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Spin flip of excitons in GaAs quantum wells
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We report measurements of the rates of conversion fien2 excitons toJ=1 excitons, as well as
conversion from right-handed=1 excitons to left-handed=1 excitons, and measurement of the intrinsic
radiative lifetime ofJ=1 excitons, in very-high-quality GaAs quantum wells. Since the experiments are
performed at very low temperature and with resonant excitation, the effects of energy relaxation are absent.
[S0163-18207)03120-2

I. INTRODUCTION at high temperature in bulk semiconductors.
The BAP mechanism invokes exchange between a free

How excitons can lose or gain angular momentum is eelectron and hole to yield a one-step spin flip of both. Since
fundamental question of carrier dynamics. Free atoms othis mechanism is not strongkydependent, it is expected to
electrons can only lose angular momentum by coupling tgredominate at low temperature and high impurity concen-
photons in the electromagnetic field; carriers in solids couplération in bulk semiconductofsMaialle, de Andrada, and
not only to radiation, however, but also to the phonon field ofShan?® have recently elaborated a similar theory for exci-
the entire lattice. This leads to much faster spin relaxationtons, taking into account the exciton wave-function overlap.
but the relative contributions of different spin-lattice relax- In this case, the spin relaxation is similar to the DP mecha-
ation processes are still not fully understood. nism since the electron-hole exchange interaction can be

The theory of carrier spin relaxation has concentrated owiewed as an effective magnetic field. The spin relaxation
three mechanisms: the Elliot-YaféEY) mechanisnt, the  rate for this mechanism is predicted to ipeersely propor-
Dyakonov-Pere{DP) mechanisnf,and the Bir-Aroniv-Pikus tional to the carrier momentum relaxation rate, just as for the
(BAP) mechanism(for a review see Ref.)4The EY mecha- DP mechanism.
nism notes that coupling between conduction-band states An important fact to realize for all of these mechanisms is
with opposite spin is allowed because of the mixing ofthat they do not conserve the total angular momentum of the
conduction-band states at nonzdravith the valence band, carriers. This is because the carriers do not exist in a
in k-p theory. Any process that leads to momentum relax-vacuum, but in a crystal medium, and only the momentum of
ation will therefore give rise to spin relaxation; consequently the whole crystal must be conservédy dephasing process,
the spin relaxation rate for this mechanism is predicted to beven elastic scattering processes that conserve total carrier
proportional to the carrier momentum relaxation rate. This momentum, will couple the carriers to the crystal field, there-
process is generally considered to be weak in bulk semicorfore allowing transfer of angular momentum to the crystal as
ductors compared to the DP mechanitbecausek-p  a whole.
theory gives a denominator proportional to the band gap, but The rate of angular momentum relaxation of the free
this process may be stronger in quantum wefls. electron-hole gas in bulk GaAs has been measured in several

The DP mechanism takes into account the fact that in thexperiment§-*° The spin relaxation of excitons in bulk
zinc-blende symmetry &3 term can exist in the carrier GaAs is much harder to measure since the free exciton ap-
Hamiltonian that gives an effective magnetic field, which pears only weakly in the luminescence spectrum. In a quan-
leads to a spin splitting of the electronic states. As in artum well, the opposite is true: it is much easier to look at the
externally applied magnetic field, the electron spin will pre-excitonic states. Each of the above mechanisms can occur for
cess between spin states and dephasing processes will leadetxcitons in quantum wells, but the rates are affected by the
an equilibration. The spin relaxation rate for this mechanismaltered wave-function overlap. Recent wbrk® has shown
is predicted to banversely proportionako the carrier mo- that the angular momentum relaxation rate in quantum wells
mentum relaxation rate due to the peculiarities of “motionalis substantially increased relative to bulk GaAs; Munoz
narrowing.”” Since the coupling arises from té terms in et alX® have argued that substantial deviations in the absolute
the Hamiltonian, this mechanism is expected to predominateates measured in different experiments can be attributed to
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localization effects that arise since the quantum wells haveonditions. In several papefg.g., Refs. 11 and }2spin
rough surfaces; Frommest al'* have attempted to distin- polarizaton of excitons was observed in the direct recombi-
guish between the localized and delocalized contributions ofation luminescence of excitons followingonresonant
excitons in quantum \_/vells. ) ) (above-gapexcitation. Vinattieriet al!® used resonant exci-
Most of the experiments on excitons in quantum wellSi,iinn of the heavy-hole excitons, but since their sample had
have concentrated on the conversion of excnonsu in th% temperature of 10 K in helium vapor, they had to account
J=1 state that couples to the photon field, from a rlght-f i fth i t of th f ited
handed” (m;=1) circular polarization state to a “left- or coupling ot the excilons out of the resonﬁn y excite
handed” (m;= —1) state. Less work has addressed the issugtates into h|gher-ene_rgy s_tates. I_:rommaeral. used a
sample held at 1.6 K in an immersion cryostat and excited

of coupling to “dark” exciton states that exist in GaAs . . :
quantum wells, which do not couple directly to the dipolethe excitons resonantly, but observed the exciton lumines-

electric field. These states, which are known to exist fronff€nce at sli%htly lower energies, i.e., from localized states.
group-theoretical considerations and have been seen, for eklunoz et al= also studied spin flip following resonant ex-

ample, in two-photon absorption measureméntsave been Citation at low temperature, using a sample with a Stokes
accounted for in various ways in rate equations as channeBhift of 2.5 meV attached to a cyrostat cold finger at 4 K,

for the decay of thed=1 excitons. which could have allowed the sample to rise to higher tem-
It is instructive to review the symmetries of the stafes. peratures.
The conduction-band states and the valence-bapdstates We have performed a similar experiment, but with a very-

are represented in the cubic zinc-blefidegroup as'I’; and  high-quality sample with no detectable Stokes shift between
3I's, respectively. In the double group representation, whiclthe photoluminescence excitation and photoluminescence
takes into account electron spin, th€; conduction band spectral® immersed in liquid helium at 1.6 K, in which we
becomes?I's and the®I's transforms to’T’; @ “T'g. Spin-  observe luminescence at the same energy as the resonant
orbit coupling splits off the’I'; band, leaving théT'g as the  exciting photon energy. Since at this temperatkgd is
ground state of the holes. In a quantum well, which lowerscomparable to the linewidth, we detect the luminescence
the Ty symmetry toD,q, this band is split into’I's (light  from the majority of the population ai=1 excitons at all
hole) and *T'; (heavy holg bands. Since the lower mass of times. This greatly simplifies the analysis of the data. Circu-
the light hole gives it greater zero-point energy, the heavyiarly polarized light from a picosecond Ti:sapphire laser was
hole state is the ground valence state in the quantum wellneq 1o the heavy-hole resonance in the quantum well and
Excitons formed from théT's conduction-band Zelectrozn and |yminescence was detected with a Hamamatsu streak camera.
I'; valence-band hole have symmettys @ I';= °T's g specular reflection of the laser was eliminated with a

1 1 . . .
® Iy ® 'Ty, ie., a doubly degeneral’s exciton with o stop so that overflow of the streak camera was not a
(ex,ey) symmetry and two nondegenerate dark excltonproblem

states. _Optical expe rim_e nts with vary_in_g magnetic fiéld Using the standard method of fitting a straight line on a
have given an estimation of the splitting between these | ithmic plot of th Go1C—1 V(I .t
states. Thell's exciton states couple directly to light propa- Semilogarithmic plot of the ratiol( —1_)/(l. +1_) as a

gating perpendicular to the well, with an in-plane electricfuncuo.n of t_|me, wherd , andl_ are the intensities of Igft—
field along eithere, or e,, acting as al=1 state. Of the and right-circularly polarized luminescence, respectively,

. ? 5> 5 following excitation with a left-circularly polarized laser, we
remaining two states, thél'; exciton hase-e; symmetry, . o . .
. (1 : y find a coupling time of 215~ 10 ps at an estimated density
while the “T'; exciton hase,e, symmetry.

of 10° cm™2 and 38+ 4 ps at an estimated density of
Each of the dark states couples only to the two-photon i .-2 These results gre consistent with earlierymea-

. 2 .

re Sreulaty bz phoious of o Saves hendsdness, GreTIents of the spn-fp tme in quantum wels by Munoz
two linearl yopiarized hpotons will excite a linear combiné— et al," which found a spin-flip rate proportional to density
. yp ' P ’ . in the range 18-10'° cm~?; a spin-flip rate increasing with
tion of these two exciton states. As seen in the above group- : . .

. . ; increasing density was also reported in Ref. 20. In contrast,
theoretical argument, neither of these states is a PUTRef. 12 reported a decreasing spin relaxation rate with in-
m;=2 (|2)) or my=—2 (|—2)) state: the splitting occurs ' P g sp

between eigenstates that correspond|te2) +i—2)) and creasing density, but that experiment used nonresonant exci-

. : tation at higher lattice temperature; as seen in Sec. Ill, scat-
(|+2)—i|—2)). This means that two photons of the same g P ’

circular polarization will excite each of these states, no mat:[ering into_higher, nonradiative states substantially affects
P ' tthe measured decay rates.

ter what the handedness of the circular polarization. This fact temperature dependence of the spin-flip time was ob-

's borne out in the experiments, as discussed below. served in the range 1.6-9 K, which is also consistent with

1 o e et oermert) st or 1 6Lt it e ot donny o
10%° cm~2, the momentum relaxation time due to exciton-

J=1 exciton states. In order to understand these results, WEciton scattering in a quantum well is expected to be around
must first review the results of our measurement of the rat

ST 9.2 ps, by extrapolation from Ref. 21. By comparison, at a
2f spin flip petween m,=1 and my=—1 states of the temperature of 9 K, the momentum relaxation time of exci-
I's J=1 exciton, as well as the radiative lifetime of the

i . tons due to absorption of phonons is 20 ps, as seen in Fig. 2
J=1 excitons in quantum wells. below. Therefore, exciton-exciton scattering will dominate
the momentum relaxation at these temperatures.
A density dependence of the spin-flip rate may at first
Several previous works have looked at the coupling ofseem surprising since in a vacuum, elastic collisions between
J=1 spin states of excitons in quantum wells under variougarticles will not change the total angular momentum of the

II. 3=1 SPIN FLIP AND RADIATIVE LIFETIME
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) o FIG. 2. Total(left- plus right-circularly polarizedrecombina-
FIG. 1. Solid squares, a summary of the spin-flip time constantsis 4 uminescence from tha= 1 spin state of & heavy-hole exci-

found in this study; open squares, spin-flip time constants from Refyy < from a 25-nm GaAs quantum well, at three bath temperatures.
11.

gas. Elastic collisions do contribute to momentum relaxationperiments are well below the level required for significant
however, and therefore to quantum state dephasing, as seéxyger recombinatioR’
e.g., in Ref. 22. As discussed in the Introduction, the EY Figure 2 shows the total luminescence intensity, equal to
mechanism allows any dephasing process to couple the cailie sum of both circular polarizations, from the high-quality
riers to the crystal momentum field. A spin relaxation rate25-nm GaAs quantum well, following circularly polarized,
proportional to the momentum relaxation rate is inconsistentesonant excitation of the excitonic ground state at very low
with the DP and Maialle—de Andrada—Sh#mAS) mecha- density(approximately 1&cm~2). As seen in this figure, at
nisms, however, which predict spin relaxation rimteersely  higher temperatures an initial fast decay occurs due to scat-
proportional to momentum relaxation rate. tering of excitons into higher-energy nonradiative states; at
Figure 1 gives a summary of the measured spin-flip timedower temperatures this intitial fast decay disappears. The
as a function of well width. In addition, earlier d&taare lifetime at the lowest temperature is measured in this sample
presented. Both data sets reveal the same trend toward faste 96+ 4 ps.
spin relaxation with narrower well width, although the relax-  As in the study of Deveaue@t al:> under very similar
ation times observed here are consistently shorter than thosenditions, we find that the lifetime increases sublinearly
reported earlier. This dependence on well width is consistenwith increasing density: at a density of approximately
with the MAS theory’ although, as discussed above, the de-3x 10'° cm™2, the lifetime increases to 140 ps, i.e., about
pendence on the momentum relaxation rate is not. 40% longer than the above value at’ Xn~2. This depen-
Considerable debate continues about the value of the irdence can be attributed to density-dependent scattering into
trinsic radiative recombination time in quantum wells. First-higher-energy nonradiative states. We have not oberved a
principles theor§? suggests that the intrinsic lifetime of ex- luminescence decay time of less than about 100 ps under
citons should be of the order of 20 ps; recent thébhas these conditions, however, in contrast to Ref. 25, which re-
indicated that localization of excitons due to surface irreguported decay times in the range 30—40 ps for a high-quality
larities can give a longer lifetime of up to 100 ps. Severalquantum well with width of 4.5 nm, at low density (20°
recent experiment$?>2®have observed a fast initial decay cm~?2), and lattice temperature of 1.7 K, and extrapolated
of the exciton luminescence, in some cases followed by #&hese measurements to a value of 10 ps at extremely low
longer late-time decay. density. This extrapolation was based on the assumption that
Several effects can give a fast initial decay of the excitonscattering into nonradiative states is strictly proportional to
luminescence that have nothing to do with the intrinsic rathe dephasing rate and that the dephasing at the lowest den-
diative lifetime. Energy and momentum conservation implysity was given by the Lorentzian linewidth of 0.34 meV ex-
that only excitons with low momentum participate in the tracted from the Gaussian inhomogenous broadening of 1.7
direct recombination process. For a direct luminesence linemeV in their sample at the lowest density. If one assumes
width of ~ 0.1 meV, this means that at exciton temperatureghat the contribution of density-dependent scattering to non-
of greater than about 1 K, a substantial fraction of the exciradiative states is negligible at these densities, however, then
tons cannot decay through radiative recombination. most of the difference between our measured lifetime of 96
In the resonant-excitation experiments discussed abov@s and the measured lifetimes in Ref. 25 at comparable den-
we can determine the total population lifetirg by adding  sities can be attributed to the difference in excitonic binding
the intensities of the two polarizations of the luminescenceenergy in the two structures. The well width dependence of
Since the radiative recombination luminescence onlthe excitonic binding energy implies a value of approxi-
samples excitons in low-energy states, the meastgeis  mately 6.5 meV in our 25-nm wéfl?® and approximately
really a sum of all rates out of the low-energy states, includ12.5 meV in a 4.5-nm wel?3! with similar Al Ga,-As
ing inelastic scattering to high-energy states via phonondyarriers. Besides the well width difference, the sample of
and coupling to darkl=2 states. The densities in these ex-Ref. 25 had pure AlAs barriers, which gives at least 20%

|25
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greater excitonic binding enerththan estimated above; Gu- exciting laser beam path ensured that no light from the pump
rioli et al3? give a value of 16.5 meV for a well with 5 nm laser reached the sample. Single-photon-recombination lumi-
width and pure AlAs barriers and extrapolate theoretically tonescence from the sample was detected in the wavelength
a value of 17 meV for a well width of 4.5 nm. Since the range 700—800 nm by a Hamamatsu streak camera with time
excitonic recombination rate is proportional to the=0  resolution of about 10 ps. Several samples with
wave-function overlap of the exciton, which is inversely pro- Al ; sGag 7/As barriers and varying GaAs well width were ex-
portional to the square of the excitonic Bohr radius, this im-amined. For a 3-nm well width, heavy-hole excitons in the
plies that the lifetime is inversely proportional to the exci- 1s state are generated by laser light at approximately 1460
tonic binding energy. Within the experimental uncertainties,nm.
therefore, the ratio of excitonic binding energies imples a Three pitfalls must be avoided in these experiments. First,
factor of 2.6 difference in the intrinsic lifetimes of our since the 100-fs exciting laser has a full width at half maxi-
sample and that of Ref. 25, which is approximately the ob-mum of 20 meV, when the laser is tuned to therésonance,
served ratio of recorded lifetimes at comparable densitiest is also possible to generate excitons in thees2ates, which
Other factors that may contribute to the discrepancy may bean then drop down into slexciton states and give a rise
that the sample used by Deaveetdal. had a fast nonradia- time of J=1 luminescence unrelated to te-2/J=1 con-
tive decay due to tunneling into other parts of the structureversion time. To avoid this problem, the exciting laser was
and that their sample had slightly larger inhomogenousuned to 10 me\belowthe 1s resonance. Since the number
broadening, 1.7 meV compared to 0.3 meV in our sample. of 2p excitons depends on treguareof the laser intensity

As discussed in the following section, the lifetime mea-resonant with the @ state, the contribution due to down-
sured in this experiment corresponds to the total radiativgonversion from p excitons can be made negligible.
lifetime of the four coupledd=2 andJ=1 states. In prin- Second, at high powers it is also possible to generate
ciple, if J=1 excitons converted quickly td=2 excitons, highly excited excitons vighree-photorexcitation from the
which then did not convert quickly back tb=1 excitons substrate or from wider quantum wells in a multiple-
(as, for instance, in the case that the 1 states had substan- quantum-well structure(two photons create an exciton,
tially higher energy than th@=2 statey then the measured which is then excited over a barrier into a higher-lying
lifetime would really give the time of conversion from quantum-well statgsThis was checked in these experiments
J=2 excitons toJ=1 excitons, instead of the intrinsic ra- via observation of the 4 luminescence when the exciting
diative lifetime. As discussed in the next section, howeverjaser photon energy wasell belowthe ground state, i.e.,
when the two-photon excitation data are analyzed taking intevhen no excitons could be created directly by two-photon
account the different possible couplings betwden2 and  excitation at all. In this case, weak but measureable lumines-
J=1 excitons, the value of the radiative lifetime is not sub-cence from the & excitons still occurred, with total intensity
stantially affected. proportional to the laser power to the third power. This could
only come about due to relaxation of excitons excited over
the barrier layers by absorption of a photon. Using low laser
power substantially reduces this effect, but, in general, some

A different experimerit3* allows direct measurement of contribution from this effect always occurs. Since this small
the conversion rate ad=2 to J=1 excitons. The experi- contribution does not depend strongly on laser wavelength,
ment is basically as follows. Firsi=2 excitons are created the three-photon signal, taken at laser photon energies well
via two-photon(infrared excitation. Following the genera- below resonance, can simply be subtracted from the signal
tion of the excitons, the single-photon recombination lumi-when the laser is near resonance.
nescencévisible or near infraredfrom theJ=1 excitons is Third, since only excitons with energy less than the ho-
detected with a streak camera with an S20 photocathod@ogeneous linewidth can recombine, at high lattice tempera-
which is completely insensitive in the infrared. Since theture excitons will be excited into higher-energy nonradiating
streak camera does not respond to the exciting laser light, thgates, substantially complicating the analysis of the conver-
J=2 excitons can be created by resonant excitation and of$ion times, as seen in Fig. 2. To prevent this, the sample was
served immediately thereafter, without unwanted backheld at 1.6 K via immersion in a liquid-helium bath.
ground from the laser light. Since almost no excitons are created in higher states in

This experiment relies on the fact that just as singlethis experiment, we can write simple rate equations for the
photon emission frond=2 states is forbidden, two-photon ground states of thé=1 andJ=2 states since these should
absorption byJ=1 excitons is forbidden and two-photon be the only relevant populations. Onl=1 excitons are
absorption byJ=2 excitons is allowed. Previous studieés assumed to decay to recombination with lifetimesince the
have shown that two-photon absorption into treHeavy- J=2 excitons do not couple to the photon field. Therefore,
hole exciton state in GaAs quantum wells is comparable tdor the two populations1; andn, representing the coupled
two-photon absorption into thep2state. Therefore, in these J=1 andJ=2 states, with only the, population undergo-
experiments excitons can be created directly in Jre2  ing decay, we write the rate equations
ground state of the quantum well. an n n n

An optical parametric oscillatofOPO sychronously otz 1)
pumped by a Ti:sapphire laser was used to generate 100-fs ot T2 721 7o
infrared pulses, which could be tuned in the wavelength
range 1400—-1550 nm to create excitons in a GaAs quantum- — ]
well sample via two-photon absorption. RG1000 filters in the ot T, T,

lll. J=2 TO J=1 CONVERSION
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excitation data. As seen in Fig. 3, a good fit is obtained.
Using the fit values of the three time constants, we obtain
T12 = 256 ps,m5; = 62 ps, andry = 92 ps.
The difference inry, and 7, is consistent with an energy
splitting of 0.2 meV, assuming that Ah=e *'%eT(1/7,,),
for the bath temperature of 1.6 K in these experiments. This
energy splitting is consistent with the absolute value of the
number found in magnetic resonance experiméhtsow-
ever, in that work the authors argued that thel state
should lie abovethe J=2 states. The present experiments
indicate the opposite conclusion, however. Suppose that the
J=1 states lay above th&=2 states. Then, if the coupling
were fast, there would be an initial fast decay in the lumi-
t (ps) nescence following single-photon excitation during the time
that J=1 excitons convert down td=2 excitons. If the
FIG. 3. Lower curve, recombination luminescence from theCoupling were slow, then the coupling \fl)f:Z Qxcitons up to_
J=1 spin state of & heavy-hole excitons in a 3-nm GaAs quantum ‘]_: 1 excitons Wf)u'd be even SIO‘_Ner' in which case t_he _r'se
well, following generation in thd=2 spin state by a shofto0 fg, ~ time of the luminescence following two-photon excitation
circularly polarized laser pulse at 1471 nm, slightly below the resoWould be much slower than observed here. Without further
nance for two-photon generation; solid line, a fit of the rate equastudy of the temperature dependence of the two-photon ex-
tions discussed in the text; upper curve, totft- plus right-  Citation data, however, we cannot be sure that the asymmetry
circularly polarized recombination luminescence from thle=1  Of the coupling rates-, and r,; arises due to the Boltzman-
spin state of & heavy-hole excitons in the same quantum well, nian occupation factoe 2’ke™ and therefore the estimation
following generation by a short<{ 5 p9 laser pulse at the reso- of the energy splitting here is tentative.
nance for single-photon generation; solid line, a fit of the rate equa- Maille et al® wrote two matrix elements for the coupling
tions discussed in the text. The relative scales are arbitrary since thgom J=2 excitons to them;=+1 andm,;=—1 states of
excitation densities cannot be directly compared. the J=1 excitons. In these two-photon excitation experi-

] ) o ments, however, no appreciable difference in the data is seen
Since there is an energy splitting between thel and  \yhen the visibleJ=1 luminescence is analyzed for linear
J=2 states, in principle, there can be two ratesdfor  polarization or for circular polarization of either handedness,
conversion fromJ=1 to J=2 states and &}, for conver-  jthough both of the incoming photons in the two-photon

1000 [

100

Two-photon excitation

Intensity (arb. units)

10
0 50 100 150 200 250 300 350 400

sion fromJ=2 to J=1 states. _ excitation are circularly polarized with the same handedness.
For initial conditionsn;=0, =1, the solution of the Thjs is consistent with the group-theoretical considerations
above equations gives discussed in the Introduction, which imply thbbth dark

states couple in the same way to two-photon excitation of
nl(t)ocefurwﬁ\/rforrg*)_eft(rwr ot T2 (2)  either handedness.

wherel o= 3(1/71,+ Ly + 1/7g) and T 5, = 175, 7,.

The lower curve of Fig. 3 shows as a function of time the
luminescence at 730 nm, from a 3-nm quantum well at 2 K, We have arrived at several surprising conclusions. First,
excited by circularly polarized OPO light at 1471 riite.,  the spin flip from them;=+1 andm;=—1 states of the
two-photon excitation about 10 meV below the heavy- J=1 exciton depends on the carrier density and quantum-
hole resonancgThe data are reasonably well fit by the two- well width, but not on temperature, in these experiments.
parameter solutioi2), shown as the solid curve. Our measured rates are consistent with earlier

In order to extract information about the individual rates, measurement$®2 but not consistent with the proposed DP
the two-photon excitation data must be compared to thend MAS mechanisms of spin relaxation; our results do have
single-photon excitation data for the same quantum well. Théhe same dependence on momentum relaxation as the EY
upper curve of Fig. 3 shows the tofaight-circularly polar-  mechanism, although early arguméritalicated that the EY
ized plus left-circularly polarizedluminescence following mechanism should be weak.
single-photon excitation with circularly polarized light at the  The intrinsic radiative lifetime of thd=1 states, which
heavy-hole exciton resonance, similar to the data of Fig. 2 alve measure in our experiment in which the reflected laser
low temperature. For the initial conditiomg=1, n,=0, the  beam is outside the detection solid angle, is approximately
solution of the rate equatior($) is 100 ps in our 25 nm quantum-well samples. Initially fast
decay of the luminescence at higher temperatures is found to
arise because of scattering of the excitons into higher, non-
radiative states.

T T2 T This experiment provides a direct measurement of the rate
F (P + T Ty )T Vi), (3) of conversion ofJ=2 excitons toJ=1 excitons. The time
wherel';, =(1/7,+ 1/7y). Since the two time constants are scale for the spin-flip process is of the order of 60 ps. The
already known from the fit to the two-photon excitation data,conversion rate seems to be the same for transitions from the
this solution leads to a one-parameter fit of the single-photod=2 states to either the;=+1 or them;= —1 spin states,

V. CONCLUSION

2 2
nl(t) * (FZ* - Ft0t+ Fl* )e_t(rt°t+ Fiot=1'24)
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even when thel=2 excitons are created by two circularly splitting estimated here, 0.2 meV, is consistent with those
polarized photons of the same handedness. This is consistemeasurements, however.
with group-theoretical arguments that neither of the two
J=2 states is a pure spin state. ACKNOWLEDGMENTS
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