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The circular polarization of excitonic luminescence is studied in CdTg/@dg,Te quantum wells with
excess electrons of low density in an external magnetic field. It is observed that the circular polarization of
andX™ emissions has opposite signs and is influenced by the excess electron density. If the electron density is
relatively high so that the emission intensity of the negatively charged excitoris much stronger than that
of the neutral exciton¥, a stronger circular polarization degree of batland X~ emissions is observed. We
find that the circular polarization of botk™ and X emissions is caused by the spin polarization of the excess
electrons due to the electron-spin-dependent nature of the formatin.df the electron density is relatively
low and the emission intensity &~ is comparable to that of, the circular polarization degree ¥fandX™
emissions is considerably smaller. This fact is interpreted as due to a depolarization of the excess electron
spins, which is induced by the spin relaxation)of.
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. INTRODUCTION polarization ofX~ and X emissions with mutually opposite
) ) signs. We find that the circular polarization of bath andX

In semiconductor quantum wellQQW'’s) with excess emjssions is caused by the spin polarization of the excess
electrons of low density 10'°cm™?), some interesting electrons due to the electron-spin-dependent formation of
phenomena  occur such as negatively charged excitong~. ynder the excitation by a Ti:sapphire laser, which pro-
(X7),7" the enhanced energy and phase relaxation rates @fyces fewer excess electrons in the QW, the circular polar-
excitons; combined exciton-cyclotron resonan®esand  jzation degree oK and X~ emissions is much smaller than
many others,® as recently have been reported. These phepn the previous case. A model based on the spin relaxation of
nomena show that an introduction of the excess electrong- js proposed that explains this observation satisfactorily.
strongly modifies optical properties of QWX." can be cre- The paper is organized as follows: In Sec. Il the investi-
ated by resonant excitation in absorption experinteotdy  gated samples and the experimental arrangement are de-
a neutral excitorX combining with one of the excess elec- s¢riped. The experimental results and discussions are pre-

trons under nonresonant excitation as in photoluminescenGgnted in Sec. Il and conclusions are drawn in Sec. IV.
(PL) experiment$:® It was reported that th¥~ absorption is

circularly polarized in magnetic fields due to the spin polar-

ization of the excess electrohdand theX absorption has an Il. EXPERIMENTS

opposite circular polarizatioh.A possible mechanism for

this is the scattering of excitons by spin-polarized excess The sample studied in this work was grown by molecular
electrons® Recently, optically detected magnetic resonancd?eam epitaxy or(100) GaAs/CdTe hybrid substraté.The
(ODMR) experimentst have demonstrated that the forma- Structure, similar to that studied in Ref. 11, consisted of a
tion of spin-singletX ™ created by a neutral excitos com-  nhominally undoped 80-A-thick CdTe single QW separated
bining with one of the excess electrons is in fact electronfrom  500-A-thick ~ CdTe/CglMgosTe  superlattices
spin dependent. In this paper we study the circula(20 A/20 A) by a 200-A-thick Cgl;Mgj sTe barrier.
polarization of the X~ and X emissions in CdTe/ The density of the excess electrons was controlled by
Cd,_,Mg, Te QW's with the excess electrons of low density Photoexcitation. Under excitation above the superlattice
(~10° cm™?). The electron density is controlled by optical Mminiband gap, the electron-hole pairs are excited both in the
injection. The circular polarization degréof the lumines- QW's and in the superlattice layers. The different tunneling

cence is defined by probabilities for electrons and holes from the superlattice
miniband into the QW through the 200-A-thick barrier lead
l.—1_ to a low-density of excess electrons in the Q\Wsnder
= P 1) excitation below the superlattice miniband gap, no electrons

are excited in the superlattice layer and the optical injection
wherel .. (I1_) is the luminescence intensity in the” (o) of the excess electrons into the QW does not occur. In the
circular polarization. Under the excitation by an*Alaser in  latter, however, there exist background electrons in the QW
which case more excess electrons are introduced into thas discussed in Sec. lll. The excdss backgrouny elec-
QW, we have observed a considerable degree of circularons may combine with electron-hole pai excitong to
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FIG. 1. (a) PL spectra of the 80-A-wide CdTe QW taken under FIG. 2. Theo~ (solid curve$ and o+ (dotted curvescompo-

the excitation by an A laser(514 nm, solid curveand a tunable  nents of PL spectra at different magnetic fields under excitation by
Ti:sapphire laser(732 nm, dotted curyeat B=0 T and atT  the Ar* laser.

=1.7 K. The excitation energies are, respectively, above and
below the superlattice miniband gap energg 1.8 eV). ()  QW’s, two peaks are observed in the PL spectrum. The peak
Microwave-induced changes of th¢~ and X emission intensity —at 1.6405 eV is identified as the heavy-hole exciXosnd the
under the two excitations at the resonant magnetic field meeting thpeak at 1.6363 eV, which is by 4.2 meV lower in energy
condition of the electron spin resonance. The formalugB.es  thanX, is identified as the negatively charged exciton.'*
=hv yields the electron effectivg factor|g3|=1.419. The excita- Under the excitation by the Ti:sapphire laser, no electrons
tion intensity is kept at a low level of 0.06 W/crfor both(a) and  are transferred from the superlattice into the QW. However,
(b). the X~ peak is still observed. This may be due to that there
exist background electrons in the CdTe QW, which originate
form X ™. In our experiments, an argon-ion laser (Ar514  from residual impurities in the barriet3.Since the back-
nm) and a tunable Ti:sapphire las€éf32 nm) were used to ground electron density is much smaller than that under the
provide the excitation above and below the superlattice miniexcitation by the argon-ion laser, the intensity of tke
band gap E,=1.8 eV), respectively. relative to theX emission is smaller as there are only very
The sample was placed in an optical cryostat with a splifew excess electrons are available %7 formation. Note
magnet system in the Faraday geometry with the magnetithat the energy position of thé~ line under the excitation
field applied perpendicular to the QW plane. The excitingby the Ti:sapphire laser is 0.7 meV higher than that under
light of the Ar" and Ti:sapphire laser was linearly polarized. the excitation by the argon-ion laser. This result is in accord
The o™ and o~ circularly polarized components of the lu- with the recent observation in absorption spectra that the
minescence were extracted via & wave plate and a linear X-X~ splitting is equal to the Fermi energy plus the
polarizer. The luminescence was dispersed with a singlebinding energy* i.e., theX-X~ splitting is electron-density
grating 1-m spectrometer and detected by a cooled GaAdependent. The change of the electrostatic potential due to
photomultiplier. For ODMR experiments, microwavés) the space-charge effect of different electron densities can be
GHz) were irradiated onto the sample through a rectangulaneglected because the energy position ofXHame does not
waveguide. Microwaves were modulated at a frequency oshift under the two types of excitatiofisee Fig. 1a)].
45 Hz and the synchronous changes of the luminescence in- Figure 2 plots the PL spectra in~ (solid curveg ando™
tensity were recorded by a two-channel photon counter.  (dotted curvegcircular polarizations under the excitation by
the argon-ion laser at different magnetic fields. With increas-

ing magnetic field, thex emission intensity iro0~ becomes
stronger than that i . In contrast, theX~ emission inten-
Figure Xa shows the PL spectra under the excitation bysity in ¢~ becomes weaker than that én". The magnetic
the argon-ion lasei514-nm line, solid curveand the Ti:sap- field dependence ok and X~ emission intensity in ther~
phire laser tuned to 732 nifdotted curvgatB=0 T and at  (solid symbol$ and o™ (open symbolspolarizations under
T=1.7 K. The excitation intensity is kept at a low level of the excitation by the Ar laser is presented in Fig. 3. With
0.06 W/cn?. Under the excitation by the argon-ion laser, i.e.,increasing magnetic field, th¥ emission intensity ino~
when the excess electrons are optically injected into théncreases drastically, whereas thatdi does not vary. Si-

Ill. RESULTS AND DISCUSSIONS
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4 ization of theX andX™ emissions is not caused by the pho-
. . T=1.7K toexcitation. Instead, we propose that the circular polariza-
£ X oV : " tion of the X and X~ emissions stems from the spin
3 3w v vy . polarization of the excess electrons since the formation of
vg Vv ,"v v X~ is electron-spin dependent as described below.
- vy af% The spin states oK and X~ are characterized by their
2 2?2f v, spin projection along the magnetic-field directinnThe op-
2 a 4 tically allowed heavy-hole exciton has two spin states,
2 S a |+1,—3)=|—-1) and|—3,+2)=|+1), which decay by the
21 At ] o~ and o* emissions, respectively. The spin singht
o- X 4 s with two antiparallel electron spins has two spin states as
O N N N N N N well: |—3,+3,—3) and|+3,—3,+3). The former decays
25 4 5 6 by emitting theo ~-polarized photon with th&,= — 3 elec-

tron left, and the later by emitting the -polarized photon

with the S,= + 3 electron left. The formation and recombi-
FIG. 3. Magnetic field dependence of theand X~ emission  nation process oK™ can be written as

intensity ino~ ando ™ under the excitation by the Arlaser.

magnetic field (T)

e_1pt X_1—=Xgp,—photorio™) +e_y, 2
multaneously, theX™ emission intensity ino~ decreases
drastically and monotonically fra O T to 7 T,whereas that
in o™ shows first a small increase f&<3 T and then it
decreases drastically f@>3 T. The above expressions clearly show that the formation of the

The polarization behavior is also observed under the exgpin singlet ™ is electron-spin dependent.
citation by the Ti:sapphire lasenot shown herg but the With increasing magnetic field, the excess electrons are
circular polarization degree of the and X" emission de-  gpin polarized, i.e., thet+ 1) spin state becomes more popu-
fined by Eq.(1) is much smaller than that under the excita- |ated than thé— %) spin state. Obviously, the decrease in the
tion by the argon-ion laser. In Fig. 4 we plot the circular population of|— 1) electron state leads to a corresponding

polarization degree of th¥ andX™ emissions as a function yacrease in the formation X, [see Eq(2)] as compared
of the magnetic field under the two types of excitations. to that atB=0 T. As a result, th&X~ emission intensity in

Obviously, the variation in the circular polarization be- decreases, and théemission intensity iy~ increases

havior is due to the introduction of the excess electrons ogt the expense of thi~ emission(see Fig. 3, solid sym-
different densities. Now we discuss the mechanism 'eSPOMK01). On the other hand, the increase in the population of the

sible for the stronger circular polarization ¥fand X~ emis- |+1) electron state causes an increase in the formation of
sion under the excitation by the Arlaser. As the linearly q(3)]. This is the reason why thé~ emission

: : - raplsee E
polarized light with the photon energy far above the bano?( * increases with increasing magnetic field for

4 o : intensity ino
gap energy is used for excitation, the effect of optical pumpy 5 Ty(see Fig. 3, open downward-pointing triangles
However, theX™ emission intensity inc" has a weaker

€10+ Xy 1= X gp—photor{ia ™) + e . €)

ing in the circular polarizatiorisee Ref. 15does not occur

in our experiments. As a results, the stronger circular polar- o L )
P g P magnetic-field dependence than thawbin. The reason is as

follows: the formation of +3) X~ is not very sensitive to

T R 100 3 the increase of the electron population|ef3) states with
~ -80f® x-An T {go @ the increase of the magnetic field because the excitons can
b °XTE)| o ge*®? N already find enough excess electrons to f&fmeven at zero
IR 2 e e 160 o magnetic field X~ has a stronger emission thXras shown
§ 4ol e lo 2 in Fig. 1). In fact, theo* component of the PL spectrum in
3 e 2 a magnetic field is very similar to the PL spectrum Bat
ol co©°°{20 2 =0 T (see Fig. 2
= 'Ef..ﬂ 00°° ° % Note that atB>3 T the X~ emission intensity ino*
g 0 " Soooooao 0 2 decreases drastically as tié emission intensity i~ with

20} femmmw] o0 increasing magnetic fielsee Fig. 3, downward triangles

This can be explained by the spin relaxationXof. As the

two electron spins itX™ are antiparallel, the total spin of the

X~ is equivalent to the spin of the heavy hdfeThus a spin
FIG. 4. The circular polarization degree ¥fandX~ emissions P Of & hole induces a spin flip of th& ™. As the hole state

as a function of the magnetic field under the excitation by the Ar IS not a pure state in semiconductors, the spin relaxation of

laser(solid symbol3 and by the Ti:sapphire las¢open symbols holes is rather fast, and so is that foX ™. Therefore, the

For comparison, the calculated spin polarization degree of the exdecrease oK~ emission intensity inr™ above 3 T just fol-

cess electrons by using the formia=tanh(g?|ugB/2kT,) is also  lows the decrease o~ emission intensity ino~ with in-

plotted as a function of the magnetic figldiotted curve creasing magnetic field.

0 1 2 3 4 5 6
magnetic field (T)
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Note that although theX emission intensity inc~ in-  the other most of the excess electrons are free, the spin de-
creases drastically with increasing magnetic field, e polarization of the small number of the excess electrons that
emission intensity inc* does not vary(see Fig. 3, open are bound toX~ can be neglected. Because the spin polar-
upward-pointing triangles This phenomenon implies that ization degree of the excess electrons determines the circular
the spin relaxation oK between|+1) and|—1) states is polarization degree of th¥ and X~ emissions, as discussed
very slow compared to the recombination procesX.of above, the spin depolarization of the excess electrons results

From the above discussion, we see that via the electronn the circular polarization degree of theé (and X) emis-
spin-dependent formation &, the spin polarization of the sion under excitation by the Ti:sapphire laser being smaller
excess electrons results in te emission intensity being than that under the excitation by Alaser(see Fig. 4.

weaker ino~ than ing™ and theX emission intensity being The spin depolarization of the excess electrons can be
stronger ine~ than in o™ in the presence of a magnetic further verified by ODMR experimeritswhere microwaves
field. As a result, the circular polarization of tikeand X~ are irradiated onto the sample as a perturbation to the elec-

emission have opposite sig(see Fig. 4 For comparison, in  tronic system and the microwave-induced changes ofxthe
Fig. 4, we plot the calculated spin polarization degree of theand X~ emission intensity are monitored. Under the
excess electrons as a function of the magnetic field by usinglectron-spin-resonance(ESR  condition, i.e., when
the formulaP.=tanh(g | ugB/2k T,) where|gZ| is measured |g;|ugB=hv, if the excess electrons are spin polarized, the
to be 1.419see Fig. 1b)]. With increasing magnetic field, electrons are resonantly excited from {re3) spin level to
the spin polarization of the excess electrons increases anthe |—3) spin level. This should induce an increase of the
correspondingly, the circular polarization degreeXofand X~ emission and a decrease of theemission in theo™

X~ emissions follows such trend. Therefore, we can conpolarization under the excitation by the Ataser[see Fig.
clude that the spin polarization degree of the excess electrorigb), solid curvd. However, the microwaves induce no in-
determines the circular polarization degree of bétndX™ tensity change under the continuous excitation by Ti:sap-
emissions. We can say that the spin-polarized excess elephire laser at the resonant magnetic figdde Fig. 1), dot-
trons play a role similar to that of “optical pumping®In  ted curvd, indicating that ESR does not occur in this case.
the steady optical pumping experiments the spin relaxatiofhe reason for it can be that the excess electrons become
tends to weaken the initial circular polarization of the lumi- unpolarized due to the relaxation ¥f under under continu-
nescence. Thus the spin relaxationXof reduces the circular ous excitation by Ti:sapphire laser.

polarization degree of th&™ emission. Because the spin

re_zlax_ation rate oK can be neglected compz_ired to its recom- IV. CONCLUSIONS

bination rate, as discussed above, the circular polarization

degree of theX emission is larger than that of th€” emis- We have studied the influence of excess electrons on the
sion (see Fig. 4. circular polarization of excitonic luminescence in a

It was earlier reported that the circular polarization of theCdTe/Cd _,Mg,Te quantum well. It is found that the circu-
X and X~ absorptions has an opposite sigsimilar to the lar polarization of botiX~ and X emissions is caused by the
circular polarization of theX and X~ emissions discussed spin polarization of the excess electrons due to the electron-
above. The circular polarization of th¢absorption was at- spin-dependent nature of the formation %f, and, more-
tributed to the scattering ok by the spin-polarized excess over, it is influenced by the electron density. If the electron
electronst® Obviously, the mechanisms for the circular po- density is relatively high so that the emission intensity of the
larization of theX emission and the& absorption are differ- negatively charged excitod™ is much stronger than that of
ent. the neutral excitorx, a stronger circular polarization of both
Now we shall discuss the mechanism of the small circulaiX and X~ emissions is observed. If the electron density is
polarization ofX and X~ emissions under the excitation by relatively low, so that the emission intensity ¥f is com-
the Ti:sapphire laser. As the excitation power is kept at gparable to that oX, the circular polarization degree ¥fand
very low level (~0.06 W/cnf), the heating effect of photo- X~ emission is considerably smaller. This is explained by a
excitation can be neglected, i.e., the electron temperaturespin depolarization of the excess electrons induced by the
are the same under the excitation by either thé faser or  spin relaxation ofX~ under the photoexcitation.
the Ti:sapphire laser. From Eq®) and(3), we can find that
the spin relaxatioror spin-flip process ofX™ will lead to a
spin flip of the excess electrons via a recombinatioX of If
the electron density is so low that majority of the electrons One of authorgC.Y.) gratefully acknowledges Professor
are bound taX™ under the continuous photoexcitation, the Hou-Zhi Zheng and Professor F. H. Yang for useful discus-
spin flip of X~ tends to equalize both th¢™ population and  sions. The experiments were performed in nahurg. C.Y.
the electron populations in their two spin states. As a resultwas supported by the Volkswagen foundation. This work in
a spin depolarization of the excess electrons will take placeGermany was supported by the Deutsche Forschungsgemein-
If the electron density is so high, on the other hand, that onlyschaft via Grant No. 0s98-5 and the work in Poland was
a small number of the excess electrons are bourXi't@and  supported by KBN under Grant No. PBZ28.11.
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