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We excite quantum beats in a quantum well using 12 fs optical pulses. The resulting cohe
charge oscillation, in the tens-of-tetrahertz range, radiates a corresponding infrared electromag
wave which is monitored through heterodyne detection using as a reference a nearly sin
cycle infrared pulse. The direct observation of this wave-packet oscillation yields information
the relaxation of intersubband coherence in quantum wells. Furthermore, the experiment yi
simultaneously the femtosecond dynamics of both diagonal and off-diagonal matrix elements of
density operator. [S0031-9007(96)00349-3]

PACS numbers: 73.20.Dx, 42.50.Md, 78.47.+p
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The detection of the electromagnetic wave radiated
the oscillation of a wave packet in a quantum-well stru
ture [1,2] has been an important step forward in semic
ductor physics in that it demonstrated unambiguously
existence of coherent charge oscillations in such syste
However, up to now, the coherent charge oscillation in
conduction band has been observed only between diffe
quantum wells, e.g., in a structure made of two adjac
wells of different widths, placed in an electric field so th
tunneling could take place [1]. Another related exam
has been the observation of Bloch oscillations in a sup
lattice in the Wannier-Stark regime [2]. In both cases
coherent superposition of states was prepared through
citation by a 100 fs pulse. The subsequent far-IR emiss
was detected using standard electro-optic gating techniq
[3], limiting the bandpass to a few THz at most, i.e., to tra
sition energies of about 10 meV. In this Letter, we rep
on the light emission associated with wave-packet os
lations of electrons within asingle well,associated with
much higher oscillating frequencies. Because of the lar
transition energy, in the 100 meV range, the wave pac
oscillation can now be observed even at room temperat
These energies, above the LO-phonon energy, also co
spond to a totally different physical regime. The obser
tion of wave-packet oscillations at such high frequenc
was made possible through the use of shorter pulses o
ration 12 fs, and also by using light detection in the m
infrared in a coherent heterodyne detection scheme b
on time-domain interferometry with an ultrashort mid-I
reference pulse. Furthermore, we show in this Letter t
we measure not only the coherence, but also the pop
tion decay, thus fully determining the time evolution of th
density operator after an ultrashort impulsive excitation

The creation of a wave packet involves the simulta
ous excitation of more than one energy level, all with
the coherent bandwidth of a short laser pulse. In
0031-9007y96y76(23)y4392(4)$10.00
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case, shown in the inset of Fig. 1, two energy levels
an asymmetric multiple quantum well (MQW) structu
are excited through optical transitions from the valen
band. The wave function just after pump absorption
then a coherent linear superposition of both excited sta
E1 and E2. The difference in Bohr frequencies resul
in a quantum beat oscillating at the transition frequen
v21 between the two states. One consequence of
beat is a coherent charge oscillation [1], giving rise to
emitted mid-IR electromagnetic wave. This mid-IR em
sion can also be viewed as difference-frequency mix
in a resonant medium. Therefore, since it originates fr
a second-order nonlinear process, the emission can
cur only in noncentrosymmetric systems, hence our ini
choice of a compositionally asymmetric quantum well [4
t
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FIG. 1. Experimental setup. BS, beam splitter; TS, translat
stage; PM, gold-coated parabolic mirror; S, sample; D, HgCd
detector. The inset shows the sample excitation condition, h
in the case of an asymmetric quantum well. The short pu
pulse excites a coherent superposition ofE1 and E2 from the
valence state HH1, resulting in a midinfrared emission.
© 1996 The American Physical Society
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tted
whose structure was optimized [5] to enhance the prod
of matrix elements involved in the infrared emission. T
density matrix of the system in the presence of the ex
ing pulse is assumed to obey the Bloch equation, wh
takes into account population and coherence relaxat
Using a three-level model and developing the density m
trix up to second order in the electric fieldEstd, we find

r
s2d
ij std ­ 2 mi0m0jGijstd

≠ EstdhfG0jstd 1 Gi0stdg ≠ Estdj , (1)
where mnm is the dipolar matrix element andGnmstd ­
iyh̄Qstd exps2ivnmt 2 Gnmtd is the Green function as
sociated with the optical transition from statesn to m.
Qstd is the Heaviside function.Gnm is the decay rate cor
responding, respectively, to dephasing whenn fi m and
to population relaxation whenn ­ m. Equation (1) can
be numerically computed in a straightforward manner
ing a few Fourier transforms and simple multiplicatio
in frequency and time domains, successively [6]. In c
the pump pulse is much shorter than all relaxation tim
and if its spectrum encompasses both statesE1 and E2,
the induced coherencer

s2d
21 std is directly proportional to

the Green functionG21std ~ Qstd exps2iv21t 2 tyT2d,
whereT2 ­ 1yG21 is the dephasing time. As a result o
this evolution of the density operator, a time-depend
polarization is induced in the systemPs2dstd ­ m12r21std,
whose oscillation in time is responsible for the mid-IR r
diation. Therefore, the mid-IR emission oscillates at f
quencyv21 and decays with a time constantT2. For the
sake of simplicity, Eq. (1) includes only optical transitio
from the heavy hole HH1 state, whiler21 really involves
a summation over optical transitions from all hole stat
When the pump pulse is infinitely short, this summation
proportional to

P
jkE2jHHjl kHHj jE1l ­ 0, since the hole-

state envelope functions form a complete set of the Hilb
space corresponding to motion along the growth axis,
kE2jE1l ­ 0. Fortunately, we find that this sum rule do
not fully apply when the finite pulse spectral width
taken into account. A nonzero contribution can be o
tained corresponding to up to a few percent of the H1

contribution alone. Note that a sum over allk states must
also be performed. These effects, although quantitativ
important, will be discussed elsewhere and we now c
centrate on the mid-IR emission itself.

Figure 1 shows the experimental setup. The incid
laser beam, delivered by a 12 fs Ti:sapphire oscillator
is split in two parts. One of the two beams is focused o
the MQW sample using a small fraction of the apertu
of a gold-coated off-axis parabolic mirror. The mid-I
radiation emitted by the sample is collected using anot
parabolic mirror and is then focused on a time-integrat
HgCdTe detector, connected to a lock-in amplifier. T
part of the setup allows us only to measure the to
energy of the emitted radiation. However, a compl
determination of the profile of the emitted electric fie
can be performed using heterodyne methods. To ach
ct
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this purpose, the second 800 nm beam goes thro
a delay stage and is focused using a 5 cm sphe
mirror onto a f110g GaAs sample in order to genera
through optical rectification a quasi-single-cycle mid-
reference pulse [8]. Because of its larger wavelen
the diffraction-limited divergence of the reference be
is about ten to fifteen times larger than that of the 800
beam [9], leading to a much larger beam diameter a
collection by a parabolic mirror. It is therefore possib
to focus with negligible loss this reference beam o
the MQW sample using the same parabolic mirror t
was used for the pump. Assuming the reference puls
unaffected by transmission through the sample [10],
system is equivalent to an infrared dispersive Four
transform spectrometer [11] since the reference p
and the emission generated by the MQW are colline
incident on the detector. The measurement of the t
integrated signal as a function of time delay yields
linear correlation function between the reference pu
and the emitted radiation.

Figure 2 shows the experimental interference figure
tained with anundopedasymmetric quantum well. Sinc
the reference pulse is much shorter than the emission
ration, the measured correlation corresponds almos
rectly to the emitted electric field, which in turn is close
related to the induced polarization. It exhibits oscil
tions, demonstrating the wave packet oscillations inside
quantum well. The oscillation period, 33 fs, correspond
an intersubband transition energyh̄v21 ­ 126 meV, i.e.,
an emission wavelength of9.8 mm. Because of coherenc
rt
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FIG. 2. Midinfrared emission from a MQW structure he
at room temperature made of 100 undoped composition
asymmetric wells [Ga0.9In0.1As (4.6 nm)yGaAs (5.4 nm)] in
AlAs barriers. The data show the correlation between
electric field radiated by the quantum well and the refere
electric field emitted by af110g grown GaAs sample. The
inset shows the magnitude of the Fourier transform of
experimental data (squares), corrected for the GaAs emis
spectrum. The solid line is a calculation based on Eq.
using a three-level system excited by a 12 fs pulse, with a fi
dephasing time of 180 fs.
4393
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relaxation, the polarization decays as a function of tim
with a dephasing timeT2 ­ 180 fs. As shown in the in-
set, the Fourier transform of the experimental data i
good agreement with a calculation based on Eq. (1), u
the above fitted parameters.

We performed similar experiments on adopedquantum
well, yielding a dephasing time of about 110 fs, sign
cantly shorter than for undoped wells due to the pertu
tion brought by the doping process [12]. The transit
energy and linewidth thus obtained were in good ag
ment with cw infrared transmission measurements
formed independently on the same sample. Indeed, w
the lower state of the quantum well is populated, the v
same coherence termr21 can also be excited directly a
first order, i.e., in a linear experiment using an infra
light source such as a blackbody, of electric fieldEIRstd:

r
s1d
21 std ­ m21G21std ≠ EIRstd . (2)

Therefore, the observation of the wave-packet decay
not yield in principle much information as compared to
linear experiment in this case, although the wave-pa
technique allows us to probe a largerk-space region o
the conduction band. However, it is a unique meth
to study the dynamics of the coherence term betw
excited states,i.e., when the lower state is empty. T
alternative existing method, optical pumping of the low
state, is nearly impossible to use when lifetimes
extremely short. This is, for example, the case w
infrared intersubband lasers [13], for which the low
state lifetime is engineered to be as short as possible.

We should also mention our study ofsymmetricquan-
tum wells. Although their infrared emission was grea
reduced by about 1 to 2 orders of magnitude, it was
served not to be exactly zero. Such a small emission,
reported in the case of far-IR radiation [14], demonstra
a noncentrosymmetry, possibly due to band bending
sociated with a surface electric field, to a slight poten
asymmetry, or to valence-band mixing.

We now turn to another attractive feature of o
experiment, which is the measurement of both diago
and off-diagonal matrix elements of the density opera
In the visible spectral domain, such measurements h
been performed using other nonlinear optical techniq
such as three-pulse photon echo [15]. However,
technique, which will be shown to provide direct
a simultaneousmeasurement of both population a
coherence terms, is particularly well suited to the infra
spectral domain. This is achieved using the very sa
experimental setup shown in Fig. 1, realizing that it a
corresponds to a pump-probe configuration, if we o
think of the reference beam as a probe beam. Ind
the detected polarization is the sum of two terms:
second-order nonlinear polarizationPs2dstd, corresponding
to the coherent mid-IR emission already discussed,
the third-order nonlinear polarizationPs3dstd, which is
responsible for changes in the IR probe transmiss
4394
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Keeping only the population-term contribution to th
third-order polarization [6], the total polarization reads

Pstd ­ Ps2dstd 1 Ps3dstd

­ m12sssrs2d
21 std

1 G21std ≠ hE0st 2 td frs2d
11 std 2 r

s2d
22 stdgjddd , (3)

wheret is the pump-probe time delay,E0std is the probe
pulse electric field, andrs2d is given by Eq. (1). Both
terms in the above equation oscillate at frequencyv21,
yielding a mid-IR emission. The time-integrated secon
order detected signal

R
ReEp

0 st 2 td ÙPs2dstddt exhibits
oscillations with respect to the time delay, as alrea
reported in Fig. 2. In contrast, the third-order term
synchronized with the probe pulse, so that the detec
signal, now in Ep

0E0, does not oscillate with the time
delay. This corresponds to the usual pump-probe sig
yielding an increased probe transmission in the c
of stimulated emission (r22 . r11) and a decrease
transmission in the case of induced absorption (r22 ,

r11). The variation of the pump-probe signal with tim
delay will reflect the population dynamicsr

s2d
22 std 2

r
s2d
11 std in the limit of an ultrashort probe pulse. A

important difference between the two terms of Eq.
is that Ps3d is proportional to the probe pulse electr
field while Ps2d is independent of it. Therefore, b
increasing theprobe pulse energy,it is possible to go
from a second-order effect, as in Fig. 2, to a thir
order, or pump-probe effect. Figure 3 corresponds to
intermediate regime, where second-order and third-o
terms have comparable magnitudes. This was achie
by using a higher-energy probe pulse, as generated
phase-matched AgGaS2 instead of GaAs, at the expens
of the probe-pulse duration [16]. Furthermore, the sam
is now a symmetric quantum well so that the seco
order emission is much reduced as compared to
asymmetric quantum well. As expected, the data sh
not only oscillations corresponding to the second-or
term, but also a decrease in probe transmission vary
more slowly with time delay. The inset shows the Four
transform of the experimental data, demonstrating t
the contribution fromPs2d, aroundv21 ø 30 THz, and
from Ps3d, around zero frequency, are well separa
in frequency domain. It is therefore straightforwa
to isolate each of these two terms through Four
filtering, keeping only the relevant frequencies. T
dotted line in Fig. 3 shows the pump-probe term th
computed, exhibiting a slow decrease in transmission
magnitudeDTyT ø 1023, proportional to the population
difference between the upper and lower statesr

s2d
22 std 2

r
s2d
11 std. The observed rise time is entirely due to t

experimental time resolution, limited to about 100 fs sin
AgGaS2 produces infrared pulses longer than GaAs [1
The subsequent population evolution does not show
significant change because the lower levelE1 is excited
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FIG. 3. Signal detected in a structure made of 150 9.2-
wide symmetric GaAs quantum wells in AlAs barriers, usi
AgGaS2 as the infrared generator for the reference pulse (s
line). The frequency-domain data are shown in the inset (s
line). The population dynamics (dotted line) is extracted
Fourier transforming into the time domain the low-frequen
component alone. The same procedure was used to yield
population dynamics in another sample, made of 100 symm
Ga0.9In0.1As quantum wells of thickness 10.1 nm in AlA
barriers (dash-dotted line). The dash-dotted line in the in
shows the frequency data for this sample.

much more efficiently by the laser than the higher lev
As a consequence, the population dynamics is domin
by r11, whose decay time of about 1 ns makes it roug
constant in the considered time scale. In contrast,
dash-dotted line shows the population dynamics meas
using the same technique in a Ga0.9In0.1As quantum well
structure. Because of the lower band gap, the amo
of injected electrons is about the same in both states
that initially r22 ø r11, with no change in transmission
The electrons in the upper state then decay exponent
towards the lower state, with a measured time cons
T1 ­ 440 fs. The coherent emission recorded in t
same experiment (not shown) yields a dephasing timeT2

of about 170 fs for this sample. More detailed stud
on intersubband relaxation using this technique will
discussed elsewhere.

To summarize, we have observed the coherent m
IR emission due to quantum beats between the
two electronic states in a quantum well, subsequen
excitation by a 12 fs 800 nm optical pulse. The wa
packet oscillation is monitored by measuring the radia
electric field using time-domain linear interferometry w
a reference mid-IR ultrashort pulse. The experiment t
provides a direct measurement of the polarization de
of the system, opening up the way to more elabor
related techniques such as coherent control on a
-
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fs time scale. Furthermore, we have shown that it
possible to measure in a single experiment both diago
and off-diagonal matrix elements of the density operat
This should lead to the measurement of key parame
governing the behavior of mid-IR quantum-well device
such as dephasing times and population relaxation tim
Although our experiments dealt with electron dynamics
quantum wells, many different studies can also be carr
out using similar methods, for example, on vibration
dynamics in molecules.
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