), t51 ps in ~d! and (d8), t50.05 ps in~e!
and (e8).
r
e

e

p

o-

has never been measured directly but was deduced indire
by various ways. Damenet al. conclude from their analysis
of the rapid decay of the homogeneous exciton linewidth t
the exciton formation time is less than 20 ps for an excitat
density of 231010 cm22.12 The result we obtained in Ref. 4
is not very different although our analysis was based o
modified interpretation of the decay of the homogeneo
linewidth: we found less than 10 ps for the density ran
109– 1010 cm22. Much longer formation times are reporte
by Deveaudet al.13 ~;200 ps for densities of the order o
1011 cm22! and more recently by Kumaret al.14 ~50 ps at the
density of 431010 cm22!.

Another important question concerns the stability of t
exciton formed by the binding of an electron-hole pair. W
observed previously that the rapid initial decay of the exci
homogeneous luminescence linewidth is consistent with
assumption of a dynamical thermal equilibrium between d
sociatede-h pairs and the excitons.4 This implies that exci-
tons form and ionize at a very high rate, the time depende
of the different populations arising mainly due to the slo
cooling of the electronic system (.100 ps) by acoustic pho
non emission. On the contrary, Kumaret al.14 considered
that excitons formed by the random binding process at
crystal temperature are definitively stable, i.e., cannot ion
again.

The question of hole-spin stability within the exciton
formed by the bimolecular process is fundamental in
prospect of the interpretation of electronic QB’s always o
served in nonresonant excitation conditions. Moreover,
two frames of formation just recalled, i.e.~i! binding without
redissociation, or~ii ! multiple binding and/or dissociation
during the decay, have to be considered separately. This
be done below. We present in Sec. III A the general theory
spin precession in a population of excitons formed by r
dom binding of electron-hole pairs, after the photogenerat
of a free-electron-hole gas. We shall consider the spec
frames~i! and ~ii ! in Secs. III B and III C, respectively.

A. The spin precession in a population of excitons formed
by random binding of e-h pairs:
Theory of the luminescence signal

The laser pulse createsn0 electron-hole pairs att50. We
denote byn(t) the density of freee-h pairs and byN(t) the
exciton density at timet.0. It is assumed that the photoge
nerated free holes are depolarized quasi-instantaneously
citons form by random binding ofe-h pairs at a rategn2(t)
and redissociate at a rateaN(t) whereg and a are the bi-
molecular formation and dissociation coefficients, resp
tively. We introduce the following notations:s for the av-
erage spin of free electrons ands5n(t)s for the electron
spin density within the free-electron-hole system;S for the
average spin of electrons bounded into excitons andS
5N(t)S for the electron spin density within the exciton sy
tem;Q for the average correlation between electron and h
spin orientations within excitons andQ5N(t)Q for the
‘‘correlation density’’ within the exciton system;J for the
average spin of holes bounded into excitons andJ5N(t)J
for the hole spin density within the exciton system. T
rates of change ofs and S due to exciton formation and
dissociation express as

s.
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]s

]t G
form.
diss.

52
]S

]t G
form.
diss.

52gns1aS. ~12a!

This equation expresses the conservation of the average
tron spin in the formation and dissociation processes. S
free holes are depolarized, the rate of change ofJz andQ
comes entirely from dissociations:

]Q
]t G

form.
diss.

52aQ,
]Jz

]t G
form.
diss.

52aJz . ~12b!

The componentsI65N(t)I 6 of the excitonic luminescenc
may be expressed by equations derived from Eq.~7!:

I6~ t !5
1

2 F S N

2
2QzD6SJz

3
2SzD G . ~13!

The kinetic equations forn(t) andN(t) are

dn

dt
52gn21aN, ~14a!

dN

dt
5gn22aN2

I 11I 2

t rad
,

5gn22aN2
N/22Qz

t rad
, ~14b!

wheret rad is the radiative lifetime of an optically active ex
citon. Neglecting direct recombination of free-electron-ho
pairs, the rates of change ofs, S, andQ due to radiative
recombination are given by@the Appendix, Eq.~A7!#

]s

]t G
rad

50, ~15a!

]S

]t G
rad

52
S2Jzn/3

2t rad
, ~15b!

]Q
]t G

rad

52
Q2Nn/2

2t rad
, ~15c!

]Jz

]t G
rad

52
Jz23Sz

2t rad
. ~15d!

The evolution of the coupled system of free-electron-h
pairs and excitons is now described by the following set
equations@extension of Eq.~3!#:

ds

dt
5v∧s1

]s

]t G
form.
diss.

1
]s

]t G
rad

,

dS

dt
5v∧S2 d̃ n∧Q1

]S

]t G
form.
diss.

1
]S

]t G
rad

,

dQ
dt

5v∧Q2 d̃ n∧S2
Q
t

1
]Q
]t G

form.
diss.

1
]Q
]t G

rad

,

dJz

dt
52
Jz

t
1

]Jz

]t G
form.
diss.

1
]Jz

]t G
rad

. ~16!

These equations are projected on the three Cartesian ax
ec-
ce

e
f

s:

ṡz5vsy2gnsz1aSz ,

ṡy52vsz2gnsy1aSy ,

ṡx52gnsx1aSx , ~17a!

Ṡz5vSy1gnsz2aSz2
Sz2Jz/3

2t rad
,

Q̇x5 d̃Sy2
Qx

t
2aQx2

Qx

2t rad
,

Ṡy52 d̃Qx2vSz1gnsy2aSy2
Sy

2t rad
,

Q̇z5vQy2
Qz

t
2aQz2

Qz2N/2

2t rad
,

Ṡx5 d̃Qy1gnsx2aSx2
Sx

2t rad
,

Q̇y52 d̃Sx2vQz2
Qy

t
2aQy2

Qy

2t rad
,

J̇z52
Jz

t
2aJz2

Jz23Sz

2t rad
. ~17b!

Equations~14a!, ~14b!, and ~17! are integrated numerically
and the luminescence components are derived, accordin
Eq. ~13!. In Sec. III B exciton redissociation is not consid
ered (a50). Exciton redissociation will be considered in th
frame of the dynamical equilibrium concept in Sec. III C.

B. The exciton redissociation is neglected„a50…

The two cases where the hole-spin orientation is stable~i!
or unstable~ii ! within the formed excitons are examine
separately.

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

Equations~17! are solved takinga50 and 1/t50. The
result depends on the initial value of the exciton formati
time 1/gn0 . Four representative values are considered in F
4. The temporal evolution of the luminescence is domina
by the competition between exciton formation and excit
recombination. The formation rate is higher than the reco
bination rate during the intensity rise and lower during t
decay. As a consequence, the increase of the photogene
density ~or a higher formation coefficientg! results in the
decrease of the rise time.

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

~1! The small oscillations of the componentsI 1 and I 2

~Fig. 4!: with a phase shift ofp between them, these osci
lations are superimposed on the luminescence evolution
described. The general trend is that their pulsation is clos
v when the rise time of the luminescence is long~long ex-
citon formation time 1/gn0.1/v! and close toV when the
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rise time of the luminescence is short~small exciton forma-
tion time 1/gn0,1/V!.

~2! The strong depolarization of the luminescence~Fig.
5!: we emphazise that no spin-relaxation mechanism o
than the instantaneous and full hole depolarization in the
state, before the exciton formation, has been introduce
the theory which, as a consequence, predicts no depola
tion at B50 T. The strong depolarization predicted by t
present theory is the consequence of the random phas
electron spin at the moment of the electron-hole binding

These theoretical expectations must be compared with
experimental observations. We consider the narrow QW
Ref. 3 ~samples I and II of 3.0 and 4.8 nm well width, re
spectively! which show clear excitonic QB’s when the exc
tation is resonant. Under nonresonant excitation, b
samples show pronounced oscillations ofI 1 and I 2 at the

FIG. 4. Simulation of nonresonant excitation experiments w
the parameters of sample II~ge50.24,d50.10 meV!. The excitons
form by the bimolecular process. The excitonic luminescence c
ponentsI 1 ~solid line! and I 2 ~dashed line! are obtained from the
numerical solution of Eqs.~13!, ~14!, and ~17! at the transverse
magnetic fieldB53 T. The redissociation of the formed exciton
not considered (a50). The hole-spin orientation in the forme
excitons is blocked (1/t50). Four representative values of the fo
mation time are considered.

FIG. 5. Simulation of nonresonant excitation experiments. T
polarization decays correspond to the luminescence intensity
namics of Fig. 4. The effect of the magnetic field is illustrated
(gn0)215500 ps~dotted lineB50, dashed lineB51 T, solid line
B53 T!.
er
e
in
a-

of

he
f

h

electron Larmor pulsationv, with a phase shift ofp between
them @Fig. 1~a!#. The oscillations super-impose on the lon
rise of the exciton PL mainly related to the cooling of th
electronic system, an usual effect after above band-
excitation:11 in the experiment, the role of the bimolecula
formation of excitons on the luminescence rise is hidden
the cooling effect.

When the luminescence components recorded atB50 T
are reported on the same figure@Fig. 2~a!#, it appears clearly
that the amplitude of the oscillations in the magnetic field
equal toI 12I 2 at zero field. This proves that the couplin
of electron spins with the transverse magnetic field does
really result in an additional depolarization when the exci
tion is nonresonant. This is in contradiction with the abo
theoretical expectation that a strong depolarization contri
tion arises from the dephasing of the electron spins w
1/t50 in the excitonic system, related to the random bin
ing. As a consequence, the hypothesis that the random b
ing of free electrons and holes generates excitons in wh
the hole-spin orientation is blocked, does not hold.

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

It was shown in Sec. II that the amplitude of the PL o
cillations is directly related to the hole spin-flip rate with
the excitons. The conclusion was that the application of
transverse magnetic field does not involve an additio
damping of the electronic QB provided that the conditiont
!\/d is fulfilled. This suggests that the hole-spin orientati
is really unstable in the hot exciton formed by random bin
ing of e-h. pairs. The effect of this instability is investigate
now.

Two cooling regimes have been observed in the therm
ization of the excited electronic system~electrons, holes, ex
citons!, after the strong initial LO-phonon emission whic
has reduced the electronic temperature to about 80–6
within the excitation pulse.4,15

The fast cooling regime, in which the temperature dro
from 80–60 K to 30–20 K in about 20 ps: this regime co
responds to the end of the LO-phonon emission~the emis-
sion of LO phonons is possible even if the carriers are
cited with an excess energy lower than the LO-phon
energy since a fraction of the carriers, after the internal th
malization process is achieved, has kinetic energy gre
than the LO-phonon energy!.

The slow-cooling regime which occurs at a much long
time scale of several hundreds of picoseconds: this reg
corresponds to acoustic phonon emission.

Theory predicts that the stability of the hole-spin orien
tion within the exciton decreases when the temperat
increases.16 We checked this point previously.10 As a conse-
quence, a fast increase of the hole spin-flip timet is expected
during the fast-cooling regime and a slow increase is
pected during the slow-cooling regime. We consider here
crude model of variation according to whicht increases ex-
ponentially in time from an initial valuet0 ~less than;1 ps!
to a quasistabilized value denotedt` reached at the end o
the fast cooling regime, i.e., in a characteristic time of let
say 20 ps. The numerical solution of Eqs.~13!, ~14!, and~17!
is performed takingt051 ps ~shorter initial spin-flip times
do not change the results! and \/d56.6 ps, the exchange

-

e
y-
r
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FIG. 6. Simulation of nonreso-
nant excitation experiments. Th
excitonic luminescence compo
nentsI 1 andI 2 are obtained from
the numerical solution of Eqs
~13!, ~14!, and ~17!. The redisso-
ciation of the formed exciton is
not considered (a50). The hole-
spin relaxation within the formed
excitons is considered for thre
typical values of the hole spin-flip
rate at long delay (1/t`). The
consequence for the luminescen
quantum beats is shown for differ
ent exciton formation times.
nc
e

f t
in
7

fli
f

ic
ta

ex-

-
and
the
ar-
he
al
splitting measured in sample II. The resulting luminesce
dynamicsI 6 are displayed in Fig. 6 for representative valu
of the exciton formation time att50. For formation times
longer than 500 ps, we do not see significant changes o
dynamics in the time range of interest. The correspond
luminescence polarization dynamics is shown in Fig.
Three different values of the quasistationary hole spin-
time into the formed excitons (t`) are considered. Two o
them ~t`51 and 4 ps! satisfy the conditiont`,\/d while
the third one (t`520 ps) satisfies the opposite conditiont`

.\/d. It appears clearly that the simulation of electron
QB’s of large amplitude, the requirement for the interpre
tion of the experiments, is obtained only for values oft` for
which the conditiont`,\/d is fulfilled. One can conclude
e
s

he
g
.
p

-

that the observation of electronic QB in above bandgap
citation conditions implies that the condition 1/t.d/\ is ful-
filled during all the time range of the depolarization
(;100 ps).

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

In a previous paper4 we found that a similar time depen
dence observed for the exciton homogeneous linewidth
the carrier temperature in GaAs QW is consistent with
assumption of thermodynamical equilibrium for the free c
riers and the exciton assembly. This would imply that t
number ofe-h pairs forming excitons per unit time is equ
g
-

FIG. 7. Simulation of the po-
larization dynamics correspondin
to the luminescence intensity dy
namics of Fig. 6.
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to the number of excitons ionizing per unit time at any tim
the time dependence of the corresponding populations is
governed by the cooling of the electronic system. In t
case, the dissociation time 1/a is related to the formation
coefficientg. From the detailed balance principle,

K~T!5
a

g
5

mx

2p\2 kBTe2Ex /kBT, ~18!

mx5(me
211mh

21)21 is the reduced effective mass;Ex is the
exciton binding energy;T is the temperature of the excite
system. We examine here if the instability of the excit
state related to the concept of dynamical equilibrium can
the basis of an alternative interpretation of electronic Q
observed in above bandgap excitation experiments.

In the frame of the dynamical equilibrium, the dissoc
tion time of excitonsTx51/a, is the stability timeof the
exciton state. Then the condition for the observation of el
tronic QB’s in the excitonic luminescence isTx,\/d during
all the depolarization period (;100 ps). Taking Eq.~18!
into account and considering the long cooling of the el
tronic system described above, this condition writes

g~T!.
d

\K~T!
for T*20 K. ~19!

The functiond/\K(T) is displayed in Fig. 8 for the param
eter values~d andEx! of samples I and II. It is not expecte
that condition~19! is fulfilled: from Fig. 8, this should re-
quire very high values of the formation coefficient (g
*1000 cm2/s) which have never been reported. We ha
checked these qualitative conclusions by simulations us
Eqs.~13! and ~14!, in which a was replaced bygK(T) and
1/t taken equal to zero.

One can conclude that the instability of the exciton sta
related to a possible dynamical equilibrium between excit
and dissociatede-h pairs, is not strong enough to expla
alone the observation of electronic QB’s. This means tha
the concept of dynamical equilibrium is correct during t
first hundred of picoseconds after the above bandgap l
excitation, the instability of the hole-spin orientation in th
hot excitons, related to the long cooling of the electro
system, is here also a necessary additional hypothesis.

IV. CONCLUSION

We have developed a theory of the QB in the excito
PL accounting for the hole-spin instability within the exc
ton. This theory provides theoretical support to the intuit
interpretation given previously.3

When excitons are generated resonantly by the laser p
the luminescence oscillations are of excitonic or electro
kind according to whether 1/t,d/\ or 1/t.d/\, respec-
tively.

When the excitation is nonresonant, above the QW ba
gap, QB’s of electronic kind are always observed, regard
of the well-width value. The theoretical study led us to t
conclusion that the random binding ofe-h pairs gives hot
excitons in which the hole-spin orientation is not stable. T
progressive stabilization of the orientation in excitons is d
to the effect of the coolingvia the emission of acoustic
phonons. But the stabilization is far from being achieved
;
en
s

e
s

-

-

-

e
g

,
s

if

er

c

c

lse
c

d-
ss

e
e

t

the end of the depolarization period which lasts typica
about 100 ps. We show, moreover, that the additional im
cation of exciton redissociation during the decay, conside
in the frame of the dynamical equilibrium between excito
and dissociated pairs, does not change this conclusion:
rate of the alternative exciton formation and dissociation
not high enough, in principle, to explain alone the manife
tation of the strong electronic QB’s observed.

Finally the main factors which contribute to the stabiliz
tion of the hole spin orientation within an exciton are t
following: the increase of the electron-hole spin correlati
via the increase of the exchange interaction related with
confinement and the corresponding decrease of the val
band mixing; the decrease of the exciton temperature.
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APPENDIX

Optical orientation and alignment of excitons are usua
obtained by solving the equation of evolution of the dens
operator whose components are denoted byrmn(t) in the
excitonic basis$um5Jz1Sz&% wherem51, 2, 1̄, 2̄:

dr

dt
5

1

i\
@H,r#1

]r

]t G
relax

. ~A1!

]r/]t] relax is the relaxation term which generally include
spin relaxation and recombination.

The average value of any single-particle observableO can
be expressed in terms of the density-matrix components f
^O&5Tr$r(t)O%. Thus, forSl , Ql andJz we find

FIG. 8. The minimum value of the formation coefficien
@d/\K(T)# vs temperature for the observation of electronic QB
~hypothesis of a dynamical equilibrium between free electrons h
and excitons!. ~I! Sample I parameters:Ex514 meV, d
50.13 meV. ~II ! Sample II parameters:Ex512 meV, d
50.10 meV.
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^Sx&5
1

2
~r121r21221r211r2221!,

^Sy&5
i

2
~2r121r21221r212r2221!, ~A2a!

^Sz&5
1

2
~2r111r21211r222r2222!,

^Qx&5
1

2
~r122r21221r212r2221!,

^Qy&5
i

2
~2r122r21221r211r2221!, ~A2b!

^Qz&5
1

2
~2r112r21211r221r2222!,

^Jz&5
3

2
~r112r21211r222r2222!. ~A2c!

The time evolution of the average value of any tim
independent observableO is derived from Eq.~A1!. Using
the cyclic property of the Trace operator we obtain

d^O&
dt

5TrH dr

dt
OJ ,

d^O&
dt

5
1

i\
^@O,H#&1

]^O&
]t G

relax

, ~A3a!

with the expression of the relaxation term in Eq.~A3a!:

]^O&
]t G

relax

5TrH ]r

]t G
relax

OJ . ~A3b!

In order to interpret the role of the hole spin-flip proce
on the time evolution of the excitonic luminescence in t
presence of a transverse magnetic field~Sec. II!, we take the
Hamiltonian in Eq.~A1! in the form given by Eq.~1! and
restrict the relaxation term to the single-particle hole-s
relaxation. With holes oriented either along Oz1 or Oz2, the
nonzero components in the excitonic basis$um&% take the
form

]rS1J,S81J8
]t G

sr

52
rS1J,S81J82rS2J,S82J8

2t
. ~A4!

In this formula,S[Sz andJ[Jh,z . The relaxation terms in
the time evolution of̂ S&, ^Q&, and ^Jz& are derived taking
Eq. ~A4! into Eq. ~A3b!. Taking account of Eq.~A2! the
result may be written in the form

]^S&
]t G

sr

50, ~A5a!

]^Q&
]t G

sr

52
^Q&
t

, ~A5b!

]^Jz&
]t G

sr

52
^Jz&

t
. ~A5c!
-

s

n

Equations ~4! result from Eqs.~A3a! and ~A5! with O
[Sl , andQl andJz successively.

The radiative recombination of excitons could be includ
similarly in Eq. ~4!. The recombination contribution to th
relaxation term in Eq.~A1! has the standard form:17

]rm,m8
]t G

rec

52
1

2t rad
~d umu,11d um8u,1!rm,m8 . ~A6!

Taking this matrix form of]r/]t] relax in Eq. ~A3b! and tak-
ing account of Eq.~A2!, the contributions take the form

]^S&
]t G

rad

52
^S&2^Jz&n/3

2t rad
, ~A7a!

]^Q&
]t G

rad

52
^Q&2n/2

2t rad
, ~A7b!

]^Jz&
]t G

rad

52
^Jz&23^Sz&

2t rad
. ~A7c!

In Sec. III, we consider the macroscopic observables
the excitonic systemS, Q, or J and of the electronic sys
tem s. Their time evolution is also described by equation
the form ~A3!.

For the excitonic system, the Hamiltonian is still e
pressed by Eq.~1!. The single-particle hole spin flip and th
radiative recombination contributions to the relaxation te
]r/]t] keep the form@Eqs.~A5! and ~A7!# but with S, Q,
andJ replacingS, Q, andJ. The relaxation term includes in
addition the contributions related to the exciton formati
and exciton dissociation, the form of which is represented
Eqs. ~12!. Equations~17a! and ~17b! are obtained by this
way.

For the electronic system, the spin Hamiltonian reduce
the Zeeman term\v•s and the relaxation term reduces
the contributions of the exciton formation and dissociati
processes@Eq. ~12a!#. Equations~17a! are obtained in this
way.

The contribution of radiative recombination to the tim
evolution of the exciton density is derived from Eq.~A3b!
takingO[N. We obtain

]N

]t G
rad

5TrH ]r

]t G
rad

NJ 5N TrH ]r

]t G
rad

J
5NS ]r11

]t G
rad

1
]r22

]t G
rad

1
]r 1̄ 1̄

]t G
rad

1
]r 2̄ 2̄

]t G
rad

D .

~A8!

From Eq.~A6! the result is

]N

]t G
rad

52
1

t rad
S N

2
2^Qz& D . ~A9!

This contribution is added to the contributions coming fro
the exciton formation and the exciton dissociation proces
in Eq. ~14b!.
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