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We study the spin polarization of optically created electrons near the Fermi energy-tyja@ modulation-
doped single quantum well. In our system the Fermi level is slightly above the second confined conduction
subband. The results reveal that electrons optically created close to the Fermi level partially conserve their spin
polarization, despite the presence of the electron gas. Data obtained by changing the excitation intensity show
that exchange interaction among optically created electrons and holes dominates the spin flip processes in the
vicinity of the Fermi edge[S0163-18209)51412-4

The influence of a two-dimensionéD) electron or hole We studied the CW luminescence polarization close to the
gas in the carrier spin relaxation in semiconductor quantunfFermi level in ann-type-doped QW for which the second
wells (QW's) has been experimentall and confined electron subband is marginally occupied. Contrary
theoretically**investigated in recent years. The experimen-to the expectation, the data revealed that the presence of the
tal work explored both continuous-wa\€W) and time- electron gas in the first confined electron subband does not
resolved regimes. The CW results showed that the polarizezompletely cancel the spin polarization of the electrons op-
tion profile (polarization degree as a function of the tically created close to the Fermi level in the second sub-
excitation energydepends on the electronic structure of theband. On the other hand, we observe that the polarization of
system, the doping level, and the sample quality. It is alsahese electrons is affected by the electron-hole exchange in-
well established that the spin relaxation and the polarizatiomeraction when the photocarrier concentration is increased.
profile are given by the combined effects of two factors: the  Our sample is a strained 130 A -widetype modulation-
electronic structure and the joint density of states involved irdoped A} ,<Ga, 752/ Ing ;G&, gAs/GaAs QW. In this system,
the transitions? The time-resolved results, however, are notelectron transfer from a Si-doping layer placed at 50 A
conclusive: spin relaxation times of 4%pas well as 1 5 from the well interface gives rise to a high-density 2D elec-
have been measured for holesriftype-doped QW’s while tron gas in the QW regionN,p=2X 10*> cm2?). Four con-
spin relaxation times of 150 psnd 1 né were found for  duction subbands are occupied. The second and third sub-
electrons inp-type-doped QW's. Slower spin relaxation was band states, however, are localized in #eoping layer.
reported for high-energy electrons compared to low-energgonsequently, their overlap with the first heavy-hole sub-
electrons in am-type-doped multiple-QW sample. This was band (denominatedH;), which is confined in the well re-
attributed to electron-electron interactions. gion, is weak!® Therefore, these subbands do not give sig-

In doped semiconductor QW's, the Fermi sea is constinificant contributions to optical transitions. Here, we focus
tuted by equal carrier populations in the spin up and spirpbur attention on the first and fourth conduction subbands,
down states. The optical polarization is therefore dominategvhich are denominatelf; and E, (where the index labels
by the spin polarization of the minority carriers. Fetype-  only the conduction states mainly confined in the well re-
doped samples the hole spin relaxation is a consequence gion). The Fermi level is almost degenerate with, which
the valence-band mixing with the scattering of the hole mois marginally occupied. This allowed us to study the relax-
mentumk;, connecting the different spin-mixed states. Theation of electrons under two different situations in the same
optical polarization profile is therefore determined by thesample: a highly occupied first conduction subband and a
valence-band structure. Previous stuﬁﬁésxplored the situ- marginally occupied second conduction subband, which cor-
ation where a dense 2D electrghole) gas is present. In respond to the casdg>0 andkg~0, respectivelywhere
these cases the spin relaxation is dominated by the minoritg: is the electron wave vector at the Fermi engrdiy order
carrier relaxation and the behavior of the electrdnsles  to compare with more standard situations, we also studied
optically created was not accessible. Here we focus our athe same sample after a hydroge(H)-passivation
tention on the latter. processing® when the electron gas density was reduced to
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FIG. 1.1, PL (solid lineg and PLE(dotted lineg spectra for(a)

as-grown sampletb) H-passivated sample. FIG. 2. (a) Polarization profiles for the as-grown sample at the
detection energie8, B, C, andD; (b) Polarization profiles for the
Nop=1x10"2 cm™2 lowering the Fermi level well below H-passivated sample at the detection energieandB’. The inset
the second conduction subband. shows the respective energy positions.
We performed CW photoluminescen@el) and photolu-
minescence excitatiofPLE) experiments with circularly po- asymmetric doping. The 2D electron gas densities were esti-
larized light (¢, ando_) at excitation and detection. The mated from the Stokes shifts betwedénh—H,; and E3
measurements were carried outTat 14 K using a cold- —H7 [Fig. 1@] or E} —H7 [Fig. 1(b)], and they are con-
finger cryostat. The excitation polarization is kept fixed andsistent with the values used in the calculations to give the
I _ andl ; are, respectively, the PL intensities upon detectiorcorrect PLE energy transitions. The observed small Stokes
at the opposite and at the same polarization as the excitatioghift betweenE; —H} and E,—H, in Fig. 1(a) indicates
The luminescence polarization degree is define®agl.  that the second subband is slightly occupied. After the pas-
—1.)/1,+1_. We investigated as a function of the exci- sivation processing the Fermi level was shifted below the
tation and detection energies as well as the excitation intersecond confined-electron subband. The PL spectrum exhibits
sity. only one peak, corresponding to thg—H, transition. An
Figure 1 shows the Plsolid lines and PLE (dashed abrupt cut in the high-energy luminescence tail in Figh)1
lines) spectra for(a) the as-grown sample anth) the indicates the Fermi energff —H; transition.
H-passivated sample. In these figures dnlyis shown. For In Fig. 2(a) we show the polarization profileB,, Pg,
the as-grown sample the PL spectrum presents two peaks,.  andP, for the as-grown sample at the detection ener-
corresponding to thé&;—H; and E,—H; transitions. The giesA, B, C, andD, respectively, as indicated in the inset.
PLE peaks are attributed to tf# —H7, E; —H3 andEZ  These energies correspond to luminescence at the transitions:
— L] transitions, wherél, andL , are the second heavy-hole E,—H; for positionA, E* —H; for positionB, E,—H, for
and the first light-hole subbands, respectively. These tranSbosition C, andE} —H, for positionD. Figure 2b) shows
tions have been identified by comparison with self-consistenthe polarization profile®,, and Pg, for the H-passivated
calculations:® The symbol * indicates that the transition oc- sample at the detection energi&s andB’ indicated in the
curs atkj=k{ while the others occur a=0 (wherek; is inset, corresponding to the transitions at the PL p&ak
the in-plane wave vector ark{’ is the in-plane wave vector — H, (positionA’) and at the Fermi edgé} —H; (position
of theith conduction subband B’). Note that the luminescence involves the same hole state,
The transitiorE} —H7 in the as-grown sampléig. (@]  H;. The holes quickly relax to their low-energy states. The
is not resolved in the PLE spectrum since it is very close iralloy scattering breaks the in-plane momentum conservation
energy to theE; —H7 transition. TheE,—H; transition is  allowing transitions between electron states vkith ke and
allowed due to the high built-in electric field created by thehole states ak,=0.
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Let us first discuss the results for the as-grown samplesample, the Fermi energy is well below the subband. The
[Fig. 2@]. All the profiles present the same features: theelectrons are optically created just above Eieenergy and
polarization degree is high for excitation energies slightlypg,zpB,—pA,zo_
above theEZ —H7 transition and decreases as the excitation Recent calculations ip-dopedsymmetric QW's(Ref. 7)
energy increases. Pronounced relative loss of polarization show that the electron spin relaxation in 2D systems is domi-
observed at excitation energies around Bje-H3 andE} nated by two mechanisms: the D’Yakonov-Pe(&lP) (Ref.
—L* excitations. These results indicate that the polarizatior:6) and the Bir-Aronov-PikusBAP) (Ref. 17 mechanisms.
profile is basically determined by the momentum-dependent "€ DP mechanism arises from the lack of inversion sym-
hole-spin mixing, since the pronounced losses occur upo|:{1etry anql from _the sp|n-orb|t_|nteract|on in th_e I11-V struc-
excitation of transitions that involve different hole states and!"€S: which split the conduction band and mix the electron
the same conduction subband. The biaxial strain induced byPn States. The resulting spin splitting has a linear depen-
the lattice mismatch in this system separates the light-hold€nce with the electron wave vect. The relaxation pro-
subband.; from the heavy-hole subbanét, andH . Con- cess is a motpnal—narrowmg-type mechanism in which the
sequently, the valence-band mixing is weak at the band edgs(eo.In rglaxatlon is slower when the elgctron momentum reI_ax-
and the hole spin flip is slowed down. The asymmetric QV\,atlon is faster. In the BAP mechan!sm the. spin relaxation
structure complicates considerably the calculations of th%rocess comes from the exchange interaction between con-

hol . laxati Th isting th tical del th uction electrons and valence holes during the momentum
ole-spin relaxation. 1he existing ‘neoretical mode atrelaxation. Its efficiency is mainly determined by the carrier
takes account of this kind of situatithinvokes a motional

: Lo _ . _concentration and the phase space available for the electron
harrowing meqhe_inlsm involving hole wave-vector scatteringy,,|q scattering. The dependence of electron spin relaxation
The characteristics of the sample that affects this scattering .« with the electron kinetic energy shows a competition

will determine the polarization profile. A more detailed dis- between the DP and BAP mechanisms. The DP mechanism
cussion of the polarization profile is out of the scope of th'showever, dominates the spin relaxation for electrons with

paper. . . . _ small wave vectors, when the phase-space filling of the
Th_e re_;markable result of Flg.@ is the dlffer_ence in th_e p-type-doped system blocks the BAP process.
polarizationdegreeobserved for different detection energies. In our case, the system isatype-dopedsymmetric QW.

When the luminescent states involve the first conductlor]:orthe as-grown Samplél)>0 andk(Fz)mo. The difference

subband(()posmons.A .and. B) the polagzatlcin degr_ee 'S on the polarization degree at the Fermi edge of the two dif-
Pa,g~25% for excitation just above tlg; —H transition. ferent conduction subband®g and Py, comes from the

For detection at the second PL pedland at higher energy fact that positiondB and D involve luminescence of states

with very different values of in-plane wave vectors. This
q % when th itation is ab " Gives rise to different spin mixing and scattering efficiency.
ecays to 5% when the excitation is abovefe-L1 tran- Ty glectrons photocreated wikiV=k in the first sub-

sition. . _ . . band relax their polarization more rapidly than those at the
The high-density electron gas in the first conduction Sub, .\ ¢\ \hhand witk®=k2) . For this sample, this effect
band does not exhibit spin polarization. Therefore, since them lies in P> P an<ej p —FP' For the same’reason o
luminescence at positio only involves the band-edge Ib? Iin PI _?:; i‘?] th H/-\_ Bi\'/ ted samle. Mor rvr\: i
states ofE; andH,, no spin polarization from the optically °° 2 thA/f_ tBt’h P EP pa_ls_z alle ' Sample. ?e Suthp S
created electrons is expected to be observed. All the detectddf ilt? ne ir?\? v a Cmixi?f fe lurrllrn(ra]sc?rnﬁ:]asthrom esr(]e d
polarization in this case results from the holes that relaxed t ositions INVolve a g of €lectrons from the gas a
the top of theH, subband. On the other hand, luminescence ose optically excited. The strong polarization in these po-

at positionC involves the second confined subband. The Ob_SItIOﬂS shows the low efficiency for the spin relaxation

served enhancement of the polarization degree at positjion {F:rfh22‘??;3?&1‘&?23%;Vsa;iﬁgﬁgg gﬂiﬁgatﬁgteoig
with respect to that at positioA, results from the presence 9 P

of spin-polarized electrons i,. Despite the presence of the ated_ electrons. e . I
electron gas itE,, the luminescence from the vicinity of the . F|gg_re 3 showc, P4, andP (insep for two exc¢at|on
Fermi level retains, at least partially, the spin polarization of "tensities =3 X\(/cmz and 90 W/crA. For the low inten-
the optically excited electrons in this subband. The degree ofity €Xcitation,Pc is around 20% at an excitation energy just
spin polarization of the electrons that are recombining at podoove t_heE§ —H7 transﬂpq, decrgasmg as jthe excitation
sition C, P&, can be obtained approximately froRf=P; ~ €nergy increases. For sufﬂqently high excitation ene_Fggl,
—P,, since the polarization of the participating holes is ex-goes to zero. This behawor can be. understood W|t_h|n the
pected to be the same in the transitignandC, and inA the framework of the mechanisms described above. Optical ex-
electrons are unpolarized. The same result is obtained for tretation close to the Fermi level creates electrons with small
transitionsD andB when the electrons involved are those atk[ . for which spin mixing is weak. As the excitation energy
the Fermi level. Since the carrier concentration in the subis increased, states with largefare excited, increasing scat-
bandE, is very low, the transitions in position§ and D  tering events that enhance the spin relaxation rate.
basically involve a mixing of photocreated electrons and The degree of polarizatioR is very sensitive to the exci-
electrons from the electron gas. tation intensity.P decreases as the laser intensity increases
For the H-passivated samdlEig. 2(b)] the results do not for all detection energies. For an excitation energy just above
show any difference either in the polarization profile or inthe E5 —H7 transition,P, decreases from 25% to 10% and
the degree of polarization along the PL spectrum. For thi®: decreases from 45% to 15% as the intensity increases
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FIG. 3. Electron polarizatioRg = P,— P¢ of as-grown samples
for two excitation intensitiest=3 W/cn? and | =90 W/cn?. In-

set: polarization spectra at positioAsand C.

tering times, are not favored by the more frequent carrier-
carrier scattering at high excitation intensity. Consequently
the faster hole-spin relaxation observed for high laser power
must be related to other spin-flip mechanisms. The best can-
didate is the hole-hole exchange interaction. This would ac-
count for the loss of polarization at the positidrand part of

that at the positiorC. Electrons also have a faster spin re-
laxation at the positioi€. The electron-electron interaction,
however, already occurs at weak laser power due to the pres-
ence of the electron gas and shall not change significantly as
the excitation intensity increases. On the other hand,
electron-hole exchange interaction is now important. The
phase-space filling does not play an important role for the
electrons in the second subband because it is marginally oc-
cupied.

From the above discussion about the hole-spin relaxation
mechanisms, only the BAP seems not to have serious restric-
tions on its efficiency in the investigated system. We believe
then that the BAP may be responsible for the observed rela-

from 3 to 90 W/crA (see inset in Fig. 8 This corresponds tive loss of polarization at positiod when the laser intensity

to relative losses of polarization OAP,~60%, AP increased? This conclusion, however, is qualitative and

~45%. andAP&~25%18 The loss of pol?arizatio’n in the More experimental and theoretical work are necessary for a
) C .

vicinity of the Fermi energy occurs, therefore, for holes asde‘c'n't've answer of this problem.

well as for electrons. By increasing the excitation intensity We acknowledge R. G. Pereira and A. L. Gobbi for the H
one increases the density of photoexcited carriers in the QWpassivation. We are grateful to F. Cerdeira for a critical read-
Spin  relaxation by motional-narrowing type of ing of the manuscript. This work was supported by CNPq,
mechanismé*®being enhanced by longer momentum scat-FINEP, CAPES, and FAPESP.
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