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Magneto-photoluminescence (PL) experiments were carried out on a self-assembled CdZnSe/ZnSe
quantum dot (QD) system. The intensities of the PL peak exhibited significant differences for the
two circular polarizations when a magnetic field was applied. A simple two-level rate equation
model, including the spin flip time τs and the exciton recombination time τr , was used to analyze
the observed degree of the polarization in the polarization selective PL measurements. Specifically,
the magnetic field dependence of the polarization was fitted by treating τs /τr as a fitting parameter
in the model. The best fitting was obtained with the value of τs /τr ∼ σ, indicating that the spin
relaxation time is much longer than the exciton recombination time. Such polarization selective PL
measurements were further performed at several different temperatures, which showed a systematic
decrease in the degree of polarization with increasing temperature.
PACS numbers: 78.66.Hf, 73.21.La, 78.55.-m, 78.66.-w
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able for systems having a long spin relaxation time τs , In
this study, the polarization selective optical experiment
technique, together with a two-level rate equation model,
was adapted to study the spin relaxation time of carriers
in self-assembled CdZnSe/ZnSe QDs.

I. INTRODUCTION
Spin phenomena in semiconductor nanostructures
have been receiving a great deal of attention in the last
decade due to the possibility of spintronic device applications based on their spin properties [1]. Special
interest was given to spin states of semiconductor QD
structures [2–4] because they offer the possibility of using them as quantum bits for quantum computation [5].
In this context, the achievement of spin polarization of
carriers by external means and their spin dynamics in
QDs are of central importance. The most frequently
used experimental technique for studying spin dynamics, such as the spin coherence time and the spin relaxation time, is time-resolved optical spectroscopy [6,7], in
which femto-second light pulses are used to excite carriers. An alternative technique used to study the spin
dynamics of carriers in semiconductor quantum structures is a polarization selective optical experiment, in
which the measure of the polarization degree of the PL
emission can be correlated to the spin relaxation of carriers in the given system. Recently, this technique was,
indeed, used to study the spin relaxation time of II-VIbased self-assembled QD structures, such as CdTe/ZnTe
and CdZnSe/ZnSe [8,9] and turned out to be very suit∗ E-mail:

II. EXPERIMENTS
The CdZnSe QD samples were grown by using a selfassembling process in molecular beam epitaxy (MBE)
system equipped with elemental sources of Zn, Cd,
and Se. A ZnSe buffer was first grown at 300 ◦ C
on (100) GaAs substrates to a thickness of approximately 0.5 µm. A streaky reflection high energy electron diffraction (RHEED) pattern, together with 2 ×
1 As-reconstruction lines, was observed through the entire growth of the ZnSe buffer. The CdZnSe QDs were
formed by depositing 2.5 monolayers (MLs) of CdZnSe
at a growth rate of 0.07 ML/sec without interruption.
The RHEED pattern became spotty at the end of the
CnZnSe deposition, indicating formation of QDs. After a growth interruption of 2s, the structure was finally
capped with 50 nm of ZnSe.
The magneto-PL experiments were carried out in the
Faraday configuration, in which the magnetic field is
applied perpendicular to the sample plane. For such
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Fig. 1. PL spectra obtained with two different circular
polarizations at zero magnetic field on a CdZnSe QD system.
The spectra are identical, indicating that there is no spin
polarization of carriers in the QDs at zero field.

measurements, the samples were mounted on a variabletemperature magneto-optical cryostat (T ≥ 1.5 K)
equipped with a 6-Tesla superconducting magnet. The
352-nm (3.52-eV) line of an Ar-ion laser was used to excite carriers in the QD system. In order to select the
desired circular polarization from the PL emission, we
used the combination of a quarter-wave plate and a linear
polarizer. The PL signal selected with either or polarization was then analyzed by using a SPEX spectrometer equipped with a charge-coupled device (CCD) multichannel detector, and the data were send to a computer
for storage and processing.

Fig. 2. Magneto-PL spectra obtained at several different
magnetic fields. The upper and lower panels represent spectra detected with σ − and σ + polarizations, respectively. Note
that the PL intensity increases for the σ − polarization with
increasing magnetic field while it decreases for the σ + polarization.

III. RESULTS AND DISCUSSION
PL spectra obtained from the CdZnSe QDs at zero
magnetic field for the two circular polarizations are
shown in Fig. 1. The strong PL peak observed around
2.5 eV has a broad line width of 50 meV, which is due
to inhomogeneous broadening arising from the size and
composition distributions of the QD ensemble. Note that
the PL spectra obtained with the two circular polarizations are identical in both energy and intensity. Since
the interband optical transitions are governed by spindependent selection rules, i.e., transitions between the
spin-up states of the conduction and the valence bands
correspond to the σ − circular polarization, and transitions between the spin-down states correspond to σ + the
circular polarization [10], the observation of identical PL
spectra for the two circular polarizations indicates that
there is no spin polarization of carriers in the QDs at
zero field.
This situation was significantly changed when an external magnetic field was applied. Specifically, the states
in the conduction, as well as in the valence, bands un-

dergo a Zeeman splitting in the external magnetic field.
The removal of the degeneracy of spin states by the applied magnetic field will then automatically lead to different populations of the spin-up and the spin-down carriers in the QDs. Since the PL intensity directly indicates the number of carriers participating in the transition, polarization-selective PL will then reflect the relative numbers of spin carriers in the two spin states in the
QD system (i.e., the net spin polarization of the QD) at
the instant of transition.
Figure 2 shows the magneto-PL spectra taken with σ −
and σ + polarizations at 1.5 K for the CdZnSe QDs. The
PL intensities systematically vary with magnetic field either by an increase in the σ − polarization or a decrease
in the σ + polarization. This behavior is due to the energy splitting of the spin states in the Zeeman sublevels
[10]. The carriers excited by unpolarized light relax more
efficiently to the lower energy spin-up state than to the
higher energy spin-down state. Moreover, the carriers
in the higher energy spin-down state can flip their spin
and transfer to spin-up states, thus increasing the car-
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Fig. 3. Magnetic-field-dependent degree of polarization,
P , obtained for the P L of the CdZnSe QDs at 1.5 K. The
negative sign indicates the dominance of the P L signal with
σ − polarization compared to σ + polarization. The degree of
polarization clearly increases monotonically from zero with
increasing field strength. The solid line is the best fit obtained
from Eq. (2).

Fig. 4. Magneto-P L spectra obtained with σ − and σ +
polarizations in the presence of a σ − T magntic field. The
left, center and right panels represent spectra detected at 10,
50 and 80 K, respectively. Note that the difference in the PL
intensities between the σ − and the σ + polarizations decreases
with increasing temperature.

rier population in the spin-up states. Such as increase
of carriers in the spin-up states results in a stronger PL
emission with σ − polarization.
The degree of polarization is defined as

unpolarized light excitation, the generation rates for the
two spin carriers are equal so that one can use G+ =
G− = 1/2. One can now solve Eq. (2) to obtain the
degree of spin polarization of carriers, which is given as
[11]

P =

I+ − I−
,
I+ + I−

(1)

where I + and I − are the PL intensities of the σ + and σ −
the polarizations, respectively. Therefore, the difference
in the PL intensities between the two circular polarizations is directly proportional to the degree of polarization. The magnetic-field dependence of the polarization
observed from CdZnSe/Znse QDs is summarized in Fig.
3. The negative sign in Fig. 3 is due to the PL intensity being stronger σ − for polarization than for σ +
polarization. The observed polarization behavior of the
CdZnSe/ZnSe QDs in a magnetic field can be described
by using the transition in a two-level system, as schematically shown in the inset of Fig. 3. The rate equation for
the two-level system is given as [8,9]
dn+
n+
n+
= G+ −
−
+ n e−∆E/kT ,
dt
τr
τs
τs
n−
n+
dn−
−
=G −
+
− n e−∆E/kT ,
dt
τr
τs
τs

(2)

where n+ and n− are the numbers of carriers occupying
the upper (spin-down) and the lower (spin-up) levels; G+
and G− are the generation rates of carriers in the upper
and the lower levels; τs corresponds to an effective spin
relaxation time between the two Zeeman levels; and τr
is the exciton recombination time. Here, ∆E = gµB B
is the Zeeman energy splitting, where g is the Lande gfactor, and µB is the Bohr magneton. For the case of

P =

1 − e−∆E/kT
n+ − n−
=−
,
+
−
n +n
τs /τr + 1 + e−∆E/kT

(3)

As one can see from Eq. (3), the degree of polarization
strongly depends not only on the Zeeman energy splitting but also on the ratio of τs /τr . Since the spin polarization of carriers directly reflects the PL emission of
QDs, the degree of circular polarization observed in experiment (i.e., the data shown in Fig. 3) can be fit with
Eq. (3) by treating τs /τr as a fitting parameter. The
best fitting, which is plotted as the solid line in the Fig.
3, provides the value of τs /τr ∼ σ . This indicates that
the spin relaxation time τs is much longer than the exciton recombination time τr , for the QDs. If we consider
the fact that the exciton recombination time of usual
II-VI QDs is in the range of several hundreds of picoseconds [12], the spin relaxation time for this QD system
is a few nanoseconds. This long spin relaxation time of
our CdZnSe/ZnSe QDs is in good agreement with recent
studies done by others on similar QD systems [7,13].
We further investigate the thermal effect on the polarization of the PL from the QDs. Fig. 4 shows PL spectra
taken with two circular polarizations in the presence of a
σ − T magnetic field at different temperatures. The P L
intensity of the σ − circular polarization is larger than
that of the σ + circular polarization in all temperatures.
However, the intensity difference between the σ − and σ +
the polarizations systematically decreases with increasing temperature. The temperature-dependent degree of
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tion monotonically decreases with increasing temperature, indicating that the thermal energy strongly affects
the population of carriers in the spin states of the QDs.
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Fig. 5. Summary plot of the temperature-dependent degree of polarization obtained from the P L emissions of QDs.
That the degree of the polarization clearly decreases monotonically with increasing temperature. The dotted line is a
guide for the eyes.

the polarization observed in the presence of a σ − T field
is plotted in Fig. 3. It is clear that the degree of the polarization decreases with increasing temperature. This
indicates that the difference in carrier populations between the spin-up and spin-down states becomes smaller
with increasing temperature. The carriers in the lower
states can use their thermal energy to make a transition to higher states, and such a transition probability
increases with temperature. This thermal effect is readily seen in Eq. (3), where the degree of polarization is
a sensitive function of temperature. If the temperature
is high enough, where the thermal energy is much larger
than the energy splitting between the Zeeman sublevels
(i.e., in the case of kT gµB B), the denominator of Eq.
(3) goes to zero, indicating no spin polarization at such
a high temperature. Since the energy splitting between
the Zeeman sublevel for the CdSe-based QDs is less than
1 meV [14–17], even with a magnetic field of σT , thermal
energy can strongly affect the carrier polarization in the
spin states of the QDs.

IV. SUMMARY
In summary, we have investigated the spin relaxation
time and the temperature dependence of the polarization of CdZnSe self-assembled QDs by using polarizationselective magneto-photoluminescence. The degree of polarization, P , was analyzed by using a simple two-level
model for the spin states in the QDs. The value of
τs /τr ∼ σ was obtained from the best fitting of P with
this model. This result indicates that the spin relaxation
time τs is much longer than exciton recombination time
τr for this CdZnSe QD system. The degree of polariza-
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