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We have obtained a coherent understanding of spin relaxation processes of electrons, holes, and exci-
tons in quantum wells by investigating subpicosecond dynamics of luminescence polarization. We show
that the spin behavior for electrons and holes in quasi-two-dimensional systems is distinct from that in

bulk semiconductors and that many-body eAects and formation processes play an important role in exci-
ton spin relaxation.

PACS numbers: 78.47.+p, 71.35.+z, 71.70.Ej, 71.70.Gm

Investigations of polarization of interband optical tran-
sitions provide considerable information about the sym-
metry of electron, hole, and excitonic wave functions in

semiconductors. Such studies have led to the identifica-
tion of difTerent spin relaxation processes [1,2] in bulk
semiconductors. In quantum wells, cw measurements of
linear [3] and circular polarization [4,5] of near-band-

gap luminescence have been reported and various theories
have been proposed to explain these results [6-12].
Time-resolved spectroscopy of luminescence polarization
has also been reported recently for very high (10' cm )
carrier densities [13], for dilTerent samples at intermedi-
ate carrier densities with 150-fs time resolution [14,15],
and for low densities [16,17].

In spite of this intense activity, spin relaxation in quan-
tum wells is poorly understood. The quality of samples is

important since spin dynamics can be strongly influenced

by localization or defects. On a more fundamental level,
the differences in the behavior of electrons, holes, and ex-
citons must be recognized and carefully investigated. The
prediction of slower hole spin relaxation in quantum wells
compared to bulk semiconductors [10] has not been inves-

tigated. Finally, the inAuence of the formation dynamics
of excitons and of many-body effects must be considered.

In this Letter, we discuss new insights into many of
these unresolved issues obtained through our investiga-
tions of spin dynamics of electrons, holes, and excitons in

quantum wells. Using n-modulation-doped quantum
wells, we obtain the first measurement of hole spin relax-
ation time in a semiconductor. The measured = 4 ps
demonstrates that the usual assumption of instantaneous
hole spin relaxation is incorrect. We also show that the
electron Fermi sea can be spin polarized under certain ex-
citation conditions. I n p-modulation-doped quantum
wells, we measure electron spin relaxation time of = 150
ps, approximately a factor of 4 shorter than that in com-
parably pdoped bulk GaAs. We will show that an
electron-hole exchange is responsible for this reduction.
For intrinsic quantum wells, we show that polarized and
unpolarized spectra exhibit an unusual splitting that de-
pends on excitation density and time delay. This splitting
results from many-body exchange interactions between

excitons and contributes to an increase in the exciton spin
relaxation time at higher density. Finally, we explain
why spin relaxation in nonresonantly created excitons is
faster than in resonantly created excitons. We believe
that our quantitative measurements provide a standard of
comparison for theoretical calculations.

The intrinsic sample used in the present studies is the
same very-high-quality [18] GaAs/A1GaAs multiple-
quantum-well (MQW) sample (80-A wells, 150-A bar-
riers with x =0.3, and 50 periods) that was used for ear-
lier studies [17,19]. Intrinsic band-to-band luminescence
was investigated in a high-quality p (n) sample, a
GaAs/Al- GaAs MQW sample with 60-A (50-A) wells,
280-A barriers with x =0.3, with central 80 A doped with
Be (Si) and 60 periods. The estimated doping densities
are p0=4&10'' cm and n0=3x10'' cm . The sam-
ples were mounted in a cold finger cryostat (10-300 K)
and weakly excited with 0.5-ps pulses [20] from a syn-
chronously pumped Styryl 8 dye laser, tunable from 720
to 810 nm. The circularly polarized exciting beam was
incident normal to the surface of the sample and lumines-
cence was collected at about 10 to the normal.

The collected luminescence passed through an analyzer
quarter-wave plate and was time resolved using an up-
converter spectrometer [21] with 0.5-ps time resolution
and 10-meV spectral resolution, determined primarily by
the laser spectral width. Only vertically polarized light
was up-converted. Polarized and depolarized lumines-
cence intensities (l~ and I —with the same and opposite
circular polarization from the pump laser, respectively)
were measured by rotating the quarter-wave plate in the
exciting laser beam and keeping the analyzer quarter-
wave plate fixed. Identical results were obtained by keep-
ing the polarization of the incident beam constant and ro-
tating the analyzer quarter-wave plate.

Figure 1(a) shows the cw photoluminescence (PL),
photoluminescence excitation (PLE), and luminescence
polarization (P) spectra as a function of the excitation
energy for the p-modulation-doped sample. The PL cor-
responds to band-to-band recombination of photoexcited
electrons with majority holes. The polarization, mea-
sured near the peak of PL (carriers near k~~ =0), is large
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k creates a nearly equal population of spin + —,
'

and ——,
'

electrons. For this reason, zero or small (positive or neg-
ative) spin polarization for excitation at LH exciton
should be a general feature in all p samples. For excita-
tion at C, the HH absorption dominates because one has
moved away from LH exciton resonance. This reduces
the creation of spin + 2 electrons compared to excitation
at 8 and leads to the observation of a positive polariza-
tion at C. We note that the cw polarization data are con-
sistent with the reduction factor r,z,/(z„„+r,~, ) aver-
aged over the spectral bandwidth, where the spin relaxa-
tion time r,~, and the recombination time r „„are from
the time-resolved measurements. These features of the
polarization spectrum are in complete agreement with the
theory of Ref. [11]. The description above of the causes
of these features is based on the actual calculation.

For comparable hole density (6 x 10' cm ) and tem-
perature (10 K), our measured spin relaxation time of
= 150 ps in quantum wells is about a third to a quarter
of that in p-doped bulk GaAs [2]. In Ref. [2] it was in-
ferred from the hole density and temperature dependence
that electron-hole scattering with simultaneous exchange
[Bir-Aronov-Pikus (BAP) mechanism [23] ] dominates,
rather than the D'yakonov-Perel (DP) mechanism [7].
The enhancement of the spin relaxation rate in the quan-
turn well compared to the bulk due to the exchange in-
teraction [24] is 3'/2kFL, where kF is the Fermi vector
for the 3D density and L the well width, whereas the
enhancement due to the DP mechanism [7] is 4/(kFL) .
For our sample, we calculate that the BAP enhancement
is 3 and the DP mechanism is less than 1. Therefore, the
BAP is likely to be the dominant mechanism for electrons
in p-quantum wells.

Luminescence from the n-modulation-doped sample
results from band-to-band recombination of photoexcited
holes with electrons. Figure 2(a) shows the time evolu-
tion of I+, I—,and P for excitation at 1.645 eV that
creates electrons close to the Fermi energy and holes at
=3 meV. The peak polarization of about 30% decays
with a time constant of =4 ps. Data for excitation at
1.7 eV [Figs. 2(b) and 2(c)] that excites electrons from
both HH and LH bands show the presence of an addi-
tional slow component with a decay time constant of
= 200 ps.

Using arguments similar to the p sample, we identify
the fast decay with the spin relaxation of holes (r,~ q =4
ps). This provides the first measurement of the hole spin
relaxation rate in a semiconductor. Since hole states are
in general an admixture of various spin states, any energy
or momentum relaxation process (e.g. , with acoustic pho-
non or defects or other carriers) lead to spin relaxation
[10-12].

Our measurements show that the usual assumption of
instantaneous hole spin relaxation is not valid in quasi-2D
systems. The increased hole spin relaxation time is a re-
sult of the lifting of valence-band degeneracy at k~~ =0.
This is consistent with the increase in hole spin relaxation
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for excitation close to the chemical potential (A), van-
ishes at light-hole (LH) exciton energy (B), and then re-
covers with further increase in excitation energy (C).
The polarization is similar to that calculated earlier
[10,11].

Figures 1(b) and 1(c) show the time evolutions of I+,
I , and P =(I+ —I ——)/(I++I )at the peak—of the PL
spectrum for excitations at 2 and 8, respectively; the
time evolution at C is similar to that at A. For excita-
tions at 2 and C, the polarization rises within our time
resolution and then decays with a time constant of
150 25 ps; for excitation at 8, there is no polarization
at any time.

We explain the results on the p-modulation-doped sam-
ple as follows. Assuming, without any loss of generality,
that the incident light is right circularly polarized (a+),
excitation of electrons from the heavy-hole (HH) band
only (2) primarily produces spin ——', holes and spin

electrons [22]. Since the number of photoexcited
holes is small compared to the doping level, the spin re-
laxation of holes is irrelevant and the measured decay of
P gives the electron-spin relaxation time of i,p 150
~ 25 ps for this sample.

Spin polarization for excitation at 8 is zero at all times,
because increased absorption at LH excitons and in-
creased spin admixture in the HH wave function at large
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FIG. l. p-modulation-doped sample. (a) cw PL, PLE, and
polarization (P) spectra, (b) time evolution of I+, I —,and P for
excitation at A, and (c) same as (b) for excitation at B Excita-.
tion density is 2x lO cm ' for (b) and (c).
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FIG. 2. Luminescence intensities and polarization for the n-

modulation-doped sample at 2 X 10' cm ' for excitation at (a)
1.645 eV and (b), (c) 1.7 eV.

time in bulk GaAs under strain [25] and also with recent
theoretical considerations [10-12]. However, a quantita-
tive comparison with theory is not possible at present be-
cause diff'erent scattering processes contribute to hole re-
laxation and because we measure the spin relaxation of a
thermalized, hot-hole distribution (photoexcited holes
achieve this distribution in & I ps).

For high-energy excitations, the electrons are created
with energies comparable to or larger than the electron
Fermi energy (=10 meV). Electron-electron collisions
mix the electrons and give the Fermi sea a net spin polar-
ization that decays with r,~, . We find that the ratio of
the slow to the fast component increases with intensity as
expected. Since the slow component is present only if
there is a net polarization within the spectral width of
detection, it is absent for low-energy excitations for which
the photoexcited electrons mix primarily with electrons
near the Fermi energy. A small, net polarization of the
Fermi sea in the p-doped sample also should be present at
very short times ( & 4 ps); however, its effects are prob-
ably masked by the much larger polarization of the pho-
toexcited electrons.

For the intrinsic sample we monitor the HH exciton
luminescence. Earlier results [17] on this very-high-
quality sample [18] showed that the exciton spin relaxa-
tion time is about 50 ps for resonant excitation and less
than the streak-camera resolution (~ 20 ps) for non-
resonant (band-to-band) excitation. The present up-

3434

0.0 0.0
0 100 200 300 400 0 2 4 6 8 10 12

Time (ps) Power (mW)

FIG. 3. Intrinsic sample. (a) Time evolutions of P, (b) po-
larized and depolarized spectra at delay =83 ps, (c) dependence
of splitting on time at the power indicated, and (d) density at
the delay indicated. 10 m W corresponds to a density of
= I x 10 ' cm '. Note that the spectral width in (c) is deter-
mined primarily by the laser spectral width and the spectrome-
ter slits; the cw spectral width is 0.65 meV [18l.

conversion system provides much better time resolution
but does not allow measurement for resonant excitation
[21] and requires higher excitation intensity. For these
conditions, the spin relaxation time decreases from 150 to
50 ps as the excitation intensity is decreased [Fig. 3(a)]
[26]. A striking aspect of the data is that the polarized
and depolarized spectra exhibit a splitting in energy [Fig.
3(b)]. The depolarized spectrum is always at lower ener-

gy, independent of the helicity of the exciting laser. The
splitting decreases with delay and increases with intensity
[Figs. 3(c) and 3(d)]. These results show that spin dy-
namics in intrinsic samples is extremely complicated.

We first consider why the spin relaxation time at the
lowest intensity is shorter for nonresonant excitation than
for the resonant excitation. We believe that a combina-
tion of the exchange interaction between the electron and
the hole and the spin-orbit interaction on the hole is need-
ed to flip the spin of the exciton from ~+ I) to

~

—I) or
vice versa because exchange which conserves total angu-
lar momentum cannot Aip the total spin by itself. Experi-
mental results for the resonant excitation show that r,.„„„,= 50 ps.

For nonresonant excitation, the electron-hole pair re-
laxes in two stages [19]: In less than 20 ps, it forms an
exciton with a large center-of-mass momentum (K), and
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then in over 300 ps, the exciton loses its total momentum.
During the first stage, the electron-hole pair forms an ex-
citon by scattering with acoustic phonons. The hole, be-
ing the heavier particle, acquires the major share of the
total momentum. This increases the spin-orbit mixing
and thus enhances the spin Aip with the aid of the ex-
change compared to that in the exciton ground state.
This may explain why the nonresonant spin relaxation
time is shorter than the resonant one.

We next explore the reason for the relative shift be-
tween the polarized and depolarized spectra. Consider
excitation by a o+ laser which primarily creates ~+ I) ex-
citons. For a sufticient density, the excitons will have an

energy distribution because of the exclusion principle act-
ing separately on the electrons and on the holes. The
effect is opposite on (+ I) and

~

—1) excitons because the
former experiences a repulsion, while the latter an attrac-
tion. (The idea is similar to the antibonding and bonding
states of a hydrogen molecule. ) The energy difference
depends on the density of excitons, and approaches zero
as the densities of the two spin populations approach each
other. Both of these expectations are confirmed by exper-
iments [Figs. 3(c) and 3(d)]. For a larger intensity of ex-
citation, the closer approach of the excitons also enlarges
the electron-hole relative distance and thus lowers the ex-
change interaction. These many-body effects (the energy
shift and the weakened exchange) lead to a longer relaxa-
tion time at higher excitation densities [Fig. 3(a)].

In conclusion, we have quantitatively determined elec-
tron, hole, and exciton spin relaxation times in quantum
wells and find significant diAerences between quasi-2D
and bulk semiconductors. The spin relaxation for holes is
considerably slower in quantum wells than in bulk and
just the opposite is true for electrons. We have elucidated
the reasons for this seemingly contradictory behavior.
The exciton spin relaxation time is between that for elec-
trons and holes, as one might expect. We have shown
that the exciton spin relaxation is inI]uenced by how it is
formed as well as by many-body eAects. Although the
parameter space in quantum wells is particularly large
(different well widths, doping densities, etc. ), these results
should stimulate experimental investigations of this pa-
rameter space, and should provide a basis for developing
a quantitative theory of spin relaxation in quasi-2D sys-
tems.
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