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Direct Measurement of the Spatial Displacement of Bloch-Oscillating Electrons
in Semiconductor Superlattices

V.G. Lyssenko,* G. Valais, F. Loser, T. Hasche, and K. Leo
Institut fir Angewandte Photophysik, Technische Universitat Dresden, 01062 Dresden, Germany

M. M. Dignant
MPB Technologies Inc., Pointe Claire, Quebec, Canada H9R 1E9

K. Koéhler

Fraunhofer-Institut fir Angewandte Festkorperphysik, 79108 Freiburg, Germany
(Received 20 August 1996

The absolute spatial displacement of Bloch-oscillating electrons in semiconductor superlattices is
measured as a function of time with a few angstrom resolution using a novel experimental technique:
The oscillating Bloch wave packet creates a small dipole field which can be determined using the field
shift of the Wannier-Stark ladder transitions as a sensitive detector. The total amplitudes and their
dependence on the static electric field are in good agreement with a theory including excitonic effects.
[S0031-9007(97)03561-8]

PACS numbers: 78.66.Fd, 73.20.Dx

The theoretical work of Bloch [1] and Zener [2] has E, = Ey + neFd, n=0,*1,x2,..., (4)
shown that electrons in a periodic potential subject to an . "
electric fieldF will perform temporal and spatial oscilla- where Eq IS the energy of the transition between elec_t_ron
tions. These oscillations are only present if the coherenc@nd hole In the same well. However, th?. transition
of the electron will not be broken by scattering events [3].energles given by Eq. (4) are strongly modified due to

The period and total (left to right maximum) amplitude excitonic effgcts_ [7]. . . .
of thgse so-called Bloéh oscilla?ions (BO) are)give% by Bloch oscillations have recently been investigated with

a number of techniques (see, e.g., [8—15]). Time-resolved

73 = h/eFd, (1) optical experiments [8—12] have shown that the optical
and, respectively, excitation of a wave packet consisting of WSL states with
L =A/eF, (2) ashort broadband laser pulse leads to oscillations with a

period given by Eq. (1). It is not immediately obvious

with d as the period of the potential anddas the width that these quantum beat oscillations are equivalent to
of the band in which the electrons are moving. A simple o€ gu ; =d
he semiclassical transport picture [3] outlined above.

gedanken experiment for realizing these Bloch oscillation . .

in a carrier transport sense is to “put” an electrok at 0 dhe (ilcyr:jamlzs r?f optlcallly cre?ted wave packetsf ((:;;mhbe
. ) . ' identified with the semiclassical transport picture if (i) the

switch on the field quasi-instantaneously, and monitor, e'g'period of the oscillations [Eq. (1)] and (i) if the spatial

the current oscillations. re_xtension of the oscillations [Eq. (2)] are identical. The

The existence of such oscillations has been Controvefirst requirement is always fulfilled since the spacing of
sially debated. The situation for an experimental obser; q y P 9

vation of this effect was much improved by the inven'[ionthe WSL as given by Eq. (3) will lead to quantum beats

of the semiconductor superlattice (SL) by Esaki and Ts arlrt1h Itl?ue dfégggg?g gglceensls)grﬁq.fcflllg;/vHEOW(eZV)?rLI":‘zEeatIicaI
[4]: Because of the small bandwidths in the artificial crys- P y q- )-

tal made of alternating semiconductor layers with smalIC"ilClJl"’ltlonS [16,17] have shown that the total spatial

and large band gap, the probability to perform an oscilla-amp“tUde is strongly dependent on the properties of the

tion before scattering processes take place is much Iargev?'.ave paCket' Fo_r certain excitation COI’Id!tIOﬂS, the wave
A key experiment was the observation of the frequencyloaCket IS not m“ovmg n o!?e dlrectlon,_ but just perfqrmmg
space equivalent of BO, the Wannier-Stark ladder (WSL)a symmetrical "breathing” made motion [16,18], without

in SL by Mendezt al. [5] and Voisinet al. [6]: If a static an%/hcfgti{égj'g(asesnnmqgﬁ?sn' erformed Up to now cannot be
field is present, the electron eigenstates of the superlattice P P P P

; . Used to determine the spatial dynamics of the wave packet
form a ladder with energy spacing motion: Four-wave mixing (FWM) experiments [8—10]
AE = eFd. ©) probe the temporal evolution of the excitonic interband
Usually, the holes can be assumed to be localized. Idipole moment, which responds to both breathing mode
optical experiments, when the field is tuned, a fan chart isnotions and center-of-mass motions. Terahertz emission
then observed with the transitions at the energies spectroscopy [11] is also strongly influenced by excitonic
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correlations [19]. Furthermore, a precise determination of
the amplitude would require an absolute measurement of -
the emitted radiation, which is not possible with sufficient 3
accuracy. The detection by photorefractive effects [12]5
involves a broadband detection of the electro-optic effectsd
of many excitonic WSL transitions and is thus also notZ
directly linked to the oscillation amplitude.

Recently, BO have been directly observed by an invers
THz experiment [14]: The current shows resonances if thes 1.4
SL is illuminated with THz radiation. These experiments  10%

104

ntensi

. . . . . 1 first part of BO cyc
do not yield information about the spatial amplitudes ofthe 7 .. Es'fco?.f, oart of ;{ffyc.e
\

BO motion. Very recently, BO have been impressively . ' >
demonstrated in a lattice of atoms in a trap. Here, BO can 157 158 15

1,60 1,61

9
be observed on a time scale 10 orders of magnitude longer Photon Energy (eV)

than in semiconductors [15]. Thi-space distribution FIG. 1. Shift of different transitions of the Wannier-Stark
of the electron wave packet was measured directly. Thé&dder for various delay times. Solid arrows mark the behavior
spatial amplitude of the oscillation was not determined. during the first part of a Bloch oscillation cycle, dashed arrows

In this Letter, we present a novel experimental methocgtlg:?gft?heesgﬁ)%%déyaga frse)la;'r‘éeir?;?iggqes with respect to the
which we use to perform théirst direct measurement '

of the spatial dynamics of Bloch oscillations/ith a . .
The transient spectra are shown for a range of delay times

resolution of a few angstrom, we determine the spatial hich q ) | iod. Th
displacement of the Bloch oscillating wave packet as d/Nich correspond to approximately one BO period. The

function of time. The total amplitude is determined as a h_lhtrﬁnsfitir?n showsla shitho Ioweffenerr]gies durig% tne
function of the static electric field. We show that optically fI'St half of the BO cycle (solid arrow); for the second half,

excited BO are associated with a sinusoidal motion of't shifts first to higher energies and then back to its origi-

the electrons and reach the amplitudes of the transpoP® _ﬁ)osmorj”(dasher(]j_farroyv). Tﬁemnar)snaqn shows ad
gedanken experiment, similar oscillatory shiftbut into the opposite direction an

The experiments are performed in GaA$);Ga-As vyith approximately twice the amplitudeThe hhy transi-

superlattices which have been described elsewhere [1 on shows' T‘eaf'y no shift. O.bViOUSW' the shifts of the
In particular, we discuss here results which were takef/SL transitions allow one talirectly follow the dipole

on a SL with67 A well width and 17 A barrier width,  1€/d created by the oscillating wave packet. .
f The hh;, transition shows a rather complicated behavior

nfs a function of delay time: The transition splits up into
two peaks, which both show a shift. A close inspection of
the WSL fan chart (not displayed) shows that, in this field
range, the hh; transition is subject to an anticrossing (with
the light-hole transition lh,). Thus, we observe a double
oeak and a nonlinear peak shift as a function of delay [20].
he results are another proof that the time-dependent peak
@ifts are an accurate measure of the internal field change

geometry usingl20 fs pulses from a Ti-sapphire laser.
The first laser pulse in directidq, excites the wave packet;
a second pulse in directidk, delayed byr is then either
used to detect the transmission as a function of delay tim
or to generate the FWM signal detected in the backgroun
free directiork; = 2k, — k;. In both cases, the detected
signals are spectrally resolved by a charge-coupled devi
(CCD) camera coupled to a monochromator. In all then the sample_ [21]. . o :
experiments reported here, the samples are mounted in aFrom the field Sh'ft of_the WSL peaks, it is possible
close-cycle cryostat and heldEt= 8.5 to 15 K. In most to calculate the spatial displacement of the wave packet

experiments, the excitation was chosen somewhat beloul the exci_tation density. is knownAs displacement,
the center of the WSLK = 1.5765 eV). we determine here the distance of the center of mass of

The detection principle of our experiment relies on the.the wave functions of the electrons and holes (which is

use of the WSL transition fan as a very sensitive ﬁeldldentical to the distance of the charge dipole). Because

detector: The Bloch oscillations of the wave packet are as(—)f their large mass, the holes can be assumed to be fixed.

sociated with the oscillation of a dipole between the mov—TIrl1e electron Wa\lllelpacgets which are creater:j in ea(;]h well
ing electrons and the static holes. The oscillating dipoléa mov(tj—z '? Earg_e Tahn f_cre(?the Ia nﬁgatlve charge sheet at
field is superimposed to the static bias field, thus creatin§n€ €nd of the SL. The fixed hole charges create a positive

harge sheet at the other end [22]. The peak shift can be

a small shift of the WSL transitions as a function of delay lculated by derivati f the field b h h
time. This shiftis in a first approximation linearly propor- calculated by derivation of the field between these charge
sheets. If the carrier density per wellrig,.;, the shift of

tional to the displacement of the electron wave packet. S

Figure 1 shows spectrally resolved FWM signals in thethe WSLAE, peak is given by
region from then = —1 to then = +2 heavy-hole tran- AE, — ne*nyen (1) 5)
sitions{labeled hh, with n as the ladder index [Eq. (4)] " €0€; ’
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wherez(z) is the BO displacement as a function of time excitonic wave packet reaches aboy8 @f the maximum
andn is the index of the WSL peak as defined by Eq. (4).semiclassical amplitude. In principle, the peak shift can be
For a quantitative evaluation of the displacement, ondollowed down to less than a tenth of a meV, i.e., our tech-
has to take into account that the carrier density across thaique is able to resolve displacements of less thad.
SL is not uniform due to the absorption of the exciting To verify the consistency of our results, we have
laser pulse. We thus use a numerical calculation of thehecked the excitation density dependence: Part (a) of
peak shift which takes the inhomogeneous excitation intd-ig. 4 shows the field shift vs excitation density. For
account. In this model, the photoexcited distribution oflow densities, the shift follows the expected behavior
electrons and holes are first calculated. The electrons af&q. (5)]: The peak shift should linearly increase with
then shifted by the Bloch oscillation amplitude (the holesdensity (dashed line). For higher densities, we observe
are again assumed to be fixed), and the dipole field of tha saturation of the field shift. A possible reason is the
Bloch wave packets is calculated using the Poisson equacreening of the internal field due to the increasing number
tion. Finally, the WSL peak is derived: For this purpose,of photoexcited free carriers, which reduce the field of the
we do not use the theoretical shift of the WSL peak asBloch wave packet dipole by plasma screening.
given by Eq. (4), but use the experimentally determined As the next step, we have measured the total amplitude
cw field shifts of the peaks. Figure 2 shows as typicalof the wave packet as a function of the electric field.
results of this simulation the charge (solid line) and theFor this purpose, we have kept excitation energy and
field (dashed line) distribution across the intrinsic regionintensity constant and have varied the electric field. The
of the SL. It is obvious that the absorption leads to dif-excitation was chosen somewhat below the center of the
ferent electron and hole charge sheets and to an inhom®SL (E = 1.5765 eV); the excitation density wak3 X
geneous field. The absolute displacement of the electrotd® cm~2 in the first well. The open circles in Fig. 4 are
wave packet is determined by comparing the experimerthe experimentally determined oscillation amplitudes. The
tally observed field shift with the model taking the inho- solid line is the semiclassical oscillation amplitude as given
mogeneous field into account. by Eq. (2). The experimental data agree well (within error
Figure 3 shows the FWM peak shift (right scale) as g24]) with the semiclassical oscillation amplitude given
function of delay time for the hhy heavy-hole transition by Eq. (2).
at a field of approximately6.5 kV/cm and an excitation It has been shown that the oscillation amplitude of the
density (in the first well) ofl.7 X 10'° cm 2. The solid wave packet is influenced by excitonic effects due to the
line is the result of the numerical model as discussed abovgresence of photoexcited holes [16]. The triangles in part
and includes a phenomenological damping timé.2fps.  (b) of Fig. 4 are the result of a theoretical calculation of the
By comparison of the model and the experiment, the peakmplitudes including these excitonic effects for the excita-
shift can be directly related to the displacement shown agon conditions chosen in the experiment. The calculation
the left scale of Fig. 3 [23]. The electron wave packetwas based on the theory outlined in Ref. [16]. Within er-
performs a sinusoidal oscillation with a total amplitude of ror, the theoretical predictions are in good agreement with
about 140 A. This value is very close to the prediction the experiment.
including excitonic effects [16]. The semiclassical limit Towards lower fields, we have observed that the ampli-
[as given by Egq. (2)] would be abo30 A, i.e., the tudes become very sensitive to the precise excitation con-
ditions. This can be explained by the fact that the WSL
in the low-field region is more strongly influenced by ex-
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FIG. 2. Results of the simulation of the peak shift for an FIG. 3. Wannier-Stark ladder peak shift (right axis) and
excitation density ofl0° cm™2 and a displacement of six SL Bloch electron displacement (leftaxis) as a function of delay

periods:

created by the oscillating wave packet.

the model described in the text.

Charge (solid line) and electric field (dashed line)time for a67 A/17 A superlattice. The solid line is a result of
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Note that we determine the oscillating field shift by
comparison with the cw WSL. Thus, the oscillating field
(which yields the amplitudes) is determined absolutely
without errors due to excitonic effects on the Wannier-
Stark ladder peak shift.

We neglect here the edge effects which will prevent
the outermost wave packets of the SL to move the full
amplitude.

The field shift is decreasing during the oscillation due to
the damping of the wave packet oscillation. This damping
is caused by the reduction of the number of coherent
electrons performing the oscillation, not by a decrease of
the oscillation amplitude.

The experimental error of the amplitude determination
is mainly given by the excitation density, since it is
difficult to determine precisely and enters linearly into the
amplitude. The absolute number of excited carriers can
be determined with high precision from the photocurrent.
The uncertainty in the carrier density is much larger,
since (i) it is difficult to measure the spot diameter on
the sample with high precision and (i) the distribution is
laterally inhomogeneous. We have imaged a pin hole on
the sample and directly observed the Airy disk diameter
on the sample. We estimate a total error-030% for

the absolute amplitude determination, and a relative error
between data points below10%.
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