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We have measured photoluminescence 共PL兲 spectra and time-resolved PL in CdTe quantum dots under the
longitudinal magnetic field up to 10 T. Circular polarization of PL increases with increasing magnetic field,
while its linear polarization remains zero under linearly polarized excitation. This behavior cannot be explained
by the anisotropic exchange interaction of excitons. Time-resolved PL measurements clarified that this behavior is caused by the suppression of spin relaxation induced by the longitudinal magnetic field. We believe that
this behavior is related to the hyperfine interaction of electron spin with magnetic momenta of lattice nuclei.
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The spin state of electrons in quantum dots 共QDs兲 is considered as one of the most promising candidates for the
implementation of spintronic and quantum information
technologies.1 A key challenge is to obtain long relaxation
time of electron spin. The carrier spin-flip mechanisms, including exchange interaction, mixing between the conduction and valence band states through spin-orbit coupling, and
spin splitting of the conduction band due to the lack of inversion symmetry,2,3 have been studied in bulk and twodimensional systems. In QDs, the discrete energy levels and
the corresponding lack of energy dispersion lead to a predicted modification of the spin relaxation dynamics. In general, the D’yakonov and Perel’ mechanism does not work in
zero dimension because this spin-flip mechanism relies on
translation invariance, which is already broken in QDs.4 The
electron spin relaxation mechanism connected with the spinorbit interaction of carriers is strongly suppressed for localized carriers in QDs.5 The absolute lack of energy states
between QD energy levels is expected to inhibit not only the
elastic processes of spin relaxation but also the inelastic ones
such as phonon scattering. As a result, electron spin relaxation via interaction with nuclei becomes relatively important for localized electrons. Recently, Merkulov et al.6
pointed out that the hyperfine interacting with nuclei may
become the dominant mechanism of electron spin relaxation
in quantum dots at low temperature. Although the hyperfine
interaction has been demonstrated to induce the additional
Zeeman splitting or polarization of electrons and exciton in
QDs,7,8 no direct experimental evidence has proved the importance of hyperfine interaction with nuclei responsible for
spin relaxation in QDs up to now.
In this report, we investigated the spin relaxation mechanisms of carriers in CdTe QDs. We measured the magnetophotoluminescence 共PL兲 spectra and time-resolved PL under
the magnetic field with a Faraday configuration. An unusual
magnetic field dependence of circular polarization was observed in steady-state PL spectra, which cannot be explained
in the framework of anisotropic exchange interaction of excitons confined in an elongated QD. Time-resolved PL decay
proved that the suppression of spin relaxation by the longitudinal magnetic field is the origin of this behavior. We be1098-0121/2005/71共3兲/033314共4兲/$23.00

lieve that the spin relaxation of electrons localized in QDs is
caused mainly by hyperfine interaction of electron spin with
magnetic momenta of lattice nuclei. The hyperfine field is
suppressed by the external longitudinal magnetic field.
The CdTe self-assembled QD was grown by molecularbeam epitaxy on a relatively thick 共0.6–1.0 µm兲 ZnTe buffer
layer formed on a GaAs 共100兲 substrate.9 The sample was
not doped intentionally. Atomic force images show that the
average size of CdTe QDs was ⬃20 nm in diameter and
⬃2.7 nm in height. The area density of the dots was
8 ⫻ 1010 cm−2. The PL and time-resolved PL measurements
were performed in a magnetic field up to 10 T and at 10 K in
a Faraday configuration. An optical parametric amplifier of a
Ti:sapphire laser was used as an excitation source with a
photon energy of 2.217 eV, corresponding to a quasiresonance excitation of CdTe QDs. Circular and linear polarizations were obtained by using quartz wave plates and linear
polarizers, respectively.
The representative PL spectra of our sample are shown in
Fig. 1共a兲. In these measurements, the luminescence was collected under co-circular 共the incident and emitted light with
the same circular polarization兲 and cross-circular geometries
共the incident and emitted light with counter-circular polarization兲. In order to study the intrinsic spin dynamics, the PL
spectra were obtained by selectively exciting the sample with
photon energy 2.217 eV slightly above the PL band of the
QDs. The PL bands of the QDs have a smooth profile with
two sharp features, LO1 and LO2 共24.5 and 19.5 meV, respectively兲, which are caused by fast relaxation of hot carriers with emission of LO phonons of ZnTe and CdTe.
At zero field, the PL band shows very weak circular polarization 共7%兲. With increasing magnetic field the circular
polarization of PL band increases. When the direction of
magnetic field was reversed, the same results were obtained.
We further measured the circularly polarized PL spectra under linearly polarized excitations at 4 T in Fig. 1共b兲. It confirms that no circular polarization was observed under
linearly polarized excitation. Therefore, the circular polarization is not related to the thermalization between Zeeman split
levels.
Figure 2 shows the circular polarization of the emission
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FIG. 1. Circularly polarized PL spectra 共a兲 in co-circular 共solid
lines兲 and cross-circular 共dotted lines兲 geometries, at various magnetic fields. 共b兲 Circularly polarized PL spectra in four geometries at
4 T. Linearly polarized excitation gives the same intensity of rightand left-circularly polarized PL 共lin/ + and lin/ −, respectively兲.
共c兲 Linearly polarized PL spectra in co- and cross-linear geometries
along 关110兴 direction.

peak as a function of magnetic field. The circular polarization is defined by P = 共I+ − I−兲 / 共I+ + I−兲, where I+ and I− are
the PL intensities under the co-circular and cross-circular
geometries. It shows that the circular polarization increases
with increasing the magnetic field and saturates at the high
magnetic field above 6 T. The circular polarization of phonon
replica LO1 was also presented in the figure. Figure 1共a兲
shows that the phonon replica is not polarized at zero field,
while it becomes strongly polarized in co-circular geometry
with applying magnetic field.
This behavior is quite similar to the effect induced by the
anisotropic exchange interaction of excitons. As we know,

the ground state of the e1-hh1 共1s兲 heavy-hole exciton in a
zinc-blende quantum well is fourfold degenerate with the
angular-momentum projection M = s + j = ± 1 , ± 2 on the
growth axis z / / 关001兴 of the structure. The exchange interaction splits this state into a radiation doublet 兩 ± 1典 and two
closely lying optically inactive singlets, which are a superposition of the 兩 ± 2典 states. In some QD structures, the symmetry is lowered and the exchange interaction is thus no
longer isotropic.10,11 The anisotropic exchange interaction
splits the 兩 ± 1典 radiative doublet into two eigenstates labeled
兩X典 = 共兩1典 + 兩−1典兲 / 共冑2兲 and 兩Y典 = 共兩1典 − 兩−1典兲 / 共i冑2兲, linearly polarized along the 关110兴 and 关110兴 directions, respectively.
This anisotropic exchange splitting may originate from QD
elongation and interface optical anisotropy.12,13
When the magnetic field was applied, and if the Zeeman
splitting ប⍀z = gBB is much larger than the exchange energy ប, the QD exciton eigenstates are no longer the 兩X典
and 兩Y典 linearly polarized states, but the 兩 + 1典 and 兩−1典 circular ones. We thus expect to observe circularly polarized PL
under -polarized excitation. This circular polarization was
indeed observed by several groups in various nanostructure
systems.10–14 In our case, we did not observe any linear polarization at zero field under linearly polarized excitation
along 关110兴 and 关110兴 directions, as shown in Fig. 1共c兲. At
higher field B = 4 T, the PL spectra under linearly polarized
excitation in Fig. 1共b兲 did not show circular polarization,
which contradicts this model. We also checked the linearly
polarized time-resolved PL under linearly polarized excitation along 关110兴 and 关110兴 directions, and did not observe
any polarization in the temporal profile. All these experimental results indicate that anisotropic exciton fine structure is
not responsible for our results. Although the anisotropic exchange energy splitting was observed in elongated QDs, its
absence is not strange in the isotropic QDs. Surrounding
mixed crystal ZnxCd1−xTe 共Ref. 15兲 might induce isotropic
inner core CdTe QDs.
Another possible explanation of the experimental results
is that the circular polarization originates from the suppression of spin relaxation by the longitudinal magnetic field.
Our results indicate that the spin relaxation time is very fast
at zero field, and the spin orientation is practically destroyed
during the electron lifetime. If we assume that the spin relaxation is suppressed by the longitudinal magnetic field,
then the circular polarization of steady-state PL band increases with increasing magnetic field. We can use a common formula to estimate the spin relaxation time from the
steady-state PL measurements:

P=

FIG. 2. Magnetic field dependence of the circular polarization of
QDs emission peak and phonon resonance LO1 in steady-state PL
spectra.

P0
.
1 + 2  r/  s

共1兲

Here, P0 is the initial spin polarization, and r and s are the
lifetime and spin relaxation time of carriers, respectively.
The lifetime r and the initial spin polarization P0 use the
values obtained from the time-resolved PL measurements,
which will be discussed later. 共The calculated spin relaxation
rates from the steady-state PL polarization degree will be
shown in Fig. 4.兲
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FIG. 3. Time dependence of the circularly polarized PL for cocircular 共solid lines兲 and cross-circular 共dotted lines兲 geometries at
various magnetic fields 共0–8 T兲 at 10 K. Smooth curves are fittings
by a combination of a rise function and two exponential decay
functions, whose decay times are related to r and s.

The protuberant phonon structure observed in the cw luminescence band of QDs is formed by the competition between the phonon-mediated relaxation and nonradiative
loss.16 Further, in case of the circularly polarized luminescence, the competition between the phonon-mediated relaxation and spin relaxation is thought to determine the phonon
structures in the cross-circularly polarized luminescence
spectra. In this model, the assumption of suppression of spin
relaxation can be used to explain the circular polarization of
phonon structures simply. As is seen in Fig. 1共a兲, LO phonon
structures in the cross-circular polarization geometry decrease with the increase of the magnetic field, while those in
the co-circular polarization geometry does not change. This
feature is explained by the assumption that spin flip time
becomes longer than the time for the relaxation mediated by
the LO phonon plus acoustic phonons with the increase of
the magnetic field.
The time-resolved PL measurements confirmed the suppression of spin relaxation by external magnetic field. The
temporal profiles of circularly polarized PL signal under the
co-circular and cross-circular geometries at various magnetic
fields are shown in Fig. 3. We can see clearly that the spin
relaxation time becomes longer with increasing magnetic
field. In order to investigate the spin dynamics and recombination process, we calculated the sum 共I+ + I−兲 and the difference 共I+ − I−兲 of the circularly polarized luminescence, where
I is the intensity of circularly polarized PL. The sum
共I+ + I−兲 is proportional to exp共−t / r兲, where r is the lifetime.
We obtained the lifetime at the maximum position of the PL
band, r = 190 ps, which is independent of magnetic field.
The time-dependent degree of circular polarization P共t兲 is
defined by P共t兲 = 共I+ − I−兲 / 共I+ + I−兲. P共t兲 is proportional to
exp共−2t / s兲,17 where s is the spin relaxation time. The spin
relaxation time can be estimated from the decay of P共t兲. The
obtained spin relaxation rates, 1 / s, are shown as a function

FIG. 4. Magnetic field dependence of the spin relaxation rate.
The experimental values from time-resolved PL 共circles兲 and the
estimated values from steady-state PL spectra 共squares兲 are shown
together for comparison. The solid line is the theoretical fitting according to Eq. 共2兲.

of magnetic field in Fig. 4 by circles. We can see that the
measured spin relaxation rates are consistent with the estimated ones from steady-state PL spectra 共squares兲. The discrepancy at low field may come from the fluctuation of laser
power, or the difference of detected energies in PL and timeresolved PL measurements. The time-resolved PL measurements proved further that the unusual magnetic field dependence of circular polarization observed in steady-state PL
measurements originates from the suppression of spin relaxation by the longitudinal magnetic field.
The spin relaxation rate is not affected remarkably by the
magnetic field in the framework of anisotropic exchange interaction of exciton, as was reported by Paillard et al.14 However, we observed that the spin relaxation rate decreases remarkably with the increase of the longitudinal magnetic
field. Therefore, the model of the anisotropic exchange interaction of excitons cannot explain our results. We need to
consider other possibilities. A suppression of spin relaxation
by the external magnetic field has been reported for the case
of spin relaxation of electrons localized at donors in bulk
crystal.18,19 These authors have found that spin relaxation of
electrons localized in potential wells is caused mainly by
hyperfine interaction of electron spins with magnetic momenta of lattice nuclei, the hyperfine magnetic field being
randomly changed due to the hopping migration of electrons
over localized states in the crystal. This mechanism should
work for localized electrons in QDs. In a strong magnetic
field, the nuclear hyperfine fields only perturb the precession
frequency of the electron spin about the external magnetic
field. As a result, the spin component parallel to B is conserved, while the transverse spin component precesses with
Larmor frequency. The dependence of the electron spin relaxation time s on the longitudinal magnetic field can be
described by the expression
1
1
.
=
s s共0兲共1 + ⍀22c 兲

共2兲

Here, s共0兲 is the spin relaxation time under the zero magnetic field, ⍀ = geBB / ប is the precession frequency of the
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electron spin in the field B, and c is a characteristic time of
the order of correlation time of the fluctuating magnetic field
responsible for the spin relaxation. Here we used c as a
fitting parameter. If the nuclear field BN is present, the quantity in Eq. 共2兲 is defined by the total field acting on the
electron spin. By this formula, we can simulate the magnetic
field dependence of spin relaxation time, which is in good
agreement with the experimental data.
Merkulov et al. studied theoretically electron spin relaxation in InAs QDs and CdSe QDs via interaction with
nuclear spins, and they proposed the hyperfine interaction is
the dominant mechanism of carriers in these QDs.6 They
obtained the spin dephasing time on the order of 50–100 ps
for InAs QDs, which is close to our data. Correspondingly,
we think that the fast relaxation in CdTe QDs is due mainly
to the hyperfine interaction with nuclei spin at zero field. The
spin relaxation is suppressed by the external magnetic field.
However, the hyperfine interaction constants in CdTe are not
experimentally determined. Reliable quantitative calculation
is difficult to obtain. In this material only a fraction of the
nuclei 共25% of the Cd ions兲 have magnetic moments, and
they have spin I = 1 / 2. As a result, the electron spin interaction with the nuclei in these QDs is weak. Although Merku-
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