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The coherent spin dynamics of electrons and holes in an undoped CdTe/�Cd,Mg�Te quantum well structure
was studied by time-resolved pump-probe Kerr rotation technique using resonant excitation of the charged
exciton �trion� state. Long-living spin coherence of electrons �up to 10 ns� and holes �up to 500 ps� was
measured. The unusual observation of long-living spin beats from both types of carriers in parallel is explained
by coexistence of resident electrons and holes which are separated spatially in the quantum well plane. This
conclusion is confirmed by experiments where type and concentration of resident carriers are tuned by above-
barrier illumination.
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I. INTRODUCTION

The spin dynamics of carriers in semiconductor quantum
wells �QWs� and quantum dots has attracted recently consid-
erable attention due to demonstration of a wealth of unex-
pected physics and also potential application in spintronics
and quantum information.1–3 Coherent spin dynamics is a
very active field of ongoing research, in particular with re-
spect to not only generating and measuring spin coherence
but also manipulating it optically while coherence is re-
tained. These studies have mostly focused on the electron
spin while information about hole spin properties is very
limited. However the hole plays an important role in optical
generation and coherent control protocols of electron spin
coherence via resonant pumping of the charged electron-hole
complex �trion�.4,5

The hole spin relaxation differs drastically from that of
the electron: on one hand the spin-orbit interaction is much
stronger and provides spin relaxation much more sufficient
for free holes than for free electrons. On the other hand the
hyperfine interaction with the nuclear spins, which is inher-
ent for localized electrons,6,7 is not significant for holes.8

Therefore long spin relaxation and spin coherence times are
expected for localized holes, which have been confirmed by
recent reports for the longitudinal spin relaxation time in
quantum dots.9–12 A very recent theoretical report suggests,
however, that the hyperfine interaction for holes can be suf-
ficiently strong in quantum dots to provide the hole spin
decoherence.13 These few examples show that we are still at
the beginning of the road toward a comprehensive under-
standing of hole spin dynamics in nanostructures.

For quantum well structures, the hole spin dynamics has
been mainly studied for GaAs-based samples. Earlier reports
exploited the optical orientation technique, where the polar-
ized photoluminescence �PL� is measured either time inte-
grated or time resolved.14–18 Experimental studies addressed
the longitudinal spin relaxation time T1 �Refs. 14–16� and
the spin dephasing time T2

� via hole spin quantum beats.18

The reported relaxation times vary from 4 ps �Ref. 14� up to

1 ns �Refs. 16 and 18� demonstrating strong dependencies on
doping density and excitation energy. Recently the dephasing
time of the hole spin coherence was examined by the pump-
probe Kerr rotation technique.19 Long times up to 650 ps
were obtained for localized holes, which however shorten
drastically with increasing temperature, most likely due to
hole delocalization. A new technique based on the resonant
spin amplification method was suggested recently for study-
ing the hole spin dynamics.20 It allowed to measure hole spin
relaxation times T1 up to 2 ns in n-type �In,Ga�As/GaAs
QWs, while the hole lifetimes were limited to 120 ps by trion
recombination. It would be important to extend these studies
to other material systems, e.g., QWs based on II-VI semicon-
ductors, in order to highlight the generality of spin relaxation
origins or to reveal deviations from already reported obser-
vations.

In this paper we present time-resolved pump-probe Kerr
rotation studies of the spin coherence of holes and electrons
in a nominally undoped CdTe/�Cd,Mg�Te quantum well
structure, for which type and concentration of resident carri-
ers can be tuned by above-barrier illumination. We observed
long-living spin coherence both of holes and electrons at low
temperatures when the resident carriers are localized by po-
tential fluctuations induced by QW width variations. We
found also a regime where resident electrons and holes co-
exist spatially separated in the QW. In this case Kerr rotation
signals from both types of carriers can be detected at time
delays considerably exceeding the times of exciton and trion
recombination.

II. EXPERIMENTAL

The studied CdTe /Cd0.63Mg0.37Te quantum well structure
�090505AC� was grown by molecular-beam epitaxy on a
�100�-oriented GaAs substrate followed by a 4 �m
Cd0.75Mg0.25Te buffer layer. The structure contains a 20-nm-
thick single CdTe QW separated from the buffer layer by a
150-nm-thick Cd0.63Mg0.37Te barrier and from the surface by
a 120-nm-thick Cd0.63Mg0.37Te barrier. The sample is nomi-

PHYSICAL REVIEW B 79, 155318 �2009�

1098-0121/2009/79�15�/155318�8� ©2009 The American Physical Society155318-1

http://dx.doi.org/10.1103/PhysRevB.79.155318


nally undoped but due to residual impurities and charge re-
distribution to surface states the QW at low temperature con-
tains resident holes. The concentration of this two-
dimensional hole gas �2DHG� does not exceed 1010 cm−2.21

Illumination with photon energies exceeding the band gap of
Cd0.63Mg0.37Te barriers of 2.26 eV provides additional elec-
trons in the QW, which allows us to tune the hole density and
even invert the type of resident carriers from holes to
electrons.19,22 The achievable density of the two-dimensional
electron gas �2DEG� was a few 109 cm−2.

Several experimental techniques were used in our spin
dynamics studies. Continuous-wave �cw� PL and reflectivity
measurements were performed at temperatures of 0.35 and
4.2 K and in magnetic fields B up to 15 T applied parallel to
the structure growth axis, which is chosen as z axis, B �z
�Faraday geometry�. The circular polarization degree of PL
was detected, which allows us to identify negatively �T−� and
positively �T+� charged trions and thereby identify the domi-
nant type of resident carriers. Below-barrier photoexcitation
at an energy of 1.664 eV �wavelength of 745 nm� was per-
formed by a Ti:sapphire laser. For above-barrier illumination
we used a cw yttrium aluminum garnet �YAG� laser emitting
photons at 2.33 eV �532 nm�. Reflectivity spectra were mea-
sured using a halogen lamp, the spectrum of which was
shaped by a RG780 long-pass optical filter in order to ex-
clude above-barrier illumination and related effects on the
resident carriers.

The recombination dynamics of excitons and trions was
investigated by time-resolved PL. A Ti:sapphire laser gener-
ating spectrally narrow pulses with a duration of 1.5 ps at a
repetition frequency of 75.6 MHz was used for excitation.
The signal was detected with a synchroscan streak camera
connected to a 0.5 m spectrometer. The time resolution was
about 12 ps. The experiments were performed at zero mag-
netic field and at a temperature T=1.9 K with the sample
immersed in pumped liquid helium.

A time-resolved pump-probe Kerr rotation technique was
used to study the coherent spin dynamics of resident holes
and electrons.19,23 As excitation source again a pulsed Ti:sap-
phire laser, whose beam was split in pump and probe beams,
was used. The pump beam was circularly polarized by a
photoelastic modulator operated at 50 kHz frequency. The
probe beam was linearly polarized. The angle of the polar-
ization plane rotation for the reflected probe beam, which
was sent through a Glan-Thompson polarization sensitive
beam splitter, was measured by a balanced photodetector in-
terfaced by a lock-in amplifier. The time delay between
pump and probe pulses was varied up to 7 ns by a mechani-
cal delay line. The spectral width of the 1.5 ps laser pulses
does not exceed 1 meV, which is smaller than the trion bind-
ing energy of 2.2 meV, and therefore allows selective exci-
tation of the trion or exciton states. The measurements were
performed in magnetic fields up to 6 T applied perpendicular
to the structure growth axis, B�z �Voigt geometry�, and for
sample temperatures varied from 1.9 to 25 K.

The Kerr rotation technique was used in two regimes. For
degenerate Kerr rotation, denoted as one-color experiment in
the following, the pump and probe beams had the same pho-
ton energy as they originated from a single laser. For nonde-
generate Kerr rotation, a two-color experiment, the setup was

extended by a second Ti:sapphire laser synchronized with the
first one. This allowed us to tune the energies of the pump
and probe beams independently.

Due to splitting of the heavy-hole and light-hole states in
QWs the heavy-hole g factor is strongly anisotropic. Its in-
plane component is close to zero, gh,xy �0, and therefore it is
difficult to determine it by hole spin beats. Deviation of gh,xy
from zero value is due to mixing of the heavy-hole and light-
hole states and is controlled by structural parameters, such as
well width, barrier height, and strain in the QW layer. To
enhance visibility of the hole spin beats in the Kerr rotation
experiment we tilted the magnetic field slightly out of the
plane by an angle ��3.5°. This increases the hole g factor
by mixing the in-plane component �gh,xy� with the one par-
allel to the QW growth axis �gh,z�,

gh��� = �gh,z
2 sin2 � + gh,xy

2 cos2 � . �1�

For the studied QW gh,z=−1.70 �Ref. 24� in weak magnetic
fields so that gh���3.5°� is considerably increased com-
pared to the in-plane component. For conduction band elec-
trons the g-factor anisotropy does not exceed 6% �Ref. 25� so
that ge���3.5°�=ge,xy with high accuracy.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Photoluminescence and reflectivity spectra of the studied
QW structure are shown in Fig. 1. Two spectral lines corre-
sponding to the heavy-hole exciton �X� and trion �T� emis-
sion are clearly seen in the PL spectrum. They are separated
by 2.2 meV, the trion binding energy.26 The broadening of
the lines is mainly due to exciton and trion localization in
QW width fluctuations. The low energy tail of the trion line
is contributed by shake-up processes accompanying the trion
recombination.27

The exciton and trion resonances are also clearly seen in
the reflectivity spectrum. The oscillator strength of the trion
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FIG. 1. Photoluminescence and reflectivity spectra of a 20-nm-
thick CdTe /Cd0.63Mg0.37Te QW structure. Below-barrier excitation
with a photon energy of 1.664 eV is used for PL. The exciton �X�
and trion �T� resonances are marked by arrows.
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resonance, which is proportional to the concentration of resi-
dent carriers,28 is about 1 order of magnitude smaller than
the exciton oscillator strength. This allows us to evaluate the
resident carrier concentration and estimate that it does not
exceed 1010 cm−2. However, the spectra measured at zero
magnetic field do not contain information about the type of
resident carriers, as the binding energies of positively and
negatively charged trions are rather close to each other,22 and
they also vary with QW width and barrier height.29 Magneto-
optical experiments are required to identify the resident car-
rier type. We will show in Sec. III B that in the studied
sample the trion PL line is dominated by positively charged
trions for below-barrier excitation, and therefore holes are
the resident carriers.

A. Recombination kinetics of excitons and trions

Results on the recombination dynamics of excitons and
trions measured with the streak camera are given in Fig. 2.
The excitation energies were varied from 1.600 eV, nearly
resonant with the trion, up to 1.618 eV. Trions and excitons
demonstrate very similar behaviors. The decay time under
resonant excitation of 50 ps can be attributed to the radiative
recombination time of trions and excitons generated within
the radiative cone, where their wave vectors are transferred
to the photons during recombination. The decay time in-
creases steadily with detuning the excitation energy from the
resonance condition and approaches value around 150 ps at
1.618 eV excitation energy. This increased time is required
because of exciton and trion thermalization �for more details
see Ref. 23�.

B. Optical tuning of type and density of resident carriers

Magneto-optics and in particular polarized PL in magnetic
fields applied in Faraday geometry are powerful tools to
identify the origin of the trion transition �see e.g., Refs. 22
and 26�. In the case when the electron and hole g factors
have the same sign, the emission from the singlet state of the
negatively �T−� and positively �T+� charged trions has oppo-
site polarizations. Thereby they can be unambiguously iden-
tified, and this gives us information on the type of the resi-
dent carriers. This is also the case for the studied 20-nm-
thick CdTe /Cd0.63Mg0.37Te QW, where the electron g factor
ge,z=−1.70 and the hole g factor gh,z varies from −1.70 to
−1.00 in the magnetic field range of 0–15 T. The B depen-
dence of gh,z is due to a change in mixing of heavy-hole and
light-hole states by the field. Details of the comprehensive
magneto-optical study of this sample will be published
elsewhere.24

In Fig. 3 we show the scheme of optical transitions for
recombination of positively and negatively charged trions.
Number of circles illustrates the dominant population of the
trion singlet states for quasiequilibrium conditions after car-
rier relaxation, and thickness of arrows indicates the intensity
of the recombination transitions. One can see that photolu-
minescence has negative circular polarization for T+ and is
positively polarized for T−.

The polarization degrees of the trion emission excited be-
low and above the barrier gap are shown in Fig. 4. Experi-
ments were performed in Faraday geometry for two lattice
temperatures of 0.35 and 4.2 K. For both temperatures the
trion emission under below-barrier excitation is negatively
polarized, meaning that it can be attributed to T+ and holes
are the resident carriers in the QW. Under above-barrier ex-
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FIG. 3. �Color online� Scheme of optical transitions in a 20-nm-
thick CdTe /Cd0.63Mg0.37Te QW for recombination of positively
and negatively charged trions in an external magnetic field �Faraday
geometry�. Optically active transitions with positive and negative
circular polarizations are shown by solid and dashed arrows, respec-
tively. The thick arrows represent the strongest transitions in PL.
Initial states for the optical transitions are the trion singlet states and
the final states are the resident carriers left after trion recombina-
tion. The scheme is shown for the following conditions of electron
and hole g factors: ge,z�0, gh,z�0, and �ge,z�� �gh,z�. Thin short
arrows indicate the electron spins with orientation �1 /2, while
thick short arrows give the spins of heavy holes �3 /2.
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citation the polarization degree is positive, which corre-
sponds to T− emission and resident electrons. Thus the illu-
mination may be used to vary the type of resident carriers in
the QW. The stronger polarization for lower lattice tempera-
tures can be explained by better thermalization of the trions
between the spin split singlet states.

The experimental results of this section demonstrate that
the type and concentration of the resident carriers in the stud-
ied structure can be tuned by above-barrier illumination. We
will use this tool for studying the spin coherence of both
resident holes and electrons.

C. Spin coherence of resident carriers

We turn now to the main focus of the paper related to the
carrier spin coherence. Kerr rotation signals measured by the
one-color technique on the studied QW are shown in Fig. 5
for different laser excitation energies. The experiments were
performed in a magnetic field B=0.5 T applied in Voigt ge-
ometry. All Kerr signals show fast beats corresponding to
spin precession of the electrons with a g-factor value �ge,xy�
=1.60�0.01.23,25 For resonant trion excitation an additional
contribution with slow oscillation frequency corresponding
to a g-factor value of 0.11�0.01 is seen. Details of the
g-factor evaluation will be given below when discussing Fig.
8. At short delays this contribution is seen as a drop of the
Kerr signal averaged over the fast oscillations to values well
below the zero line. We associate these slow oscillations with
hole spin precession, in line with previous observations for
GaAs/�Al,Ga�As QWs.19

The striking difference between the Kerr traces in Fig. 5
and those presented in the previous studies is that two con-
tributions to the Kerr rotation signal from the electrons and
the holes are visible for time delays exceeding 1 ns, which
exceeds by more than 1 order of magnitude the trion recom-
bination time of 50 ps, as measured by time-resolved PL �see
Fig. 2�. Such coexistence of long-living beats of electrons

and holes has not been reported before. In earlier studies
only the resident carriers showed long-living spin coherence,
while the contribution of the photogenerated carriers decayed
within the trion radiative time, as observed in n-type as well
as in p-type doped samples.19,23 We suggest that in the stud-
ied sample we find a coexistence of resident holes and elec-
trons even though the PL data of Fig. 4 show that the con-
centration of resident holes dominates over the one of the
resident electrons. This point will be discussed further in
Sec. III D

In Fig. 5 the hole contribution is strong for excitation in
the trion resonance and vanishes when the laser is tuned to
the exciton resonance or above. As for the degenerate experi-
ments the pump and probe energies coincide, we are not able
to conclude from these data whether this behavior is caused
by variation in the pump energy or the probe energy. In order
to clarify this question we performed two-color pump-probe
measurements with the probe energy fixed at the trion reso-
nance and the pump energy scanned across the trion and
exciton resonances. The results are given in Fig. 6.

The characteristic feature of the hole contribution, the
shift of the center-of-gravity of the Kerr rotation signal at
short time delays, is present for all pump energies varied
from 1.5994 up to 1.6031 eV. In this experiment the signal is
detected on the trion resonance, which is mostly sensitive to
the generated hole coherence.23,30 We can also conclude from
these results that the long-living spin coherence of resident
holes can be photogenerated even by pumping at energies of
4 meV above the T+ resonance. This means that the excitons
generated at these energies can capture resident holes and
form trions without loosing their optical spin orientation.
This finding is consistent with previously published results
on generation of electron spin coherence in n-type doped
QWs.23

For a quantitative analysis of amplitudes Ae�h� and dephas-
ing times T2,e�h�

� of the electron and hole contributions, the
Kerr rotation signals were fit by
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A�t� = Ae exp�−
t

T2,e
� 	cos �et + Ah exp�−

t

T2,h
� 	cos �ht .

�2�

This function is a superposition of two exponentially damped
oscillatory functions for electrons and holes. �e�h�
=�Bge�h�B /� are the Larmor frequencies of spin precession
about the external magnetic field B and �B is the Bohr mag-
neton.

The fit of the experimental data at B=0.5 T is given as an
example by the bottom trace in Fig. 7. The fit function is
shown by the thick gray line together with the experimental
signal shown by a thin black line. Hole and electron contri-
butions extracted from the fit are shown separately by the top
traces. The hole signal can be followed up to 3 ns, from
which a characteristic dephasing time T2,h

� =290�30 ps can
be extracted for the hole spin coherence. Its amplitude Ah is
25 times larger that the one for the electron contribution Ae.
The electron dephasing time is T2,e

� =4.5�0.5 ns, so that the
electron beats extend over 6 ns �Fig. 5�. The carrier g-factor
values obtained from this fit are �ge,xy�=1.60�0.01 and �gh�
=0.11�0.01.

Alternatively the characteristic spin precession frequen-
cies in the Kerr rotation signal can be obtained by a Fourier
analysis. Fourier transform spectra for B=0.5 and 1 T are
shown in Fig. 8�a�. The narrow peaks at 11.3 and 22.6 GHz
correspond to the electron spin beats. Their frequency shifts
linearly with magnetic field 
see Fig. 8�b�� and can be well
described by a Zeeman splitting with �ge,xy�=1.60. The hole
contribution is seen as a broad band with maximum at 1.76

GHz for B=1 T. This maximum cannot be well resolved for
B=0.5 T.

Electron and hole frequencies obtained from Fourier
analysis are shown in panel �b� vs magnetic field strength.
Linear interpolations of these data give us g-factor values for
the carriers, which coincide well with the values obtained by
fitting the Kerr rotation signals in Fig. 7 with Eq. �2�. Based
on the measured hole g factor �gh���3.5°��=0.11 and the
known value for gh,z=−1.70,24 we estimate from Eq. �1� that
�gh,xy��0.05.

In order to obtain the magnetic field dependence of the
electron and hole dephasing times Kerr rotation signals un-
der resonant pumping into the trion state were measured for
different magnetic fields up to 6 T 
Fig. 9�a��. These times
have significantly different values, as the electron dephasing
at fixed magnetic field lasts about 20 times longer than the
hole one, but show very similar dependence on magnetic
field. These dependencies are well described by a 1 /B law
shown in the figure by the solid line. Scales for the electron
and hole times are chosen in a way that both dependencies
can be compared with the same 1 /B line. Such a field depen-
dence shows that the spin dephasing is controlled by preces-
sion frequency inhomogeneities based on the spread of the
carrier g factors,30 which we evaluate as �ge,xy =0.008 and
�gh���3.5°�=0.10, respectively. Note that the variation in
the hole g factor is comparable to its magnitude, �gh��
�3.5°���gh���3.5°��, which is suggested already by the
strongly damped single oscillation of the hole beats in Fig. 7.

The longest dephasing times in Fig. 9 measured at B
=0.25 T are T2,e

� =10.2 ns and T2,h
� =470 ps, which repre-

sent lower limits for the coherence times T2 of individual
carrier spins. The temperature dependence of the hole spin
dephasing time is shown in Fig. 9�b�. It decreases about three
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times for the moderate temperature increase from 1.9 to 6 K.
For temperatures above 25 K it cannot be extracted from the
data. Such a strong temperature dependence has also been
reported for p-doped GaAs/�Al,Ga�As QWs.19 It has been
explained by thermal delocalization of holes. Spin relaxation
processes are significantly suppressed for localized holes
only, but the spins of free holes relax very fast due to spin-
orbit interaction. Our results on the hole spin coherence in
CdTe-based QWs are in good qualitative and quantitative
agreement with previously reported data for GaAs-based
QWs. Therefore one can conclude that the mechanisms de-
termining electron and hole spin dynamics are similar in
II-VI and III-V heterostructures.

D. Control of resident carrier type by illumination

We used above-barrier illumination to change the type of
resident carriers from holes to electrons. As one can see in
Fig. 10 an increase in illumination power density to
6 W /cm2 causes an amplitude enhancement of the fast os-
cillating electron contribution in the Kerr rotation signal by a
factor of 40. In case of a low-density 2DEG the amplitude of
the Kerr rotation signal is linearly proportional to the elec-
tron concentration, and therefore we conclude that the elec-

tron concentration in the QW increases 40 times.
The hole contribution also changes strongly under illumi-

nation. First, its amplitude relative to the electron signal de-
creases from Ah /Ae=25 without illumination down to 0.8
under strongest illumination �compare lower and upper
curves in Fig. 10�. This redistribution of amplitudes is clearly
seen in the inset, where corresponding Fast Fourier transform
�FFT� spectra are compared to each other. The hole peak has
stronger integral intensity compared with the electron one
without illumination, while a strong electron peak is visible
under illumination only. Second, the hole spin dephasing
time shortens under illumination from 240 ps down to 40 ps.
The latter time coincides with the radiative recombination
time of trions, meaning that under highest illumination �up-
per curve� the resident holes have disappeared in the QW,
and the hole contribution to the Kerr rotation signal, seen as
the small asymmetry relative to the zero signal line during
the first three periods of electron spin precession, is due to
photogenerated holes bound to T− trions. In this regime we
find the situation typical for n-type doped QWs.30

Let us now turn to the surprising coexistence of the long-
lived hole and electron spin beats that was observed without
illumination �Figs. 7 and 10�. Obviously it shows that both
electrons and holes are present as long-lived resident carriers
in the QW. The studied structure contains only one QW;
therefore we suggest that the electrons and holes coexist in
the same QW where they are separated spatially in the QW

0 10 20 30
0

5

10

15

0 1 2 3 4 5 6
0

50

100

150

0

1

2

3

4

5

6

7

8

hole

0.5 TF
F

T
am

pl
itu

de
(a

rb
.u

ni
ts

)

Frequency (GHz)

T = 1.9 K

B = 1 T

electron

(a)

(b)

|gh| = 0.11

Magnetic field (T)

E
le

ct
ro

n
fr

eq
ue

nc
y

(G
H

z)

|ge| = 1.60

H
ol

e
fr

eq
ue

nc
y

(G
H

z)

FIG. 8. �a� FFTs of the spin dynamics measured by degenerate
pump probe at the trion resonance �1.5989 eV; see Fig. 7� for two
different magnetic fields. �b� Magnetic field dependencies of elec-
tron and hole spin precession frequencies evaluated from the FFT
analysis. Lines show linear interpolations of data points, whose
slopes give the carrier g factors.

0

100

200

300

400

500

600

0 2 4 6
0

2

4

6

8

10

E
le

ct
ro

n
de

ph
as

in
g

tim
e

(n
s)

Magnetic field (T)

T = 1.9 K
(a)

0 5 10 15 20 25
0

100

200

300

(b)

H
ol

e
de

ph
as

in
g

tim
e

(p
s)

Temperatute (K)

B = 0.5 T

H
ol

e
de

ph
as

in
g

tim
e

(p
s)

FIG. 9. Dephasing times for electrons T2,e
� �closed circles� and

holes T2,h
� �open circles� as functions of �a� magnetic field and �b�

temperature. Left and right scales in panel �a� are chosen to dem-
onstrate that both electrons and holes are well described by a 1 /B
dependence given by the solid line, ��3.5°.

ZHUKOV et al. PHYSICAL REVIEW B 79, 155318 �2009�

155318-6



plain. In other words, we have in this QW areas with domi-
nant contribution from either resident electrons or resident
holes. Most probably this is caused by an inhomogeneity of
charge distribution provided by unintentional doping and

charge fluctuations on the structure surface. Such coexistence
of two carrier types can be stable only at low carrier concen-
trations and is removed by illumination, which increases the
concentration of background electrons.

IV. CONCLUSIONS

We have shown that in CdTe-based QWs with a low con-
centration of resident holes, corresponding to a regime when
the hole-hole interactions can be neglected, long-living hole
spin coherence can be observed. Hole spin dephasing times
up to 500 ps were measured at a temperature of 1.9 K, short-
ening, however, considerably with increasing temperature up
to 25 K. This behavior can be explained by acceleration of
the spin relaxation for free holes compared with localized
ones. These results are similar to the data reported earlier for
GaAs-based QWs.19 We also observed in time-resolved
pump-probe Kerr rotation spectra an unusual superposition
of long-living spin beats from electrons and holes. The rela-
tive contributions of the electrons and holes could be tuned
by above-barrier illumination in favor of the electrons. We
explain this superposition by coexistence of both resident
electrons and holes in the same QW but separated spatially in
the QW plane. The pump-probe Kerr rotation technique is a
method well suited for studying such situations and evaluat-
ing the relative concentrations of the resident carriers.
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