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Circular polarization of excitonic luminescence in CdTe quantum wells
with excess electrons of different densities
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The circular polarization of excitonic luminescence is studied in CdTe/Cd12xMgxTe quantum wells with
excess electrons of low density in an external magnetic field. It is observed that the circular polarization ofX
andX2 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 excitonsX2 is much stronger than that
of the neutral excitonsX, a stronger circular polarization degree of bothX andX2 emissions is observed. We
find that the circular polarization of bothX2 andX emissions is caused by the spin polarization of the excess
electrons due to the electron-spin-dependent nature of the formation ofX2. If the electron density is relatively
low and the emission intensity ofX2 is comparable to that ofX, the circular polarization degree ofX andX2

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 ofX2.

DOI: 10.1103/PhysRevB.63.045313 PACS number~s!: 71.35.2y, 76.70.Hb
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I. INTRODUCTION

In semiconductor quantum wells~QW’s! with excess
electrons of low density (;1010 cm22), some interesting
phenomena occur such as negatively charged exci
(X2),1–4 the enhanced energy and phase relaxation rate
excitons,5 combined exciton-cyclotron resonances,6 and
many others,7,8 as recently have been reported. These p
nomena show that an introduction of the excess electr
strongly modifies optical properties of QW’s.X2 can be cre-
ated by resonant excitation in absorption experiments1 or by
a neutral excitonX combining with one of the excess ele
trons under nonresonant excitation as in photoluminesce
~PL! experiments.2,3 It was reported that theX2 absorption is
circularly polarized in magnetic fields due to the spin pol
ization of the excess electrons,1,9 and theX absorption has an
opposite circular polarization.1 A possible mechanism fo
this is the scattering of excitons by spin-polarized exc
electrons.10 Recently, optically detected magnetic resonan
~ODMR! experiments11 have demonstrated that the form
tion of spin-singletX2 created by a neutral excitonX com-
bining with one of the excess electrons is in fact electr
spin dependent. In this paper we study the circu
polarization of the X2 and X emissions in CdTe/
Cd12xMgxTe QW’s with the excess electrons of low dens
(;1010 cm22). The electron density is controlled by optic
injection. The circular polarization degreeP of the lumines-
cence is defined by

P5
I 12I 2

I 11I 2
, ~1!

whereI 1 (I 2) is the luminescence intensity in thes1 (s2)
circular polarization. Under the excitation by an Ar1 laser in
which case more excess electrons are introduced into
QW, we have observed a considerable degree of circ
0163-1829/2001/63~4!/045313~5!/$15.00 63 0453
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polarization ofX2 and X emissions with mutually opposite
signs. We find that the circular polarization of bothX2 andX
emissions is caused by the spin polarization of the exc
electrons due to the electron-spin-dependent formation
X2. Under the excitation by a Ti:sapphire laser, which p
duces fewer excess electrons in the QW, the circular po
ization degree ofX andX2 emissions is much smaller tha
in the previous case. A model based on the spin relaxatio
X2 is proposed that explains this observation satisfactor

The paper is organized as follows: In Sec. II the inves
gated samples and the experimental arrangement are
scribed. The experimental results and discussions are
sented in Sec. III and conclusions are drawn in Sec. IV.

II. EXPERIMENTS

The sample studied in this work was grown by molecu
beam epitaxy on~100! GaAs/CdTe hybrid substrate.12 The
structure, similar to that studied in Ref. 11, consisted o
nominally undoped 80-Å-thick CdTe single QW separat
from 500-Å-thick CdTe/Cd0.7Mg0.3Te superlattices
(20 Å/20 Å) by a 200-Å-thick Cd0.7Mg0.3Te barrier.

The density of the excess electrons was controlled
photoexcitation. Under excitation above the superlatt
miniband gap, the electron-hole pairs are excited both in
QW’s and in the superlattice layers. The different tunneli
probabilities for electrons and holes from the superlatt
miniband into the QW through the 200-Å-thick barrier lea
to a low-density of excess electrons in the QW’s.6 Under
excitation below the superlattice miniband gap, no electr
are excited in the superlattice layer and the optical inject
of the excess electrons into the QW does not occur. In
latter, however, there exist background electrons in the Q
as discussed in Sec. III. The excess~or background! elec-
trons may combine with electron-hole pairs~or excitons! to
©2001 The American Physical Society13-1
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form X2. In our experiments, an argon-ion laser (Ar1) ~514
nm! and a tunable Ti:sapphire laser~732 nm! were used to
provide the excitation above and below the superlattice m
band gap (Eg51.8 eV), respectively.

The sample was placed in an optical cryostat with a s
magnet system in the Faraday geometry with the magn
field applied perpendicular to the QW plane. The exciti
light of the Ar1 and Ti:sapphire laser was linearly polarize
The s1 and s2 circularly polarized components of the lu
minescence were extracted via al/4 wave plate and a linea
polarizer. The luminescence was dispersed with a sin
grating 1-m spectrometer and detected by a cooled G
photomultiplier. For ODMR experiments, microwaves~70
GHz! were irradiated onto the sample through a rectang
waveguide. Microwaves were modulated at a frequency
45 Hz and the synchronous changes of the luminescenc
tensity were recorded by a two-channel photon counter.

III. RESULTS AND DISCUSSIONS

Figure 1~a! shows the PL spectra under the excitation
the argon-ion laser~514-nm line, solid curve! and the Ti:sap-
phire laser tuned to 732 nm~dotted curve! at B50 T and at
T51.7 K. The excitation intensity is kept at a low level
0.06 W/cm2. Under the excitation by the argon-ion laser, i.
when the excess electrons are optically injected into

FIG. 1. ~a! PL spectra of the 80-Å-wide CdTe QW taken und
the excitation by an Ar1 laser~514 nm, solid curve! and a tunable
Ti:sapphire laser~732 nm, dotted curve! at B50 T and at T
51.7 K. The excitation energies are, respectively, above
below the superlattice miniband gap energy (Eg51.8 eV). ~b!
Microwave-induced changes of theX2 and X emission intensity
under the two excitations at the resonant magnetic field meeting
condition of the electron spin resonance. The formulauge* umBBres

5hn yields the electron effectiveg factor uge* u51.419. The excita-
tion intensity is kept at a low level of 0.06 W/cm2 for both ~a! and
~b!.
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QW’s, two peaks are observed in the PL spectrum. The p
at 1.6405 eV is identified as the heavy-hole excitonX and the
peak at 1.6363 eV, which is by 4.2 meV lower in ener
thanX, is identified as the negatively charged excitonX2.11

Under the excitation by the Ti:sapphire laser, no electro
are transferred from the superlattice into the QW. Howev
the X2 peak is still observed. This may be due to that the
exist background electrons in the CdTe QW, which origin
from residual impurities in the barriers.13 Since the back-
ground electron density is much smaller than that under
excitation by the argon-ion laser, the intensity of theX2

relative to theX emission is smaller as there are only ve
few excess electrons are available forX2 formation. Note
that the energy position of theX2 line under the excitation
by the Ti:sapphire laser is 0.7 meV higher than that un
the excitation by the argon-ion laser. This result is in acc
with the recent observation in absorption spectra that
X-X2 splitting is equal to the Fermi energy plus theX2

binding energy,14 i.e., theX-X2 splitting is electron-density
dependent. The change of the electrostatic potential du
the space-charge effect of different electron densities can
neglected because the energy position of theX line does not
shift under the two types of excitations@see Fig. 1~a!#.

Figure 2 plots the PL spectra ins2 ~solid curves! ands1

~dotted curves! circular polarizations under the excitation b
the argon-ion laser at different magnetic fields. With incre
ing magnetic field, theX emission intensity ins2 becomes
stronger than that ins1. In contrast, theX2 emission inten-
sity in s2 becomes weaker than that ins1. The magnetic
field dependence ofX andX2 emission intensity in thes2

~solid symbols! ands1 ~open symbols! polarizations under
the excitation by the Ar1 laser is presented in Fig. 3. Wit
increasing magnetic field, theX emission intensity ins2

increases drastically, whereas that ins1 does not vary. Si-

d

he

FIG. 2. Thes2 ~solid curves! ands1 ~dotted curves! compo-
nents of PL spectra at different magnetic fields under excitation
the Ar1 laser.
3-2
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multaneously, theX2 emission intensity ins2 decreases
drastically and monotonically from 0 T to 7 T,whereas that
in s1 shows first a small increase forB,3 T and then it
decreases drastically forB.3 T.

The polarization behavior is also observed under the
citation by the Ti:sapphire laser~not shown here!, but the
circular polarization degree of theX and X2 emission de-
fined by Eq.~1! is much smaller than that under the excit
tion by the argon-ion laser. In Fig. 4 we plot the circul
polarization degree of theX andX2 emissions as a function
of the magnetic field under the two types of excitations.

Obviously, the variation in the circular polarization b
havior is due to the introduction of the excess electrons
different densities. Now we discuss the mechanism resp
sible for the stronger circular polarization ofX andX2 emis-
sion under the excitation by the Ar1 laser. As the linearly
polarized light with the photon energy far above the ba
gap energy is used for excitation, the effect of optical pum
ing in the circular polarization~see Ref. 15! does not occur
in our experiments. As a results, the stronger circular po

FIG. 3. Magnetic field dependence of theX and X2 emission
intensity ins2 ands1 under the excitation by the Ar1 laser.

FIG. 4. The circular polarization degree ofX andX2 emissions
as a function of the magnetic field under the excitation by the A1

laser~solid symbols! and by the Ti:sapphire laser~open symbols!.
For comparison, the calculated spin polarization degree of the
cess electrons by using the formulaPe5tanh(uge* umBB/2kTe) is also
plotted as a function of the magnetic field~dotted curve!.
04531
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ization of theX andX2 emissions is not caused by the ph
toexcitation. Instead, we propose that the circular polari
tion of the X and X2 emissions stems from the spi
polarization of the excess electrons since the formation
X2 is electron-spin dependent as described below.

The spin states ofX and X2 are characterized by thei
spin projection along the magnetic-field directionz. The op-
tically allowed heavy-hole exciton has two spin state
u1 1

2 ,2 3
2 &5u21& andu2 1

2 ,1 3
2 &5u11&, which decay by the

s2 and s1 emissions, respectively. The spin singletX2

with two antiparallel electron spins has two spin states
well: u2 1

2 ,1 1
2 ,2 3

2 & and u1 1
2 ,2 1

2 ,1 3
2 &. The former decays

by emitting thes2-polarized photon with theSz52 1
2 elec-

tron left, and the later by emitting thes1-polarized photon
with the Sz51 1

2 electron left. The formation and recomb
nation process ofX2 can be written as11

e21/21X21→X23/2
2 →photon~s2!1e21/2, ~2!

e11/21X11→X13/2
2 →photon~s1!1e11/2. ~3!

The above expressions clearly show that the formation of
spin singletX2 is electron-spin dependent.

With increasing magnetic field, the excess electrons
spin polarized, i.e., theu1 1

2 & spin state becomes more pop
lated than theu2 1

2 & spin state. Obviously, the decrease in t
population ofu2 1

2 & electron state leads to a correspondi
decrease in the formation ofX23/2

2 @see Eq.~2!# as compared
to that atB50 T. As a result, theX2 emission intensity in
s2 decreases, and theX emission intensity ins2 increases
at the expense of theX2 emission~see Fig. 3, solid sym-
bols!. On the other hand, the increase in the population of
u1 1

2 & electron state causes an increase in the formation
X13/2

2 @see Eq.~3!#. This is the reason why theX2 emission
intensity ins1 increases with increasing magnetic field f
B,3 T ~see Fig. 3, open downward-pointing triangles!.
However, theX2 emission intensity ins1 has a weaker
magnetic-field dependence than that ins2. The reason is as
follows: the formation ofu1 3

2 & X2 is not very sensitive to
the increase of the electron population ofu1 1

2 & states with
the increase of the magnetic field because the excitons
already find enough excess electrons to formX2 even at zero
magnetic field (X2 has a stronger emission thanX as shown
in Fig. 1!. In fact, thes1 component of the PL spectrum i
a magnetic field is very similar to the PL spectrum atB
50 T ~see Fig. 2!.

Note that atB.3 T the X2 emission intensity ins1

decreases drastically as theX2 emission intensity ins2 with
increasing magnetic field~see Fig. 3, downward triangles!.
This can be explained by the spin relaxation ofX2. As the
two electron spins inX2 are antiparallel, the total spin of th
X2 is equivalent to the spin of the heavy hole.16 Thus a spin
flip of a hole induces a spin flip of theX2. As the hole state
is not a pure state in semiconductors, the spin relaxation
holes is rather fast,17 and so is that forX2. Therefore, the
decrease ofX2 emission intensity ins1 above 3 T just fol-
lows the decrease ofX2 emission intensity ins2 with in-
creasing magnetic field.

x-
3-3
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Note that although theX emission intensity ins2 in-
creases drastically with increasing magnetic field, theX
emission intensity ins1 does not vary~see Fig. 3, open
upward-pointing triangles!. This phenomenon implies tha
the spin relaxation ofX betweenu11& and u21& states is
very slow compared to the recombination process ofX.

From the above discussion, we see that via the elect
spin-dependent formation ofX2, the spin polarization of the
excess electrons results in theX2 emission intensity being
weaker ins2 than ins1 and theX emission intensity being
stronger ins2 than in s1 in the presence of a magnet
field. As a result, the circular polarization of theX and X2

emission have opposite signs~see Fig. 4!. For comparison, in
Fig. 4, we plot the calculated spin polarization degree of
excess electrons as a function of the magnetic field by u
the formulaPe5tanh(uge* umBB/2kTe) whereuge* u is measured
to be 1.419@see Fig. 1~b!#. With increasing magnetic field
the spin polarization of the excess electrons increases
correspondingly, the circular polarization degree ofX and
X2 emissions follows such trend. Therefore, we can c
clude that the spin polarization degree of the excess elect
determines the circular polarization degree of bothX andX2

emissions. We can say that the spin-polarized excess e
trons play a role similar to that of ‘‘optical pumping.’’15 In
the steady optical pumping experiments the spin relaxa
tends to weaken the initial circular polarization of the lum
nescence. Thus the spin relaxation ofX2 reduces the circula
polarization degree of theX2 emission. Because the sp
relaxation rate ofX can be neglected compared to its reco
bination rate, as discussed above, the circular polariza
degree of theX emission is larger than that of theX2 emis-
sion ~see Fig. 4!.

It was earlier reported that the circular polarization of t
X and X2 absorptions has an opposite sign,1 similar to the
circular polarization of theX and X2 emissions discusse
above. The circular polarization of theX absorption was at-
tributed to the scattering ofX by the spin-polarized exces
electrons.10 Obviously, the mechanisms for the circular p
larization of theX emission and theX absorption are differ-
ent.

Now we shall discuss the mechanism of the small circu
polarization ofX andX2 emissions under the excitation b
the Ti:sapphire laser. As the excitation power is kept a
very low level (;0.06 W/cm2), the heating effect of photo
excitation can be neglected, i.e., the electron temperat
are the same under the excitation by either the Ar1 laser or
the Ti:sapphire laser. From Eqs.~2! and~3!, we can find that
the spin relaxation~or spin-flip! process ofX2 will lead to a
spin flip of the excess electrons via a recombination ofX2. If
the electron density is so low that majority of the electro
are bound toX2 under the continuous photoexcitation, th
spin flip of X2 tends to equalize both theX2 population and
the electron populations in their two spin states. As a res
a spin depolarization of the excess electrons will take pla
If the electron density is so high, on the other hand, that o
a small number of the excess electrons are bound toX2 and
04531
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the other most of the excess electrons are free, the spin
polarization of the small number of the excess electrons
are bound toX2 can be neglected. Because the spin pol
ization degree of the excess electrons determines the circ
polarization degree of theX andX2 emissions, as discusse
above, the spin depolarization of the excess electrons re
in the circular polarization degree of theX2 ~andX) emis-
sion under excitation by the Ti:sapphire laser being sma
than that under the excitation by Ar1 laser~see Fig. 4!.

The spin depolarization of the excess electrons can
further verified by ODMR experiments11 where microwaves
are irradiated onto the sample as a perturbation to the e
tronic system and the microwave-induced changes of thX
and X2 emission intensity are monitored. Under th
electron-spin-resonance~ESR! condition, i.e., when
uge* umBB5hn, if the excess electrons are spin polarized,
electrons are resonantly excited from theu1 1

2 & spin level to
the u2 1

2 & spin level. This should induce an increase of t
X2 emission and a decrease of theX emission in thes2

polarization under the excitation by the Ar1 laser@see Fig.
1~b!, solid curve#. However, the microwaves induce no in
tensity change under the continuous excitation by Ti:s
phire laser at the resonant magnetic field@see Fig. 1~b!, dot-
ted curve#, indicating that ESR does not occur in this cas
The reason for it can be that the excess electrons bec
unpolarized due to the relaxation ofX2 under under continu-
ous excitation by Ti:sapphire laser.

IV. CONCLUSIONS

We have studied the influence of excess electrons on
circular polarization of excitonic luminescence in
CdTe/Cd12xMgxTe quantum well. It is found that the circu
lar polarization of bothX2 andX emissions is caused by th
spin polarization of the excess electrons due to the elect
spin-dependent nature of the formation ofX2, and, more-
over, it is influenced by the electron density. If the electr
density is relatively high so that the emission intensity of t
negatively charged excitonX2 is much stronger than that o
the neutral excitonX, a stronger circular polarization of bot
X and X2 emissions is observed. If the electron density
relatively low, so that the emission intensity ofX2 is com-
parable to that ofX, the circular polarization degree ofX and
X2 emission is considerably smaller. This is explained b
spin depolarization of the excess electrons induced by
spin relaxation ofX2 under the photoexcitation.
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