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Electron–LO-phonon quantum kinetics in semiconductor quantum wells
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Quantum correlations between electrons and phonons are demonstrated in two-dimensional semiconductors.
The resulting phonon oscillation exhibits characteristic differences with respect to the three-dimensional parent
system. We show how these correlations can unambiguously be distinguished from nonequilibrium coherent
phonons. Furthermore, coherent control allows separation of the phonon oscillation from another oscillation
observed here, specific to two-dimensional systems, which is due to the interference of two electron-electron
scattering channels associated with different quantum-well subbands.@S0163-1829~98!01632-4#
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According to quantum mechanics, any system possess
complete set of orthonormal eigenfunctionswn and can al-
ways be prepared in an initial state described by the w
functionF5(nanwn , where the amplitudesan are complex
quantities. Therefore, it is possible, in principle, to adjust
amplitudes and phases of thean in such a way that the tem
poral behavior of any observable can be~almost! arbitrarily
determined. The current interest in coherent control1,2 stems
from the fact that this scenario can actually be implemen
at least in the case of systems with a limited number
degrees of freedom, by use of coherent laser excitation. M
roscopic systems, such as a semiconductor, however, ha
dense spectrum of energy levels and scattering proce
among elementary excitations are often thought of as in
ently irreversible processes. Yet even for these complex
tems, in the early time of the quantum kinetics regime3–9

relaxation processes are nothing but interference phenom
Therefore, these processes are not just intrinsic propertie
the solid, but a result of the specific way an experimen
conducted. It is only for long times that the interferenc
become so complicated and destructive that the dynam
looks irreversible. Only in that limit is the concept of effe
tive scattering times meaningful.

In this paper we investigate how the effects of electro
LO-phonon quantum kinetics in a~quasi!two-dimensional
~2D! semiconductor quantum well system~QWS! compare
to those in three dimensions.3,9 QWS’s are of interest be
cause their dynamics is more complex than that of the b
parent material with, in addition, effects of electron-electr
scattering involving different subbands. This complexity
first demonstrated in two-pulse experiments. We then sh
that, by preparing the QWS in different initial states throu
coherent control, it is possible to distinguish among the d
ferent interaction processes, e.g., between coherent ph
effects10–13 and electron–LO-phonon quantum kinetics.
this way, we obtain more precise information on the dyna
ics of 2D electronic systems.

We have investigated two Al0.3Ga0.7As/GaAs multiple
QWS’s, with 20 periods of 11.6 nm-wide wells and 15
nm-thick barriers for one~1!, and 60 periods of 7.9 nm-wid
wells for the other~2!. The samples have been grown b
molecular-beam epitaxy, the GaAs substrates were etc
off, and they were glued onto sapphire disks and antirefl
tion coated on the front side. During the experiments th
PRB 580163-1829/98/58~7!/3590~4!/$15.00
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were kept atT577 K. The linear absorption spectrum o
sample 1 is shown in the top inset of Fig. 1. One can dis
guish clearly the heavy-hole~hh! and light-hole~lh! exciton
peaks at the edge of the first subband~peaks labeled 1 and 2!.
The half width at half maximum of the hh-exciton line is 1
meV. Notice that the peak labeled 3 is due to a transit
from the first lh subband to the second electronic subba
Such so-called forbidden transitions occur in many hig
quality samples and indicate broken inversion symmetry
the growth direction~e.g., due to asymmetric heterointe
faces!, a point that is relevant for the discussion on coher
phonons below. The transition from the second hh subb
to the second electronic subband is labeled 4.

First, we have performed two-pulse four-wave mixin
~FWM! measurements where the samples are excited by
sech2-shaped, Fourier transform-limited optical pulses of
fs in duration and wave vectorsq1 and q2 , respectively,
separated by the time delayt215t22t1 . We detect the total
diffracted signal, time-integrated~TI! FWM, in direction
2q22q1 as t21 is varied. Figure 1 shows TI-FWM traces fo
increasing carrier densityneh51.831010→6.731011 cm22.
The dynamics of the signal,STI-FWM , is complex with one
oscillation with a periodTsub'45– 50 fs, a second muc
slower one with a periodThh-lh'500 fs, and a third oscilla-
tion associated with the electron–LO-phonon quantum kin
ics correlation around the LO-phonon periodTLO52p/vLO
5115 fs in GaAs. The period of this oscillation is indepe
dent of neh . The slow oscillation is the well-known hh-lh
quantum beat, recently also observed for continuum state14

It is consistent with the 8 meV hh-lh splitting seen in th
absorption spectrum. The fast oscillation corresponds we
the 92 meV separation between the first and second sub
as seen in the absorption spectrum. In sample 2, the sub
separation is 130 meV, and this oscillation is correspo
ingly faster~not shown!. Note, however, that the FWM spec
trum, bottom inset of Fig. 1, shows no satellite~at a better
than 1:1000 signal-to-noise ratio!. This implies that this os-
cillation is neither a quantum beat nor a polarizati
interference.15 Since in our conditions the dominant nonlin
earity is due to excitation-induced dephasing,16,17 it can be
understood as arising from an interference between two
ferent scattering channels: scattering of excitons with e
trons in the first subband and scattering of excitons w
electrons in the second subband.
3590 © 1998 The American Physical Society
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To investigate the electron–LO-phonon quantum kine
in quasi-two-dimensions one would like to avoid interferen
with other scattering processes, i.e., eliminate the other
oscillations. This is impossible through the design of t
QWS. In that respect the 11.6 nm QW width is, in fa
already an optimized choice. For a thicker QW the subb
separation decreases,Tsub increases and comes yet closer
TLO ; for a thinner QW it is the hh-lh splitting that increase
then Thh-lh decreases and approachesTLO . We demonstrate
now how coherent control can perform the desired operat
For this we replace the pulse propagating in the directionq1
by two phase-locked pulses 1 and 18.9 These are derived
from an apparatus described in Ref. 18, and are separate
the time delayt1185t12t18 , which is controlled with an
accuracy better than650 as. This is the key issue in ou
work, becauset118 can be adjusted with respect to any optic
transition frequencyV for constructive interference, i.e
Vt1185n2p, or destructive interferenceVt1185(n211)p;
heren is an integer. For example, in a system, such as
QWS, whose dynamics involves three frequenciesVm , m
51,2,3, it is possible to adjustt118 to have destructive inter
ference with respect toV3 ~second subband! but not forV1
~first subband! and V2 ~first subband1one LO-phonon en-
ergy!. In this case, we excite the phonon oscillation but s
press the subband oscillation. In the laboratory the t
phase-locked pulses alongq1 interact with the pulse along
q2 , arriving in the sample att5t25t181t218 . All three
pulses have approximately the same intensity and are
early polarized in the plane of incidence. We still detect
diffracted signal along 2q22q1 . A set of TI-FWM traces vs
t218 for ten values oft1185219.00 fs→221.53 fs is de-
picted in Fig. 2. Aroundt1185220 fs all three oscillations
are modulated, whereas aroundt1185253 fs we exclusively
modulate the phonon oscillation and the hh-lh beats~not
shown!. This is because the polarizations of the first and
second subband are again in phase after one beat period

FIG. 1. Two-pulse four-wave-mixing signal of a GaA
quantum-well sample held atT577 K and excited by optical pulse
of 15 fs in duration. The carrier densityneh increases from top to
bottom: 1.831010, 1.531011, and 6.731011 cm22. Notice that the
decay dynamics contains three different oscillations. The inse~a!
shows the linear absorption~a! spectrum in units of optical densi
ties ~OD! and the laser spectrum, inset~b! the FWM spectrum
(neh51.831010 cm22) at zero time delay.
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thus cannot be modulated separately. At more elevated
rier densities~Fig. 3! the 45–50 fs oscillation loses relativ
weight, while the phonon oscillation remains visible. In o
der to analyze the data more quantitatively, we fit the pro

FIG. 2. Coherent control experiment under the same conditi
as Fig. 1. The time delayt118 between the phase-locked pulses
parameter. It allows us to control the initial state wave functio
The total carrier density~incoherent sum! is neh52.531010 cm22.
The curves are displaced vertically for clarity. The inset is a ske
of the experiment.

FIG. 3. Same as Fig. 2, however, for a 37 times higher exc
tion density. The dots are the result of a simple fit for the phon
oscillations. The inset shows the two-pulse FWM spectrum at z
time delay and the laser spectrum.
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3592 PRB 58BRIEF REPORTS
of the TI-FWM traces to the formulaSTI-FWM}Aexp$1
1Aphoncos(vosc@ t2182t0#)%exp(2gefft218), which we previ-
ously used for the bulk GaAs case.9 This allows us to char-
acterize the strength of the signalAexp, the visibility of the
phonon oscillationsAphon, the oscillation frequencyvosc,
and phase~through t0). We obtain an oscillation period
2p/vosc5115620 fs. The phonon visibility and the signa
strength vst118 are shown in Fig. 4~a! for three 4.2 fs time
delay slots aroundt1185299 fs, 253 fs, and221 fs. The
overall behavior is similar to that of bulk GaAs.9 The phase
of the phonon oscillation has an average value aroundt0
560 fs while t0525 fs was found for the bulk GaAs.9 This
difference corresponds to ap/2 phase shift, which can al
ready be guessed from Fig. 1. Numerical solutions of qu
tum kinetic theory in Ref. 19 also show a similar phase sh
The phonon visibility is comparable to that of the bulk. T
theory, however, predicts in QW an oscillation amplitu
lower approximately by a factor of 4~Ref. 19! and, although
there is a significant uncertainty on 2p/vosc, the experimen-
tal value is not in agreement with the theoretical result of
fs. It should be noted, however, that the theory19 assumes a
very low carrier density, bulk phonons, and accounts for o
one subband, whose valence-band structure is approxim
by a single effective mass.

It is interesting to note in Fig. 4~a! that the strength of the
TI-FWM signal, Aexp, and that of the phonon oscillation
Aphon, are out of phase. This signature allows us to assig

FIG. 4. The signal strengthAexp and the visibility of the phonon
oscillationsAphon versust118 . Experiment~a!: these parameters ar
extracted from fits to the data as shown in Fig. 3. Notice thatAexp

andAphon oscillateout of phasein thequantum kinetic scenario~b!
in agreement with experiment, while they would oscillatein phase
for the coherent phonon scenario~c!.
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the origin of the phonon oscillations to quantum correlatio
between electrons and phonons. These originate from a
quantum kinetics process seen even if the phonons ar
thermal equilibrium.3,9 Nonequilibrium coherent phonon
also can modulate electronic degrees of freedom,10–13 even
in the absence of correlations between electrons
phonons, but they would producein-phaseoscillations of
Aexp andAphon. This is explained in the following. Coheren
phonons are observed in an optical experiment if a lat
displacement x(t), generated by impulsive excitation
couples back to an electronic excitation. It is crucial to no
that a lattice displacement cannot be generated efficiently
a laser field at\v'Egap in first-order processes. These a
too far off-resonant, i.e., 1.5 eV5\v@\vLO536 meV. The
lattice displacement can be generated by second-order
cesses, which require broken inversion symmetry. In QW
the inversion symmetry may be broken not only due to
symmetry of the parent material or surface electric fields
also due to asymmetric heterointerfaces, which can be in
preted as a built-in electric field. The photogenera
electron-hole pairs separate in this electric field, which th
screen.11 In that case the LO-phonons experience a step
change of the electric field,ELO(t), which drives the phonon
displacement away from the equilibrium valuex50 and lets
it oscillate around a new stationary value, i.e.,ELO(t)
; f (t), wheref is the electron-hole pair density. The lattic
displacement thus obeys the equation

ẍ1vLO
2 x5Cf , ~1!

with a constantC. This coherent oscillation of the lattice ca
couple back to the electronic excitations by modulating
electronic eigenfrequency, which becomes time depend
V(t)5V01gx(t); here V0 is the undisturbed eigenfre
quency andg the electron-phonon coupling constant. Th
the interband polarization,p and the pair density follow
Bloch-equations of the form

ṗ1 iV~ t !p1g2p5 i\21dE, ḟ 522 Im~dEp* !, ~2!

whereg2 is the constant dephasing rate,d is the dipole ma-
trix element, andE is the sum of the laser fields. Pauli block
ing has been neglected, which is the most favorable case
the coherent phonon scenario. Equation~2! can in fact easily
be derived from the Hamiltonian discussed in Ref. 9 by
suming that phonons and electrons are uncorrelated. N
however, that the conclusions of our discussion do not
pend on the particular wayx couples back top. After impul-
sive excitation, coherent phonons induce an oscillation
V(t) at the phonon frequency with some amplitude. In t
low density (x (3)) limit, STI-FWM shows no oscillations as th
time delay varies. However, the FWM signal would exhib
oscillations in real time and, thus phonon satellites in
FWM spectrum, which are not observed experimentally he
For higher excitation density~beyond thex (3) limit !, coher-
ent phonon oscillations appear in the delay time domain a
In that case, ast118 varies, the excitation density is modu
lated by constructive or destructive interference and drivein
phase the signal strengthAexp and the phonon visibility
Aphon. As shown in Fig. 4~c!, this qualitative discussion is
confirmed by numerical calculations of STI-FWM

;*2`
1`up2q 2q

(t)u2 dt, with parameters that correspond

2 1
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PRB 58 3593BRIEF REPORTS
the experiment,g25(80 fs)21, g50.3vLO , and each pulse
corresponding togCQ251024/fs3, where Q is the pulse
area. This behavior is contrasted by the results obtained
the quantum kinetics model of Ref. 9. This model~i! lumps
together the conduction-band and valence-band state
form a two-level system, and~ii ! retains in the electron
phonon interaction only the scattering terms in and out of
upper level. The results are shown in Fig. 4~b!, they give an
out of phaseoscillation ofAexp andAphon, both for low and
high excitation in excellent agreement with the experimen

In conclusion, we have demonstrated that it is possible
coherent control to isolate one type of scattering in the in
action of a subsystem with different reservoirs. Using t
technique, electron–LO-phonon quantum correlations i
two-dimensional semiconductor are investigated. These
relations are unambiguously distinguished from scatter
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with coherent nonequilibrium phonons by the phase of
phonon oscillation amplitude relative to the FWM sign
strength. This analysis is also applicable to other syste
The quantum correlations observed by us exhibit several s
cific features that are significantly different from those se
in the three-dimensional parent system.
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