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Coherent Control of Electron-LO-Phonon Scattering in Bulk GaAs
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Several tens of femtoseconds after optical excitation, scattering processes in semiconductors are not
completed, thus, relaxation has not yet become irreversible. This opens the fascinating possibility
of actually reversing or enhancing incompleted scattering events. Here, we use attosecond time
scale coherent control to suppress or amplify the non-Markovian phonon oscillations in the model
semiconductor GaAs. [S0031-9007(98)05370-8]

PACS numbers: 78.47.+p, 42.50.Md, 42.65.Re, 63.20.Kr

The evolution of the wave function of a crystal, pre- atomic systems [7]. In the quantum kinetics regime, one
pared in a known state at earlier times, is completely dedoes not only expect a coherent oscillation of the tran-
termined by its state at a timevia its time-dependent sition amplitude, but also a coherent oscillation of the
Schradinger equation. For complicated many-body probscattering amplitude containing the thermal bath degrees
lems, it is necessary to restrict the treatment to only ceref freedom. Its decay determines the memory time of
tain degrees of freedom, for example, the electrons in ¢he subsystem,,. For timest < 7, it should be pos-
conduction and a valence band of a semiconductor. Isible to adjust the phase of the two components of the
this approach, we have to consider that this subsystem irscattering amplitude, generated by the two phase-locked
teracts with other degrees of freedom, e.g., the vibrationpulses, such that they interfere destructively (construc-
of the nuclei, on which we have only limited information tively). This would reverse (enhance) a scattering process
and control and which are considered as a thermal bathhat has already started after the first pulse. In this Letter,
Then the equation of motion of the subsystem becomewe demonstrate experimentally for the first time that such
nonlocal in time, i.e., the evolution at timenot only de-  a coherent control of scattering processes is feasible.
pends on the state of the subsystem at that time, but also We consider the model system of electron-LO-phonon
on its history. In this time regime, the dynamics mustscattering in the polar semiconductor GaAs [8,9]. The
be described in the framework of the so-called quantunsubsystem, electrons in the conduction and valence band,
kinetics theory [1], because a number of approximationgouples to the LO-phonon bath. This situation presents
on which the usual Boltzmann description of relaxation isthe advantage of having a bath with a single characteristic
based break down. This provides us with the unique opfrequencywr . For this case, it has been shown that the
portunity to explore the physics of electronic excitationsdecay of the polarization is non-Markovian, which leads
in condensed matter for conditions thus far inaccessibleo oscillations with a renormalized LO-phonon frequency
For example, since scattering processes among elemef8]. For other scattering mechanisms, such as electron-
tary excitations are not instantaneous in time, for shorelectron scattering, the situation is more complicated
times they have not yet become irreversible and a fascinaf10,11]. In our experiment (Fig. 1), two phase-locked
ing question arises: Is it possible teverse or enhance, pulses 1 and’, derived from an apparatus described in
after it has already started, an interaction process thdef. [12], are separated by the time delay = 1, — 11/,
would become irreversible if the subsystem was left towhich is kept constant within less than 100 attoseconds,
itself? and propagate collinearly in the directiofy. They

In order to introduce the main concepts, it is use-interact with another pulse propagating alofg with
ful to consider the analogy with the electron-photontime delayt; = ¢, — t1, in a GaAs sample (described
interaction. When a short optical pulse excites a semiin Ref. [8]). This produces two nonequivalent diffracted
conductor atr = 0, a coherent oscillation of the inter- four-wave mixing (FWM) signals with wave vectors
band transition amplitude is triggered [2]. As long as2g, — g; and2q, — ¢». Here, we focus our experiments
the quantum mechanical phase of the associated polarizan the emission in the directid®y, — ¢, for which, in
tion has not been destroyed, the “absorption” process ithe y©® regime, the phase-locked pulses enter linearly.
not completed. Thus, an interference with a second timeAll beams are linearly polarized in the plane of incidence,
delayed and phase-locked pulse can reverse (destructiaed have approximately the same intensity. The intensity
interference) or enhance (constructive interference) thef the diffracted signal observed in the GaAs sample
uncompleted absorption process. This technique, calledt T = 77 K with 15 fs pulses, the central frequency of
coherent control of the electron (or exciton) density, hasvhich is tuned to the band gap, is depicted in Fig. 2. The
indeed been used [3]. A variety of related coherent conexcitation conditions in the frequency domain are shown
trol experiments has also been performed on semicondu@ the inset. The excitation densities are comparable to
tors [4], metal surfaces [5], molecular systems [6], andwo-beam FWM data published previously [8].
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t21’ Aphon, and was used previously to analyze our two-beam
_/'\1—’: . FWM experiments [8] with the result,,,, = 0.15 to
: i 0.2. We fixwoe = 27/95 fs~! consistent with Ref. [8].
' Here, again, the fits are very good, as can be seen from
./Ik ./k a the dots in Fig. 2. This procedure provides us with the
- 2 t11» dependence of the fit parameters presented in Fig. 3
t“- - o around ;1 = 40 fs. The exponential amplitudel.,
2q2-q1 oscillates almost harmonically while the other parameters

FIG. 1. Schematic of the coherent control experiment. Thephon: fo, andyerr have a more complicated behavior. Let
pulses 1 andl’ are phase locked. The diffracted beam with US note that the variation af) is seen directly in Fig. 2

wave vectorg, — g is detected. (see dashed straight lines). Figure 4 summarizes;ihe
variation of these parameters for various time delays at
the same excitation density. Foy;, < 15 fs, the laser
As seen in Fig. 2, when the delay between the phasepulses still overlap (not shown); fag = 20 fs, we see
locked pulses is varied, we observe several remarkabl@ modulation ofA,,,, which essentially disappears for
features: (i) Around certain values, suchrgs = —43.69 tir = 80 fs, while the modulation of\.,, has decreased
or —41.16 fs, the non-Markovian phonon oscillations seenapproximately by a factor of 2. Finally, we note that
in the time delay domaim,;: [8] can almost disappear. this overall behavior is essentially density independent
(i) Pronounced oscillations occur at low absolute sig-in the range from8 X 10 cm™ to 3.6 X 10'° cm™3
nal levels, see;; = —42.43 fs trace, with a more pro- (incoherent sums).
nounced fast initial decay. (iii) A more usual time profile = The experimental results demonstrate clearly that we can
with a decay superimposed by oscillations can be seempherently control the phonon oscillation visibility. We
for example, around;;; = —43.06 and —41.79 fs. We  show now that this observation indeed corresponds to the
have, of course, systematically investigated the full pacoherent control of the scattering process. In our discus-
rameter space of time delays and excitation densities.  sion, we neglect the rapidly decaying contribution around
To analyze these data, we fit the experimentak,;, = 0, whichis strongly influenced by mechanisms other
FWM signal by the expressionSgwm *Acpil +  than phonon scattering, essentially the Coulomb coupling
Aphon CO§ W (1211 — to) ]} €Xp(—yerrt21). It character-  between exciton and continuum states [13,14]. We base
izes directly the visibility of the phonon oscillations our discussion on a phenomenological and very simple
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FIG. 2. Four-wave mixing signal as a function of the time TIME DELAY tqy. (fs)

delay r,;» for various fixed time delayss;;; in steps of

0.21 fs. The curves are vertically displaced for clarity. GaAs,FIG. 3. The amplitude of the exponential., (a), the

T =77 K, the excited carrier density (incoherent sum) is visibility of the phonon oscillationsi,h., (b), the phase shift

3.6 X 10 cm™3. The dots are fits from which the parameters#, (c), and the effective damping.;; (d) versust,;. These
shown in Fig. 3 have been extracted. The inset shows thparameters are extracted from fits to the data as shown in Fig. 2.
laser spectrum (dashed line) together with the two-beam FWNMhe excited carrier density i8.6 X 10" cm™ (incoherent
spectrum at zero time delay. sum), GaAsT = 77 K.
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T T r results. This is meaningful because the phase-locked
o 1.0 (@ pulses enter linearly into the diffracted signal in direc-
3 : ; tion 24> — g (in the y® regime). For the transition
0.5 Fs A amplitude p = <c§c1> = p exp—iQt) and the scatter-
0.0 Bomt e ing amplitude s = i<a~c(J)rc1) = 5 exp(—iQt), we have
0.4} (b) ap/or + g5 = ih"'dE, and 05/dt + iwLo3 = gp,
S 3 2o with E = E exp(—iQt). Note that the scattering ampli-
S 02¢ \ tudes is driven by the polarizatiop and, thus, it needs
o time to build up—a characteristic feature of quantum
0.0 == o kinetics. Formal integration of(z) introduced into the
= 38 F(c) equation ofp(z) gives
= EOWW d o [ il s gt 1,7
S0k Eﬁ(r) + g e 'Y dt = ik 'dE . (2)
-20 DR B TR A 1 A 71
86-84  -64-G2-44-42 -22-20 The solution for & function shaped right-hand side is the
TIME DELAY ty» (fs) Green'’s functionG = G exp(—i{1) :
FIG. 4. As Fig. 3, however, for different time delay regimes. G(¢) = 6@ e U1 + x)eTiorol 4 xeiltN@wor]
Notice the decay of the modulation #y,.,. The dashed lines I+ 2x
are the result of the model discussed in the text. (3)

model Hamiltonian that allows us to follow the argu- where® () is the Heaviside step function aqt + 2x) =

ments quite easily, but conveys the same physics as mouél + 4g2/wfo- Equation (3) shows that the polariza-
thorough theoretical treatments [8,15]. It is justified bytion exhibits beats with the renormalized phonon frequency

its consistency with the microscopic theories and by thd! + 2x)wLo. For two phase-locked pulses, the solution
agreement with experiment. is a linear superposition of two contributions delayed by

B t + + ti. Wg can either adjust;;; for destructive interfer-
H = hQecier — dE(cico + coer) ence with respect to the frequen€¢@ — xwi o) or to
+ horoata + hglatele, + acte)). (1)  its sidebandQ + (1 + x)wio]; destructive interference
for the latter suppresses the phonon oscillations. Close
0 destructive interference faq) — xwro), the ampli-

des of the two contributions become comparable and
the beat’s visibility increases while the overall signal is
. X _small. The linear response for two phase-locked pulses
Bloch _gqpatlons. _The terms of the second line desc.”b‘éan easily be put in the same form used for fitting the ex-
the Frohlich coupling to a single LO-phonon mode with o imental data. The corresponding curves are shown as

energyfioo [16], with coupling constany. The zero  yaqneq fines in Fig. 4. Here, phenomenological damping
point energy of the phonon mode has been subtracteloq peen added in the ford — G exp(—y7). Param-
Only scattering from the upper electronic level back intOgiars gre — 0.04, fiwL o = 36 meV, iQ = 1515 meV,

the upper level via emission or absorption of phonons '%ndy _ % fs~!. The agreement with the experiment is

inc_ll_lil]ded. biously violat i amazing. Note, e.g., in Fig. 4, the change ofthedepen-
€S€ processes obviously violate energy consenvatiofy,.q ofAphon from an asymmetric profile at;, =~ 20 fs
for the individual scattering event. Thus, they would

. : ; to a more symmetric one at; = 40 fs and, finally, to a
not contribute in Fermi’'s “golden rule” or the Boltz- y h y

o . . reversed asymmetry for;, = 60 fs. Arelated scenario is
mann equation; they are, however, especially importan{_q. o the» dependence af,. Notice, also, thale,

in the quantum k|n_et|cs regime. .It IS stralghtforward andApnon are always out of phase, which is consistent with
to compute the Heisenberg equations of motion of th&lhe above reasoning and with the experiment

observables. We use the rotating wave approximation, Turing now to the full numerical solution of the

factorize the four-point functions into products of two- i f motion fo 1 w 1 ). and the ph
point functions within the second Born approximation, “dU&tons ot motion Tokcec1y, fcicry, anhd the phonon
and assume thermal equilibrium of the phonong at 0.  @ssisted density matrix.c; c;), the time integrated FWM

For a complete treatment, we have numerically solvedidnal is extracted by a spatial Fourier expansi;)n [17].
the resulting equations of motion for optical pulses ofAgain, the phenomenological damping ratefor (cqc1)
finite duration. This will be discussed below. For anand (ac;rck> is added. The numerical results for 15 fs
intuitive understanding, however, it is instructive to first seclf pulses with a pulse area af 7 for each pulse
discuss contributions linear in the electric field in theare shown in Fig. 5 together with the linear response
short pulse limit, where we can obtain simple analyticalas discussed above. The experimental findings are well
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The first line describes a fermionic two-level system
with a ground state 0 at zero energy and an excite
state 1 at energyi(), coupled to the light fieldE via
the dipole matrix elemerd. This constitutes the optical
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