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Polarization revival of a Bloch-oscillating wave packet in conjunction with resonant
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We investigate the dynamics of a Bloch-oscillating wave packet in the presence of strong coupling to
delocalized above barrier stat€&ener tunneling using time-resolved intraband polarization-sensitive mea-
surements. At a threshold electric field, the resonance of localized and delocalized states causes a quantum
beating which is observed as a revival in the intraband polarization. Our numerical simulation visualizes the
spatial wave packet decomposition and reformation. The wave packet moves on a ps time scale over a distance
of more than 100 nm and sequentially undergoes Bloch oscillations in the below- and above-barrier bands.
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In 1960, Wannieranalytically discovered that the energy ductor superlattice. The physical origin of this effect in the
spectrum of an electron, subjected to both a periodic potersolid is somewhat different from Rydberg wave packet reviv-
tial and an electric fieldr, consists of equally spaced eigen- als reported in atomic physic8,where the wave packet
values, the Wannier-Stark laddéWSL), with energiesE,  dephasing is, in general, due to both energy dispersion of the
=neFd, wheren is an integer andi is the length of the nearly equally spaced Rydberg states and the different anhar-
elementary cell in direction df. The time domain analogue monic effective potentials the respective Rydberg states see.
to the WSL is the periodic motion of the electron along its There, the wave packet made of high-quantum-number states
dispersion relation irk space, the spatial Bloch oscillation gpreads from a classically localized particle to become non-
(BO) in real space. , _ _ classical and, after the revival time, rephases and travels on

The |r}venﬂon Oll; thedsem|gor}dti(ctor supgrlatt(éﬂf) in i IS classical trajectory again. Hereby, due to the discrete
Illf 70(bRe ' 2)t' as ? tcr)]wewéol_q tlr?un ey et>'<pe|r|megtta (rjes;J 'S:number of states excited, the loss of phase caused by the
! e4o_serva_1 lon of the WsL in finear optical Spectend o anharmonicity of the atomic potential can be fully recovered;
BO,* including observation of tunable THz emissioand . . ;

; . . . . : after several oscillatory cycldperiod determined by the en-
harmonic spatial motioh Also, in alternative systems, like . .
ergy spacing of the Rydberg stakdise full revival can occur

atoms in a light lattice, BO’s have been reporfed. i val tional to th b f ited
Besides these one-band phenomena, effects based on t(ﬁ'é revival ime proportional to the number ot excite

interaction of several bands have been explored. Resonanties ,
coupling of different WSL's, interminiband Zener tunneling, N Our case, a wave packet of both localized WSL states
field-induced delocalization of a WSL state, and the damping"d nearly degenerate, delocalized above barrier states is op-
of a Bloch-oscillating wave packet was reporfed? tically excited and the revival originates from a quantum

The observation of BO’s as discussed above is one of theeating between these few discrete states.
few experiments where spatial wave packet motion was di- We have performed degenerate, spectrally integrated in-
rectly traced in solid-state systerisMuch of the original terband pump-probe experiments which are sensitive to the
interest in wave packets, and still the vast majority of re-intraband polarization® Our shallow superlattice contains
search on them, has been done in atomic systems. In particanly one electron miniban30 meV width in the below-
lar, the optical excitation of wave packets composed of Rydbarrier region. We are thus able to directly address the effects
berg states, both with and without angular electron localizaof coupling to a process between localized WSL states and
tion, and the observation of their time evolution, also in elec-delocalized above-barrier states. The 90-fs transform-limited
tric or magnetic fields, provided the fundamental insight inoptical pulses were spectrally tuned to be energetically cen-
the physics of wave packet dynamiésSeveral analogies tered between thieh_; and thehhy WSL transition, exciting
between experiments in atomic physics and recent ones i coherent, Bloch-oscillating wave packet. By applying a
solid-state physics can be found: e.g., the basic spatial raoltage over the 50/54-A GaAs/fAl:GagAs SL structure,
dial oscillation of a Rydberg wave packet corresponds to dhe BO period was continuously tuned from 900 to 160 fs.
BO in a solid. The transient field ionization of an angularly Simultaneously to the pump-probe analysis, spectrally re-
localized revolving Rydberg wave packet in an electric fieldsolved four-wave mixingSRFWM) was employed to moni-
has its analogue in the field-induced Zener tunneling of dor the exact excitation conditions. The excitation density
Wannier-Stark wave packet into higher bands. was ~2X 10° cm™? per well. The sample was held at 8 K.

In this paper we report the experimental observation and Figure Xa) shows several pump-probe transients from 5
numerical simulation of a polarization revival due to spatialkV/cm up to 24 kV/cm. The increase in the BO frequency
wave packet decomposition and reformation in a semiconwgo with applied electric field is nicely seenwgg
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FIG. 2. Calculated spatial electron probability density (af

FIG. 1. (8) Pump-probepp) traces for various dc electric fields Cconfined state of the 12th SL quantum well &l the associated
from 5 to 24 kv/cm. Inset: enlarged PP trace for 24 kV/dhy. ~ @bove-barrier state at 24 kv/cm. Both states partially overlap spa-
Power of the Fourier transform of the PP trace for 24 kv/cm fromtially and have an energetic splitting of about 1.65 meV, which
1.4 to 2.5 ps with maximum at the Bloch peri6tb6 fs. gives a theoretical revival period of about 2.5 ps.

=eFd/%. The internal field was calibrated using the ob- The wave packet repeatedly Zener-tunnels resonantly be-
tained Bloch frequency and the known lattice parameter tween discrete confined states and discrete above-barrier
The result agrees with the observed WSL spacing from thétates within the theoretical revival time 6f2.5 ps(experi-
SRFWM. Obviously, the duration of the signal modulationment: ~1.8 pg. In both, below- and above-barrier bands,
caused by the wave packet dynamics decreases for increasitii wave packet undergoes Bloch oscillations with the same
electric field. Surprisingly, at a threshold field of 24 kV/cm, frequency wgo=eFd#%, but different amplitude a

we observe a sudden drop of the intraband decay time, asA/2eF, whereA is the band width at zero electric field.
discussed previousi’ﬁA comparison with theory has shown However, the Bloch oscillation in the first band is effectively
that BO’s are quickly damped by resonant Zener coupling talamped by the interferometric dephasing due to Zener reso-
the second minibantf. nant tunneling to the second band.

Here we focus on the observation opalarization revival The electron density is sequentially transferred spatially
[enlarged in inset of Fig.(&)]. Figure 1b) shows the Fourier over more than 10 wells, i.e., about a 100 nm. Figure 3
transform of the 24 kV/cm trace from 1.4 to 2.5 ps with the visualizes the spatial dynamics of this wave packet. While in
maximum being exactly at the initial BO frequency. Ref. 12 we were focusing on the field-induced damping of

To model these experimental results quantitatively, wethe wave packet motion, we here show that under these reso-
have calculated both the confined and above-barrier ele@ant conditions the initially created Wannier-Stark wave
tronic states of our finite 35-well superlattice, subjected to arpacket quickly delocalizes in space, but partially reconsti-
electric dc field. We used a plane-wave expansioriutes. As this tunneling is resonant, the electronic coherence
method”*® in the framework of effective-mass envelope is, to some extent, conserved even though the electron prob-
theory. The plane waves of the ideal bulk material form amability density is transferred into another band. Obviously,
orthonormal and complete basis set, and thus can be useddamping in the sense of coupling to a bath is not enhanced
expand the envelope function of a biased SL. Implicitly, us-
ing the plane-wave bases for the finite SL means that peri-
odic boundary conditions were adopted. The localized and
delocalized states can be obtained on the same footing by
directly diagonalizing the Hamiltonian matrix. Our simula-
tion shows that at this threshold electric field the confined
WSL states nearly overlap energetically and, to some extend,
spatially with delocalized states that lie above the barrier at
flat field (shown in Fig. 2. This resonance was directly ob-
served experimentally as an avoided crossing of hig
transition with a transition to an above-barrier state in SR-
FWM (not shown. At 24 kV/cm the wave packet is con-
structed by two below-barrier states centered in, say, well 12
and 13 with calculated eigenenergies of 345.3 and 370.3
meV with respect to the band bottom, each confined state
being accompanied by an above-barrier state shifted by T=T = 19T,
~1.65 meV in energy from the confined state. Hereby, the . . . s . s L
above barrier state associated with the confined state of, e.g., ~13 = 2 L

R . . growth direction (well numbers)
well 12 is dispersed largely from wells 7-10, but has its
density spread over more than 12 lattice periods. Respec- FIG. 3. Calculated time evolution of the spatial probability den-
tively, the above-barrier state associated with the confinedity of the Bloch-oscillating wave packet composed of two confined
state from well 13 is shifted by one lattice period. and two above-barrier states from=0 to 2.5 ps.

24 kV/cm

a
Il
e

T _
revival

probability density

%%E;E?%s??

113302-2



BRIEF REPORTS PHYSICAL REVIEW B 65 113302

while the electron is situated in or transferred to an aboveeoherence when the electron tunnels to one discrete state

barrier state; the BO ceases to exist in one band because @#aly. It would be interesting to extend these studies to higher

electron density has vanished. fields where the Bloch wave packet is coupling to several
From our results, it follows that the observed initial drop higher transitions, leading to a polarization decay due to de-

in the ensemble coherence time is due to destructive quagoherence, without rephasing on a reasonable time scale.
tum interference, caused by the confined states and above-

barrier states. Besides the Bloch beating within one band, a We thank Marc Dignam and Stefan Glutsch for helpful
beating of confined states with delocalized above-barriediscussions. We acknowledge support of the Deutsche Fors-
states is observed. In other words, the Zener tunneling retairhungsgemeinschafte 747/30.
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