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ABSTRACT Nonlinear frequency conversion and electro-optic
sampling allow for the generation and phase-resolved charac-
terization of few-cycle pulses in the frequency range up to
50 THz. Electric field transients with amplitudes of up to sev-
eral MV/cm are applied to study coherent nonlinear excitations
of low-dimensional semiconductors. We report the first observa-
tion of Rabi oscillations on intersubband transitions of electrons
in GaAs/AlGaAs quantum wells. Frequency and phase of such
oscillations are controlled in the 0.3- to 2.5-THz range via the
strength and shape of the mid-infrared driving pulse.

PACS 78.67.De; 73.21.Fg; 07.57.Hm; 42.65.Re

1 Introduction

Solids display a variety of low-energy excitations
which play a fundamental role in their optical and transport
properties. In semiconductors, such excitations occur below
the fundamental bandgap. They include degrees of freedom
of the crystal lattice, e.g., acoustic and optical phonons, as
well as electronic excitations such as inter-level transitions of
excitons and carriers localized at impurities, intraband tran-
sitions of free electrons, inter-valence band absorptions of
holes, and/or collective excitations like plasmons. In low-
dimensional semiconductors, the quantum confinement of
carriers leads to additional intersubband and interminiband
transitions of substantial oscillator strength.

Ultrafast spectroscopy with femtosecond time resolution
gives direct insight into the real-time dynamics of such ex-
citations and thus into the microscopic interactions govern-
ing the basic nonequilibrium behavior of semiconductors [1].
Quantum coherent phenomena have received particular inter-
est and the rapid progress of ultrafast spectroscopy has made
possible highly sensitive experiments based on nonlinear co-
herent techniques, even for excitations with femtosecond de-
coherence times. Low-frequency coherence can be induced
and followed in time either by nonresonant interactions with
broadband optical pulses at high (optical) frequencies or by
resonant interaction with ultrashort pulses in the THz fre-
quency domain.

� Fax: +49-30/6392-1409, E-mail: elsasser@mbi-berlin.de

Heinrich Kurz and his coworkers have made outstand-
ing contributions to our understanding of low-energy exci-
tations in solids. A substantial part of their work has con-
centrated on the physics of coherent optical phonons. Co-
herent phonon oscillations which represent a nonstationary
quantum coherent superposition of phonon states, were gen-
erated by excitation with broadband femtosecond pulses in
the visible or near-infrared and monitored with different op-
tical probes. In bulk GaAs [2, 3] and Ge [4, 5] as well as in
thin films of YBa2Cu3O7−δ [6], a periodic modulation of the
transient reflectivity reveals the relevant phonon frequencies
and picosecond dephasing times. In Te [7, 8], coherent oscilla-
tions along infrared active, i.e., non-totally symmetric phonon
modes, lead to the emission of electromagnetic radiation in
the frequency range around 2.5 THz. Such experiments have
provided insight into the phonon generation mechanisms in
the different materials and into phonon dephasing through
anharmonic population relaxation and interactions with the
electron-hole plasma in the sample.

Bloch oscillations in semiconductor superlattices [9–13]
represent another prominent topic of Heinrich Kurz’s re-
search. Here, a coherent superposition of different states of
a Wannier–Stark ladder in an electrically biased sample leads
to coherent wavepacket motions of carriers. The intraband po-
larization originating from such oscillating wavepacket mo-
tions gives rise to coherent THz emission with a frequency
depending on the electric bias of the sample in the Wannier–
Stark regime [14]. This emission process allows for the gen-
eration of far-infrared pulses of nanojoule energy, which are
tunable in the frequency range from 0.2 to about 10 THz [15].
The damping of the emitted electric field transients gives de-
tailed information on the picosecond, i.e., comparably slow
dephasing of the electron wavepacket by carrier-carrier scat-
tering [15, 16]. In superlattices with a miniband width larger
than the optical phonon energy, coupled Bloch-phonon os-
cillations were observed [17], demonstrating the pronounced
resonant coupling of coherent excitations of the carrier system
and the crystal lattice.

The work discussed so far was based on the generation
of low-frequency quantum coherence by femtosecond broad-
band excitation in the visible or near-infrared spectral range.
Resonant nonlinear excitation in the THz frequency range re-
quires intense mid- and far-infrared pulses which have been
generated by parametric frequency conversion. Combining
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such sources with phase-resolving detection schemes, i.e.,
measuring transient electric fields, makes possible nonlinear
coherent spectroscopy in the THz frequency range and thus
opens new directions for studying low-energy excitations.

In this article, we describe a novel source for generat-
ing femtosecond THz pulses with electric field amplitudes of
up to several MV/cm. Such pulses are applied to induce co-
herent Rabi oscillations of the intersubband polarization and
population inversion in semiconductor quantum wells, i.e., to
study the nonlinear THz response. We present the first ob-
servation of Rabi oscillations in which the transient optical
polarization is characterized quantitatively by phase-resolved
measurements of the emitted electromagnetic field.

2 Terahertz field transients with MV/cm amplitudes

There are a number of sources for ultrashort elec-
tric field transients in the THz frequency domain. In add-
ition to optically driven antennas and striplines [18], nonlin-
ear frequency conversion by non-phase-matched and phase-
matched optical rectification represents a reliable method
of THz generation. In such schemes, frequency components
from the broad spectrum of a femtosecond pulse are mixed
in a medium with a non-vanishing second order nonlinear-
ity to generate electric field transients at the difference fre-
quency [19–25]. Using input pulses of sub-30-fs duration, the
frequency range up to 50 THz is covered by this technique.
The maximum field amplitude of the THz transient is limited
to ≤ 10 kV/cm for near-infrared input pulses from mode-
locked Ti:sapphire oscillators. Much higher field amplitudes
are possible if amplified pulses drive the frequency conversion
process.

For a full, i.e., phase-resolved characterization of the elec-
tric field transients, electro-optic sampling is a particularly
powerful method [26]. The time-dependent electric field is
reconstructed from the polarization change of a short probe
pulse in an electro-optic crystal subject to the THz field. Probe
pulses shorter than half the oscillation period of the transient
are required for measuring the momentary field amplitude
with reasonable accuracy, a condition which is difficult to
fulfill with amplified probe pulses. To overcome this prob-
lem, we recently developed a new method in which intense
THz transients derived from amplified pulses are character-
ized with the help of synchronized probe pulses from the
oscillator of the laser system [27]. This approach combines
the advantages of oscillator pulses, namely short pulse widths
and very low fluctuations, with the high intensity of amplified
pulses.

A schematic of the experimental setup is shown in Fig. 1.
A Ti:sapphire oscillator generates 12-fs pulses which pass
a pulse shaper and seed a multi-pass-amplifier system work-
ing at a 1-kHz repetition rate. The amplified pulses at 790 nm
are nearly Fourier-limited with a duration of 25 fs and a pulse
energy of 800 µJ. The output of the amplifier propagates un-
focused through a GaSe crystal in which an ultrafast electric
field transient with frequencies up to 35 THz is generated by
phase-matched type-I difference frequency mixing [22, 27].
The ultrafast electric-field transient is transmitted through the
sample to be studied and then focused onto a 10-µm-thick
(110)-oriented ZnTe crystal. At a germanium beam splitter

FIGURE 1 Experimental setup for the generation and measuring of THz
electric field transients. BS, beam splitter, λ/4, λ/2, quarter-wave and half-
wave plate, WP, Wollaston polarizer, PD1 and PD2, fast balanced photo-
diodes

the near-infrared probe beam is combined with the THz beam
and focused onto the same position of the ZnTe crystal. The
electro-optic modulation of the 12-fs probe pulse induced by
the ultrafast Pockels effect results in a polarization change of
the probe which is detected using a pair of fast balanced pho-
todiodes (PD1 and PD2). By varying the time delay between
the THz and the near-infrared pulses, the temporal waveform
of the ultrafast electric field transient is directly sampled.

The probe beam from the Ti:sapphire oscillator has a rep-
etition rate of 72 MHz and thus only one pulse in 72 000 coin-
cides with an amplifier pulse. To extract the pure electro-optic
signal induced by the electric field of the THz pulse we send
the difference signal PD1–PD2 into two electronic gates. Gate
1 extracts the signal from the oscillator pulse in coincidence
with the THz transient and gate 2 measures a reference sig-
nal using the previous oscillator pulse. For each single shot
this reference is subtracted from the actual signal before aver-
aging, eliminating deviations from a perfect intensity balance
between PD1 and PD2.

In a previous study [27], we presented THz transients gen-
erated without the pulse shaper. Transients with center fre-
quencies between 10 and 25 THz were generated in a 200-µm
GaSe crystal. The absolute value of the electric field was de-
rived from the pulse energy, the beam diameter of 50 µm, and
the pulse duration. For comparison, the electric field was also
estimated from the absolute value of the electro-optic signal,
giving similar values. Maximum THz electric fields of ap-
proximately 1 MV/cm were generated, orders of magnitude
higher than the field amplitude of transients generated with
high-repetition rate oscillators. The corresponding pulse en-
ergies are on the order of 10 nJ. The pulse duration, which is
defined as the full width at half maximum of the intensity en-
velope, had values of ∼ 200 fs. Pulses of 60-fs duration, which
corresponds to only 1.5 optical cycles within the intensity en-
velope, and a maximum field amplitude of 0.9 MV/cm were
generated in a 30-µm-thick crystal (center frequency 20 THz).
A noise analysis of the transients measured by electro-optic
sampling demonstrates a timing jitter between the amplified
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and the oscillator pulses of less than 1 fs. The sensitivity of the
detection system is essentially shot-noise limited.

Well-defined changes of the optical phase can be imposed
on the near-infrared input pulses with the help of the pulse
shaper in our setup (Fig. 1) [24]. Through the frequency con-
version process, such changes translate into the phase and
shape of the THz transients. The pulse shaper can be used to
tailor the spectrum in a way that only the parts needed for dif-
ference frequency generation are amplified. Figure 2a shows
the spectrum generated by the oscillator, the filter function of
the pulse shaper, and the resulting spectrum of tailored input
pulses with a central dip and enhanced spectral components
in the red and blue wings. The THz transient generated with
this near-infrared input in a 200 µm thick GaSe crystal is pre-
sented in Fig. 2b. The difference signal from the two balanced
photodiodes (left axis) is plotted as a function of the time de-
lay between the 12-fs oscillator pulses and the THz transient.
The center frequency of this transient is 25 THz. The elec-
tric field reaches a maximum of approximately 2 MV/cm, the
highest field generated with our technique so far.

FIGURE 2 a Spectrum of the oscillator pulses, filter function of the pulse
shaper, and resulting spectrum incident on the amplifier b Electric field
transient generated in a 200 µm thick GaSe crystal. The center frequency of
the pulse is approximately 20 THz (wavelength 15 µm), the pulse duration
(FWHM of the corresponding intensity envelope) 200 fs. The electric field
amplitude reaches the very high value of 2 MV/cm

FIGURE 3 Electric field transients generated with phase-shaped input
pulses in the near-infrared. The carrier-envelope phase of the THz transient is
changed in a well-defined way by imposing different phases on the “red” and
“blue” parts of the near-infrared pulses [see Fig. 2a] driving the generation
process. The transients shown were generated in a 30 µm thick GaSe crystal
with phase differences of π/2 (solid line) and of π (dashed line) between the
parts of the driving pulses

Shaping the spectral phase of the input pulses also allows
for changes of the carrier-envelope phase of the THz tran-
sients, as is shown in Fig. 3. The carrier-envelope phase of
the THz transient is changed in a well-defined way by im-
posing phase differences either of π/2 or of π between the
red and the blue part of the input spectrum shown in Fig. 2a.
This behavior is predicted by the theory presented in [23], stat-
ing that the relative spectral phase between the extraordinary
and ordinary pump beams translates directly into the carrier-
envelope phase of the THz transient. Using other values of this
phase shift, the carrier-envelope phase can be changed con-
tinuously. The generation of other field transients including
phase-locked pulse sequences is presently under way.

3 Coherent intersubband excitations
in GaAs/AlGaAs quantum wells
Semiconductor nanostructures have received much

interest for optical switching as their electronic and optical
properties can be tailored in a wide range by changing their
nanometer dimensions. Realizing optoelectronic functions in
which the phase of the electromagnetic field carries informa-
tion calls for new schemes to generate, measure and control
coherent optical polarizations within the short decoherence
times in solid state systems.

Optical transitions resonantly driven by a coherent elec-
tromagnetic field of (carrier) frequency ω and amplitude E
give rise to Rabi oscillations of the polarization amplitude
and the population inversion between the optically coupled
states with a frequency Ω = dE/h (d: optical dipole mo-
ment) [28]. In atomic and molecular systems with comparably
long decoherence times, the population inversion measured
as a function of the so-called pulse area Θ = dπ

2h

∫ |E(t)|dt
displays Rabi oscillations which are accounted for by the op-
tical Bloch equations [29] for independent two-level atoms
[30, 31]. First measurements of Rabi oscillations in two- and
three-dimensional semiconductors [32–35] suffer from the
relatively short valence to conduction band decoherence times
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FIGURE 4 a Schematic of the envelope wave functions of the three lowest
subbands in a quantum well b The dispersion parallel to the layers is nearly
identical for the three subbands, so that the transition energy between two
levels is independent of k‖ c Spectrum of the 1 → 2 intersubband absorp-
tion of the GaAs/Al0.35Ga0.65As sample studied in our experiments, showing
a line width of only 1 THz

of ∼ 100 fs. In quasi-zero-dimensional semiconductor quan-
tum dots, the substantially slower decoherence of excitonic
polarizations with time constants of up to several hundreds of
picoseconds has led to the recent observation of population
oscillations on excitonic transitions [36, 37]. In all such cases,
however, a detection of Rabi oscillations of the macroscopic
polarization, a measurement of its optical phase and – in par-
ticular – an optical manipulation of the polarization amplitude
have not been possible.

Intersubband transitions in quasi-two-dimensional semi-
conductor quantum wells represent a model system with prop-
erties favorable for implementing optical polarization con-
trol [38, 39]. The quantum confinement of the electronic wave
functions along the z direction results in the formation of
conduction subbands (Fig. 4). Optical transitions in the THz
frequency domain occur between consecutive subbands with
a very high dipole moment due to the large extension of the
envelope wave functions along the z direction. The nearly par-
allel in-plane energy dispersion of electrons [Fig. 4b] leads
to a transition energy independent of the in-plane wavevec-
tor k‖. As a result, well-defined narrow absorption lines are
found on the 1 →2 and 2 →3 transitions. In Fig. 4c, the 1→2

FIGURE 5 (a), (c) Thin lines: Input field Eref(t)
measured by ultrafast electro-optic sampling
Thick lines: Transients of the nonlinear IS po-
larization given as the difference Esig(t −∆t)−
Eref(t) between the measured transients with and
without sample (∆t is the delay introduced by the
sample) (b), (d) Corresponding intensity spec-
tra of |Eref(ν)|2 (dotted lines), absorbed intensity
in the linear case |Eref(ν)|2 ×[1− T(ν)] (dashed
lines) [T(ν) is the linear transmission of the
sample], and the measured nonlinearly absorbed
intensity |Eref(ν)|2 −|Esig(ν)|2 (solid lines)

absorption line of a high-quality n-type modulation-doped
GaAs/Al0.35 Ga0.65As sample is shown. This sample con-
sists of 50 GaAs quantum wells of 10-nm width separated
by 20-nm wide Al0.35 Ga0.65As barriers. The electron density
per quantum well has a value of 5 ×1010 cm−2. The proper-
ties of coherent optical polarizations on the 1 →2 transition
of this sample were investigated in femtosecond four-wave-
mixing studies [40]. A predominant homogeneous broaden-
ing of the absorption line is found with a dephasing time of
320 fs.

In our experiments, a coherent intersubband excitation is
created by a THz transient with a center frequency resonant
to the 1 → 2 transition at 24 THz. The transmitted excitation
pulse and the light emitted by the sample are measured in am-
plitude and phase by electro-optic sampling. Measurements
were performed for different field strengths and shapes of the
excitation pulses.

In Fig. 5a and c, we show – for two different intensities –
the transients without the sample Eref(t) (thin lines) and the
difference between the transients with and without the sample
Ediff(t) = Esig(t −∆t)− Eref(t) (thick lines, ∆t is the delay in-
troduced by the sample [39]). Ediff(t) is the electric field emit-
ted by the coherent intersubband polarization P(t). The data in
Fig. 5a represent the linear response of the sample, which is
observed for Eref(0) ≤ 5 kV/cm. The re-emitted light reflects
the free induction decay of the excited coherent intersubband
polarization. Driven by the excitation field, a macroscopic co-
herent intersubband polarization P(t) builds up gradually in
the sample. In the case of exact resonance, this polarization
is 90◦ out of phase with the driving field. The solution of the
inhomogeneous Maxwell equations with a coherent delocal-
ized polarization source located in a thin δ-like layer [41, 42]
predicts that the re-emitted field E(t)diff from the sample is
proportional to ∂P/∂t, the time derivative of P(t), i.e., another
90◦ out of phase with P(t). Both phase shifts together result in
E(t)diff being 180◦ out of phase with the driving field as ob-
served in the experiment. After the driving period (t > 0.6 ps),
P(t) and concomitantly E(t)diff decay with the dephasing time
T2 = 320 fs.
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The time evolution of the emitted field changes drastically
for large field amplitudes of the driving pulse. The data in
Fig. 5c, which were taken with a driving field Eref(t = 0) ≈
30 kV/cm, display a fast rise of the emitted field, a decay to
zero within the driving pulse and a subsequent second emis-
sion period in which the field increases and decays again.
During the first emission period, the emitted and the driving
field are out of phase, similar to the linear case. In the second
emission period, however, the emitted and the driving field are
in phase. It is important to note that the maximum emission
amplitude strongly saturates, as is evident from a comparison
of Fig. 5a and c.

The results shown in Fig. 5 give direct evidence of optical
Rabi oscillations which we observe for the first time directly
through the nonlinear polarization, in contrast to studying
the consequences of population changes. The optical Bloch
equations for non-interacting two-level systems represent the
most elementary approach to account for such behavior [29].
The macroscopic polarization P(t), which is connected to
the off-diagonal element 	12(t) of the density matrix, is de-
scribed by a differential equation containing a nonlinear term
that is proportional to the population inversion between the
two optically coupled subbands, i.e., to the difference (	22 −
	11) = (2	22 −1) of the diagonal elements of the density ma-
trix. This nonlinear term leads (i) to a saturation of the polar-
ization amplitude because |	12(t)| ≤ 1/2 for all times t, and
(ii) controls the phase of the coherent polarization generated
by the driving field. For weak resonant excitation [Fig. 5a],
i.e., negative population inversion and ∂	22(t)/∂t > 0, absorp-
tion dominates. The re-emitted field E(t)diff ∝ ∂P(t)/∂t with
a phase opposite to the driving field interferes destructively
with the driving field, resulting in an attenuation of the total
transmitted field. For strong excitation [Fig. 5b], there is a first
period in which a complete population inversion builds up
(∂	22(t)/∂t > 0), followed by a second period in which this
inversion decreases by stimulated emission (∂	22(t)/∂t < 0).
Correspondingly, the emitted field and the driving field are out
of phase in the first period and in phase in the second period.
The amplitude of the emitted field is zero for maximum inver-
sion, at t = 0.08 ps in Fig. 5b. In addition, the spectrum of the
nonlinearly absorbed intensity [Fig. 5d] is much smaller than
the linear absorption and shows a pronounced dip at the in-
tersubband resonance. Thus, our data displays all the features
which are indicative of intersubband Rabi flopping.

In the nonlinear regime, we performed a series of meas-
urements with different field amplitudes of the driving pulses.
In Fig. 6, the Rabi frequency as derived from the temporal
envelope of the emitted field is plotted versus the maximum
field amplitude of the driving pulse. The uncertainty of the
electric field measurement and of the Rabi frequency is indi-
cated by horizontal and vertical error bars, respectively. The
experimental results agree reasonably well with the linear
dependence expected for an electric dipole matrix element
of d = 3.7 ×10−19 nm C. This value for d is obtained from
the electron wave functions in the quantum well. It also re-
produces the linear intersubband absorption strength of our
sample.

The main features of our data are well reproduced by
the optical Bloch equations as will be discussed in detail
elsewhere. A full quantitative description, however, requires

FIGURE 6 Experimentally determined Rabi frequency versus the ampli-
tude of the incident electric-field transient (points) together with the ex-
pected result (solid line) assuming an electric-dipole matrix element of
e2.3 nm = 3.7×10−19 nm C

the inclusion of (i) many-body effects originating from the
Coulomb interactions among the quantum well electrons [43],
and (ii) a possible radiative coupling of the 1 → 2 intersub-
band dipoles in different quantum wells. For the comparably
low electron concentration of our sample, one expects a minor
role of many-body effects for the nonlinear response, as is also
suggested by our previous four-wave-mixing studies [40].
A recent theoretical analysis of intersubband absorption in
this sample demonstrates that radiative damping contributes
to the observed line width, i.e., it influences the measured de-
phasing time of 320 fs [44].

4 Conclusions

In conclusion, phase-matched optical rectification
of amplified near-infrared pulses in thin GaSe crystals allows
for the generation of THz pulses with field amplitudes of up
to several MV/cm. The optical phase, the shape, and the du-
ration of such pulses can be varied in a wide range by driving
the frequency conversion process with phase-shaped near-
infrared pulses. Phase-resolved nonlinear THz spectroscopy
becomes possible by combining this THz source with a de-
tection scheme based on electro-optic sampling. To demon-
strate the potential of such techniques, we studied Rabi os-
cillations on intersubband transitions in n-type modulation-
doped GaAs/AlGaAs quantum wells. Highly accurate meas-
urements of the electric field emitted during and after reso-
nant nonlinear intersubband excitation give direct evidence
of Rabi oscillations of the coherent intersubband polariza-
tion. The temporal envelope and optical phase of the emitted
field as well as the measured Rabi frequency are in agreement
with theoretical predictions derived from the optical Bloch
equations.

We envisage a broad range of further applications of the
techniques presented here, including nonlinear spectroscopy
of liquids and/or biological systems. With optical control of
the very high electric fields at hand, ultrafast field-induced
phenomena in molecules and solids may become another
topic of such research.
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