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We report on a study of the spin coherence and on the formation dynamics of charged excitpraoipeal
CdTe/Cd __,Mg,Zn,Te quantum well by time-resolved photoluminescence under strictly resonant excitation
of either the neutral or the charged exciton transition. The analysis of the decay of the charged exciton
photoluminescence polarization and of the oscillation of this polarization when a transverse magnetic field is
applied allows us to conclude that the formation of a charged exciton via an exciton state does not affect either
the electron spin orientation or its coherence. The radiative lifetime of the charged exciton is directly measured
and is found to be-60 ps. Its formation time is determined from the experiments via a detailed model and is
found to be~65 ps. We also obtain information on the excitonic spin-flip tith2 p9 and the single-carrier
spin-flip times within the excitorfelectron, 60 ps and hole, 20)ps

[. INTRODUCTION knowledge, processes governing the spin dynamics and the
spin coherence remain nevertheless largely unknown.
Since their first experimental observattocharged exci- In this paper we report on time-resolved photolumines-

tons(X* or X~ for one electron bound to two holes or one cence (PL) experiments in modulation p-doped
hole bound to two electrons, respectivehave been recog- CdTe/Cd_,_,Mg,Zn, Te QW’s under resonant excitation of
nized as essential for the understanding of the optical propeitherX or X*. In addition to the time behavior of eithXror
erties of a two-dimensional carrier gas, and have been th¥* total intensity, we study and analyze the time dependence
subject of numerous studiés? Recently, they have been of their PL circular polarization and of the spin coherence
used as a probe to characterize the electrostatic potentimlhen a transverse magnetic field is appli®bigt configu-
fluctuations in modulation-doped quantum we{®W’s).>  ration). In this case, well-defined oscillations are observed
The important role played by the charged excitdatso  both onX andX* luminescence. In the case Xf they are
called triong in the optical properties of quantum dots have attributed to exciton spin quantum be&ts$n the case oK ¥,

also been revealddOnly very few groups, however, have they originate from the Larmor precession of the electron
investigated their dynamical properties. Finkelsteinal.” spin, hence we can extract a precise value of the elegfron
have studied the formation process ¥f in modulated factor (go=1.25+0.05). Their amplitude is maximurh!?
n-doped GaAs/Ga\l; _,As QW's and found &~ formation = and we show that it comes from the vanishing of the ex-
time of ~90 ps after resonant excitation of thestate. They change interaction between the electron and the two holes of
also measured thé ™ radiative lifetime and found-60 ps at  opposite spin insideX™. [Using a model developed earlier
low temperature T=2 K). Four-wave-mixing experiments for excitons by Vinattieriet al,'® to analyze the PL dynam-
have been performed on modulationp-doped ics on one hand and, on the other hand, extending the analy-
CdTe/Cd_,_yMg,Zn,Te QW's in order to measure the sis of Dyakonowet al.for the spin coherence data, we obtain
dephasing rate of th&*.% They show that th&X*-X" col-  a fairly detailed description of the dynamics in teX™
lision processes are much less efficient than Xh¥ pro-  system in such quantum wells. We show that the creation of
cessesthe scattering cross section is one order of magnitud&* occurs with a typical time of-65 ps, and does not affect
lower). This leads one to conclude to the localization of theeither the spin orientation nor the spin coherence of the elec-
X* in the electrostatic potential fluctuations induced by thetrons. We also obtain information on the excitonic spin-flip
ionized acceptorésee also Ref. 9 for the study of negatively time (12 p9, and the single-carrier spin-flip timéslectron,
charged excitons in ZnSe QWKossackiet al® have stud- 60 and hole, 20 ps And finally we confirm the radiative
ied the radiative lifetime oK™ in CdTe/Cd _,_yMg,Zn, Te  lifetimes of the localized charged excit¢60 p9 and of the
QW’s versus the two-dimension&2D) hole concentration neutral exciton.

and found a constant value of 65 ps. To the best of our The paper is organized as follows: in Sec. Il the sample
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§_1> \_1>—‘ 3 1> ground level of X*. They can be written as 42{|3/2,
2 —3/2,1/2—|-3/2,3/2,1/2} and 1#V2{|3/2,-3/2,—1/2)
X —|—=23/2,3/2;-1/2)}. The trion states were found, by four-
¢+2>:‘§ l> wave mixing!’ to be localized and both trion states are thus
5 expected to be radiative.
For the time-resolved PL experiments, the sample was
rad vad immersed in superfluid helium at 1.7 K and the magnetic
i3 field was applied perpendicular to the growth direction
X+ ‘-%%-é> ‘—575=5> (Voigt configuration using a superconducting magnet. The
sample was excited by 1.4 ps pulses generated by a tunable
titanium-sapphire laser at a repetition rate of 80 MHz. The
rad ad spectral width of the excitation pulse was about 2 meV. The
titanium-sapphire beam is also used to synchronously pump
ot o an optical parametric oscillatqiOPO. The OPO pulse is
used to up-convert the PL signal in a L§@onlinear crystal.
FIG. 1. Overall description of th¥-X" level systen(see text The overall time resolution, measured with a cross-
correlation experiment, is 1.5 ps. This two-color up-
structure and the experimental setup are described. The egenversion technique is necessary to recordXtor X* PL
perimental results are presented in Sec. Ill and analyzed iransient when the excitation energies are resonant witK the
Sec. IV. or X' transitions'® Indeed, the spectral selectivity of the
overall setup allows us to excite theor the X" states and
detect their PL separately, and thus to study XheL dy-
namics after a resonant excitation ¥f[noted X(X) in the
following], the X* PL dynamics after a resonant excitation
The investigated sample was grown by molecular-beanof X [notedX™ (X)], and theX* PL dynamics after a reso-
epitaxy on a001) Cdy geZNg 15T€ Substrate. The detail of the nant excitation ofX™ [noted X*(X*)]. In all the experi-
structure was described in Ref. 14. It comprises fivements the laser was circularly polarized™() and the PL
Cdy 6dM g 25ZNg 0sT€/CdTe quantum wells. The barrier mate- components of opposite helicitiels; and|~ corresponding
rial is lattice matched to the substrate, thus the CdTe QW io o ando~, respectively, were separated using/4 plate
under biaxial compression. In the following we note theand the frequency-mixing selection rules in the Ljl@ystal
growth axisz, x the direction of the applied magnetic field in which acts as an analyzer. The circular polarization of the PL
the plane of the QW, and the third axisThe QW thickness signal is defined a®=(1"—17)/(I"+17). For the cw PL
is 77 A and the barriers are doped with nitrofean both  experiments the sample was mounted on a cold fittter
sides of each QW, leaving 1000-A-thick spacer layers. Theemperature was 10)Kkand excited by a continuous tunable
acceptor density in the barriers has been measured-dh  Ti-sapphire laser. The PL was dispersed through a double
profiles and has been found to b&x20'"cm 2 and the es- monochromator and detected using a cooled germanium
timated density of the two-dimensional hole gas in the QW’sphotodiode.
is ~7x10°cm2 (calculated at 0 K This sample shows

Il. SAMPLE DESCRIPTION AND
EXPERIMENTAL SETUP

thus cw PL spectra with nearly equéland X* intensities. Il EXPERIMENTS
The X-X* system we will discuss is schematized in Fig. '
1. The conduction band around its minimumSdike, with Figure 2a) shows the cw PL spectrum recorded at 10 K

two spin statesS,=+3%. The valence band is split into a under low excitation density. The full width at half maxi-
heavy-hole band with the total angular-momentum projecmum (FWHM) of the X™ and X lines is 1.7 meV and they
tion J,_,==*3/2 and a light-hole band witld,_,==+1/2.  are separated by 2.7 methe X™ binding energy. PL exci-

The coupling between the light- and the heavy-hole bands igation spectranot shown demonstrate that there is no mea-
expected to be very weak due to their large energy separati‘gurable Stokes shift ok and X*. Figure Zb) shows time-
(~50 meV, as a consequence of both the quantum confingesolved PL spectra recorded 75 ps after the excitation pulse
ment and of the strain effegtsThus the neutral exciton  in resonance witkX (open circles or X* (open trianglesat
involved in this study are formed with heavy holes and canl.7 K. The excitation power was 0.1 and 0.65 mW, respec-
thus be described using the basis $&t,S,) where J, tively, resulting in initial densities of photogenerat¥@X)
=J,_,. The exciton total angular-momentum projection or X*(X™) being both approximately 2@m 2 These den-
(J,+S,) takes the valuestl and =2. The state|+1) sities are almost equal due to the difference in absorption
=|+3/2,—1/2) is radiative in thec™ polarization(and the coefficients. They are at least one order of magnitude smaller
state|—1) in o~ polarization, if its in-plane wave vectors than the density of the two-dimensional hole gas, thus we
(K,) matches that of light or if it is localized. Free excitons can rule out any saturation of th¢* transition. The line-
with larger wave vectors, as well &2) excitons, are non- widths are larger in the time-resolved spectra than in the cw
radiative. The splitting between the-1) doublet and the one, due to the 3-meV spectral resolution of the experimental
|+2) states is the zero-field exchange splittiigthe small ~ setup. Nevertheless thé and X* components are clearly
splitting between the two dark singlets will be neglected inseparated, which makes it possible to study the PL dynamics
the following).'® We have also to consider the two “singlet” of the X andX " lines independently. Arrow 1 indicates the
states(i.e., with respect to the hole stateshich form the central excitation and detection photon energies used to



2698

a)

PL intensity (arb. units)

1625 1630 1620 1625 1630
Energy (meV) Energy (meV)

1620

FIG. 2. (a) Circles: cw photoluminescence spectrum; full line
and dashed line: Gaussian fit of ti& and X lines. (b) Time-

resolved PL spectra at a delay 75 ps. Triangles: excitation in th
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to the exciton dark states as well as the radiative recombina-
tion of the optically active excitons leads to the fast and
strong initial drop of theX(X) PL intensity, as first observed
by Deveaudet al*® Our time resolution allows us to resolve
the rise time of thex™ (X) PL (7~ 13 ps). We shall show
below that this rise time is not determined by the formation
time of the trion, but is defined by the spreading of excitons
over thek space. At long time th¥* (X) PL decays with the
same time constant; 130 ps, as that of th&(X) PL. This
decay time represents an average over all exciton states and
it is significantly longer than th&* (X*) one, as previously
observed in Ref. 7. When exciting directly the trion
[X*(X™) signal, its PL intensity decays monoexponentially
with a time constant of 60 p&he spike observed at=0 is

due to the laser light backscattered from the sample syrface
We can thus conclude that all the photogeneratédemain
optically active or that an equilibrium between optically ac-

five and nonactiveX is reached during the first couple of

charged exciton line at 1626.4 meV: circles: excitation in the neu.Picoseconds after the excitation pulse. For the present sample
tral exciton line at 1629.2 meV. Arrows indicate the excitation- this decay time can be regarded as a direct measure of the

detection energies used in the time-resolved experin{satstext

study the dynamics of under resonarX excitation[ X(X)],
arrow 2 the detection energy used to study under reso-

radiative lifetime of theX™ as we shall see that there is no
optically non-activeX™ states. Indeed, the stable state of the
X* is formed with an electron and two holes of opposite
spins(singlet statg Thus whatever the electron spin state is,

nantX excitation] X * (X)], and arrow 3 the detection energy the X" is always optically active. For free charged excitons
used to study<* under resonanX™ excitation[ X*(X*)]. the oscillator strength is expected to decrease for large wave

The FWHM of theX* (X*) PL spectrum is 3.5 meVfe- vector® and a thermalization in thie space should also lead
sulting from the convolution of the instrumental responset© & nonexponential decay of}h@*(x*) PL in the present
with the X" line shapg and there is no exciton contribution €XPeriment. However, as thé" studied in our sample are
to the PL. We have checked that this is true regardless of thi@calized, they are optically active and there is thus no dark
time delay. We have also checked carefully that the dynamstates at all for the charged excitons. The same decay time
ics of theX* PL does not depend on the detection photorWas observed by Kossackt al:™ in quite similar samples,
energy. independently of the hole density.

Figure 3a) summarizes the dynamics of the total PL in- Figure 3b) illustrates the decay of the circular polariza-
tensity(I*+1~ componentsof X(X), X*(X) andX* (X*). tion. The excitonic polarizatiofX(X) spectrun} decreases
When exciting in resonance with the neutral exciton, theVith @ time constant of 12 ps, four times shorter than in
X(X) PL intensity exhibits a fast initial drop before the de- tyPical lll-V QW's of comparable fs'zejsg- As the X are cre-
cay becomes monoexponential, with a time constant 30 ated resonantly, i.e., without kinetic energy, this time reflects
ps. This is due to the thermalization of the cold, opticallymainly the excitonic spin-flip timey (i.e., the simultaneous
active, excitons photogenerated by the resonant laser excit&P'" ﬂ'E’Z 19?21 the flec}ron_ and the hole within an
tion, towards dark exciton statese., |+1) excitons with ~ €XCiton.” =" The X" (X") circular polarization decreases
K,>Ko, whereK, is the wave vector corresponding to the With a significantly longer time60 ps. As theX™ is formed
homogenous linewidtl,;, and|+2) excitons. This transfer ~ With two heavy holes of opposite spine., J,=+3 andJ,

=—2, respectively, this polarization behavior reflects the
spin relaxationr, of the electron only. The polarization de-

i ' a) cay time of theX™ generated viX statedX* (X) spectrun
_ % e X (X)) is intermediate, with an average time constat®2 ps. This
2 “‘Z e XT(X) g intermediate behavior originates directly from the continuous
2 ‘o e X(X) = creation ofX™ by the neutralx_:x+ created at short _tlmes_
s ‘% 3 <7y result from highly polarizedX and those retain their
z |l % g; polarization for quite a long time{), while nonpolarized
3 ’. N X* are generated at slightly longer delays from excitons that
£ % -~ 130 ps: lo1 8 have already lost their spin orientation. The fact that the
B 7, Aﬁmmm%‘*;&@q? X*(X) exhibits a strong initial polarization shows that
i \ e the creation ofX™ via X states does not affect the spin
% 60 ps W orientation.

Figure 4 shows the time dependence of the PL circular
polarization wha a 4 Ttransverse magnetic field is applied
(closed circles The circular polarization with no magnetic
field (open circleg is also plotted for comparison. Figure
4(a) illustrates theX(X) configuration. The observed oscilla-

0 50 100 150 2000 100

Time (ps) Time (ps)
FIG. 3. PL dynamics: (a) total intensities,(b) polarization
ratio.
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of the same kind as in thé* (X*) case, but the damping is
75 faster. Here it is also equal to the decrease of the circular
polarization of thex™ (X) PL without applied magnetic field.
< We will show in the next section that this point allows us to
e 0 conclude that the creation &f" from X does not affect the
s .
S 75 spin coherence of electrons.
N
'% 0 IV. DETAILED ANALYSIS
E 75 A. Period of the polarization oscillations of X*
T 75k In order to explain the oscillations observed in Figh)4
3 [X*(X*) configuration, we have to describe how thé*
5 0 interacts with the applied field. We start with the effective
spin Hamiltonian ofX,*® which includes the electron-hole
-75 exchange interaction and the Zeeman splitting under a trans-
0 50 100 verse magnetic fieldparallel tox),
Time (ps) 5
FIG. 4. PL polarization dynamics wittclosed symbolsand Hx-p=~ ?JZSZ—H“USX' (1)

without (open symbolsapplied magnetic field{a) excitation and
detection on the neutral exciton resonaribg excitation and detec- Whered is the zero-field exchange splitting between the op-
tion on the charged exciton resonan@®,excitation on the neutral tically active doublef+1)=|=32,53) and the two closely
exciton resonance and detection on the charged exciton resonandging singlet state$=2)=|+3,+ ;). We have defined w
The solid line in(a) is a fit described in Sec. Il B. The data around =g.ugB, whereg, is the electron Lande factoB the ap-
30 ps have been removed because of a reflection of the excitatigglied magnetic field, angkg the Bohr magneton. We neglect
laser beam on the back of the sample. the Zeeman effect on the hole, as the transversedfaetor

is vanishingly small in 2D structuré$-2* For X" states,
tions are not symmetric and this shows that they originatéh,,h,,e), the spin Hamiltonian becomes
from the exciton spin quantum beats as initially observed in

GaAs/GaAl;_,As QW’s 12 Surprisingly, the PL intensity 26 )

at the polarization maxima is higher than in BBe-0 T case Hx+—s=— 5 (35,1 3;S) +hwS,. @

at the same delay. This effect will be interpreted in the next

section. Evaluating this Hamiltonian between ti&" ground states,
Figure 4b) shows the behavior of thé"(X") PL polar-  qp5113 —3 1y_|_3 2 1y} and  142{|3,—2,— 1)~ |

ization. In this case the period of the oscillations is a linear_3 3

1 .
. ; ) . 5,5, 3)}, shows that the electron-hole exchange interac-
funct!on Of. the Inverse of the applled fielFig. 5. The o, vanishes, so that the restriction to % ground doublet
amplitude is maximum and we will show later that these

i i ) simply writes
oscillations originate from the Larmor precession of the elec- Py

tron spin only, as a consequence of the vanishing of the _

exchar?ge intgraction betwe(gn the electron and the t?No holes Hx--p=fo S, &)

of opposite spin insid&X . The damping of the oscillations which is identical to the spin Hamiltonian of a single elec-
is here equal to the decrease of the circular polarization ofron. Thus, the Larmor precession of the electron spin yields
the X" (X™) PL without applied magnetic field. Finally Fig. oscillations of theX* polarization with the electronic pulsa-
4(c) illustrates theX™ (X) configuration. The oscillations are tion w.? Figure 5 displays the oscillation period as a func-

tion of 1/B. The slope is constant and gives a direct measure

60 . . . . : of the inverse of the Lande factor of the electrons. We mea-
m sure g.=1.25+0.05. In Ref. 26 the author measured
= 80 I =1.4 in an undoped 80-A width CdTe/ggMgq,,sTe QW,
5 40l 9125 - and in Ref. 27 they measurgg=1.461 in ann-doped 80-A
® e width CdTe/Cg Mgy sTe QW. This discrepancy is probably
'Tg 30+ . not due to variation of the confinement enef§jut may be
° ) induced by the dopin§’
£ 20t A XXy 1
-§ 10+ ¢ x| B. Exciton spin quantum beats
E 0 . . . . . The oscillations observed in Fig(a [X(X) configura-
00 02 04 06 08 10 12 tion] originate from the spin quantum beats of the excitons as
1B (T previously demonstrated in GaAs/@4; ,As QW’'s!12

The transverse magnetic field mixes thel) and|+2) states,
FIG. 5. Period of theX* polarization oscillation as a function of thus the photogeneration of nonstationgrl) exciton states
the inverse of the applied magnetic field. results in oscillations between the1) and|+2) components
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spins. Due to the finite spin-flip time of the exciton ), the

o~ component also oscillates. However, the excitonic nature
of the quantum beats results in strongly nonsymmetric oscil-
lations of the circular polarization. For intermediate values of
7, With respect to 10, the situation becomes more complex.
For the electron, the exchange interaction with the hole is
equivalent to a magnetic field applied along the growth di-
rection Bg,= 6/(gemg). The hole spin flip makes this mag-
netic field to flip also. Thus, if, becomes very short com-
pared to 19), i.e., compared to the precession time of the
electron within the exciton, the average effectBy, van-

75¢ 1, >> (21/Q) a) ]

B\ g =2x(20/Q) P |

25\ /\/\/\/\\
VARVAR VAL

Circular Polarization (%)
(‘'n"e) Aysusyul 1d

25
ishes, and we recover the Larmor precession of the electron.
B e A G Figures €b) and 6c) display the intermediate case
s ) /(27/Q) =2 (which corresponds t@,= 26 ps in our case
t =0 c

b and the limiting case, =0, respectively. Note also that com-
/\ /\ . pared to usual IlI-V systems, the electrgrfactor is strong
AN NI [1.25 compared te-0.25(Refs. 11 and 3(, hence the effect
1 of § on the oscillation period is smalthe period of the
electron spin quantum beats is 14 ps compared to 13 ps for
the excitonic ongs The result shown in Fig. (4) clearly
belongs to the intermediate case.
Time (ps) We now turn to the quantitative fit using the theory
adapted from Ref. 12, including the excitonic spin relaxation
FIG. 6. Calculated polarization of th¥ PL in three special time and the single-particle spin relaxation time of the elec-
cases, assuming sloi@), intermediatgb), or infinitely fast(c) hole  tron. We use the density-matrix formalism and the notations
spin relaxation. Thick solid lines: circular polarization; thin solid of Ref. 12. Overlined indexes in density-matrix elements in-
lines: o PL intensity; thin dashed lines:~ PL intensity. dicates negative excitonic spin states.
The excitonic spin fligbetween thé+1) and|—1) state$
of the exciton wave function. For infinite values of the is known to be mainly due to the electron-hole long-range
single-particle electron spin-flip time,, hole spin-flip time  interaction within the excitoR’ Its effect can be described as
T, and exciton spin-flip timer,, an initial population of follows:
excitons in the|+1) state results in a PL intensity signal

given for the two helicities by c?pll) P11~ P11
), 2my

w\?/1—cogQt) X X

1T()=1—|~| | ———],

Q 2 p —

P11 P117 P11
T ®
I~ (t)=0, 4 X X

whereh Q= (@) 2+ 5% Note that the amplitude of the os- which describe the evolution of the populations of thel)
cillation is reduced by a factore{/Q2)?, as a result of the and|-1) states and,
small mixing induced by the transverse field. We estimate P
the value of the exchange ener§yor the present system to P22
be 0.14 meV(see the Appendjx ot
In order to have a quantitative description of the excitonic . ) )
spin quantum beat dynamic, we have improved the theoryhich describes the fact that the long-range interaction be-
developed by Dyakonoet al'? by taking into account the tween the electron and the_ hol_e does not operate t_)e_tween the
excitonic spin flip and the single-particle electron spin flip.|*2) states;' so that the spin-flip mechanism is inhibited for
We can restrict ourselves to the subset formed by|#e ~ these states and
and|=2) exciton states. We also include the radiative decay

=0, (6

:(”’_5)
X Jt X

of the |=1) exciton and the formation ak*. The K;>K, &n) _ P12 @
nonradiative states of the exciton are not taken into account at X_ 4ry’

here but we have checked that they have a very weak influ-

ence on the calculation. Identical equations hold fgs,,, p12, andp,;. We assume

Before detailing the model we give the results for threethat, in our conditionsp1,<p;,. As a matter of fact, one
important simple case$ig. 6). In these three examples, we could imagine that an excitonic spin flip would lead to the
kept 7, as well as theX radiative lifetime,r,4qx , infinite, but  creation of apy, coherence with a preexisting;,. In our
all the other parameters have values adapted to the presamtperimental conditions, the exciton quantum beats between
system, i.e., g.=1.25, B=4T, =,=12ps, and § |+1)and|+2) states occur at a periods®X) shorter than 4,
=0.14meV. The first case, displayed in Figap corre- (15 and 48 ps, respectivelgo that the coherence terpy,
sponds tor,>1/Q), i.e., strongly correlated electron and hole cannot “follow” the oscillations. As the spin flip occurs at
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an arbitrary time, the initial phase between thé) and|+2)  direct consequence of the excitonic nature of the quantum
states is also arbitrary and thus no coherence is genéfatedbeats. As seen before, the long-range interaction between the
The single-particle spin-flip time of the electron is intro- electron and the hole, which is responsible for Xhspin flip

duced in the following way: in the |=1) subspace, does not operate in the) subspace.
As a result, the depolarization mechanism, which fully oper-
dpu) _ ﬁLzz) __Pu—p2 ates aB=0 T, is inhibited under the applied field each time
at | at |, 27, the excitonic wave function is mainly-2) due to the oscil-
lations.
ap11 ps P11~ P2z The solid line in Fig. 4a) shows the best fit of th&(X)
(9—:) = —(9—?) == 2—7_6 (8 polarization dynamics. The values of parameters are the fol-
e e

lowing: B=4T, g.,=1.25, 7.=60ps, 7x=12ps, &
and =0.14meV, 79x=16ps, and7r,=20ps. The value of
Tradx 1S deduced from the fit of the PL dynamics described
&L) _Pr_ Pw
. Tel 27"

later, but we have checked that as soomggy is larger than

ot half an oscillation period~7 p9, its influence on the polar-
ization dynamics is very weak. This is linked to the fact that
and identical equations fos,;, po1, andpz;. The factor  after half a period the excitons, photogeneratedhal), are
Ter IS the transverse electron spin-flip time which governsmainly in the|+2) state and are no more radiative. Thus the
the relaxation of(S,) and (S,), hence that ofp;; [(i;j)  only sensitive parameter in the calculationris(as shown in
=(1;2),(2:1),(12),(2;1)]. Dyakonov and Kachorovsi  Fig. 6). The agreement between theory and experimental re-
have shown that,, =27, wherer, is the longitudinal elec- sults is good. In particular, we are able to explain the en-
tron spin-flip time, i.e., the one which governs the relaxationhancement of the polarization when a transverse magnetic
of S,, and hence describes the decay of ¥é circular field is applied. Nevertheless we would like to point out that
polarization, which was determined in Sec. Il from time-this model remains a quite simplified way to describe the
resolved PL experiments without applied field. X(X) polarization behavior. For instance it is now well es-

Here (S is the total value of the spins of the electrons tablished that, within the exciton, is extremely sensitive to
within the excitons. (S and the exciton densitiy can be the kinetic energy: as soon as the exciton is generated non-

9

expressed using the density-matrix components resonantly,;r, becomes extremely short and the oscillation of
the X PL under transverse magnetic field originates from the
(So=3(p1ot+ P12t partp21), Larmor precession of the electron ortfy** In the present
. o study, the excitons are generated With< K, but are spread
(S)=2(=paztpratpar—p21), over theK,>K states shortly afterwards. We should then
N L consider thatr, depends on the kinetic energy. Taking into
(S =3(=putpirtpaz—p2a), account this effect would lead us to introduce new adjustable
_ o parameters in the model, whereas it is expected to be small at
Nx=put+pitpatpar. 10 17K Inthe present modet;, should be considered as an

Finally we have to take into account the escape toxfie effective hole spin-flip time, resulting of an average over the
states. Because the hole Zeeman splitting is negligible, we d@hole distribution of excitons. The oversimplification of our
not expect any polarization of the hole gas, and thus thé&odel, however, probably explains why we are unable to
behavior of theX* is expected to be the same in both polar-reproduce the very high polarization observed around
izations o+ and ¢~.%® This means that we include the =10ps.

charged excitons in our model by simply adding the follow-

ing term: C. The spin coherence inX™

The same model can be used to determine whether or not

Py ﬂ. (11)  the electron coherence which exists within the photocreated
ot |+ Tform exciton is destroyed when this exciton bounds to a hole to
Fori=j, this equation means that the populations of theform a charged exciton. We have to add the master equations

¥ . ; )
-2 and 2 sttes decresse wi the tme consiagy, [ 1€ X Sl e ve sl escrbe ustg e same
the formation time ofX™*, assumed to be the same for all P

. . ~x T . e
states. Foi #], this assumes that the decrease of the coheriton, i.e..(S*") (the toial electron spin within th¥"), and
ence induced by the formation ¥f* is also governed by the Nx+ (the density ofX™). The set of coupled differential

samery,m. This equation is built in complete analogy with ©duations now reads
the evolution ofp;; due to the radiative recombination pro-

cess, relying upon the fact that there are no forbidden states d(S? ) S x+>_ <S)y( ) n @
for the creation ofX ™. Because alp;; components are af- aa ¢ Sz Tradx+ A Tiorm
fected in the same way by the formationXf, this mecha- (12)
nism has no influence on the polarization behaviokof d(Sf) . (Sf} (S)
Without any calculation, we can now understand, qualita- a + w(Si,( )— + ,
tively, why the X(X) polarization can be higher in a trans- Tradx*  Tform

verse magnetic field than iB=0T [Fig. 4a)]. This is a and
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FIG. 7. Calculated polarization of thé*(X) PL, without and FIG. 8. Model of the dynamics in th¥-X" system.

with the magnetic field assuming total los8<€0) or total conser-
vation (8=1) of the electron coherence during the creation of the

! very good transfer of coherence. Indeed the maxima of the
charged exciton.

observed oscillations always correspond to the values mea-
sured without magnetic field, like in the cage=1 in Fig. 7.

dNy+ Ny + N
d? :—Tx +Tx, (13
rad-X* form D. PL dynamics
wherer,,qx+ is the radiative life time oX* and =1 if the In order to extract the formation time of thé¢" and to

formation of X* occurs without any loss of spin coherence, understand the whole dynamics of theX" system, we
and 8=0 if the electron spin coherence is completely lost.nave to consider the whole set of processes described in Fig.
The parameteg does not appear in the differential equation 8-~ Only excitons with kinetic energy less than the homoge-

wtich governs the evoulon 451 ) becaus () pL 12048 InEWNT feoresponding 1ok can e,
polarization dynamics has shown that the formationXof imey Thex* are.formed onIK from excitons Witk < K .-
via a X state does not affect the spin orientation. Figure ) y I="~0°

; + ot : . this process characterizes the paramejgy, defined above
glipcl)a_l)_/s(tm?;o(l)i;) F:éargitfq- Cg'ﬁg?fg I(rt]htitLeﬁnCe?Sgs' [excitons withK>K, have a negligible contribution to the

—47T, andB=0 (dashed ling The value ofr, has only a formation ofX™* _(Ref. 7]. Double arrows in Fig. 8 mean that
weak influence on the calculated™ PL polariozation as long we have taken into accpunt the rev%&lsne process, We'gyted by
as it remains long compared te 7,,4x; in this case the i thermal factor [for n;}stance, Wﬂ :1/27“ gnd W'
formation of the trions do not modify significantly the evo- —(1/27-h)e_xp(— ‘SlkBT)]' U e system Is thus described by ten
lution of the density of excitons. We use herg,,= 65 ps, couplepl differential eq_uatlons. As an ?Xamp'? the equation
as obtained later in this section. Quite surprisingly, clear ostEhat drives the population of the-1) excitons withK; <Ko
cillations of theX™ (X) polarization would be observed even

if the coherence was fully lost. The main reason for this

behavior is the very fast decay b in the first ten picosec- dN(+ 1K, <Ky) 1 1 1
onds. The majority of th&™ are thus generated immediately b A N(+ 1,K<KO)[— + =t —
after the excitation, with an average electron-spin close to dt 2T 27 27x
3, whatever the efficiency of the coherence transfer is. The 1 1 1

second reason comes from the very close values of the elec- + 2—+ +

tron and exciton oscillation periods, 14 and 13 ps, respec- Tk Tiorm  TradX

tively (which would not be true in GaAs/Gal;_,As QW's, N(—2K;<Kp) -5

where theg factor is about ten times smaller than in the +2—7_h[ p(kB_T”

present system, and where we would have around 140 and 29
ps, respectively The generation ok™ via X states results in N(+2K;<Kp) [ p( - 5) }
+ s ——

the formation of o™ emitting X* when the excitons are ke T

mainly in a|+2) or |-1) state, and in the formation af -
emitting X when the excitons are mainly in|a2) or |+1) N(—1K,;<Kp)
state. Because the oscillation periods are almost identical, S
only few additional trions are generated with polarizations

differing from the polarization which is defined by the oscil- N N(+1K;>Kp) [exp( Iy ) }

27,

27')(

lations initiated by the fast initial generation of polarized kB_T
X*. Nevertheless, as shown in Fig. 7, the oscillations are
significantly weaker when the coherence is lost. The com- (14)
parison with the experimental results displayed in Fig) 4

allows us to conclude that the formationXf occurs with a  Ten parameters are involved, seven ones are already known.

27'k
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FIG. 10. Experimenta(circles and calculatedlines) rise of the
FIG. 9. Fit of theX and X" intensity, when exciting theX charged exciton PL.

transition. Inset: calculated populations of the neutral exciton with

different wave vectors. diative lifetime of theX™. As a consequence, the rise of the

X*(X) PL signal reflects only the rapid decay of thg

(1) 7,29x~+ is directly given by thex™ (X*)PL dynamics: <K, density of excitons and not the formation time of the
Tradx+ =60 ps(see Sec. )l X*. On the other hand, th€,>K, excitons become rapidly

(2) The exciton exchange energyis calculated using the main populated states and form a reservoir of nonradia-
Refs. 16 and 35 and is found to beD.14 meV. The details tive excitons.
of the calculation are given in the Appendix. We would like to stress that the present model does not

(3) The homogeneous linewidih, has been measured by take into account some features which are known to exist. As
four-wave-mixing experiments on the same sample and igxplained beforer, should bek dependent and hence time
found to be 0.07 meV(Ref. 17. dependent. The excitonic radiative lifetimeg,qx, also,

(4) The exciton spin-flip timer, is given by theX(X) should increase with time, due to localizatinin spite of
polarization dynamics without applied magnetic field andthis oversimplification, which prevents us from obtaining a
was found to be~12 ps(see Sec. )l fully quantitative agreement, the model explains well the

(5) The single-particle electron spin-flip time is given ~ main features of th&-X* dynamics. In particular, Fig. 10
by theX™(X™) polarization dynamics without applied mag- focuses on the rise of the® and o~ components of the
netic field and was found to be60 ps(see Sec. )l X*(X)PL signal. The agreement between the experiment

(6) 7, is given by the fit of theX(X) polarization dynam- and the calculation is again good, which confirms that the
ics in an applied magnetic field and was found to420 ps  formation of X™ does not modify the electron spin orienta-
(see Sec. I B. tion of the originalX.

(7) The temperaturd of the carriers is supposed to be
equal to the bath temperatuie 7 K). Indeed the excitons are
generated withK;<K, and have togain some energy to
spread out to largeK vector. There is no cooling process of  The analysis of the charged exciton spin quantum beats in
the carriers as it would exist in nonresonant experiments. a transverse magnetics field as well as the decay of its pho-

We are thus left with three adjustable parametets,  toluminescence polarization have allowed us to conclude that
Tradx» and Tm, Which we determine by fitting th&(X)  the formation of a charged exciton from an exciton state does
and X" (X) PL dynamics(evolution in time and relative in- not affect either the electron-spin orientation nor its coher-
tensitieg. The best fit is shown in Fig. 9. The parameters areence. The exciton spin-flip time as well as the single-particle
Tradx=16ps (in good agreement with theoretical electron spin-flip time have been measured and we have
estimatiori®), 7« =12 ps(also in good agreement with values found 12 and 60 ps, respectively. We have improved the
reported previoush?), and 7;,,,= 65 ps. We have taken into  model developed by Dyakonat al?in order to analyze in
account the fact that th¥ PL signal is entirely collected detail the exciton spin quantum beats observed under a trans-
thanks to the spectral resolution of the experimental s€up verse magnetic field and we have extracted the single-
meV) while it is not the case for th¥* PL signal due to the particle hole spin-flip timg20 p9. We also have been able
low-energy tail of theX® PL. The X" (X) signal intensity to explain why theX polarization can be higher under a
obtained with the model has thus been divided by aransverse magnetic field than without field.
factor 1.5. Thanks to the resonant excitation of tké transition, the

The inset in Fig. 9 shows with the solid line the<K, X* radiative lifetime has been directly measured and has
exciton density(|=1) and |£2) state$ and with the dashed been found to be~60 ps. We have used an eight-level
line theK,>K, exciton density. The density &, <K, ex-  model* to extract the formation time of the charged exciton
citons, which are the only ones involved in tké formation  after a resonank excitation. We have found,,~ 65 ps.
process, rapidly decreases with a time constant of about 13nly three adjustable parameters were used to fit the
ps during the first few tens picoseconds. This time is muchX(X) and X*(X) PL dynamics (evolution in time and
shorter than the formation time of th¢* and than the ra- relative intensities

V. CONCLUSION
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etall® have calculated the enhancemerfi,] of the finally point out that the value of has only a weak influence
exchange interaction in  GaAs/@d;_,As and on the analysis of the polarization behavi&ecs. IV A and
In,_,GaAs/GaAs QW's with respect to the bulk material. 1V B) but has more influence on the analysis of the PL dy-

In order to estimate the exchange energy in the presemamics(Sec. Il D). Indeed the thermal equilibrium between
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found 0.095 meY and its value for the present sample. We are also able to obtain a good fit of thg¢X) andX ™ (X) PL
found 6=0.14 meV. dynamics by slightly varyingry and 7,,qx While 7 IS

The calculation of the QW electron and hole wave func-almost unchanged.
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APPENDIX: CALCULATION OF THE EXCHANGE
ENERGY SPLITTING BETWEEN THE EXCITON STATES
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