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The electron spin resonance~ESR! is optically detected by monitoring the microwave-induced
changes in the circular polarization of the neutral exciton (X) and the negatively charged exciton
(X2) emission in CdTe quantum wells with low density of excess electrons. We find that the
circular polarization of theX and X2 emission is a mapping of the spin polarization of excess
electrons. By analyzing the ESR-induced decrease in the circular polarization degree of theX
emission, we deduce the microwave-induced electron spin-flip time.0.1ms, which is much longer
than the recombination time ofX andX2. This demonstrates that the optically detected ESR in type
I quantum wells with low density of excess electrons does not obey the prerequisite for the
conventional optically detected magnetic resonance. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1338961#

The optically detected magnetic resonance~ODMR!
technique is a powerful tool to study recombination pro-
cesses in semiconductors,1as well as to determine the effec-
tive Landég factor. According to previous views,2–4 a pre-
requisite to realize ODMR is that the microwave-induced
spin-flip time should be shorter than or at least comparable to
the optical transition time. This is the reason why ODMR is
mostly applied to study the slow optical transitions on the
microsecond timescale, such as the indirect transitions in
type II quantum wells~QWs!.2,3 Up to now, there is no re-
port on the measurement of the microwave-induced spin-flip
time, and thus the prerequisite for ODMR was never checked
experimentally. Recently, electron spin resonance~ESR! was
successfully detected by monitoring the microwave-induced
intensity changes of the neutral exciton (X) and the nega-
tively charged exciton (X2) emissions~fast optical transi-
tions on the subnanosecond timescale! in type I CdTe QWs
with low density of excess electrons.5 The negatively
charged excitonX2 is a three-particle complex, i.e., two
electrons bound to a hole.6–10 In this letter we report on an
experimental measurement of the microwave-induced elec-
tron spin-flip time by analyzing the microwave-induced
changes in the circular polarization degree of theX emission
at the resonant magnetic field. We demonstrate experimen-
tally that the optical detection of ESR occurs with the
microwave-induced spin-flip time much longer than the op-
tical transition time, and therefore the prerequisite for the
conventional ODMR is not satisfied in our case.

The sample studied in this work was type I
CdTe/Cd0.7Mg0.3Te multiple QWs grown by molecular beam
epitaxy on~100! GaAs/CdTe hybrid substrates.10 This struc-
ture consists of six QW units, each of which is a nominally
undoped 80-Å -thick CdTe single QW separated from 500-

Å-thick CdTe/Cd0.7Mg0.3Te superlattices~20 Å /20 Å! by
200-Å-thick Cd0.7Mg0.3Te barriers. Under the excitation
above the superlattice miniband gap~1.8 eV! by an argon ion
laser~514 nm!, the different tunneling probabilities for elec-
trons and holes from superlattice miniband into QW through
the 200-Å-thick barriers provide the low-density excess elec-
trons in the QWs. The excess electrons combine with exci-
tons to formX2.

The sample was placed in an optical cryostat with a split
magnet system in Faraday geometry where the magnetic
field is perpendicular to the QW plane. The excitation light
from the argon ion laser is linearly polarized and the excita-
tion intensity is kept at a low level of 0.1 W/cm2. The s1

ands2 circularly polarized components of the luminescence
were extracted via al/4 wave plate and a linear polarizer.
The luminescence was dispersed with a single-grating 1 m
spectrometer and detected by a cooled GaAs photomultiplier.
For ODMR experiments, a back wave oscillator was used as
the microwave source. The microwave frequency was set to
70 GHz and the maximal power output of 200 mW was used.
Microwaves modulated at a frequency of 45 Hz were irradi-
ated onto the sample through a rectangular waveguide. The
luminescence intensities with microwave irradiation on and
off were simultaneously recorded by a two-channel photon
counter.

Figure 1 shows the low-temperature photoluminescence
spectra atB50 T and 4 T. The peak at high energy side is
assigned to neutral heavy-hole excitonsX and another peak,
4.1 meV low in energy, is assigned toX2. At B54 T, the
s2 and s1 components of the photoluminescence spectra
are very different. TheX emission intensity ins2 polariza-
tion is much stronger than that ins1 polarization, whereas
the X2 emission intensity ins2 polarization is weaker than
that ins1 polarization. This phenomenon is also observed at
other magnetic fields~not shown here!.a!Electronic mail: cyhu@red.semi.ac.cn
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Figure 2 shows the measured circular polarization de-
gree of theX and X2 emissions as a function of magnetic
field ~solid curves! with and without microwave irradiation.
The circular polarization degree of the luminescence is de-
fined by

Pc5
I 12I 2

I 11I 2
, ~1!

whereI 1(I 2) is the luminescence intensity ins1(s2) cir-
cular polarization, respectively. With increasing magnetic
field, the circular polarization degree of theX andX2 emis-
sions increases. The microwave irradiation results in a small
decrease of the circular polarization degree for theX andX2

emissions at each magnetic field. Furthermore a resonant de-
crease of the circular polarization degree of theX and X2

emissions is observed atB53.424 T where ESR occurs.5

uge* umBB5hn yields the electron Lande´ factor uge* u
51.461.

The observation of ESR in the circular polarization of
theX andX2 emissions can be explained by the spin depen-
dent formation ofX2 described as5

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

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

At high magnetic fields, excess electrons are more populated
in the u1 1

2& state. Both ESR and the microwave heating in-
duce a population transfer from theu1 1

2& to u2 1
2& state. This

enhances theX23/2
2 emission~in s2) and decreases theX21

emission~in s2!, whereas they have no obvious influence on
theX13/2

2 or X11 emissions~in s1!. A detailed discussion is
presented in Ref. 5. As a result, both ESR and the microwave
heating result in a decrease of the circular polarization de-
gree of theX andX2 emissions.

Microwave irradiation can be regarded as a perturbation
to the spin polarization of excess electrons. Since a decrease
of the electron spin polarization manifests as a decrease of
the circular polarization degree of theX andX2 emissions,
we see a correlation between the circular polarization of the
X andX2 emissions and the spin polarization of excess elec-
trons. The calculated spin polarization degree of excess elec-
trons as a function of magnetic field is plotted in Fig. 2
~dotted curve!. With increasing magnetic field, the circular
polarization degree of theX and X2 emissions increases
monotonically, just following the spin polarization degree of
excess electrons. Therefore, we can conclude that the spin
polarization of excess electrons causes the circular polariza-
tion of theX andX2 emissions, in other words, the circular
polarization degree of theX andX2 emissions is a mapping
of the spin polarization degree of excess electrons. Based on
this conclusion we can deduce the microwave-induced elec-
tron spin-flip time under ESR condition by solving the rate
equations as presented in the following.

The rate equations of excess electrons under the micro-
wave irradiation at the resonant magnetic field are

dn2

dt
5G~n12n2!2

n22n2
0

T1
, ~4!

dn1

dt
52G~n12n2!2

n12n1
0

T1
, ~5!

where n2 and n1 are the electron population in theu2 1
2&

~upper! and u1 1
2& ~lower! spin state respectively, andT1 is

the electron spin relaxation time. The first term on the right-
hand side of Eqs.~4! and~5! is the ESR-induced population
transfer whereG describes the spin-transition~spin-flip! rate.
The second term accounts for the loss of electron population
through the spin relaxation of electrons. To reach Boltz-
mann equilibrium, n2→n2

0 and n1→n1
0 with n2

0 /n1
0

5exp(2uge* umBB/kBTe8) whereTe8 is the electron temperature
under microwave irradiation. Note thatn11n25n1

0 1n2
0 .

The microwave heating manifests as a rise of the electron
temperature.

The electron spin polarization degree is defined asPs
e

5(n12n2)/(n11n2). By solving Eqs. ~4! and ~5! in

FIG. 1. Photoluminescence spectra of 80-Å-CdTe-200-Å-Cd0.7Mg0.3Te
QWs under the excitation of an argon ion laser~514 nm! at ~a! B50 T and
~b! B54 T. The excitation intensity is kept at a low level of 0.1 W/cm2 and
the density of excess electrons introduced by optical injection is around
1010 cm22.

FIG. 2. Circular polarization degree ofX andX2 emissions as a function of
magnetic field~solid curves! with and without microwave irradiation. ESR
occurs atBres53.424 T with microwave frequency at 70 GHz. For compari-
son, the electron spin polarization degree calculated by using the formula
Ps

e5tanh(uge* umBB/2kBTe) is plotted as a function of magnetic field atTe

51.7 K ~dotted curve!.
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steady state, we can deduce the electron spin polarization
degree under the microwave irradiation at the resonant mag-
netic field

Ps
e5

1

112GT1
tanh

uge* umBBres

2kBTe8
, ~6!

whereTe8 is the electron temperature with microwave irra-
diation. Without microwave irradiation~G50, Te85Te!, the
electron spin polarization degreePs

e at magnetic fieldB is
reduced to

Ps
e5tanh

uge* umBB

2kBTe
, ~7!

whereTe is the electron temperature without microwave ir-
radiation.

From Fig. 2, we see that the circular polarization degree
of the X emission atBres53.424 T under ESR and the mi-
crowave heating is equal to that atB152.70 T without mi-
crowave irradiation and the circular polarization degree of
theX emission atBres53.424 T under the microwave heating
but without ESR is equal to that atB253.14 T without mi-
crowave irradiation. Because the circular polarization degree
Pc is a mapping ofPs

e , we obtain the following two equa-
tions for the spin polarization degree of excess electrons:

tanh
uge* umBBres

2kBTe8
5tanh

uge* umBB2

2kBTe
, ~8!

1

112GT1
tanh

uge* umBBres

2kBTe8
5tanh

uge* umBB1

2kBTe
. ~9!

We takeTe equal to the lattice temperature, i.e.,Te51.7 K as
the excitation intensity is kept at a low level of 0.1 W/cm2

and the heating effect of photoexcitation can be neglected. In
the above discussions, we have adapted the circular polariza-
tion of the X emission, not that of theX2 emission, as the
mapping of the electron spin polarization in order to reduce
errors because the circular polarization degree of theX emis-
sion is much larger than that of theX2 emission.

By placing B253.14 T into Eq. ~8!, we obtain Te8
51.85 K. The microwave-heating induced rise of electron
temperature isTe82Te50.15 K. This indicates that the spin
polarization degree of excess electrons is very sensitive to
the electron temperature because the thermal energykBT
50.15 meV atT51.7 K is close to the spin splittingDE
5uge* umBB50.29 meV atB53.424 T.

PlacingB152.70 T,Te851.85 K, andTe51.7 K into Eq.
~9!, we obtainGT150.05. In CdTe the electron spin relax-
ation time is measured to beT1.6 ns by the Hanle effect at
very low magnetic fields.11 Therefore we get the microwave-
induced electron spin-flip time1G.0.1ms, much longer than
the recombination time ofX and X2 (;0.2 ns) in CdTe
QWs.12 This shows that the prerequisite for the conventional
ODMR which demands that the microwave-induced electron
spin-flip time should be shorter than or at least comparable to
the recombination time2–4 is not satisfied for optically de-
tected ESR. The successful realization of optically detected
ESR in type I QW is attributed to two reasons:5 ~1! the
long-living excess electrons;~2! the electron-spin dependent
formation and the electron–spin conserving recombination

of X2 @see Eqs.~2! and ~3!#. Although an excess electron
takes part in the formation ofX2, it does not participate in
the recombination ofX2 and furthermore its spin is left un-
changed after the recombination ofX2.13 Therefore, the cre-
ation of X2 does not influence the spin lifetime of excess
electrons and ESR can induce a decrease of the electron spin
polarization degree which manifests as a decrease of the cir-
cular polarization degree of theX andX2 emission. In fact,
optically detected ESR observed is an effect of magnetic
resonance in a long-lived electron population on the circu-
larly polarized components of the emission of a rapidly de-
caying exciton population, and thus optically detected ESR
does not need to obey the prerequisite for the conventional
ODMR.

In summary, we have observed ESR by monitoring the
microwave-induced changes in the circular polarization ofX
and X2 emission in CdTe quantum wells with excess elec-
trons of low density. We identify that the circular polariza-
tion of X and X2 emission is a mapping of the spin polar-
ization of excess electrons. The microwave-induced electron
spin-flip time is determined to be.0.1ms, which is much
longer than the recombination time ofX and X2 lifetime.
Optically detected ESR does not need to obey the prerequi-
site for the conventional ODMR and is feasible in type I
QWs by introducing low density of long-living excess elec-
trons.
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