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Coherent control of Bloch oscillations by means of optical pulse shaping
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We excite excitonic wave packets in biased semiconductor superlattices with spectrally shaped ultrashort
optical pulses. We tailor the shape and phase of the pulse spectrum in order to control the coherent dynamics
of the excitonic wave packets formed from a superposition of three excitonic states. Via careful shaping, we are
able to excite either wave packets that exhibit standard Bloch oscillat®@%s) or breathing-modéBM)
motion. These two types of motion are characterized by the preg@@eor absencdBM) of an internal
intraband polarization caused by the electron-hole separation within the excitonic wave packet. The wave
packet evolution is monitored using spectrally resolved four-wave mixing. This ability to control the BO’s
provides a way to control the emitted THz radiation.
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Although periodic oscillations of a charge carrier in a pe-control. This yields the ability to switch between breathing
riodic potential with a uniform applied electric field were mode and Bloch oscillation wave packet types, a degree of
predicted many years agacattering effects prevented their control that goes well beyond earlier semiconductor CC ex-
observation until semiconductor superlatticedl’s) were  periments. Our excitation scheme can be used to optimize
employed: Over roughly the last decade, several groupsthe THz output, which is important for possible tunable THz
have used femtosecond optical excitation to initiate suckymitter devices.

Bloch oscillations(BO’s) in semiconductor SL's, which are  \ve yse a GaAs/Al:Ga, As SL composed of 35 quantum
then observed through a variety of techniques such as degef|is (67 A/17 A),2 which is etched to be used in a trans-
elrat(;,\ fourt-'wave ml'.x'g%%'fw#)' Tle s;k))ectrosgopy, %nq mission geometry and is cooled down to 10 K. Applying an
electro-optic sampling.bLs nave aiso been obSEVed N oyiornal de bias,,,s breaks the translational symmetry of
different systems such as Bose-Einstein condensates in Opﬁie SL and breaks the minibands into equally spaced elec-
cal lattices? In this paper, for the first time to our knowledge, tronic levels, forming the Wannier-Stark ladd&¥sL). In a

we apply coherent contralCC) techniques to manipulate . ; . . .
these wave packet dynamics. By doing so we have achievePninteracting electron picture, the energies of the electronic

coherent THz oscillations of the macroscopic electric-dipole>tates are given by

moment lasting over several oscillation periods, which can E,=Ey+ neR,.d, (1)

be switched on and off according to pulse shape. Techniques

of CC? in which specially shaped ultrafast laser pufsase ~ wheree is the elementary charge, is the spatial period of
used to manipulate guantum mechanical processes, hate SL, anc is the number of the well the electron is excited
been applied to many systems. Examples include control ab (relative to its initial wel).

photochemical reactiorls,energy flow in photosynthetic The wave functions corresponding to these levels are lo-
molecules chemically selective photoexcitatiSrand selec- calized and roughly centered in each wélA study of the

tive enhancement of high-harmonic radiatirSuch experi- interband oscillator strengthsallows us to consider only the
ments are characterized by complex laser wave forms seransitions from the heavy hole to the lowest level in each
lected through stochastic learning algorithms. In contrast, C@vell in the conduction bandlS excitonic levels. For the
experiments in semiconductors typically involve very simplefield strengths considered here, we can label each transition
laser wave forms, such as pulse doublets. For example, intnequivocally in terms of the WSL well number(see Fig.
terference between contributions from the individual pulsedl). The effect of a broadband laser pump pulse on our system
led to enhancement or suppression of exciton generation inia to excite each electron into a superposition of these states.
single quantum welt and of wave packet amplitude in a Due to the uniform energy spacing of the W&iF,;.d) and
double quantum wef? A similar technique has also been the spatial localization of the corresponding electronic wave
applied for control of tipping angle in spin ensembtésn  functions, the excitonic wave packet will oscillate spatially
contrast, our experiments in a semiconductor SL utilize among the quantum wells whose levels were covered by the
more complex laser wave form and result in wave packet$aser spectrum. The period of this intraband oscillation is
made up primarily of three basis states, whose individuagjiven by Tgo=h/eR,;,J.

amplitudes and phases are manipulated under pulse-shapeWe use a transform-limited, 50-f&ullwidth at half maxi-
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Xn=XnmOnm- 10 @ good approximatiorx_; o and x,; o are
equal and opposit. According to Eq.(3), by manipulating
the phase and amplitude of the,, the dynamics of the
center of mass of the electron can be controlled to display an
oscillatory behavior (BO's) or nonoscillatory behavior
[breathing mod€BM)]. An experiment aimed at the obser-
vation of the BM and BO was reported previou¥lyTo
make the oscillations symmetric and obtain a BM, the spec-
trum of the pump was shifted in order to change the relative
values ofA,; and A_;. Although inherently simple, this ap-
proach displayed a few limitations. The paramefgrthat
appears in Egs(2) and (3) could not be separately con-
trolled. The temporal window in which the oscillations could
be clearly observed was limited with only half a BO period
FIG. 1. Representation of the superlattice. A schematic of thédeing reported. On the other hand, in our experiment,
electronic wave functions and the transitions of interest in our exthrough amplitude modulation, we excite predominant§/ 1
periment are reported. excitons and control the parametexs separately. This cre-
ates a kicked-oscillator type of dynamics that prolongs the

mum (FWHM) bandwidth of 31 meV pulse from a Ti:S coherence, allowing the observation of up to six oscillations

laser centered at 1.594 eV. In order to control the electror‘?r:'er ﬁ window of more tbk:ant 15 F_Jts.hl\go;eover,Bb'\)//l adjgsg(n)g
dynamics with our laser pulses, we make use of a Fourier € P asesp,y, we are avie 1o switch between B an
transform pulse shagethat allows us to apply at the same modes and control the initial direction of oscillation of the

time amplitude and phase modulations to the spectrum of OLh%O mode. This demonstrates our ability to generate tunable

pump pulses. In order to observe the BO, we perform spec@nd well-controlled THz oscillatory dynamics with long tem-

trally resolved DFWM (SR-DFWM). By measuring the poral coherence. Due to the strong localization of the hole in
S - X its initial well, caused by its larger effective mass, we can
spectrum of ﬂ)e &k, signal (k, being the wave vector of - jofine an oscillating intraband polarization approximately as
the pump and, that of the probgas a function of_ the delay P..(1) =—=N&X.(t) - X0, WhereN is the excitation density.
7between puls_es 2 af?d 1, we can obser\{e th_e signature OftI we consider the ensemble of all the oscillating excitons,
intraband BO in the interband polarization induced by they,is - macroscopic, oscillating, intraband polarization will

laser pulses. Each transri;tiorg)lg\cl)\)/&red by the I?fe; givesb eld an internal time-varyingac field that will alternatively
separate component in the spectrum which can be.reen and reinforce the external fi€lg,s The effect of this

studied separately. In our experiments we tuned the |asqhe ) field is to shift the excitonic energies. As Lyssesko
center wavelength and bandwidth to excite the threée exciy; 173y shown, it is possible to monitor the internal motion
tonic transitions: hy hh+1,_anq hh,. Due to the electron—. of excitons by observing the effect of this internal dipole on
hole interaction, the excitonic WSL levels are not quitey,q yansitions energy. We will, therefore, take advantage of
equally spaced_. However, many feat_ures of th_e results can fiis mechanism to monitor the effects of our control over the
understood via the following simple, = single-electron g qiyonic dynamics. Creating the same number of excitons in
picture!® Defining ¥,(x) as the electronic wave function the hh, and hh, states, we can make the magnitude of the
c_e_ntered in theth well,_the pump pulse creates the superpo-,,q parameterd\_, and A, of Egs. (2) and (3) identical.
sition of three states given by From Eq.(3), if the relative phase betwee®; and S,; is
- Hopot Siwgct zero, this has the effect of creating the symmetric wave
W00 =AW 400 + AgWo(X) + Ay € B 11 (X). packet motion that maintains the cer?ter of myass of the elec-
2 tron fixed in the well of origin at all timeéBM). In order to
fachieve the breathing mode, we carefully choose the pump
spectrum to account for the different dipole matrix elements
of the hh; and hh, transitions. This can be seen in Fig. 2
| Where both the absorption spectrum of the(8LtheV,;,s of
choice and the spectrum of the pump and probe pulses are
D plotted. In Fig. 3 we can see that our optical spectrum cor-
Hesponds to a train of pulses in time. This train of pulses acts
in a similar way to the periodic driving force of a classical
oscillator. However, in our case the mdfastest dampening
effect is not provided by a loss of energy, but by a dephasing

Here,A, is a complex number proportional to the product o
S, andM,,, wheres, is the laser complex spectral amplitude
resonant with thenth transition andvi, is the interband di-

pole matrix element. Due to the alternating sign of the WS
wave function on the high-energy si¢eee Fig. 1, M_; and
M., have opposite signs.If we now consider only overla
integrals between nearest-neighbor wells, the expectatio
value for the position of the excited single electron is given

by

Xe(t)=(|A_1|2)L1+|Ao|2X0+|A+1|2X+1)—2At1AO\ and decoh_erence of the. osciIIato.rs within the excited en-

. semble. With each pulse in the train, we compensate for any

X[x_1 deodwgot + ¢-1) + 2/AL 1Al [X41 dCOL wpot loss in the coherence by adding new excitons in phase with
+b.9), (3)  the existing ensemble. This effect is visible in the inset of

X Fig. 3 where the ratio between the height of the peaks of the
where ¢, is the phase 08, X, n=/22¥ (X\)x¥(x)dx, and  temporal profile of the FWMhh_, transition only and the
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Energy (meV) breathing modéphase of the pump pulger,0,0]) and(b) breath-

) ing mode(phase of the pump pul$®,0,0]). The right scale reports
FIG. 2. (a) Absorption spectrum of the SL fofyias=1.3 V. () the estimated magnitude of the generated internal oscillatory THz
Spectra of the unshapégrobe and shapedpump laser pulses. field as estimated using the quasistatic model.

cross correlation is reported versus peak number. Note thahift to eitherS,; or S ; destroys the symmetry of the breath-
the last peak in the FWM temporal profile is entirely due toing mode and creates a BO mode of maximum amplitude. In
wave packet dynamics. The effect of such an excitatiith Fig. 4(b) we report the oscillations of the peak position of the
constant phase profilap_;, ¢o, #.1]1=[0,0,0] for the three hh.; transition when a phase profiler,0,0] is applied to the
spectral componentsover the electronic dynamics is re- pump spectrum(see Fig. 2 The difference between the
ported in Fig. 4a) where the position of the hhtransitionis  breathing and nonbreathing mode cagEgy. 4) appears
reported as a function of the delayWithin the sensitivity of ~ rather striking. In the breathing mode the electronic wave
our experiments, no clearly oscillating variation in the peakpacket expands and contracts over time symmetrically with
position is observed. This is because the oscillating internalespect to the central well. This is verified, within experi-
intraband polarizatiof®;, that acts to screen the bias field is mental error, in our data by the lack of oscillation in the
very small due to the symmetry of the BM. In Fig. 3 we transition energiesand therefore of internal oscillating di-
showed through the interband polarizatidhVM) the pres-  pole). When we apply an asymmetric phase shift to the pump
ence of BO dynamics, while in Fig.(4 we show the sup- spectrum, we induce an asymmetry in the excitonic dynam-
pression of the intraband dipole. This clearly demonstrateis and we lead the system out of the BM regime and into the
the quite different physics represented by the two types oBO one. This is verified by the presence of clear oscillatory
polarization. From Eq(3), we see that adding amtphase behavior in the energy position of the transitions.
The understanding of the detailed dynamics and nonlinear
15 . interactions is rather complicated. A theory of the dynamics
. of 1S excitonic wave packets valid to infinite order in the
optical field has been develop&tAs this theory does not
. account for continuum states, it is not accurate in the current
situation. However, it is possible to estimate the effect of the
T e intraband polarization on the transitions positions positions
Peak index with a simple quasistatic picture. Using a maximum ampli-
tude of oscillation of one SL period, our excitation density of
about 5x 10° electrons/pulse/well/cfthe measured linear
dependence of the bh transitions on the applied field
[1.75 meV(kV/cm)], and an average value for the dielectric
constant of the two materials of 123 the expected peak
shift is of about 0.4 meV. As can be verified in Fig. 4, this
result is in reasonably good agreement with our data.
. . , : . As a last step we want to use the parallel between the
-1000 500 0 500 1000 spatial phase of the electronic oscillator and the optical phase
in our pump spectrum. We show how by adjusting the rela-
tive phase of thé\,; parameters, we can control the direction
FIG. 3. Solid line: height of the hh component of the DFwWM  Of motion of the excited electrons. By applying a phase to
spectrum versus time. Dotted line: cross correlati@€) of the  the side peaks of the pump spectrum, we are effectively con-
pump pulse. The excitation spectrum has a flat pf@gkqd. Inset:  trolling the parametersg,, of Eq. (3). An example is re-
ratio of the peaks heights of DFWM and CC versus peak numbeported in Fig. 5. In this case, in the first scan a
(for increasing delays [p-1, b0, P+1]1=[0,0,7] phase profile was applied. In the
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the plot of the energy of the hhversus time can be viewed

1574.0 1 }1 as the result of the change of the initial direction of motion

-
l

1573.2

of the electrons.

We have demonstrated full control over the coherent elec-
tronic dynamics. We first created breathing modes by purely
amplitude modulating the pump pulse. Then we adjusted the
phases of each spectral component of the pump pulse to gen-
erate nonbreathing modes with macroscopic time-varying in-
ternal electric dipole moment and finally to control com-
pletely the electronic dynamics. The results are qualitatively
explained in terms of a simple quasistatic model. We are
1572.4 1 currently developing a full theory of the coherent nonlinear
1000 500 0 500 1000 dynamics of the $ and continuum excitonic states.

Delay (fs) We have shown the possibility of controlling the THz
time scale internal dynamics of oscillating excitons. One
FIG. 5. Effect of the coherent control. Dots: a phas¢/0, 0 could perform similaryexperiments in this gystem in which

'S.app“ed o the pump spectrum. Stars: a phasgOed ] is ap- ahaped pulses are used to switch on or off the THz radiation
plied to the pump spectrum. The right scale reports the estimate . .
associated with BO.

magnitude of the generated internal oscillatory THz field as esti-
mated using the quasistatic model.

Peak Position (eV)
1
o
o
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