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The spin resonance of excess electrons is observed with the detection ei-
ther on the neutral or the negatively charged exciton X~ emission in type I
CdTe/(Cd,Mg)Te quantum wells with excess electrons of low density. It is
found that the electron spin-dependent and electron spin-conserving for-
mation and recombination of X~ make the optical detection of the spin
resonance of excess electrons feasible. For the first time, optically detected
magnetic resonance is used to study fast optical transition processes in the
nanosecond timescale where the microwave-induced magnetic transition rate
is much lower than the optical transition rate.

PACS numbers: 76.70.Hb, 71.35.-y, 71.35.Ji

Optically detected magnetic resonance (ODMR) has been proved to be a
useful tool to study recombination processes in bulk semiconductors [1]. The mag-
netic resonance is detected by monitoring microwave-induced changes in intensity
of the luminescence between magnetic sublevels. It is well known that a prereq-
uisite for ODMR, is that the rate of the microwave-induced transition between
magnetic sublevels has to be higher than or comparable to the optical transition
rate. To satisfy this condition, the optical lifetime should be in the sub-microsecond
timescale for usual microwave powers available for ODMR measurements. Because
of this requirement, ODMR, was up to now limited to study relatively slow optical
transitions in the microsecond timescale only. Typical examples of such studies are
investigations of indirect excitonic transitions in bulk semiconductors [1] or quan-
tum wells (QWSs) [2-4]. In this paper we demonstrate that ODMR can be applied
to a study of fast optical transitions occurring on the nanosecond timescale, such
as direct excitonic transitions in type I QWs containing electron gas of low density.
Namely, the excess-electron spin resonance (EESR) is detected on the neutial or
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negatively charged exciton emission with the microwave-induced transition rate
much smaller than the optical transition rate.

The sample used in this work contained six QW structures each of which con-
sisted of an undoped 80 A thick CdTe QW separated by 200 A thick Cdo.7Mgo 3 Te

_barriers from 500 A thick CdTe/Cdy7Mgo sTe superlattices (SL) (20 A/20 A)
(see Fig. la). Under the excitation above the superlattice miniband gap, different
tunnelling probabilities for electrons and holes from the superlattice minibands
into the QW via the 200 A thick barriers provide low-density excess electrons in
the QWs, necessary for the formation of X .

The sample was mounted in an optical cryostat in the Faraday geometry with
the magnetic field perpendicular to the QW plane. The 514 nm line of an argon-ion
laser was used to generate the excitation above the superlattice miniband gap
(Eg = 1.8 V). For ODMR experiments the 70 GHz microwaves were chopped with
45 Hz and the synchronous changes in the luminescence intensity were recorded
by a two-channel photon counter.

Figure 1b shows the photoluminescence spectrum taken at the temperature
T = 1.7 K and in the absence of magnetic field. There are two main lines observ-
able: the one is identified as the heavy-hole exciton X and the second line, 4.1 meV
‘lower in energy, is identified as X~ [5].

Figures 1c and d show ODMR spectra obtained by monitoring the micro-
wave-induced changes of the ¢~ and o1 circularly polarized components of X
and X~ emissions, respectively. At the resonance magnetic field (Bres = 3.424 T),
the microwaves cause an increase in the o~ emission intensity of X~ and simul-
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Fig. 1. (a) Scheme of the energy band structure for an 80 A CdTe/200 A Cdo.7Mgo 3 Te
QW unit. (b) Photoluminescence intensity (in arbitrary units) taken at T' = 1.7- K
and B = 0 T. (c), (d) ODMR signals (in arbitrary units) recorded by monitoring the
microwave-induced changes in the 6~ and o7 circularly polarized components of X (c)
and X~ (d) emission with microwave frequencies at 70 GHz. The ODMR lines with the
linewidth of AB = 39 mT are locited at Bros = 3.424 T, From |g*|pz B = hv, |¢*| =
1.461 & 0.002 is obtained. :
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taneously a decrease in the o~ emission intensity of X, whereas no changes are
observed in the o+ emission intensity of both X and X~. From |¢*|upB = hv,
we obtain [g*| = 1.461 + 0.002, which is in agreement with the value reported for
conduction electrons in the 80 A CdTe QW [6]. Based on the discussions below we
assign the sharp ODMR lines to the EESR.

Two channels describing the formation and recombination of X~ (see Fig. 2)
can be written as:

e|-1/2) + X|4+1/2,-3/2) = X[_g/9 — Photon(c™) + ej-1/2), (1)

el+1/2) + X|~1/2,43/2) = X[}3/2) — Photon(cT) + €j41/2). (2)

In the presence of a magnetic field and low temperatures, the excess elec-
trons populate mostly the | + 1/2) states through thermalization during a long
excess electron lifetime. In addition we observe that excitons have stronger o~
than ot emission intensities, indicating that excitons populate predominantly
|+1/2,-3/2) = | — 1) states.

The recombination channel for o=~ polarization requires electrons in | — 1/2)
state, which has a small population. EESR, causes an increase in the population
of | — 1/2) and, thus, it enhances the formation probability of the | — 3/2) X~.
Therefore, EESR is observed as an increase in the o~ emission intensity of X~ and
simultaneously a decrease in the o~ emission intensity of X, because the enhanced
emission of X~ occurs at an expense of X emission intensity.

In the case of the recombination channel for o+ polarization, |+1/2) electron
state is strongly occupied and | — 1/2,+43/2) = | + 1) exciton state has a low
population. Therefore, the formation probability of the | + 3/2) X~ is not very
sensitive to changes in the population of |+ 1/2) electron state. This explains why
the sharp electron ODMR line is not observed in ot polarization although EESR
causes a decrease in the population of | + 1/2) electron state.

The lifetime of direct excitons in CdTe/(Cd,Mg)Te QWs was measured to
be 0.2 ns [7] and it was reported that the formation time and the lifetime of X~
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Fig. 2. Spin-dependent formation of X~ from excess electrons and excitons. The
g* value is taken negative and gp much smaller and positive (see Ref. [6]). The
excess-electron-spin resonance increases the o~ emission intensity of X~ and simul- -
taneously decreases the o~ emission intensity of X.
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are both comparable to the exciton lifetime [8, 9]. Usually microwave-induced spin
transitions occur on sub-microsecond or even longer timescale. According to the
usual prerequisite for ODMR, it should be impossible to detect ODMR on the fast
“direct X or X~ emissions when the microwave-induced transition rate is much
smaller than the optical decay rate. In fact, Egs. (1) and (2) show that although
the excess electron is involved in the formation of X, it is left with its spin
conserved after the recombination of X~. Microwaves can thus pump electrons
from the lower spin state (| +1/2)) to the upper spin state (| — 1/2)) continuously
until the two spin states reach a new quasisteady population compared with that
without microwave irradiation. A variation of the electron populations by EESR
results in a change of the formation probability of X~ . Therefore, EESR can be
detected via X~ or X emission. From the above we see that the electron-spin
dependent and the electron spin-conserving formation and recombination of X~
make the optical detection of EESR feasible.

In conclusion, we have demonstrated that ODMR can be applied to study
fast optical processes, such as the direct transitions of X and X~ on the nanosec-
ond timescale, where the microwave-induced transition rate is much smaller than
the optical transition rate in type I QWs with an electron gas of low density. EESR
can be observed with the detection on either the direct X or X~ emissions. It can
be expected that access to a new type of structures with small excess electron
concentrations expands ODMR to be generally applied to investigate type I QWs
with short-lived excitons.
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