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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 subbB@is63-18208)01632-4

According to quantum mechanics, any system possessespere kept atT=77 K. The linear absorption spectrum of
complete set of orthonormal eigenfunctiops and can al- sample 1 is shown in the top inset of Fig. 1. One can distin-
ways be prepared in an initial state described by the wavguish clearly the heavy-holghh) and light-hole(lh) exciton
function® =3 ,a,¢,, where the amplitudes, are complex peaks at the edge of the first subbdpdaks labeled 1 and.2
quantities. Therefore, it is possible, in principle, to adjust theThe half width at half maximum of the hh-exciton line is 1.5
amplitudes and phases of thg in such a way that the tem- meV. Notice that the peak labeled 3 is due to a transition
poral behavior of any observable can (amos} arbitrarily ~ from the first Ih subband to the second electronic subband.
determined. The current interest in coherent cohfrestems ~ Such so-called forbidden transitions occur in many high-
from the fact that this scenario can actually be implementedquality samples and indicate broken inversion symmetry in
at least in the case of systems with a limited number othe growth direction(e.g., due to asymmetric heterointer-
degrees of freedom, by use of coherent laser excitation. Madaces, a point that is relevant for the discussion on coherent
roscopic systems, such as a semiconductor, however, havephonons below. The transition from the second hh subband
dense spectrum of energy levels and scattering procesststhe second electronic subband is labeled 4.
among elementary excitations are often thought of as inher- First, we have performed two-pulse four-wave mixing
ently irreversible processes. Yet even for these complex sydFWM) measurements where the samples are excited by two
tems, in the early time of the quantum kinetics regiife ~ seci-shaped, Fourier transform-limited optical pulses of 15
relaxation processes are nothing but interference phenomerfa. in duration and wave vectorg; and g,, respectively,
Therefore, these processes are not just intrinsic properties separated by the time delay,=t,—t,. We detect the total
the solid, but a result of the specific way an experiment igiffracted signal, time-integratedTl) FWM, in direction
conducted. It is only for long times that the interferences2g,—q; ast,, is varied. Figure 1 shows TI-FWM traces for
become so complicated and destructive that the dynamidscreasing carrier density,,=1.8x 10'°—6.7x 10 cm™2
looks irreversible. Only in that limit is the concept of effec- The dynamics of the signa&r.rww, is complex with one
tive scattering times meaningful. oscillation with a periodT¢,~45-50fs, a second much

In this paper we investigate how the effects of electron-slower one with a period ;=500 fs, and a third oscilla-
LO-phonon quantum kinetics in éguasjtwo-dimensional tion associated with the electron—LO-phonon quantum kinet-
(2D) semiconductor quantum well systef@WS) compare ics correlation around the LO-phonon peridgy=27/w o
to those in three dimensiods. QWS's are of interest be- =115 fs in GaAs. The period of this oscillation is indepen-
cause their dynamics is more complex than that of the bulklent of n,,. The slow oscillation is the well-known hh-lh
parent material with, in addition, effects of electron-electronquantum beat, recently also observed for continuum stétes.
scattering involving different subbands. This complexity islt is consistent with the 8 meV hh-lh splitting seen in the
first demonstrated in two-pulse experiments. We then showabsorption spectrum. The fast oscillation corresponds well to
that, by preparing the QWS in different initial states throughthe 92 meV separation between the first and second subband
coherent control, it is possible to distinguish among the dif-as seen in the absorption spectrum. In sample 2, the subband
ferent interaction processes, e.g., between coherent phongeparation is 130 meV, and this oscillation is correspond-
effects®~* and electron—LO-phonon quantum kinetics. Iningly faster(not shown. Note, however, that the FWM spec-
this way, we obtain more precise information on the dynam+trum, bottom inset of Fig. 1, shows no satellitt a better
ics of 2D electronic systems. than 1:1000 signal-to-noise ratiolhis implies that this os-

We have investigated two AGa ;As/GaAs multiple cillation is neither a quantum beat nor a polarization
QWS’s, with 20 periods of 11.6 nm-wide wells and 15.0 interference?® Since in our conditions the dominant nonlin-
nm-thick barriers for onél), and 60 periods of 7.9 nm-wide earity is due to excitation-induced dephastfig’ it can be
wells for the other(2). The samples have been grown by understood as arising from an interference between two dif-
molecular-beam epitaxy, the GaAs substrates were etchddrent scattering channels: scattering of excitons with elec-
off, and they were glued onto sapphire disks and antireflectrons in the first subband and scattering of excitons with
tion coated on the front side. During the experiments theyelectrons in the second subband.
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FIG. 1. Two-pulse four-wave-mixing signal of a GaAs
quantum-well sample held a&t=77 K and excited by optical pulses
of 15 fs in duration. The carrier density,, increases from top to _
bottom: 1.8<10'° 1.5x10Y, and 6.7 10'* cm 2. Notice that the 100 0 100 200 300
decay dynamics contains three different oscillations. The it@et TIME DELAY t21' (fs)
shows the linear absorptigy) spectrum in units of optical densi-
ties (OD) and the laser spectrum, ins@) the FWM spectrum FIG. 2. Coherent control experiment under the same conditions
(Nen=1.8x10" cm~?) at zero time delay. as Fig. 1. The time delay;;, between the phase-locked pulses is

] ) .. parameter. It allows us to control the initial state wave function.
~ Toinvestigate the electron—LO-phonon quantum kineticSrhe total carrier densityincoherent sumis nep=2.5x 101° cm 2,
in quasi-two-dimensions one would like to avoid interferencerhe curves are displaced vertically for clarity. The inset is a sketch
with other scattering processes, i.e., eliminate the other twef the experiment.
oscillations. This is impossible through the design of the

QIWSd In thatt're'sp%ct rtlh? 11|-:6 nmth'Q\I/<v W'd\}\? tlhs’ In JECL STihus cannot be modulated separately. At more elevated car-
already an oplimized Choice. For a thicker Q € subbange, densities(Fig. 3) the 45-50 fs oscillation loses relative
separation decreaseh,y increases and comes yet closer toWeight, while the phonon oscillation remains visible. In or-

Tio; for a thinner QW itis the hh-lh splitting that increases, 4o analyze the data more quantitatively, we fit the profile
then Ty, decreases and approachigs,. We demonstrate

now how coherent control can perform the desired operation.
For this we replace the pulse propagating in the direatipn
by two phase-locked pulses 1 and.% These are derived ! .
from an apparatus described in Ref. 18, and are separated by AT
the time delayt,;,=t;—t;,, which is controlled with an
accuracy better thart50 as. This is the key issue in our
work, becausé,,, can be adjusted with respect to any optical
transition frequencyQ for constructive interference, i.e.,
Ot =n27, or destructive interferenc@t,;,=(n2+1);
heren is an integer. For example, in a system, such as our
QWS, whose dynamics involves three frequendiBs, m
=1,2,3, it is possible to adjust,, to have destructive inter-
ference with respect t&; (second subbandut not for(Q,
(first subbang and (), (first subband-one LO-phonon en-
ergy). In this case, we excite the phonon oscillation but sup-
press the subband oscillation. In the laboratory the two
phase-locked pulses alomy interact with the pulse along
g,, arriving in the sample at=t,=t;,+t5;,. All three R
pulses have approximately the same intensity and are lin-
early polarized in the plane of incidence. We still detect the

diffracted signal along & —q;. A set of TI-FWM traces vs ~100 0 100 200 300
t, for ten values oft;;;=—19.00 fs»—21.53fs is de- TIME DELAY t21' (fs)
picted in Fig. 2. Around{;,=—20fs all three oscillations

are modulated, whereas aroung = —53 fs we exclusively FIG. 3. Same as Fig. 2, however, for a 37 times higher excita-
modulate the phonon oscillation and the hh-lh be@tst tion density. The dots are the result of a simple fit for the phonon
shown. This is because the polarizations of the first and theoscillations. The inset shows the two-pulse FWM spectrum at zero
second subband are again in phase after one beat period atirde delay and the laser spectrum.
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(a) experiment the origin of the phonon oscillations to quantum correlations
T T T T ‘ AT ; between electrons and phonons. These originate from a pure

quantum kinetics process seen even if the phonons are in
R "I thermal equilibriun®® Nonequilibrium coherent phonons
ML LA B | also can modulate electronic degrees of freedSHT even

N\ Vo NM in the absence of correlations between electrons and
[, R adl | R AP phonons, but they would produda-phaseoscillations of
Acxp @andApon. This is explained in the following. Coherent
(b) quantum kinetics phonons are observed in an optical experiment if a lattice
S B | B BN | S R displacement x(t), generated by impulsive excitation,

E couples back to an electronic excitation. It is crucial to note
Al L% that a lattice displacement cannot be generated efficiently by
LN a laser field afiw~Egq, in first-order processes. These are
too far off-resonant, i.e., 1.5 eVh w>fh w =36 meV. The
lattice displacement can be generated by second-order pro-
cesses, which require broken inversion symmetry. In QWS
(c) coherent phonons the inversion symmetry may be broken not only due to the

crvbhowmo

Aohon  Aexp
OO OO O =

O OO O
T 1

Aphon Aexp
OO OO O =

a 10F T T T e T symmetry of the parent material or surface electric fields but
<33 0.5 & also due to asymmetric heterointerfaces, which can be inter-
0.0 Bttt LML LM preted as a built-in electric field. The photogenerated
s 0.4 electron-hole pairs separate in this electric field, which they
5 0.2 2NN screent! In that case the LO-phonons experience a steplike
0.0 ~—t— ' — change of the electric field, o(t), which drives the phonon
-100-98 -54 -52  -22 -20 displacement away from the equilibrium valke 0 and lets
it oscillate around a new stationary value, i.&,q(t)
TIME DELAY ty4- (fs) ~f(t), wheref is the electron-hole pair density. The lattice

) o displacement thus obeys the equation
FIG. 4. The signal strength,,, and the visibility of the phonon

oscillationsAon versust,;. . Experiment(a): these parameters are X+ wEOX:cf, 1)
extracted from fits to the data as shown in Fig. 3. Notice faf
and Ao, Oscillateout of phasén the quantum kinetic scenarith) ~ With a constant. This coherent oscillation of the lattice can

in agreement with experiment, while they would oscillatgphase  couple back to the electronic excitations by modulating the
for the coherent phonon scenarig). electronic eigenfrequency, which becomes time dependent:
Q(t)=Qy+gx(t); here Qq is the undisturbed eigenfre-
quency andg the electron-phonon coupling constant. Then
the interband polarizationp and the pair density follow
Bloch-equations of the form

of the TI-FWM traces to the formuleSy pym>Aexil
+AphorOSWosd t21r —to]) }€XP(— Yestzr), Which we previ-
ously used for the bulk GaAs ca3&his allows us to char-
acterize the.str.ength of the sigmxp, .the visibility of the p+iQ(t)p+y,p=ifi 1dE, f=—2 Im(dEp*), (2)
phonon oscillationsAp,,, the oscillation frequencyo g, . _ . .
and phase(through t). We obtain an oscillation period Wwherey; is the constant dephasing ratkis the dipole ma-
27l wes= 115+ 20 fs. The phonon visibility and the signal trix element, and is the sum of the laser fields. Pauli block-
strength vst;;, are shown in Fig. @) for three 4.2 fs time  ing has been neglected, which is the most favorable case for
delay slots around,,; = —99 fs, —53 fs, and—21 fs. The the coherent phonon scenario. Equatighcan in fact easily
overall behavior is similar to that of bulk GaRsThe phase be derived from the Hamiltonian discussed in Ref. 9 by as-
of the phonon oscillation has an average value aroignd suming that phonons and electrons are uncorrelated. Note,
=60 fs whilet,=25 fs was found for the bulk GaAsThis however, that the conclusions of our discussion do not de-
difference corresponds to &/2 phase shift, which can al- Ppend on the particular waycouples back tg. After impul-
ready be guessed from Fig. 1. Numerical solutions of quansive excitation, coherent phonons induce an oscillation of
tum kinetic theory in Ref. 19 also show a similar phase shift{(t) at the phgom_)n frequency with some amplitude. In the
The phonon visibility is comparable to that of the bulk. The low density (X(_)) limit, Syi.pwm shows no oscillations as the
theory, however, predicts in QW an oscillation amplitudetime delay varies. However, the FWM signal would exhibit
lower approximately by a factor of @Ref. 19 and, although oscillations in real time and, thus phonon satellites in the
there is a significant uncertainty onr2w,s., the experimen- FWM spectrum, which are not observed experimentally here.
tal value is not in agreement with the theoretical result of 80For higher excitation densitibeyond they® limit), coher-
fs. It should be noted, however, that the théarg{ssumes a ent phonon oscillations appear in the delay time domain also.
very low carrier density, bulk phonons, and accounts for onlyin that case, as;;; varies, the excitation density is modu-
one subband, whose valence-band structure is approximatéafed by constructive or destructive interference and drives
by a single effective mass. phasethe signal strengthA.,, and the phonon visibility

It is interesting to note in Fig.(d) that the strength of the Agnon. As shown in Fig. 4c), this qualitative discussion is
TI-FWM signal, A, and that of the phonon oscillations, confirmed by numerical calculations — of Sry.pym
Aphons areout of phase This signature allows us to assign ~ff§|p2q iy (t)|? dt, with parameters that correspond to
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the experiment;y,=(80fs) !, g=0.3w, o, and each pulse With coherent nonequilibrium phonons by the phase of the
corresponding togc®2:10*4/fs3, where © is the pulse phonon oscillation amplitude relative to the FWM signal
area. This behavior is contrasted by the results obtained witdtrength. This analysis is also applicable to other systems.
the quantum kinetics model of Ref. 9. This modigllumps  The quantum correlations observed by us exhibit several spe-
together the conduction-band and valence-band states tific features that are significantly different from those seen
form a two-level system, andi) retains in the electron- in the three-dimensional parent system.
phonon interaction only the scattering terms in and out of the
upper level. The results are shown in Figby they give an We gratefully acknowledge support by the Krupp-Stiftung
out of phaseoscillation of Agy, and Aoy, both for low and ~ and by the DFG. The stay of D.S.C. was made possible
high excitation in excellent agreement with the experimentsthrough funding by the Humboldt Foundation and the DFG-
In conclusion, we have demonstrated that it is possible byraduiertenkolleg “Kollektive Phaomene im Festkper.”
coherent control to isolate one type of scattering in the interHis work was supported by the Director, Office of Energy
action of a subsystem with different reservoirs. Using thisResearch, Office of Basic Energy Sciences, Division of Ma-
technique, electron—LO-phonon quantum correlations in aerial Sciences of the U.S. Department of Energy. We thank

two-dimensional semiconductor are investigated. These coiG. Weimann for the high-quality GaAs QW sample.
relations are unambiguously distinguished from scattering

*Permanent address: Material Sciences Division of Lawrence Ber!R. Scholzet al,, Phys. Status Solidi B68 123(199J.
keley Laboratory, and Physics Department of the University of*?A. V. Kuznetsovet al, Phys. Rev. B51, 7555(1995.

California, Berkeley, CA 94720. S Dekorsyet al, Phys. Rev. B63, 1531(1996.
'W. S. Warrenet al, Science259, 1581(1993. 14M. Joschkoet al, Phys. Rev. Lett78, 737 (1997.
2A. P. Heberleet al,, Phys. Rev. Lett75, 2598(1995. 15M. Koch et al,, Phys. Rev. Lett69, 3631(1992.

3L, Banyai et al, Phys. Rev. Lett75, 2188(1995.

4J. A. Kenrowet al, Phys. Rev. Lett77, 3605(1996.

5F. X. Camescasset al, Phys. Rev. Lett77, 5429(1996.
6C. Fustet al, Phys. Rev. Lett78, 3733(1997.

"P. Kneret al, Phys. Rev. Lett78, 1319(1997.

8J. A. Kenrowet al, Phys. Rev. Lett78, 4873(1997.
9M. U. Wehneret al,, Phys. Rev. Lett80, 1992(1998.
10G. C. Choet al, Phys. Rev. Lett65, 764 (1990.

165, T. Cundiffet al, Phys. Rev. Lett77, 1107(1996.

7M. U. Wehneret al, Phys. Rev. B54, R5211(1996.

18M. U. Wehneret al, Opt. Lett.22, 1455(1997).

19E. Reitsameet al,, in Proceedings of the 23rd International Con-
ference on the Physics of Semiconductedited by M. Schef-
fler and R. ZimmermantWorld Scientific, Singapore, 199 7.
685.



