with respect to the open surface of the grating
and in this way determines the starting direc-
tion of the oscillations.
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Driving a harmonic quantum oscillator
with few-cycle THz pulses

R. Kersting, J.N. Heyman,* R. Hoffmann,
G. Strasser, K.D. Maranowski, **

A.C. Gossard,** K. Unterrainer, Institut fiir
Festkorperelektronik, Technische Universitit
Wien, Floragasse 7, A-1040 Wien, Austria

Quantum engineering of III-V semiconduc-
tors allows the realization of band structures
with parabolic shape. Due to their equally
spaced subbands, these quantum structures
are ideal systems to study the dielectric re-
sponse of charge carriers to an ultrafast electric
field change. In our time-resolved studies we
investigate the response of the electronic
charge carrier system in a GaAs/AlGaAs para-
bolic quantum well (PQW) to an exciting few-
cycle THz pulse.

The parabolic quantum well structure con-
sists of a 200-nm-wide GaAs PQW embedded
in Al, ;Ga, ,As.! The carrier concentration in
the modulation doped PQW is n, = 2.7 X 10"
cm % A 16-um period metal grating on top of
the sample is used to couple the THz radiation
to the intersubband transitions. For our ex-
periments, we use a femtosecond Ti:sapphire
laser to generate few-cycle THz radiation by
excitation of coherent plasma oscillations in
n-doped GaAs.? This THz beam is transmitted
through the PQW sample mounted in a he-
lium flow cryostat. Time resolution is achieved
by mixing the transmitted THz signal with a
second THz beam and detecting the superpo-
sition with a 4 K bolometer.

Figure la shows the time-resolved THz
pulse after transmission through the sample.
The first part of the signal (¢ < 1.5 ps) shows
mainly the exciting THz pulse, which has a
center frequency of about 1.5 THz. At longer
time delays, the dielectric response of the elec-
trons in the PQW becomes visible. According
to Kohn’s theorem the electrons in the para-
bolically confined potential interact with light
only at the bare harmonic oscillator frequency
0, = V8A/(L*m*), where A is the energetic
depth of the potential and L the well width.?
The observed oscillations agree with the calcu-
lated intersubband transition frequency of
about 1.8 THz and show the free induction
decay of the polarization of the collective elec-
tron intersubband mode. The transients in Fig.
1b are magnifications of these oscillations re-
corded at different temperatures.

Figure 2 shows the temperature depen-
dence of the oscillation frequency and the
damping rate. From the excellent stability of
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QWN4 Fig. 1. (a) Time-resolved THz pulse
after transmission through the parabolic quan-
tum well. (b) Magnification of the free induction
decay recorded at different temperatures.
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QWN4 Fig. 2. Temperature dependence of
the oscillation frequency and the dephasing rate
of the intersubband transition.

the oscillation frequency we deduce that
Kohn’s theorem is valid in our structure. The
damping rate shows a strong increase above 40
K, which is unexpected for a equally spaced
subband system. We interpret this dephasing
of the polarization by the onset of optical pho-
non scattering from higher subbands into the
lowest subband.
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Coherent THz-plasmons in AlGaAs/GaAs
heterostructures

W. Fischler, R. Bratschitsch, R.A. Hopfel,*
G. Zandler,** K. Unterrainert Institut fiir
Materialphysik, Universitit Wien, and
Ludwig-Boltzmann-Institut fiir
Festkorperphysik, Boltzmanngasse 5, A-1090
Wien, Austria; E-mail:
wolfgang.fischler@uibk.ac.at

Coherent plasma oscillations in polar semi-
conductors like GaAs can be generated by ul-
trafast screening of a space charge field by ex-
citing cold electrons and holes with
femtosecond laser pulses.'~* Because of their
high mobility, the electrons can undergo co-
herent oscillations following the periodically
reversing electric field in the space charge re-
gion. For low excitation densities, the plasma
frequency is well below the optical phonon
frequency, therefore, the coupling between
plasmons and optical phonons is very weak. In
this range of “pure” plasmons, the frequencies
obey the well known relation p® = n - e*/m* -
€+ €. Increasing the carrier density leads to a
stronger coupling of plasmons to optical pho-
nons when the plasma frequency wp ap-
proaches the phonon frequencies w;, and
®1o.> This coupling appears in the carrier den-
sity dependence of both the frequency and the
damping time of the plasmon phonon-
coupled modes.

We report on femtosecond time-resolved
experiments that allow the generation and de-
tection of coherent plasma oscillations tunable
in the frequency range of 1-5 THz. The
samples are GaAs/AlGaAs modulation doped
single heterostructures with a i-GaAs capping
layer, a 38-nm heavily n-doped Al ;,Gag ¢,As
layer (n = 1.2X10"® e¢m™?), and a 19-nm
i-Al, 54Gag ¢,As spacer above the i-GaAs sub-
strate. A two-dimensional (2D)-channel with
an electron surface density of n, = 4.8X10"!
cm 2 at T = 77 Kislocated between the intrin-
sic GaAs and AlGaAs layers. Below the 2D-
channel a depletion field of 3-5 kV/cm extends
from about 180 nm to several micrometers. In
the pump-probe experiments we measure the
transient change in reflectivity using a com-
bined fast-scan and lock-in technique. For the
first time, several coherent oscillations (up to
five full periods) are clearly visible, so that the
damping behavior of the coherent plasmons
can be quantitatively analyzed. Oscillations are
observable up to carrier excess energies of 100
meV.

We interpret the observed oscillations as
due to changes in the electric field caused by
coherent 3D-plasma oscillations of the photo-
excited carriers in the i-GaAs layer below the
2D-channel. The changes in reflectivity are due
to the DC Franz Keldysh effect. The photon
energy of the laser pulses (T < 90 fs) is tuned
around the bandgap of GaAs. Ensemble Monte
Carlo simulations show that the photoexcited
carrier density is limited by absorption satura-
tion due to the finite joint density of states (~
10'7 cm™?). We can exclude quantum beats
from confined electrons in the 2D-channel as
the origin of the changes in sample reflectivity,
since only one characteristic frequency is ob-
served. Figure 1 shows the measured plasmon
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QWN5 Fig.1. Plasmon frequencies as a func-
tion of carrier density. The maximum of the laser
spectrum was 11.8 meV above the bandgap. The
solid line is the lower branch of the plasmon-
phonon coupled modes.
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QWN5  Fig. 2. Plasmon damping times as a
function of the carrier density. The maximum of
the laser spectrum was 11.8 meV above the
bandgap.

frequencies as a function of the excited elec-
tron density. The experimental data lie exactly
on the lower branch of the plasmon phonon-
coupled mode. The analysis of the damping
behavior leads to a surprising result: The
damping time is expected to decrease at higher
electron-hole densities due to electron-hole
momentum scattering. We observe, however,
an increase of the damping time at frequencies
v > 3 THz (Fig. 2). This behavior can be un-
derstood as a consequence of the transition
from “pure” plasmons to coupled plasmon-
phonon modes.
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