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A short laser pulse exciting semiconductor heterostructures will induce a time-varying polarization that in
turn leads to the generation of terahertz radiation. Although there are several possible mechanisms for this
time-dependent polarization, some depend critically on the dephasing time of the photoexcited carriers. For
long dephasing times it is possible to control both the populations and the coherence of these particles by
proper shaping of the optical pulse. We discuss our recent experimental and theoretical work on coherent
terahertz radiation emitted from semiconductor heterostructures when the exciting optical fields are shaped
in both amplitude and phase. Our shaping techniques include phase-locked pulse generation in a Michelson
interferometer and pulse-train generation by phase-only filtering.

1. INTRODUCTION

Coherent optical excitation of simple multilevel systems
with dipole-allowed transitions has drawn considerable
attention for many years. By studying these systems in
gases, liquids, or solids with optical fields we can gain
insight into fundamental issues of quantum mechanics.
Thus a variety of experimental techniques have been de-
vised in what is usually called the study of coherent phe-
nomena. The phase of the quantum-mechanical system
is therefore an important quantity, and its initial state
is determined by the exciting optical field. This phase
can be lost by a variety of processes, mostly by scatter-
ing, and the dephasing time is characteristic of the sys-
tem and its environment. Isolated molecules or atoms
can have very long dephasing times to as long as sev-
eral seconds, whereas dephasing times of excitonic transi-
tions in semiconductors can be as short as a few hundred
femtoseconds.

To study the time evolution of such a system after its
initial excitation by an optical field, we would like to moni-
tor the exact quantum state of each level in our system
and at every instant. This information is usually inac-
cessible, and thus we must resort to indirect measure-
ments. A very powerful group of measurements in this

respect is optical studies of coherent processes. Coher-
ent phenomena in semiconductor heterostructures have
been studied by a variety of optical techniques, such as
four-wave mixing, stimulated Raman scattering, and pho-
ton echoes. Most of these techniques rely on third-order
susceptibilities X 3 and usually all the phase informa-
tion is lost, as the measured quantity is typically the
intensity of an optical field. Recent interferometric mea-
surements of resonant four-wave mixing signals overcome
some of the limitations of conventional four-wave mixing
measurements, 2 but to our knowledge these measure-
ments have not been combined with multiple-pulse excita-
tion. Recently several groups measured electromagnetic
radiation from a whole family of coherent x(2) processes in
multilevel systems in semiconductor heterostructures.f 6

The electromagnetic radiation lies in the terahertz (THz)
range, and both the amplitude and the phase can be mea-
sured through coherent THz detection. Figure 1 shows
a schematic drawing of an n-level system that is excited
by an optical field that can be arbitrarily shaped in time,
in both amplitude and phase. Before the phase of the
excited transitions is lost, different coherent processes
can lead to electromagnetic radiation frequencies corre-
sponding to transitions within the n-level system. Such
multilevel systems can be implemented in semiconductor
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Fig. 1. Schematic diagram of a multilevel system that is excited
by an optical field shaped in both amplitude and phase as a
function of time. Active manipulation of the quantum interfer-
ences between the different levels in the system is possible by
proper shaping of the optical field. Also, before the phase of
the excited transitions is lost, different coherent processes can
lead to electromagnetic radiation at frequencies corresponding to
transitions within the n-level system.

heterostructures, and more details will be given in the
sections below.

In this paper we review our recent experimental and
theoretical research on coherent THz radiation emitted
from semiconductor heterostructures when the time evo-
lution of the exciting optical fields is shaped in both ampli-
tude and phase. We also expand our previous work with
additional measurements and discussions. We used two
main techniques for shaping the exciting optical field: (i)
pulse-train generation through phase-only filtering and
(ii) Michelson interferometry for generation of a phase-
locked pulse pair. The combination of optical excitation
with control over the optical phases with the ability to de-
tect both the amplitude and the phase of the emitted THz
fields is a unique and invaluable tool in the study of coher-
ent phenomena. Although the experiments described in
this paper have been conducted in excitonic levels in semi-
conductors, this technique can readily be adapted to other
physical systems not necessarily in the solid-state phase.

Several experiments have been performed in the past
that used pulses with a fixed phase difference, such as
the measurement of the optical-coherence decay in sodium
gas7 and iodine8 and the observation of Ramsey interfer-
ence fringes in two-photon spectroscopy 9 and of interfer-
ence between vibrational wave packets in iodine.' In
all these experiments the measured quantity was the
visible fluorescence between two levels. A variety of
multiple-pulse experiments have been conducted in the
past, as there are several advantages over single-pulse
excitation. For example, multiple-pulse experiments
provide enhanced frequency selectivity compared with
single-pulse excitation and thus can be used to study
processes that have closely spaced frequencies, such
as molecular systems."1 Pulse sequences with control
over their optical phases can be used to distinguish
between coherent and incoherent processes, as in the
case of multiphoton ionization.'2 Repetitive excitation
was also used to study impulsive stimulated Raman
scattering,' 3 where it was shown that a particular vi-
brational mode could be selectively enhanced by match-
ing of the sequence-repetition rate to the vibrational
frequency.

This paper is organized as follows. Section 2 contains
the appropriate theoretical background on which the rest
of the paper is based; in Section 3 we present a descrip-
tion of the experimental techniques and the samples used
in this study. Our work in coherent control of THz emis-
sion by use of a pair of phase-locked pulses is described in
Section 4. In Section 5 we show the results that we ob-
tain when the exciting optical field is shaped as variable-
repetition pulse trains. Section 6 describes our research
on THz emission from coherent population changes in
quantum wells. Finally, a summary and conclusions are
presented in Section 7.

2. THEORY AND BACKGROUND:
TERAHERTZ EMISSION FROM COHERENT
PROCESSES IN QUANTUM WELLS

A short laser pulse exciting a semiconductor sample will
give rise to THz emission from the sample into free space.
The source of this radiation can readily be understood
from Maxwell's equations, as any time-varying polariza-
tion will be followed by the radiation of an electric field:
ETH, c a 2 P(t)/at2 . There are several possible sources
for the generation of such a time-dependent polarization.
The most common one is the acceleration of the photogen-
erated electrons by the surface depletion field. The other
source follows from either the creation or the annihilation
of polarized electron-hole pairs or from particular cases
of a time-varying coherence. The last-named process can
be understood when we consider a three-level system such
as that depicted in Fig. 2 and solve the optical Bloch equa-
tions (the extension to more levels is obvious):

dp =H 
dt h ~JT (1)

where p is the density matrix (3 3 in our three-level
system), H is the interaction Hamiltonian, and T is a ma-
trix describing the relaxation times between the different
levels. Thus T11 is the lifetime of level 1, T12 is the de-
phasing time between levels 1 and 2, and so forth.

The time-dependent polarization in this system is given
by' 4

P(t) cc lel{(Z3 3 - Z11)p1(t) + (Z33 - Z22 )P 2 2 (t)

-2z1 2 Re[p1 2 (t)]}, (2)

WVA�

3

Fig. 2. Schematic drawing of a three-level system with allowed
dipole transitions between all three levels. Quantum beats
between levels 11) and 12) after coherent excitation by a short
laser pulse lead to electromagnetic radiation. In our case this
radiation is in the THz range.
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where (zij - zjj) is the permanent dipole moment between
levels i and j and the far-infrared radiation is given by

832
ETHZ x d2 P(t). (3)

We can now identify two contributions to the THz
emission. First, the p and the 22 terms correspond
to changes in the populations of the excited states of
the three-level system. They describe the THz emis-
sion from quantum-well samples when polarized elec-
tron-hole pairs are created by photons with energy lower
than the barrier energy.4 The second contribution to this
emission is caused by a time-varying coherence P12 com-
bined with the existence of a dipole moment between lev-
els 11) and 12). The latter contribution occurs, for ex-
ample, in some semiconductor quantum-well samples in
which two excitonic levels can be excited simultaneously
by a short laser pulse. Provided that the dipole tran-
sition between levels I1) and 12) is allowed, quantum-
mechanical arguments dictate that we should observe
quantum beats between these two levels followed by an os-
cillating dipole moment. These quantum beats are usu-
ally called charge oscillations and lead to the emission
of electromagnetic radiation at a frequency corresponding
to the quantum-beat period. Thus quantum beats and
radiating charge oscillations are not synonyms: the lat-
ter require the existence of the dipole transition moment
Z12 and will lead to emission of THz radiation from the
sample only when this requirement is met.3 5

An analytical solution to the optical Bloch equation is
usually not possible. However, we can obtain a solu-
tion if we make a number of assumptions: (i) the laser
pulses are delta functions in time and (ii) we perform a
second-order expansion in the optical field under the
rotating-wave approximation. For example, for a pair
of phase-locked laser pulses the laser-excitation function
will be EL(t) = E8(t) + E exp(iCF)8(t - r). iD is the
relative optical phase between both pulses, and is the
delay between them. If, for the sake of clarity, we as-
sume infinite relaxation-time constants, then the coher-
ence p1 2(t) will be

(2) (t) = /D13A32 E02 {exp(-ic 12 t)O(t)
P12 h ep-C10(

+ exp[-£012 (t - )]O(t - r)

+ exp(-i4D)exp[-iW1 2 (t - )]

x exp(-iA 13T)0(t - r) + exp(icD)

x exp[-iwO12(t - )]exp(iA2 3T)6(t - r)}. (4)

In Eq. (4), cO1 2 = 013 - £023, (t) and (t - ) are Heaviside
step functions, and A13 = 013 - QL and A23 = 023 - L
are the frequency detunings of the laser with respect to
the 3 - 1 and the 3 - 2 transitions. The dipole moments
for the transitions 3 - 1 and 3 - 2 are A13 and /u23, re-
spectively. The extension to multiple-pulse excitation is
easy if we make the same assumptions. We can obtain
significant physical insight into the processes described
in this paper by examining Eq. (4). The response of the
system to the double-pulse excitation bears a resemblance
to Young's optical double-slit experiment. The first two
terms in Eq. (4) correspond to the response of the system

to two individual pulses. The last two terms describe in-
terference between the polarizations (and the wave func-
tions) set by each pulse in the pair. This interference
depends on the detunings A13 and A12 and the optical
phase difference (D.

The calculation of the THz radiation caused by the di-
agonal terms of the density matrix p in Eq. (1) is not
so simple. In these cases we solve the linearized Bloch
equation numerically, using a fourth-order Runge-Kutta
method. The generation of THz radiation by the cre-
ation of a polarized state (e.g., a polarized e-h pair)
does not require a long coherence time. Thus, when we
excite our system with a single short laser pulse, the
THz radiation will adiabatically follow the integral of
the exciting pulse. This radiation will be quite near a
single cycle of the electromagnetic field when the excit-
ing pulses are subpicosecond. However, if more than one
pulse is used for excitation and if the dephasing time is
longer than the pulse separation, then the interference be-
tween the wave functions created by the different pulses
can also lead to changes in populations. Hence coher-
ent processes will also be important in this THz-radiation-
generation scheme.

3. EXPERIMENT

In this study we use two GaAs/AlGalixAs as samples
in which the existence of excitonic charge oscillations
was successfully demonstrated in previous research3' 5 :
(a) a double-coupled quantum well (DCQW) consisting
of 10 repetitions of a 10-nm narrow well and a 14.5-
nm-wide well separated by a 2.5-nm Al0.2 Gao.8As barrier
and (b) a multiple-quantum-well sample consisting of 15
periods of 17.5-nm GaAs wells separated by 15 nm of
Al03 GaM7As barriers. To apply a variable electric field
in the direction perpendicular to the layers, we evapo-
rate semitransparent chromium contacts on top of the
samples. An electric field can then be applied be-
tween the Schottky contact and the n-doped substrate.
Schematic representations of the energy levels in the two
samples are presented in Fig. 3. These samples were
used to demonstrate THz emission from charge oscilla-
tions caused by quantum beats between two excitonic
levels.3 5 The exciton levels in both samples behave as
quasi-three-level systems. In sample (a) the two excited
upper states I1) and 12) are the bonding and the anti-
bonding exciton levels of the narrow well; in sample (b)
these are the heavy- and the light-hole exciton levels. In

(a) (b)

Fig. 3. Schematic energy-level diagram for (a) the DCQW and
(b) the single-quantum-well (SQW) samples. The excitonic lev-
els depicted in the diagram can be regarded as a quasi-three-level
system.

Brener et al.



2460 J. Opt. Soc. Am. B/Vol. 11, No. 12/December 1994

these samples dipole transitions are permitted between
all three levels (even with no applied electric field). This
effect is in contrast to atomic and molecular systems,
in which optical selection rules make a dipole transition
between the upper two states forbidden as long as the
system has inversion symmetry. This inversion symme-
try is broken in our samples because of the asymmetric
double well in sample (a) and because of valence-band
mixing in sample (b).5 "5 When levels 11) and 12) are
excited coherently with a broadband short laser pulse,
charge oscillations that are due to quantum beats be-
tween these two levels occur with a beat frequency of
AE/h, where AE = El - E2 . These charge oscillations
produce a time-dependent polarization P(t) that radiates.
The application of an electric field allows for continuous
tuning of the energy positions of the excitonic levels and
has a different effect, depending on the sample being
used. In the coupled-quantum-well sample we typically
apply an electric field such that the n = 1 excitonic levels
are energetically aligned.3 In the other sample we work
around flat-band conditions.

The optical pulses used in our experiments are gener-
ated by an argon-ion-pumped Ti:sapphire laser that pro-
duces -80-fs pulses tunable near 800 nm. The beam is
then split into two: a weak part is used to gate the pho-
toconductive antenna, and the more intense beam un-
dergoes pulse shaping and is used to excite the sample
mounted in a cryostat. We then use two different setups
for the generation of either a single phase-locked pulse
pair or variable-repetition-rate pulse trains (discussed in
the remainder of this section). The pulse sequence is
then focused on the sample, with a typical spot size of
1-2 mm and a pulse energy of roughly 1 nJ. The gen-
erated THz radiation is collected, collimated with a pair
of off-axis parabolic mirrors, and focused onto a 50-,um
photoconducting dipole antenna' 6 equipped with a hy-
perhemispherical silicon substrate lens, as is shown in
Fig. 4. We measure the electric field E(t) emitted from
the sample by recording the photocurrent from the an-
tenna as a function of the delay between the gating pulse
and the exciting shaped pulse (either a pair or a train).
With the typical excitation power and spot size that we
use, the carrier densities are roughly 1010 cm-2 . The
bandwidth of the short laser pulses is wide enough so
that it spectrally overlaps the two excitonic transitions
that we want to excite simultaneously. In some experi-
ments we also artificially reduce the bandwidth of the ex-
citing optical field. This is important when we want to
avoid the generation of free electron-hole (e-h) pairs.

The first of the pulse-shaping setups is used to gener-
ate a pair of phase-locked pulses and consists of a Michel-
son interferometer, as shown in Fig. 4. One of the arms
of the interferometer is mounted upon a delay stage so
that the pulses emerging from the interferometer can be
delayed in time. One of the end mirrors of the Michel-
son interferometer is mounted upon a piezoelectric trans-
ducer (PZT) for active stabilization of the length of the
arm to within a fraction of a wavelength. After being
dispersed by a grating, the output of the interferometer
illuminates a pair of photodiodes, providing feedback to
the PZT. This scheme locks the spectrum of the pulse
pair on a spatially separated photodiode pair. We can
control the coarse delay between the two pulses emerging

from the Michelson interferometer by varying the delay
on the delay stage. The optical phase difference between
the two pulses is then set by movement of the photodiode
pair, which fine-tunes the PZT. The latter can be con-
trolled with great accuracy, and we can routinely adjust
this phase difference to any value between 0 and v (delay
of less than 1.3 fs).

The second setup is a pulse shaper that can transform
a single femtosecond pulse into a train of equally spaced
pulses by use of phase-only filtering. 7 It consists of two
gratings and two lenses arranged as a unity magnification
system, as is shown in Fig. 5. A fused-silica phase mask
that contains phase patterns fabricated by microlithogra-
phy and reactive-ion etching is placed in the Fourier plane
of the pulse shaper to modify the electric-field spectrum so
as to produce the desired pulse train.' 8 The information
contained in the phase mask is binary, and each pixel cor-
responds to a phase delay of 0 or v. One accomplishes
this effect by etching certain pixels to a depth of - A. The
spatial frequency of the phase mask determines the fre-
quency of the pulse train, which can be tuned from 1.4
to 2.6 THz by translation of different phase patterns with
different spatial frequencies into the beam. A schematic
description of the phase mask is shown in Fig. 5; the ar-
row represents the movement axis used to bring differ-
ent phase patterns into the focused and dispersed beam.
This operation allows for the tuning of the repetition rate
in steps of -130 fs. Examples of generated pulse trains
of 1.4 and 2.5 THz are shown in Fig. 6.

4. COHERENT CONTROL OF
TERAHERTZ EMISSION WITH TWO
PHASE-LOCKED PULSES

As we discussed in Section 2, the THz radiation caused by
charge oscillations in our quasi-three-level systems will be
directly influenced by the optical phase difference between
the two pulses when we excite our samples with a phase-
locked pulse pair. This THz radiation in turn reflects
the amplitude and the phase of the excitonic wave func-
tions excited by the optical field. In this section we show
how we can enhance, weaken, and induce large phase
shifts in the excitonic charge oscillations observed in our
heterostructure samples. 9 Our experiments provide a
unique opportunity, as we can obtain information on the
phase of the excitonic wave functions. This is pos-

gating I
pulse PZT

Antenna AA+
N~. MQW

sample

THz pulse

Fig. 4. Experimental setup consisting of a Michelson interfer-
ometer for the generation of a phase-locked pulse pair and
the THz-detection part. MQW, multiple quantum well; PZT,
piezoelectric transducer.
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phase mask

Fig. 5. Schematic diagram of the pulse shaper used to generate
the pulse trains and of the phase mask that is placed in the
Fourier plane of the shaper. The dotted lines represent the
same phase patterns but with different spatial frequencies. The
arrow shows the direction of translation of the mask when the
repetition rate of the train is changed.

sible only because we can time resolve both the amplitude
and the phase of the electromagnetic radiation emitted by
the charge oscillations.

We present two sets of measurements according to the
time delay between the pulses of the pulse pair. Let us
first consider the case in which both pulses are sepa-
rated by an integer number of the quantum-beat period,
namely, = 2T12 212ir/ol2 [with 012 = (E - E2 )/Ij-
The detected THz waveforms for several values of the
phase difference cD are shown in Fig. 7. Traces (a) and
(b) show the THz radiation caused when only one of the
pulses (either the first or the second one) excites the
sample. Traces (c) and (d) are the THz waveforms that
result when both pulses are present in the sample. Trace
(c) corresponds to cD = 0, and we clearly see a threefold
enhancement of the THz radiation. When c = F [trace
(d)] the arrival of the second pulse almost eliminates
the THz radiation. This result demonstrates our ability
to turn the THz radiation on or off by an adjustment
of merely 1.3 fs in the pulse delay. These results can
readily be understood if we look at the power spectrum
of the pulse pair. The intensity I of the superposition of
two coherent electric fields EA and EB is

I = E12
= EA + EB exp(ic) 1

2

= EA12 + IEB 12 + 2 EAEB cos(c,). (5)

If EA = EB, then constructive interference ( = 0) in-
creases the intensity of the field by a factor of 4 (which
will in turn increase the intensity of the emitted THz ra-
diation by a factor of 4). However, destructive interfer-
ence ( = ) cancels the exciting field, and therefore no
excitons are excited in the system.

These arguments fail when the pulse separation is not
an integer multiple of the quantum-beat period. The
experimental measurements for the case of T = 2.5T12
are shown in Fig. 8. Traces (a) and (b) show the THz
waveforms that result when only one of the laser pulses
excites the sample. Trace (c) shows the measured THz
field that results when both pulses excite the sample with
cD = 0. In this case we measure only a slight increase in
amplitude but a large phase shift in the THz radiation of
- r/2 [we can see this effect by following the dashed ver-
tical line and the arrow on trace (c)]. An opposite phase
shift of r/2 in the emitted THz radiation is measured

C

.6
Cu

C

when the c) = vr [trace (d)]. Another interesting case is
shown in trace (e) for cD = r/2, where the THz signal
is weakened but not canceled. The power arguments do
not work in this case, and a more satisfactory way to
understand these effects is through the use of a pseudo-
vector representation. 5 20 We can represent the four
terms of Eq. (4) by pseudovectors rotating at the
quantum-beat frequency 01 2 . In the discussion immedi-
ately below we assume that A23 T = -23T = v/2, which
means that we pump in the middle of levels 2 and 3.
When the delay between the pulses in the pulse pair
corresponds to an integer number of the quantum-beat
period, terms 1 and 2 of Eq. (4) are collinear. The phase
cD determines what happens to terms 3 and 4: for il = 0
we obtain a complete alignment of all the terms [con-
structive interference; see Fig. 9(a)], whereas for ci = 
terms 3 and 4 align antiparallel to terms 1 and 2, leading
to destructive interference [Fig. 9(b)]. When the optical
pulse separation is a half-integer multiple of T12 the first
two vectors are antiparallel. For ci = 0(v), vectors 3 and
4 are parallel but are rotated by 900 (-90°). This result
is depicted in Figs. 9(c) and 9(d).

To compare our calculations with the experimental
data, we must go beyond the simple qualitative ar-
guments presented in the previous paragraph and in-
clude finite pulse duration, dephasing times, and lifetime
parameters. We then solve the optical Bloch equations
numerically as described in Section 2 with the follow-
ing parameters: lifetimes Tll = T22 = T33 = 500 s
and dephasing times T12 = T13 = T23 = 2.75 ps.2 1 In
Figs. 10 and 11 we plot Re[pl2(t)], as the THz electric
field is proportional to this quantity. In principle, a com-
parison between theory and experiment should include
convolution of the theoretical curve with the photo-
conductive-antenna response. Because we lack the latter
information, we plot the real part of the coherence term
directly. Even without this convolution the agreement
between theory and experiment is extremely good. Fig-
ure 10 shows the results of our calculations for the same
experimental conditions as are shown in Fig. 7, i.e., for
r = 2T12 and ci = 0, ir. The theoretical calculations for

-5000 -2500 0 2500 5000 7500

time (fs)

Fig. 6. Cross-correlation measurements of two pulse trains gen-
erated with the setup shown in Fig. 5. The upper trace is a cross
correlation measured when the phase mask is removed from the
Fourier plane of the pulse shaper.

I . .

single pulse

pulse trains:

x12 A 

ps rnA A . -1.4 THz

- x12

._ .V
. .. . . . . . . . . . .
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C =

C
0)

N
H

(d)

-2 0 2 4 6

Time (ps)

Fig. 7. (a), (b) Measured THz waveforms when single pulses
excite the sample. (c), (d) Waveforms measured when both
pulses excite the sample with a delay of 2T12 and two values
of the phase difference (D.

(a)/T2 pulse 2only

(c)

I 

-2 0 2 4 6

Time (ps)

Fig. 8. (a), (b) Measured THz waveforms when single pulses ex-
cite the sample. (c)-(e) Waveforms measured when both pulses
excite the sample with a delay of 2.5T72 and three values of the
phase difference (D. The vertical solid and dashed lines permit
visualization of the phase shift of the emitted THz radiation at
the arrival of the second pulse.

the case depicted in Fig. 8 are shown in Fig. 11, and we
can reproduce all the main features of this case, namely,
the different phase shifts and the rise and the decay of
the signals, very well.

Thus far we have presented only a microscopic descrip-
tion of the generation of THz radiation from a three-
level system. However, there is always a relationship
between the microscopic description and the macroscopic
susceptibilities.2 2 All the processes described thus far
can be related to resonant frequency mixing through the
second-order nonlinear susceptibility X(2) of our three-
level system. In all these experiments two visible pho-
tons are frequency mixed to generate a single THz photon.
There are four different possibilities for the difference-
frequency mixing process, as there are four different com-
binations for both visible photons: they can both come
from the first pulse or both come from the second pulse,

or they can come from different pulses separated in time.
In the last-named case the interaction of these two pho-
tons separated in time is possible only through the polar-
ization left in the medium by the first pulse, as long as
the second pulse arrives within the dephasing time of the
induced polarization (T12).

Finally, we discuss an issue that will become important
in the sections below, namely, the relationship between
the phase of the exciting pulses and the populations
of the different levels. Thus far we have presented only
the influence of this phase on the coherence term P12 and
hence on the THz radiation caused by charge oscillations.
However, the effects of destructive and constructive in-
terference also apply to the real populations of the
excitonic levels. One can visualize these coherent pop-
ulation effects by plotting the population terms pl and
P22 for the same experimental conditions as are shown
in Fig. 7. This process is shown in Fig. 12 for the ideal
case of infinite dephasing times and lifetimes, r = 2T12,
and for excitation at the middle of levels I1) and 12). We
can clearly see that when the second pulse excites the
sample with D = 0 there is also a coherent addition in
the population of levels 1 and 2, and therefore Pi1 and P22

experience a fourfold increase at the arrival of the sec-
ond pulse. When the second pulse has an opposite opti-
cal phase, CD = v, the arrival of the second pulse causes
depopulation of levels 11) and 12). Therefore there is
a clear correlation between the coherent effects on the
THz radiation and the magnitude of the changes in the
populations of the excited states. We use this fact in
the sections below for direct manipulation of the popu-
lations through adequate shaping of the exciting optical
field. These ideas are similar to those used in previous
studies in chemistry,23 where the goal is to control chemi-
cal reactions through the active manipulation of quantum
interferences.

5. REPETITIVE EXCITATION OF
CHARGE OSCILLATIONS

We can extend the ideas presented in Section 4 by con-
sidering not one or two short laser pulses with a definite

(a) *=O; t=2T 1 2 (c) 0=0; =2.5TI2

(b) ic; 212 (d) +=X; =2.5TI2

Fig. 9. Pseudovector representation of Eq. (4) for four different
combinations of pulse delay and phase difference. In all the
cases, pumping is in the middle between levels 1 and 2. Cases
(a) and (b) apply to Fig. 7, whereas cases (c) and (d) apply to
Fig. 8 and qualitatively explain the observed phase shift.

Brener et al.



Vol. 11, No. 12/December 1994/J. Opt. Soc. Am. B 2463

In

C

.6

-as
C
AP

N
Ir

1 2

(a) I pulse 2 only

(b) pulse 1 only
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-2 0 2 4 6

Time (ps)

Fig. 10. Theoretical calculation
[(a)-(d) are same as in Fig. 7],
width and T12 = 2.75 ps.

In

.6
C

Dlid

Cl.2)

N
Ir

for the case depicted in Fig. 7
with finite lifetime and pulse

A21/T,2 .:

-2 0 2 4 6

Time (ps)

Fig. 11. Theoretical calculation for the experimental results
shown in Fig. 8. The parameters used are the same as in
Fig. 10 but for a different pulse-pair separation.

optical phase relationship but a pulse train with a vari-
able repetition rate. If we could control the amplitude
and the phases of the pulses in the train independently,
then we could also explore the combined effect of coherent
manipulation and repetitive excitation of the charge oscil-
lations. Previous experiments with periodic pulse trains
such as impulsive Raman scattering' 3 were conducted off
resonance, and hence there was no signature of the coher-
ent effects we have shown thus far.

In pulse-shaping techniques there is usually a trade-
off between efficiency and phase response: the simplest
scheme for the generation of a pulse train out of a single
femtosecond pulse is to use an amplitude mask in the
Fourier plane of the same pulse shaper shown in Fig. 5.
For example, an amplitude mask consisting of a number
of equally spaced slits will lead to the generation of a
pulse train. In this pulse-train generation each pulse in
the train will have the same optical phase. However,
this technique is not efficient, and as a consequence of
amplitude filtering we lose much of the initial intensity.
Phase-only filtering is a much more efficient technique,
as amplitudes are not filtered at all. With the proper
design (i.e., antireflection coating of the phase mask, etc.)
efficiencies near 100% can be achieved. However, the

price that one pays is that the optical phases of all the
pulses in the train will now be different and will depend
on the exact nature of the phase mask and on its position
in the Fourier plane. Figure 13 shows the calculated
amplitude and optical phase of our generated pulse train
for a specific position of the phase mask in the Fourier
plane. The phase pattern can be changed by translation
of the phase mask one pixel at a time in a direction
perpendicular to that shown in Fig. 5.

The lower panel in Fig. 14 shows the THz waveforms
obtained when we excite the coupled quantum well at
the built-in field (1.4 kV/cm) with a pulse train that
matches the charge-oscillation period.2 4 For compari-
son we show, in trace (a) of Fig. 14, the THz radia-
tion obtained when the phase mask is removed from
the Fourier plane (the cross correlation of the exciting
pulse is shown in the upper inset). This THz tran-
sient clearly shows the charge oscillations with a pe-
riod of 1.52 THz and a decay time of -3 ps. We tune
the center wavelength of the exciting train to the cen-
ter of the E+ and the E_ transitions in the narrow
well at A = 805 nm. Traces (b) and (c) of Fig. 14 both
result when the pulse train excites the sample. The
only difference is a horizontal translation of the phase
mask in the Fourier plane. In this figure, two features
are salient: (i) the THz radiation emitted in case (b)
reaches almost the same peak value as in the case of
single-pulse excitation, despite the fact that the indi-
vidual pulses in the pulse train have less than 1/12
the intensity of the single pulse used in case (a), as is
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Fig. 12. Time evolution of the populations P11 and P22 of the
excited states 1 and 2, respectively, and of the coherence P12
for two cases of phase difference CD = 0 and C = r for a
pulse-pair delay of twice the beat period. The parameters used
in the calculations match the experimental conditions given in
Section 4.
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Fig. 13. Calculation of the intensity and phase profiles of the
pulse train used in our experiments for a particular position of
the phase mask in the Fourier plane.

shown in the upper and the lower insets (this result is
a clear indication of forced coherent charge oscillations);
(ii) there is almost no THz radiation for negative de-
lay times even though the pulse train extends symmet-
rically to both positive and negative delay times. Fea-
ture (ii) is critically dependent on the lateral position
of the phase mask, as evidenced by trace (c) of Fig. 14.
As trace (b) shows the quantum beats extend to longer
delay times compared with those in the case of single-
pulse excitation. This result is evident only when the
pulse-sequence-repetition rate matches the quantum-beat
period. The coherent addition of the THz radiation on
excitation with the pulse train and the longer duration
of the beats are indicative of sustained charge oscilla-
tions. All the main features shown in Fig. 14 are also
reproduced in the SQW sample when the laser spec-
trum overlaps the heavy-hole (hh) and the light-hole
(lh) exciton transitions, with the only differences being
a shorter dephasing time and a quantum-beat frequency
of 1.4 THz. We also investigated the effect of differ-
ent repetition rates in the exciting pulse train. This is
shown in Fig. 15 for the hh-lh sample and for three dif-
ferent repetition rates, one of which is near the reso-
nance frequency of 1.4 THz. As we move further away
from the resonance frequency, it is harder to sustain the
charge oscillations.

The explanation for the behavior shown in Fig. 14 is
closely related to the effects discussed in Section 4, i.e.,
quantum interferences of the excited-state wave func-
tions. Hence we calculate the THz response of our quasi-
three-level system under excitation by the pulse train
used in Fig. 14. The amplitude and phase patterns of
the pulse train are calculated by Fourier analysis (as was
done in Fig. 13), and the solution to the optical Bloch
equations is obtained as described in Section 2, with the
same parameters as used in Section 3. The fit to trace
(b) of Fig. 14 is shown in Fig. 16(a), and we can repro-
duce the important features remarkably well, such as the
canceling of the THz radiation of the first half of the
pulse train and the sudden buildup neal At 0. As
we discussed in Section 4, the cancellations in the coher-
ence P12 are also accompanied by a cancellation in the
exciton populations. This can be seen from Fig. 16(b),

where we plot the calculated time evolution of the pop-
ulations of both excited states, Pl and P22. Note the
cancellation of the populations for the first half of the
pulse train, which is caused by quantum interferences
between the wave functions. This lack of population
buildup despite optical excitation by many pulses is the
cause of the absence of THz radiation for almost half the
pulse train.

Finally, we discuss measurements performed under
the application of an external electric field and with the
same excitation scheme, namely, variable-repetition-rate
pulse trains. The application of an electric field greatly
enhances the instantaneous THz radiation,42 5 whereas
the signal generated by the quantum beats is not lin-

DC6 . , . I . .
-T=8K, X=810nm 1 .
E=0<1l 0E0(a) - 0 5

2 _ | | |0.3

a, ~~~~~~0
-5 0 5

(b)I-

(c)

-5 0 5 10

Delay (ps)

Fig. 14. (a) THz waveform measured after excitation of the
DCQW sample by a single short laser pulse overlapping the
E+ and the E_ transitions. The oscillatory signal is due to
quantum beats followed by charge oscillations. (b) THz radia-
tion measured after the sample is excited with a pulse train with
a repetition rate matching the quantum-beat period of 1.52 THz.
(c) Same as (b) but with the phase mask horizontally displaced;
this procedure changes the phase pattern of the train but not its
intensity. The insets show cross-correlation curves of a single
optical pulse with the respective exciting optical fields used.
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Fig. 15. THz waveforms measured in the DCQW for three dif-
ferent repetition rates of the exciting pulse train. QW, quantum
well.
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early proportional to the applied field. The enhance-
ment of this instantaneous contribution is due to the
field-induced (2) or, in other words, to the breaking
of the inversion symmetry caused by the electric field.
We would like to know the dephasing time of the e-h
pairs that give rise to this instantaneous contribution.
Figure 17 shows the same measurements that are pre-
sented in Fig. 14 but with the application of an elec-
tric field of 11 kV/cm (10 kV/cm) in the DCQW (hh-lh)
sample. Also, the excitation wavelength was adjusted
to match the Stark-shifted exciton transitions. In both
cases the quantum interferences observed before are prac-
tically absent, and the THz transients roughly follow the
temporal shape of the envelope of the optical-pulse train.2 6

Also note that, in contrast to trace (b) of Fig. 14, the
THz signal emitted after excitation with the pulse train
is much smaller than for the single-pulse case, which in-
dicates a lack of coherent addition and thus an absence
of forced oscillations. No significant change in the THz
transients is found when the optical phases in the pulse
train are varied by horizontal translation of the mask in
the Fourier plane. All these results can be understood
only if the particles that give rise to the THz emis-
sion have a short dephasing time. The application of
the electric field does not shorten the exciton dephas-
ing time significantly, as is evidenced by our measure-
ments of the quantum beats for various fields. At large
applied electric fields the signal that is due to the cre-
ation of polarized e-h pairs dominates the THz radia-
tion emitted from the samples (at flat-band conditions
the quantum-beat signal is the dominant one). There-
fore the excitation of continuum states becomes more
important when a large electric field is applied to the
sample. A significant number of free carriers are excited
when the bandwidth of the laser pulse is much larger than
the exciton linewidth. However, this factor by itself is
not enough to explain the short dephasing time evident
from the data shown in Fig. 17. We must conclude that
at high electric fields the ratio of photogeneration of free
carriers versus excitons increases for the same bandwidth
of the exciting laser pulse.

6. TERAHERTZ EMISSION FROM
COHERENT POPULATION CHANGES
In Sections 4 and 5 we dealt with THz emission that is
due to a time-varying polarization caused by processes
involving the coherence term p12, more specifically,
quantum beats followed by charge oscillations. As men-
tioned in Section 2, population changes can also lead
to THz emission from semiconductor heterostructures.
Previously we showed4 that the generation of polarized
e-h pairs in quantum wells can produce THz radiation.
However, no attempt was made to identify the nature of
those e-h pairs (excitons or free electron-hole pairs), as
in both cases the creation of a polarized state was enough
to cause THz emission from the semiconductor sample.
This THz emission corresponds to a single cycle of the
electrical transient and grows as the integrated pulse en-
ergy increases. We can now apply the coherent-control
techniques outlined in Sections 4 and 5 for selective modi-
fication of the populations of the species with a long de-
phasing time, namely, the excitons, and to monitor the

Cu'
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Fig. 16. Experimental THz transient shown in trace (b) of
Fig. 14 with the model calculation as described in the text (solid
curve). The absence of THz radiation for almost half the pulse
train is due to the absence of population buildup of the states I1)
and 12). The latter in turn is caused by quantum interferences
between these two states. This effect can be seen in (b), where
we plot the populations of the excited states.

THz emission from the population changes that occur
after photogeneration.27 Because free e-h pairs have
much shorter dephasing times, of the order of 100 fs,28

they will be insensitive to the process of coherent con-
trol. In this case we should measure only THz radiation
when these pairs are created but none that is due to any
coherent population changes.

The first results we present in this section are mea-
sured in sample (b), which shows hh-lh beats when
both levels are coherently excited. We chose this sample
because there is a clear distinction between the hh ex-
citon and the e-h continuum. The photocurrent spec-
trum of this sample is shown in Fig. 18. To investigate
THz emission from coherent population changes we use
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Fig. 17. THz waveforms measured after a single pulse and a
pulse train excite (a) the DCQW and (b) the SQW samples and
on application of an electric field. Note that unlike for the case
shown in Fig. 14 the THz radiation closely follows the intensity
of the optical field, and no phase dependence is found.
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Fig. 19. THz waveforms measured when a pulse pair excites the
hh band. The phase difference in the upper (lower) traces was
adjusted to maximize (minimize) the THz transient produced at
the arrival of the second pulse.
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Fig. 20. THz waveforms measured on excitation in the 2D con-
tinuum 30 meV above the hh exciton line: (a) THz signal caused
by a single pulse; (b), (c) THz signals generated by a phase-locked
pulse pair for two different values of the phase difference,
respectively.

a phase-locked pulse pair for the optical excitation. Be-
cause we want to excite only hh excitons and to avoid the

excitation of lh excitons or continuum states, we add a
spectral filter to the experimental setup. The effect of
this spectral filtering on the high-energy side is shown in
Fig. 18. Although this process also lengthens the pulse
to a value of -300 fs, there is still no temporal overlap
of the two pulses. Again, the coarse delay is adjusted
by means of a delay stage, and the optical phase differ-
ence CF between both pulses is controlled by fine-tuning
of the PZT.

We present our results for two typical excitation cases,
which are shown in Fig. 18: (i) resonant excitation of
hh excitons and (ii) e-h pairs in the two-dimensional
(2D) continuum 30 meV above the exciton line. The THz
waveforms that are measured when we resonantly excite
hh excitons are shown in Fig. 19. We present waveforms
measured for five different pulse delays and for two values
of the optical phase difference (D. For the upper traces
we adjust the phase to maximize the THz signal gen-
erated by the second pulse, and we do the opposite for
the lower traces. Clearly, when both pulses are within
the dephasing time of the excitons (3 ps), the optical
phase of the second pulse strongly influences the THz
transient that it generates. Again, we must remember
that the mechanism responsible for this THz-radiation
generation includes neither quantum beats nor real trans-
port. All these effects disappear when the second pulse
arrives more than 3 ps after the first pulse, in which case
the THz waveform resembles the THz transient gener-
ated by the first pulse. The next case is shown in Fig. 20,
which illustrates what happens when we excite e-h pairs
in the 2D continuum. Trace (a) shows the THz wave-
form that results when a single pulse excites the sam-
ple. After recording trace (a), we turn the second pulse
on with a time delay of 1.66 ps and with two different
values of the optical phase, 0 and ir. Apart from chang-
ing the excitation energy, the rest of the conditions are
similar to those used in Fig. 18. Obviously, the second
pulse generates a THz transient almost identical to that
generated by the first pulse, and there is no measur-
able dependence on the optical phase. The difference be-
tween the two cases depicted in Fig. 19 and 20 is best
illustrated in Fig. 21, in which we plot the peak ampli-
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Fig. 18. Photocurrent spectrum of the SQW sample (solid curve)
and the filtered laser spectrum depicting the excitation condi-
tions of Figs. 19 and 20 (dashed curves).
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tude of the THz transient generated by the second pulse
as a function of the optical phase difference between the
two pulses. For this figure we choose a pulse-pair delay
of 1.83 ps, which is still less than the exciton dephasing
time. A strong modulation in the THz signal can be ob-
served when hh excitons are resonantly excited (squares),
but this modulation is absent in the case of excitation
into the continuum (circles).

To understand these results we again resort to the ar-
guments used in Sections 2 and 4, namely, the THz radia-
tion from population changes that are a combined effect
of the coherence left in the medium by the first pulse and
the optical phase of the second pulse. When we excite
hh excitons we can qualitatively see the effect of the op-
tical phase of the second pulse on the exciton populations
by comparison with Fig. 12. Although Fig. 12 shows the
calculation for a three-level system, a two-level system
shows a similar behavior. For r = T12 and CD = 0 the
second pulse will increase the population by a factor of 4.
For CF = vr the excited state will be depopulated, a process
that is essentially stimulated emission (see the discussion
below). We can visualize this process by again solving
the optical Bloch equations (now for a two-level system)
in the ideal case of EL(t) = E03(t) + E0 exp(iCF)8(t - ).
Following the formalism of Section 2, we obtain

(2) IL21I12 IEo2

p22 ( h2 0 (/ + 0 t-

+ exp(-icF)exp[-(iiA2 + I )T]0(t - )

+ exp(iC)exP[( iA2 - )T (t - (6)

where A21 = -21 -L is the detuning of the laser from the
exciton transition. We can see that the last two terms
express the interference between the coherence left in
the medium by the first pulse with the excitation created
by the second pulse. Thus, if T21 - x, then for CD = 0
all the terms will add up coherently, leading to a four-
fold increase in the population P22. Because the THz
radiation is proportional to the second derivative of the
population, only the population changes matter. Differ-
entiation up to the second order of Eq. (6) gives a nonana-
lytical result, but Eq. (6) still illustrates that, when there
is coherent addition ( = 0), the THz transient caused by
the second pulse should be stronger and that, when the
excited level is depopulated ( = ), the THz transient
should be opposite in sign compared with the THz wave-
form generated by the first pulse. When we numerically
solve the optical Bloch equations and include a finite de-
phasing time and detuning, the calculation resembles the
measurements shown in Fig. 19. The absence of these
effects when continuum e-h pairs are excited becomes
clear: dephasing times of continuum e-h pairs are of
the order of 100 fs, giving a rapid decay of the optical co-
herence stored in the medium by the first pulse.28 There
is therefore no coherent interaction with the second pulse,
and both pulses will excite practically identical numbers
of polarized e-h pairs. In addition, the 2D-continuum
states are inhomogeneously broadened,29 which leads to
a rapid decay of the phase coherence.

The depopulation of an exciton level by an incom-

ing optical field means that a photon is emitted when
the optical field excites the exciton system. This is ba-
sically a process of stimulated emission. It has long
been known that a 180° shift in the exciting field driv-
ing an oscillating dipole can induce stimulated emission
instead of absorption. The stimulated emission caused
by the second optical pulse in our experiments requires
the presence of a macroscopic coherence, though. This
requirement is quite different from the usual treatment
of stimulated emission in lasing media: although by def-
inition the optical field causing the stimulated emission
and the oscillating dipole are coherent, there is no re-
quirement of a macroscopic coherence on the statisti-
cal ensemble of oscillating dipoles. Our experiments lie
somewhere between these simple arguments of stimu-
lated emission and recent developments in lasing without
inversion,3 0 where long dephasing times or coherence in
the system is extremely important.

The process leading to THz radiation described in
this section is closely related to previous research on
virtual excitations and its implications for nonlinear
phenomena.31 3 2 When the detuning of the laser from
the exciton transition is large enough, there are no real
excitations left in the system after the laser pulse is gone.
However, during the time when the laser excites the
sample there is a virtual population of excitons that
are being continuously excited and de-excited. These
virtual population changes should also emit THz ra-
diation, and from a nonlinear-optics point of view it
is equivalent to difference-frequency mixing through a
nonresonant nonlinearity. Some experimental evidence
of THz emission caused by these virtual processes was
found in Ref. 33 and is theoretically discussed in Ref. 34.

7. CONCLUSIONS AND SUMMARY

Coherent detection of far-infrared radiation has become
a very powerful tool in the study of coherent phenomena
in semiconductors. It is a unique tool in the sense that
we can monitor the time evolution of the amplitude and
the phase of X(2) processes in multilevel systems. From

(a)

(b) LI I K
-s = ls ; L

- 9

Fig. 22. Schematic diagram of other multilevel systems in semi-
conductor heterostructures studied in Refs. 6 and 37 that can
be used for population and coherence control through adequate
shaping of the exciting optical field.
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these observations we can infer the time evolution of wave
packets in these systems. Wave-packet dynamics has
recently become a research field in its own right, and it
draws concepts from time-dependent quantum mechanics
and semiclassical models. For example, there are very
active research efforts in wave-packet dynamics in
Rydberg atoms.3 5 36 Despite the dissimilarity of
Rydberg atoms and excitons in semiconductor hetero-
structures, they share the same concepts when we confine
ourselves to the study of wave-packet dynamics. The
work described in this paper deals with quasi-three- and
quasi-two-level systems implemented by excitonic levels
in properly designed semiconductor heterostructures.
Limiting the number of levels to three has the advantage
of simplifying the physical phenomena and its modeling
while still permitting the study of the basic physics of
coherent processes. The extrapolation to more levels is
not difficult, though. Recent experiments by Feldmann
et al.3 7 and Waschke et al.6 have gone one step further
in that they involved the study of wave-packet dynamics
in semiconductor heterostructures with more than three
levels. In the former study the multilevel system is
provided by the ground and the excited states of the
hh exciton in a SQW. The work conducted by the latter
group focused on Bloch oscillations in a semiconductor
superlattice under the application of an electric field.
In the study of Waschke et al.6 the multilevel system
consists of the Wannier-Stark ladder that appears after
the application of the electric field.3 8 These two systems
are depicted in Fig. 22. Although these groups used a
single short laser pulse as the excitation field, it is not
difficult to foresee coherent-control experiments with
optical fields shaped in ways similar to the shaping we
have used. An interesting concept for future experi-
ments is the testing of population and coherence control
through arbitrarily shaped pulses3 9 in semiconductor
heterostructures.

In summary, we have shown that it is possible to con-
trol the THz radiation from charge oscillations and the
exciton populations in quantum wells by proper shaping
of the exciting optical pulse. We have used two tech-
niques for shaping the amplitude and the phase of the op-
tical field: phase-locked pulse generation in a Michelson
interferometer and pulse-train generation by phase-only
filtering. We have discussed two main mechanisms for
the generation of THz radiation from semiconductor quan-
tum wells: charge oscillations and THz radiation from
population changes. We have shown that by proper ma-
nipulation of the exciting field we can enhance, weaken,
or phase shift the THz field produced by charge oscilla-
tions. Also, we have demonstrated that, when a pulse
train with an adequate repetition rate excites the sample,
forced charge oscillations exist. Finally, we have taken
advantage of the longer dephasing time of excitons com-
pared with free carriers for active control of their popu-
lations and hence of the THz radiation that follows the
creation or the destruction of polarized e-h pairs.
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