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All-optical generation of coherent in-plane charge oscillations in GaAs quantum wells
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We have induced ultrafast charge oscillations in the plane of an unbiased and undoped (110)-oriented GaAs
quantum well by coherent optical excitation of heavy-hole and light-hole exciton transitions. The oscillations arise
from an in-plane charge displacement between heavy-hole and light-hole states, which results from the periodic
parts of the Bloch wave functions and the (110) orientation. The observations are evidence for the existence of
a substantial far-infrared transition-dipole moment between heavy- and light-hole subbands for in-plane wave
vectors, which we estimate to be ∼0.5 eÅ for the quantum well under study. Our findings might prove important
for designs of far-infrared detectors and emitters.
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Excitation of semiconductors with ultrashort optical pulses
leads to a polarization that coherently couples to the electric
field of the excitation pulse. This coherent excitation is
responsible for the initial, ultrafast nonlinear response of
optically excited semiconductors and has been studied in
great detail for both free-carrier and exciton excitations for
two decades.1 One of the fascinating phenomena linked to
this coherent regime is the occurrence of quantum beats and
the accompanying charge oscillations, the study of which
has provided fundamental insight into ultrafast light-matter
interactions.2–5

Quantum beats occur in a three-level system in which two
excited states are coupled via a common ground state.2,3,6–8 If
a transition-dipole moment exists between the two excited
states, the quantum beats will be accompanied by charge
oscillations with a frequency corresponding to the energy
difference between the two excited levels.4,5,9,10 Thus, in
semiconductor heterostructures, a measurement of the simul-
taneously emitted electromagnetic radiation, whose frequency
is usually within the THz range, is direct evidence of
an intersubband transition-dipole moment which cannot be
studied by all-optical techniques such as four-wave mixing
and transmission measurements.4,6 So far, charge oscillations
have been measured in a coupled double or in a single
asymmetric quantum well (QW) employing beating between
two electron subbands5,9 and in a single QW employing
beating between heavy- and light-hole subbands.4 Specifically,
the charge oscillations studied in Refs. 4, 5, and 9 resulted from
a displacement of the slowly varying envelope function along
the growth direction of the QW.

In this paper we report the observation of charge oscillations
between heavy- and light-hole exciton states occurring in the
plane of an undoped GaAs QW. We take advantage of the
(110) orientation of the QW, in which optically excited heavy-
and light-hole states lead to oppositely oriented, macroscopic
polarizations in the plane of the QW.11,12 This in-plane
charge displacement results from the periodic parts of the
Bloch wave functions and, thus, is of a different physical
nature than the one linked to previously observed out-of-
plane oscillations.4,5,9 Our observations prove the existence
of a substantial transition-dipole moment between heavy-hole
excitons (HHX) and light-hole excitons (LHX) for in-plane
wave vectors in undoped GaAs QWs, which we estimate to be

0.5 eÅ. This study might have consequences for designs of THz
emitters and detectors,13–15 because, so far, a transition-dipole
moment between heavy- and light-hole bands at in-plane wave
vectors has only been observed for p-type structures where
band mixing relaxes the intersubband selection rules.16,17 For
completeness we would like to emphasize that the observed
in-plane charge oscillations are very different from previously
observed alternating charge currents induced via quantum
interference between ω and 2ω absorption pathways18,19 and
plasma oscillations.20

In our experiments the in-plane charge oscillations have
been triggered by all-optical generation of shift currents12,21

in undoped GaAs QWs. Shift currents arise from a shift of
the center of the electron charge during excitation and have so
far been investigated in a variety of samples.22 For the study
described in this paper we employed samples consisting of 40
periods of GaAs wells separated by 8-nm-thick Al0.3Ga0.7As
barriers grown on a (110)-oriented GaAs substrate with a
500-nm-thick buffer layer. We studied different samples with
well widths of 15, 16, 18, 20, 24, and 28 nm. The samples
were excited with laser pulses obtained from a Ti:sapphire
oscillator (150 fs, 76 MHz). The peak intensity of the
laser pulses could be varied between 10 and 100 MW/cm2,
resulting in approximate peak carrier densities in the QWs
of 3 × 1010 cm−2 and 3 × 1011 cm−2, respectively. The time-
dependent shift currents, which are excited by the ultrafast
laser excitation, lead to the emission of THz radiation whose
time dependence was detected in a conventional free-space
THz setup in transmission geometry12 [see inset of Fig. 1(b)].
Due to the detection geometry being normal to the QW plane,
our experiment is only sensitive to currents flowing in the
plane of the QW samples. The distinction between currents
flowing in different directions in the sample plane was possible
with the help of a THz polarizer and a polarization-dependent
electro-optic detection crystal.12 All experiments have been
performed at 80 K, except as explicitly mentioned below.

Before addressing the experimental results, we first com-
ment on the symmetry properties of our samples in more
detail. In the following discussion we take the x, y, and
z directions of our (110)-oriented sample to be parallel to
the [001], [11̄0], and [110] directions, respectively. The QW
region of our samples possesses a Cs point-group symmetry23

having 14 shift current tensor elements: σxxx , σxyy , σxzz,
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FIG. 1. (Color online) Normalized THz traces obtained from
simultaneous excitation of HHX and LHX transitions in a 20-nm
QW at 80 K (a), 20-nm QW at 300 K (b), and 15-nm QW at 80 K
(c) for high- and low-excitation intensities (dashed and solid lines,
respectively). (d) Normalized THz spectra, temperature 80 K: 15-nm
QW and high-excitation intensity (dashed green curve is similar to 20-
nm QW and high-excitation intensity), 20-nm QW and low-excitation
intensity (dotted black), 15-nm QW and low intensity (solid red). The
inset of (b) shows a scheme of the setup with the excitation (P: optical
pulse) and detection (T: THz radiation) being normal to the sample
plane (S).

σxxz = σxzx , σyxy = σyyx , σyyz = σyzy , σzxx , σzxz = σzzx , σzyy ,
and σzzz. Here σ is the third-rank shift current tensor. While
the first letter of the subscript denotes the direction of current
flow, the other two letters denote the polarization directions
of the electric-field components of the excitation pulse. The
experiments discussed in this paper take advantage of the σxxx

shift current tensor element for two reasons: (i) The tensor
element is absent in the bulk substrate having Td point-group
symmetry. Thus the measured THz traces can be attributed
to currents resulting from the QW region only. (ii) Previous
experiments12 have shown that excitation of HHX and LHX
lead to oppositely oriented currents. This, in turn, proves
that the wave functions of heavy- and light-hole carriers
are spatially separated in the plane of the QWs, which is a
prerequisite for the observation of in-plane charge oscillations.
Recalling that the wave function for the subband state (n) in
the QW is given by ψn,k‖(r) =eik||r||fn,k‖ (z)un(r) [r|| and k||
are the in-plane coordinate and wave vector, respectively, and
fn,k|| (z) and un(r) are the slowly varying envelope function
and the periodic part of the Bloch function, respectively],
it becomes obvious that an in-plane displacement has to
stem from the periodic part un(r) of the Bloch functions. A
possible explanation for this charge displacement, not taking
into account the charge oscillations, has been given in Refs. 11
and 24 and is based on permanent dipole moments along the
bonds in the GaAs lattice.

We now describe the results of our THz measurements. In
Fig. 1(a) are shown two THz traces resulting from σxxx shift

currents in the 20-nm QW sample after simultaneous excitation
of the n = 1 HHX and LHX with high (100 MW/cm2)
and low (10 MW/cm2) optical peak intensities. While the
shape of the high-intensity trace resembles the shape of a
typical THz trace measured in our electro-optic detection
setup,12,25 the low-intensity trace shows significant oscillations
immediately after the main pulse. This feature is absent in
room-temperature measurements for the same excitation con-
ditions [see Fig. 1(b)]. Thus, we conclude that the oscillation
pattern results from a coherent effect which becomes visible
due to longer coherence times at low temperatures. Repeating
the experiment with a 15-nm QW sample, we again observe
oscillations after the main THz pulse, yet this time with a
shorter period [see Fig. 1(c)]. A Fourier transformation of
the time-domain traces shows that the oscillations shift the
peak of the usually obtained THz spectra (green dashed line)
to larger frequencies for the 20-nm (black dotted line) and
15-nm (red solid line) QW samples [see Fig. 1(d)]. Moreover,
the frequency-domain data suggests that the beat frequencies
can be easily retrieved from an analysis of the spectral peaks.

Before performing a more thorough analysis of the beat
frequency, we present further evidence that the observed
charge oscillations result from a heavy-hole/light-hole beating.
In Fig. 2(a) are shown several THz traces obtained from
excitation of the 15-nm QW sample with low-excitation
intensity for different excitation photon energies. The total
THz signal can be considered as a combination of a signal
caused by the shift current and a signal caused by charge
oscillations. As shown in Fig. 1(d), in the 15-nm QW the
two signal contributions have a spectral peak at ∼1.4 and
2 THz, respectively. Thus, in order to estimate the strength
of the beat signal, we performed a Fourier transformation
of the time-domain traces and plot the amplitude of the
2-THz frequency component versus excitation photon energy

FIG. 2. (Color online) (a) Time-domain THz traces obtained from
excitation of the 15-nm QW sample at 80 K for different photon
excitation energies. The curves have been shifted along the y axis
for clarity. (b) Strength of the spectral components at 2 THz of the
THz traces plotted in (a), which has been identified as the beating
signal, vs excitation photon energy. (c) PLE spectrum of the 15-nm
QW sample showing the n = 1 HHX and n = 1 LHX transitions. The
gray background indicates the spectrum of the excitation laser pulses.
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[see Fig. 2(b)]. From a comparison of this curve with the
result of a photoluminescence excitation spectroscopy (PLE)
measurement plotted in Fig. 2(c) (this measurement shows
the photon energies of the n = 1 HHX and LHX transitions),
it becomes evident that the maximum strength for the beat
frequency signal is obtained for simultaneous excitation of the
n = 1 HHX and LHX transitions. The spectral width of the laser
pulses is indicated by the gray background in Fig. 2(c). The
results plotted in Fig. 2 confirm that the observed oscillations
are triggered by simultaneous coherent excitation of HHX
and LHX, yet they also show that the oscillations vanish for
continuum excitation, most likely because (i) the intersubband
dephasing time between heavy- and light-hole continuum
states is considerably shorter than the one for excitons, and
(ii) the transition-dipole moment between heavy- and light-
hole continuum states with a small wave vector is weaker
than for excitons, which are made up of a superposition of
continuum states, including states with larger wave vectors.

The exact frequency of the charge oscillations has been
extracted by dividing the spectrum of the THz traces measured
for low-intensity excitation by the spectrum of the THz traces
measured for high-intensity excitation. With this approach we
treat the high-intensity THz traces as an impulse response of
the whole detection system. The beat frequencies obtained
in this manner are plotted in Fig. 3(a) along with heavy-
hole/light-hole separation derived from photoluminescence
spectra for the various QW samples. As can be seen from
Fig. 3(a), there is excellent agreement between the beat
frequencies and the heavy-hole/light-hole splitting, which
again proves that the measured oscillatory signal arises from
charge oscillations between heavy- and light-hole states in the
plane of the QW.

FIG. 3. (Color online) (a) Beating frequency retrieved from
THz experiments (red triangles) and energy separation between the
n = 1 HHX and LHX obtained from PL experiments (blue circles)
vs QW width. Inset: Three-level system used for the simulations,
including electron (e), heavy-hole (HH), and light-hole (LH) levels.
(b) Calculated THz trace obtained from a simple model based on
the optical Bloch equations of a three-level system (blue solid line)
and the corresponding experimental curve obtained from the 15-nm
QW sample (red dashed line). (c) THz traces emitted from injection
currents excited along the y direction in the 15-nm QW sample for
high- and low-excitation intensities.

In order to quantitatively estimate the transition-dipole
moment between HHX and LHX and the corresponding in-
tersubband dephasing time, we numerically solved the optical
Bloch equations without the rotating-wave approximation and
without considering Coulomb interactions for a three-level
system with the energy separations corresponding to the 15-nm
QW [see the inset in Fig. 3(a) for the notation of levels]. The
resulting macroscopic polarization has been calculated from
P (t) = μ11ρ11(t) + μ22ρ22(t) + 2 Re{μ12ρ12(t)}.11 Here, μ11

and μ22 are the self-dipole moments4 of light and heavy holes,
respectively, expressing the shift of charge in the plane of
the QW during excitation, and μ12 is the transition-dipole
moment between heavy and light holes. The density matrix
elements are denoted by ρij . In the calculation the self-dipole
moment of electrons is neglected.24 Moreover, the self-dipole
moment of light holes, μ11, is considered to be oppositely
oriented11 and three times larger than the self-dipole moment
of heavy holes, μ22. The latter assumption is derived from
experimental results.12 The calculated polarization P(t) is
double differentiated and filtered with a transfer function
denoting the electro-optic detection.22 In the calculations we
have varied the dephasing time between heavy and light holes
(τ12) and the corresponding transition-dipole moment (μ12).
While τ12 determines the decay of the oscillatory signal,
μ12 determines the amplitude of the oscillatory signal with
respect to the initial THz signal resulting from the shift of the
carriers (μ11 and μ22). We obtain the best agreement between
experiment and model as illustrated in Fig. 3(b) for τ12 =
400 fs and μ12 = −μ22/4. By assuming a self-dipole moment
for heavy holes of 2 eÅ,21 this leads to a transition-dipole
moment μ12 ≈ 0.5 eÅ for the 15-nm QW and an excitation
photon energy of 1.533 eV.

Such an intersubband transition-dipole moment has only
been observed in p-type QWs, where band mixing relaxes
the selection rules.16,17 We believe that it is the significant
band mixing in our (110)-oriented structures26 that leads
to a relatively strong transition-dipole moment between
HHX and LHX for in-plane wave vectors along the [001]
direction.

The study of optically induced currents and their dynamic
response is currently receiving a great deal of attention.
Recently, a microscopic theory of injection currents launched
by all-optical excitation of (110)-oriented GaAs QWs with
circularly polarized light has been developed.27 Injection cur-
rents result from an optically induced polar carrier distribution
in momentum space which, in turn, arises from spin splitting
of the subbands. As predicted in Ref. 27, charge oscillations
may also occur along the y = [11̄0] direction if the structure is
excited with circularly (or even linearly) polarized light. Yet,
for the experimental conditions, in particular the temperature,
discussed in this paper, we could not observe any charge
oscillations along the y direction, as shown by the THz traces
plotted in Fig. 3(c). Thus, even if they exist, the charge
oscillations (along the y direction) predicted in Ref. 27 will
be weaker than the charge oscillations (along the x direction)
observed in our work. Consequently, we conclude that the
spatial displacement of the wave functions, which is at the
origin of our observations and not included in the theory
presented in Ref. 27, is an important prerequisite for the
observation of strong charge oscillations. This calls for a more
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unified microscopic theory that includes the shift of the center
of charges during optical excitation.

In conclusion, we have observed charge oscillations be-
tween heavy- and light-hole subbands in the plane of a
(110)-oriented GaAs QW sample. In contrast to previous
measurements, the charge oscillations do not arise from a
displacement of the slowly varying envelope functions of
heavy and light holes, but of the periodic part of the Bloch
functions. Our observations demonstrate the existence of a
strong transition-dipole moment (∼0.5 e Å) between these
subbands for in-plane wave vectors. This might have important
consequences for designs of far-infrared lasers and detectors.

In particular, it will be interesting to see whether an applied
in-plane electric field enhances the transition-dipole moment
and whether the (110) orientation allows for far-infrared gain
measurements at elevated temperatures, which have not been
possible so far.28
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