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We discuss the dephasing of quantum beat oscillation related to the intersubband transition between heavy-hole
and light-hole excitons in a GaAs/AlAs multiple quantum well as measured by a pump-probe technique. We
investigate the dependence of dephasing on temperature and pump energy. The analysis of the time-domain
signals reveals that a strong quantum beat induces the rapid dephasing related to intersubband transition; the
dependencies of the dephasing rate correspond to those of the amplitude. This implies that a quantum beat is
useful in applications utilizing an ultrafast optical response.
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I. INTRODUCTION

Oscillation by exciton quantum beats in nanostructured
semiconductors is an important coherent phenomenon in
ultrafast physics [1-19]. In particular, coherent interference
between two polarizations generating the quantum beat, e.g.,
heavy-hole (HH) and light-hole (LH) excitons, is important
for applications in devices such as ultrafast optical switches
[13,19] and frequency-tunable emitters of terahertz electro-
magnetic waves [5,8].

Utilization of saturable absorption in quantum dots has
been proposed as an approach toward creating ultrafast all-
optical switches [20-26]. In a previous study, we reported the
possibility of a low-power operation using an exciton quantum
beat in a GaAs/AlAs quantum well [19], which is a different
approach from the use of the changes in refractive index. While
a quantum beat enables the generation of an ultrafast and
intense signal based on the optical nonlinearity of excitons
[13], ultrafast dephasing of the oscillation is also required. In
general, a quantum beat appearing in a pump-probe signal is
described as follows:

Iep(t) o |panpin|*[14 cos(—wopt)] exp(—yiu—nut), (1)

where pupp and upy are the self-dipole moments of the
HH and LH excitons, respectively, wgp corresponds to the
HH-LH splitting energy and is the quantum beat frequency,
t is the time delay, and y g_py is the dephasing rate caused
by the intersubband transition between the LH exciton state
and the HH exciton state [1,3,4]. If the intersubband transition
is only caused by the scattering from the thermal phonon,
the dephasing rate of the quantum beat simply depends on
the temperature. Therefore, to enable their use in the ultrafast
response applications, in this study, we discuss the dephasing
of quantum beat oscillations in pump-probe signals based on
the results of the dependence on temperature and pump energy.
We find that the dephasing rate depends not on the temperature
but rather on the amplitude; it is the strong oscillation that
induces rapid dephasing. Such ultrafast dephasing related to
intersubband transition enables quantum beats to be used for
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ultrafast all-optical switching in the next-generation ultrafast
optical communication networks.

II. EXPERIMENT

The sample used in this study was a (GaAs)3s/(AlAS)ss
multiple quantum well (MQW) grown on a (001) GaAs
substrate by molecular-beam epitaxy, where the subscripts
denote the number of the 0.283-nm-thick monolayers. The
MQW period was 50. The quantum beat was measured by
a time-resolved reflection-type pump-probe technique. The
measurement temperature was changed from 4 K to 180 K. The
laser source used was a mode-locked Ti:sapphire pulse laser,
delivering an approximately 150-fs pulse with a repetition
rate of 80 MHz. The pump and probe powers were kept at
1.20 and 0.06 uJ /cm?, respectively. While the pump-induced
dephasing of the quantum beat was observed at 1.20 1J/cm?
to some degree in our previous study [19], we chose this pump
power to clearly observe the oscillation at higher temperatures.
The pump and probe beams were polarized orthogonally to
each other to eliminate the contribution of the pump to the
probe pulses. The pump beam was chopped at 2 kHz, and then
the intensity of the reflected probe beam was modulated. The
probe intensity detected by a Si photodiode was amplified by
a lock-in amplifier. The exciton energy and line widths were
evaluated from the photoluminescence (PL) spectrum at each
temperature. The excitation source was a semiconductor laser
with a photon energy of 1.85 eV (670 nm) and an excitation
intensity of 0.7 kW /cm?. The emitted light was dispersed by
a 32-cm single monochromator with a resolution of 0.3 nm
and detected by a liquid-nitrogen-cooled InGaAs-photodiode
array.

III. RESULTS AND DISCUSSION

Figure 1 shows the time-resolved reflection-type pump-
probe signals observed at the different temperatures. The
laser energy was tuned to the almost center energy between
the HH and LH excitons at each temperature. The exciton
energies were estimated from the PL spectrum. The signal
inversion observed above 100 K originates from several
factors, including the pump energy and the spectral width of

©2015 American Physical Society
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FIG. 1. (Color online) The time-resolved reflection-type pump-
probe signals observed at different temperatures. The pump energy
was tuned to the center energy between the HH and LH excitons at
each temperature.

the laser leading to the phase shift of the oscillation [27].
The inversion itself is not essential for the observation of the
quantum beat oscillation. Except for 180 K, the signal shows
the oscillatory structure due to the HH-LH exciton quantum
beat with the period corresponding to the HH-LH splitting
energy in the sample. The amplitude of the quantum beat
seems to change with temperature and vanishes at 180 K.

To clarify the change in the oscillation characteristics
with increasing temperature, we used a function with three
components based on Eq. (1) to analyze the signals:

Ipp(t) = Ci[1 + cos(wgpt + @)] eXp(—YLu_HH!)
+ Cy exp(—yunt) + Cs exp(—yLut), )

where the first, second, and third terms relate to the quantum
beat oscillation and the HH and LH exciton dynamics, respec-
tively. Cy, C5, and C5 are the amplitudes of the components,
¢ is the phase of the quantum beat oscillation, and yyy and
YLy are the damping factors for each component. In Fig. 2, the
fitting results for the signal at4 K, 100 K, and 120 K are shown,
with the thick and the thin curves indicating the measured and
the fitted results, respectively.

The evaluated dephasing rate of the quantum beat 3 y_py
as a function of temperature is shown by the closed circles in
Fig. 3. Interestingly, y1 y—nn does not show a drastic increase
with increasing temperature at temperatures less than 100 K
and shows a strong increase above 100 K. Furthermore, C,
does not decrease with increasing temperature and shows a
peak at 140 K, as depicted by the open circles. If scattering
by the thermally excited acoustic phonons is the main cause
of the intersubband transition, ypy gy should increase with
temperature, as indicated by the dotted line, which was
calculated using the Boltzmann constant kg, temperature 7,
and Planck’s constant 4. However, the temperature dependence
of yLy—pp follows that of C. Hence, atleast in this temperature
region, the dephasing of the quantum beat is strongly related
to the amplitude. This is the key result in this study.
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FIG. 2. (Color online) Fitted results for the signal observed at
4K, 100K, and 120 K. Thick and thin curves indicate the experimental
and the fitted results, respectively.

Moreover, the temperature dependence of C; shows a
secondary peak at 80 K. The phase of the quantum beat
evaluated by Eq. (2) is plotted as a function of temperature in
the inset of Fig. 3. The phase is indicated as the value relative
to that at 4 K. At 80 K, the phase is clearly inverted. Therefore,
the peak at 80 K originates from the phase inversion.

To show that the strong oscillation induces rapid dephasing,
we measured the pump-energy dependence of the pump-probe
signal at 120 K, as shown in Fig. 4(a). We chose 120 K because
the oscillation was relatively clear in comparison with 160 K.
The damping rate and amplitude analyzed using Eq. (2) are
plotted as functions of the pump energy in Fig. 4(b). Both
Yiu-gu and C; show the peak at around the center energy
of the HH and LH excitons. If the intersubband transition
is caused by thermal phonons, this rate should be constant.
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FIG. 3. (Color online) Temperature dependencies of the damping
rate Y g_pgu (solid circles) and the oscillation amplitude C; (open
circles). The dotted curve indicates the scattering rate calculated from
the thermal energy. The relationship between the relative phase and
the temperature is shown in the inset.
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FIG. 4. (Color online) (a) Pump-energy dependence of the reflec-
tivity change signal observed at 120 K. (b) Pump-energy dependen-
cies of the damping rate yy_ppn (solid circles) and the amplitude C,
(open circles) of the oscillation at 120 K. Dotted lines indicate the
HH and LH exciton energies.

Therefore, we conclude that quantum beat oscillation induces
the ultrafast dephasing related to intersubband transition that
arises from the simultaneous excitation of two exciton states.
In addition, yyy-_1y increases at 1.561 eV. Since the spectral
width of the laser is broader than the exciton line width, the free
carriers are generated. Therefore, this large dephasing may be
caused by the interaction of the excitons with them.

Finally, to discuss the effects of the thermal broadening of
the exciton line shapes, we focus on the broadening factors of
excitons. We evaluated the homogeneous and inhomogeneous
broadening widths obtained from the PL spectra using the
convolution of two line shapes described by the Lorentzian
and Gaussian functions [28,29]. The PL spectrum at 120 K is
shown in Fig. 5. In general, an exciton transition is described
by the Lorentzian function

Ly (E) o 3

(E—E,)?+T?%

where E, and I', indicate the exciton energy and the
broadening factor that is associated with the homogeneous
broadening, respectively. The subscript n refers to either the
HH or LH excitons. On the other hand, the inhomogeneous
broadening originating from the fluctuation of the well width
due to the randomness in the monolayer unit is described by
the Gaussian function

“
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FIG. 5. (Color online) The PL spectrum observed at 120 K and
the fitting results by Eq. (6) indicated by dots and solid curves,
respectively.

where o7 indicates the dispersion related to the inhomo-
geneous broadening. The Voigt function is given by the

convolution of these functions:
Iy (E) cx / L(E)G,(E — ENE. 5)

The explicit form of the function used for fitting of the data is
shown as follows:

Exf —[(E—E,)+E']
P e
2[(E - E, > +T7]

El‘f( *[(Ej[zEn)*E’] )

e Ere; ©

Fitting results for the HH-exciton and LH-exciton lines at
120 K are shown in Fig. 5 by solid curves. The values of the
broadening factors obtained by this fitting are also presented.
The relationship between I', and the dephasing time T, is
expressed by I', = 2h/ T, [30], where & is Dirac’s constant.
The exciton dephasing rate estimated from I, of 2 meV is
1.5 ps~!, which s a value smaller than that of the quantum beat.
Therefore, this result shows that the generation of the quantum
beat induces the rapid dephasing related to the intersubband
transition.

IV. CONCLUSION

We have investigated the dephasing of the quantum beat
oscillations in a GaAs/AlAs MQW as observed by the pump-
probe technique. The quantum beat amplitude depends on
the temperature, with the peak value obtained at 140 K.
Examination of the dephasing rate and the quantum beat
oscillation amplitude for different pump energies and tem-
peratures showed that the dependencies of the dephasing rate
on the temperature and the pump energy follow those of the
quantum beat oscillation amplitude. These results indicate that
the quantum beat induces the rapid dephasing of the oscillation
related to the intersubband transition.
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