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The hole spin relaxation in n-modulation doped quantum wells has been in- 
vestigated as a function of the laser excitation energy and excitation intensity. We 
demonstrate for the first time that the heavy bole spin flip time is a very strong 
decreasing function of these two parameters. We present a simple interpretation 
which assigns these dependences to the carriers temperature variation. 
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In spite of an intense research effort, spin rela- 
xation in Quantum Wells (QW) is still poorly under- 
stood. The quality of samples is importaalt since spin 
dynamics can be strongly influenced by localization or 
defects. On a more fundamental level, the differences 
in the behaviour of electrons, holes and exeitons must 
be identified and carefully investigated [1]. The predic- 
tion of slower hole spin relaxation in QW compared to 
bulk semiconductors begins to be well-recognized [2,3]. 
Time-resolved optical pumping experiments performed 
on n-modulation doped QW provide in principle the di- 
rect measurement of the hole spin relaxation time rh. 
Such experiments have been performed by T.C. Damen 
et al. [1] and Ph. Roussignol et al. [4] but their results 
are very different : the first authors find rh ~-- 4ps and 
the second ones rh ~ 1 ns. 

In this work we present the results of time-resolved 
optical pumping measurements in n-modulation doped 
GaAs/Alo.3Gao.vAs Multiple Quantum Wells (MQW). 
The results presented here concern a MQW sample 
which has 60 periods of 4.8 nm wells separated by 
15 nm barriers with a central Si 5-doped layer. We have 
measured, by Hall experiments performed at 4.2 K, the 
electron density transferred from the doping layer ; we 
find : n~ _~ 6.1011 cm -2 (very sinfilar results have been 
obtained on a GaAs/Alo.aGao.TAs MQW sample which 
differs by the doping level, n~ ~ 3.1011 cm-2). The 
sample, at 1.7 K, is excited by 1.8 ps pulses generated 
by a tunable Ti-doped sapphire laser at a repetition 
rate of 76 Mhz. The photocreated carriers density is 
varied from n = 7.107 cm -2 to n = 2.10 TM cm -2. The 
photolunfinescence signal (PL) is detected by the up- 

conversion technique using a LilOa non-linear crystal ; 
the overall time-resolution is thus limited by the laser 
temporal width. The excitation light is right circularly 
polarized using a Soleil-Babinet compensator. To mea- 
sure the luminescence components of same (I+) and 
opposite (I_)  helicity as the excitation light, a rota- 
ting A/4 plate is placed before the non-linear crystal, 
which acts as an analyser. 

Figure 1 shows the cw photolmninescence excita- 
tions I+, I_ and the polarization 

p _  I+ - I _  
I++f_ 

as a function of the excitation energy. The PL signal, 
also reported, corresponds to band-to-band recombina- 
tion of photoexcited holes with majority electrons. We 
have checked that the shift between the PL line and the 
first perk in the PLE spectrum is in good agreement 
with the Fermi level determined from the measured 
electron density he. The polarization P measured at 
the peak of the PL spectrum (carriers near k// = 0), 
is large for excitation close to the chemical potential 
EF and drops to a constant low value (~_ 0.1) at the 
electron-light hole excitation energy (El* - LHI*)  at 
1.772 eV. 

In figure 2, the cw polarization versus the excita- 
tion energy has been measured for two different pho- 
tocreated carriers densities, namely n = 8.107 cm -2 
(bold line) and n = 6.108 cm -2 (thin line). We notice 
a lowering of the polarization degree when the pho- 
tocreated carriers density increases. We shall now 
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Figure 1. 
cw PL,  PLE, and the deduced polarization (P) spectra. 

analyze this effect more tlmroughly in time-resolved ex- 
periments. 

Figure 3 shows the time evolutions of I+, I_ and 
P at the peak of the PL spectrum, for excitation at B 
(defined in figure 1), and for an intermediate photoge- 
aerated carriers density of n ~ 2.109 c m  -2.  The pola- 
rization decays non moao-exponentially with an initial 
decay time of about 40 ps.  Figure 4.a shows the time 
evolution of the polarization P, recorded at the peak 
of the PL spectrmn, for excitation at B also, but for 
three very different photogenerated carriers densities of 
n - 7.107 c m  -2 ,  2.109 c m  -2 and 2.10 TM cm -2 respec- 
tively. The important result is a dramatic decrease of 
the decay time from 1.2 ns  to 6 ps as the excitation 
power density increases. We observe immediately that 
this resort could conciliate the opposed conclusions of 
Ph. Roussignol eta/ .  (rh "" 1 as)  zmd T.C. Damen et 
al. (rh ~ 4 ps )  if their excitation densities were very 
different. However the first authors, who detect with a 
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Figure 2. 
cw polarization versus the excitation energy at the ex- 
citation density n = 8.107 c m  -2 (bold line) and n = 
6.10 s c m  -2 (thin line). 
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Figure 4. 
(a) Time evolution of the polarization P at the excita- 
tion energy B for three excitation densities correspon- 
ding to (1) 7.10 7 c m  -~, (2) 2.10%m -2, (3) 2.10 T M  c m  -2 
(b) time evolution of the polarization P for a photoge- 
aerated density n = 2.101° cm -2 ; the three excitation 
energies A, B and C of figure 1 are considered. 
(c) idem (b) for n = 2.10 9 cm -2. 
The calculated initial temperature Ti is also mentioned. 

Figure 3. 
Time evolutions of I+, I_ and P for excitation at B 
(the excitation density is n = 2.109 c m - 2 ) .  Ti denotes 
the calculated initial temperature of the electron-hole 
gas (see text). 
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synchroscan streak camera, annotmce n _ 10 l° cm -2 
with a smnple at T = 4 K, while the second ones, 
who detect with an up-conversion exl)eriment, claim 
n ~_ 2.101° cm -2 with a sample mounted in a cold fin- 
ger cryostat at T = 10 K. We mention that Roussignol 
et aJ. explain such dispersion of the measured ra va- 
lues by a D'Yakonov-Perel like mechanism [5], strongly 
dependent on the sample quality. 

Figure 4.b and 4.c show the time evolution of the 
polarization P, at the peak of the PL spectrum, at high 
and low excitation intensities respectively, for the three 
excitation energies A, B, C quoted in figure 1. For 
these energies, the electrons are photo-created appro- 
ximatively at the Fermi level (A), 10 m e V  above (B) 
and 19 m e V  above (C), evaluations which consider an 
in-plane heavy hole effective mass mhh = 0.17. Two 
observations can be made : 

(i) the initial polarization P(0) decreases slightly as 
the excitation energy increases ; this decrease is 
strictly independent of the excitation intensity, as 
the comparison between the two figures shows 
(this is also in agreement with the results displayed 
in figure 4.a) ; 

(ii) the main depolarization ocetu's during the subse- 
quent transient decrease ; 

(iii) the polarization decay time decreases as soon as 
the excitation energy increases, for all excitation 
intensities. 
The initial polarization P(0) and its variation with 

the excitation energy cannot be entirely attributed to 
the polarization rate of the photo-generated holes de- 
duced from the valence band mixing, which we expect 
to remain above at least 80 % in this excitation en- 
ergy range [6]. A first depolarization, relatively small 
in comparison with the subsequent depolarization, has 
probably occm-ed in a time shorter or of the order of 
our time resolution. 

Since the density of photo-excited holes considered 
above is one order of magnitude or more lower than 
the doping level, the spin relaxation of electrons is ir- 
relevmlt and the measured decay of the lmninescence 
polarization gives the spin relaxation time vh of ther- 
malized holes. As a consequence, the ew polarization 
Pc,, depends on the initial polarization P(0) and on 
the recombination and spin lifetimes, rr and rh respec- 
tively, by : 

P(0) 
Pew -- I + v~/va (I) 

The measured values of Pew at A, B aald C (figure 1) 
are 62, 51 and 39 % respectively ; the measured va- 
lues of P(0) at the same excitation energies (figure 4.b) 
are 85, 70 and 58 % respectively. We deduce a ratio 
P ~ / P ( O )  ~ 0.7 independent of the excitation position 
A, B or C. This means that the decrease of Pew versus 
the excitation energy observed in figure i is completely 
related to the decrease of the initial polarization P(0), 
a result in agreement with the conclusions of Ph. Rous- 

signol et aJ. [4]. One checks that the longer spin re- 
laxation time, measured at the lower excitation density 
(n -~ 7.107 cm -2)  is ill agreement with the measured 
cw polarization performed at n ~_ 8.107 cm -2 when 
one considers the same excitation energy. For instance, 
for the excitation energy B, we measure rh = 1200 ps 
(figure 4.a) mad rr = 220 ps (independant of the ex- 
citation energy), which gives Pew(Calculated) = 59% 
compared to Pew(measured)  = 51%. 

As we demonstrate that rh decreases when the 
photocreated carrier density n increases, the decrease 
of the cw polarization at a given excitation energy, ob- 
served in figure 2 when n increases, is now qualitatively 
explained by equation (1). 

The initial temperature of electrons and holes is 
one of the important 1)aran~eters of each excitation con- 
dition. This initial temperature is an increasing func- 
tion of the excitation energy and excitation intensity. 
Assmning that the photogenerated electron-hole pairs 
redistribute quasi-instantaneously their excess energy 
to the whole electron-hole plasma, one can calculate 
the initiM temperature of the thermalized carriers (note 
that even at our higlmr excitation level, holes remain 
non-degenerate). This temperature (Ti) is reported in 
figures 3 and 4. Considering the inhomogeneity of the 
sample (revealed by the large PL line), and thus the 
uncertainty on the exact position of the Fermi level, 
it is clear that this calculated temperature is only an 
estimation. The important observation here is that the 
hole spin relaxation time Th is a decreasing function of 
Ti in each of these experiments. 

The spin-flip inside the HH1 subband involves 
transitions between + 3/2 states. These transitions 
are forbidden at k / /  = 0 in quantum wells : as a con- 
sequence the hole spin lifetime is infinite. At k / /  > 0 
however, there is a mixing between the pure heavy and 
light hole states which allows spin flip within the HH1 
sub-band. Then any energy or momentum relaxation 
process can lead to spin relaxation. For instance, spin- 
flip due to carrier-phonon interaction has been dis- 
cussed in [3,7]. This is one of the hole spin relaxation 
process which has been proposed so far. 

Two other spin relaxation mechanisms may be 
considered : 

(i) first , a D'Yakonov-Perel like mechanism due to 
the presence of an inversion asymetry term in the 
Hamiltonian, associated with the GaAs zinc-blen- 
de lattice. This proposed mechmfism is supported 
by detailed calculations of the hole spin lifetime 
taking into accotult several kinds of elastic scat- 
terers : coulombic impurities, interface defects, al- 
loy scattering [8]. Its efficiency increases also as 
k / / =  0 increases. Acoustic phonon-assisted spin- 
flip tra~lsitions show the same trend [4] ; 

(ii) one can expect that hole scattering on electrons 
in heavily n-doped quantum wells may also lead 
to spin flip transitions due to exchange interac- 
tion (the transposition of the Bir-Aronov-Pikus 
mecheafism [9] to holes). In presence of degene- 
rate electrons, because of the limitation imposed 
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by the Pauli principle, only electrons with energy 
near the Fermi level may cause this hole spin rela- 
xation. The energy width of this interacting elec- 
trons layer below the Fermi-level increases with 
the hole kinetic energy, so the corresponding hole 
spin flip rate is a function which increases with 
kip  
One cml conclude this rapid review that all these 

hole spin flip processes are increasing functions of k//, 
i.e. of the hole kinetic energy. As a consequence, the 
corresponding hole spin relaxation time is expected to 
decrease when the electron-hole g~s temperature in- 
creases (the lattice being maintained at low tempera- 
ture) or when the sample temperature TL increases. 

The measured variation of the initial polarization 
decay time as a function of the lattice temperature TL, 
at low excitation density n _~ 4.10 s cm -2 is reported 
in figure 5. The expected decrease of rh is indeed 
observed. Moreover, we clearly verify in figure 4.a, 4.b 
and 4.c that the decrease of the initial polarization de- 
cay time, observed both when the excitation density 
or when the excitation energy increase, is correlated as 
expected to the variation of the initial electron-hole gas 
temperature T~. 

It is interesting to notice that the hole spin re- 
laxation time rhwe measured recently in intrinsic 
MQW shows the same trend : Th is found to be long 
(Th > 50 ps) in resonant excitation (the electron hole 
temperature is in this case very low) [10, 11], whereas 
it is very short (Th ~ 3 ps) in non-resonant excitation 
when the initial temperature is about Ti -~ 60 K [12, 
13]. All these results emphasize the role played by the 
temperature in the hole spin relaxation process. The 
question of the determination of the dominant process 
is however out of the scope of the present paper. 

In conclusion, we have performed systematic mea- 
surements of the hole spin relaxation tilne Th in n- 
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Figure 5. 
Variation of the initial decay time of the polarization 
as a function of the lattice temperature at a low pho- 
togenerated carrier density of n = 4.10 s cm -2 ; the 
dotted line is a guide for the eyes. 

modulation doped quantum wells. Our results show 
for the first time the drastic dependence of vh both 
on the excitation density and on the excitation energy. 
We propose an interpretation which assigns these two 
dependences to a single cause, the initial temperature 
variation. However this approach may be too simple 
and discards other factors which could also influence 
the hole spin relaxation time. It is clear that further 
investigations are required to identify the relevant spin 
relaxation mechanisnls. 
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