Extended Abstracts of the 2018 International Conference on Solid State Devices and Materials, Tokyo, 2018, pp1197-

PS-9-04 1198

Observation of Phase Relaxation in Spin Superposition
by Polarization- and Time-Resolved Pump and Probe Measurements

Hiroki Muramatsu?, Tetsu Ito!?, Hideki Gotoh?, Masao Ichida®, and Hiroaki Ando*

! Research Institute of Electronics, Shizuoka Univ.
3-5-1 Johoku, Naka-ku, Hamamatsu 432-8011, Japan
Phone: +81-53-478-1373 E-mail: ito.tetsu@shizuoka.ac.jp
2 Graduate School of Integrated Science and Technology, Shizuoka Univ.
3-5-1 Johoku, Naka-ku, Hamamatsu 432-8561, Japan
3 NTT Basic Research Laboratories, NTT Corporation,
3-1 Morinosato Wakamiya, Atsugi, Kanagawa, 243-0198, Japan
4 Department of Physics, Faculty of Science and Engineering, Konan Univ.
8-9-1 Okamoto, Higasinada-ku, Kobe 658-8501, Japan

Abstract

Phase relaxation in spin superposition created by
linearly polarized light in GaAs/AlGaAs quantum well
was observed by polarization- and time-resolved pump
and probe measurements. The spin superposition
decays when population of polarized spin or phase in
spin superposition changes. To study these two origin
of spin relaxation we compared temperature
dependence of relaxation time of the phase relaxation
in spin superposition transferred by linearly polarized
light with that of spin state created by circularly
polarized light. The result shows that band mixing in
the valence state mainly contribute to the change of the
phase in superposition of hole-spin states and
relaxation time is different from that of hole-spin
polarization generated by circularly polarized light.
The spin relaxation is caused by changing the
population of polarized hole spin or the phase in
superposition of hole spins and these process show
different relaxation time.

1. Introduction

Electron and hole spin in semiconductor
nanostructure is expected for the quantum information
technologies. This superposition is created by the arbitrary
superposition of two types of polarized light [1].
Understanding of superposition of electron- and hole-spin
states and their relaxation mechanism is indispensable for
coherent transfer of the quantum bit in the photon states to
carrier states in semiconductor.

When electrons and holes in the QW sample are
irradiated by right-handed circularly polarized light,
polarized electron (T,) and hole spin states ({,,) are excited,
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This spin polarized state decays by decreasing the
population of polarized electron (T,) and hole spin states
(Y1) and results in showing two decay components in time
resolved measurements. In the same manner, the
superposition is transferred to electron (7., !,) and hole
states (T, ) in QW by linearly polarized light which is
the superposition of right- and left-handed circularly
polarized light,
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This polarized states disappear when the population of
polarized spin state or the phase ¢ in superposition
changes. In this study, we have measured temperature
dependence of relaxation time of carrier spin created by
circularly polarized light and that of superposition of spin
states created by linearly polarized light by polarization-
and time-resolved pump and probe measurements and
compared these relaxation process for further
understandings of spin relaxation mechanism in spin
superposition.

2. Experiments

GaAs/AlGaAs multiple quantum wells were used for
the present study. Each quantum well (QW) consisted of
20 periods of GaAs wells and Alg 35Gao.esAs barrier layers
grown on a (001) GaAs substrate. The thickness of the
well layer were 4, 8, and 12 nm. Polarization- and time-
resolved pump and probe measurements were performed
to observe temperature dependence of spin relaxation time
using Ti-doped sapphire laser with a pulse duration and
repetition rate of 2 ps and 80 MHz, respectively.

Figure 1 (a) and (b) show time traces of degree of
polarization (DOP) measured by using right-handed
circularly polarized light and linearly polarized light as
pump light, respectively. DOP was obtained by (11 —I2)/ (I1
+l2), where 1 and I, are parallel and anti-parallel
component to pump light, respectively. Figure 1 (a) shows
two relaxation components which correspond to electron
and hole spin relaxation. On the other hand, Fig. 1 (b)
shows one relaxation components. In linearly pump
experiments, entangled state of electron and hole written
by Eq. (2) is created. The linearly polarization disappear
after either electron- or hole-spin phase (¢) changing [2].
To confirm the mechanism of spin relaxation transferred
by linearly polarized light written by Eq. (2), we measured
temperature dependence of relaxation time for linearly
and circularly polarized excitation.

3. Results and Discussion

Figure 2 shows temperature dependence of slow spin
relaxation time obtained by exponential fitting of DOP
when QW with a well width of 4, 8, and 12 nm were
pumped by right-handed circularly-polarized light. In low
temperature region (~50 K), relaxation time increases
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with increasing the temperature. This tendency is
consistent with motional narrowing in D’yakonov-Perel’
(DP) mechanism which is predominant in strong phonon
scattering condition. The relaxation time decreased with
decreasing the well width. This tendency also consistent
with that effective magnetic field in DP mechanism is
strongly contribute to spin relaxation in strong
confinement condition. Since DP mechanism is mainly
observed in the conduction band rather than the valence
band, slow relaxation time of the Fig. 1 (a) is concluded
to be electron spin relaxation.

Figure 3 shows temperature dependence of
relaxation time obtained by exponential fitting of DOP
when QW with a well width of 8 nm was pumped by right-
handed circularly- and linear-polarized light. In circularly
polarization pump measurements fast relaxation
component is plotted. The relaxation time monotonously
decreased with increasing the temperature. This tendency
is assumed to be consistent with Elliott-Yafet (EY)
mechanism owing to complexity of valence band structure
which cause strong band mixing. So, the fast relaxation
component in circular polarization pump measurements is
caused by hole spin relaxation. Temperature dependence
of relaxation time in linear polarization pump
measurements shows same tendency. Phase change in Eq.
(2) is concluded to be EY mechanism in hole spin state.
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Fig. 1 Time trace of DOP obtained from measurement
using (a) right-handed circularly- and (b) linearly-
polarized light as pump pulse for QW with a well width of
8 nm.

The decay time of hole spin relaxation is longer than
that of superposition of spin state, even though the
temperature dependence shows same tendency. When
QWs were pumped by right handed circularly polarized
light, the polarization state in photon transferred to hole
spin state in Eq. (1) is remained until the population of
polarized hole spin state completely decays. On the other

hand, when QWs were pumped by linearly polarized light,
the polarized light transferred to superposition of up and
down spin written by Eq. (2) disappears if the phase (¢)
changes in hole spin state. The difference in relaxation
time reflects the difference in the origin of spin relaxation
for each polarization.
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Fig. 2 Temperature dependence of slow spin relaxation

time obtained by exponential fitting of DOP for QW with

a well width of 4 (solid squares), 8 (green triangles), and

12 nm (open circles) in right-handed circularly- polarized
pump measurements.
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Fig. 3 Temperature dependence of relaxation time of fast
component in Fig. 1 (a) (red squares) and (b) (blue
triangles) obtained by exponential fitting of DOP for QW
with a well width of 8 nm.

4. Conclusion

Temperature dependence of relaxation time of carrier
spin created by circularly polarized light and that of
superposition of spin states created by linearly polarized
light were measured by polarization- and time-resolved
pump and probe measurements, and compared these
relaxation process. The result shows that band mixing in
the valence state mainly contribute to the decay of the
phase in superposition of electron- and hole-spin states
and relaxation time is different from that of hole-spin
polarization generated by circularly polarized light. This
comparison and consideration will crucially contribute to
coherent transfer of photon state to electron and hole states
in quantum information technologies.
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