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Well-width dependence of coupled Bloch-phonon oscillations
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The coupling between Bloch oscillations and longitudinal optical (LO) phonons is investigated in ternary
In0.53 Ga0.47 As / In0.52 Al0.48 As superlattices of different well widths. In femtosecond time-resolved studies, a strong increase of the coherent LO phonon amplitudes is observed when the Bloch oscillations are
subsequently tuned into resonance with the different optical phonon modes of the ternary semiconductor
materials. In a narrow-well superlattice where electronic minibands are energetically shifted close to the
confining barrier potential, the phonon amplitudes are asymmetrically enhanced on the high-frequency edge
of the resonance. Here, at high electric fields, field induced tunneling into above-barrier continuum states
leads to a rapid dephasing of Bloch oscillations. The associated polarization change provides an additional
excitation process for coherent LO phonons.
© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Time-resolved investigations of resonantly coupled excitations involving phonons, such
as coupled plasmon-phonon modes or phonon-polaritons, are one of the most intriguing subjects of coherent phonon spectroscopy (for a review see, e.g., [1]).
Besides the elementary excitations involved there (plasmons, light waves), the coherent excitation of
Bloch oscillations (BO’s) has become possible in semiconductor superlattices by use of femtosecond laser
pulses (for a review see, e.g., [2]). In general, BO’s are described as the spatial oscillation of carriers in a
periodic potential subject to a static electric field [3, 4]. In biased superlattices, the coherent superposition
of electronic Wannier-Stark (WS) states by ultrashort laser pulses leads to the formation of an electronic
wave packet oscillating with a frequency νBO = eF d/h. This frequency is determined by the externally
applied electric field F , the superlattice period d, the electron charge e, and Planck’s constant h.
Recently, the resonant coupling between optical phonons and BO’s has been demonstrated for the first
time in GaAs/AlGaAs superlattices [5]. Here, we present a study on coupled Bloch-phonon oscillations
in In0.53 Ga0.47 As / In0.52 Al0.48 As superlattices of different well widths but constant electronic miniband
widths. A strong increase of the coherent LO phonon amplitudes is observed when the BO’s are subsequently tuned into resonance with the distinct phonon modes of the ternary superlattice semiconductors by
variation of the applied electric field. Furthermore, narrow superlattice wells lead to a shift of electronic
minibands to higher energies in the conduction band and, thus, to an enhancement of Zener tunneling into
above-barrier continuum states at high electric fields [6]. This effect results in a rapid dephasing of coherent BO’s that in turn induces an incoherent polarization exciting coherent LO phonons. This contribution
manifests itself as an asymmetric enhancement of the LO phonon amplitudes on the high-frequency edge
of the Bloch-phonon resonance.
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2 Experimental Two samples with different energetic positions of the first electronic minibands in the
conduction band but constant miniband widths of 60 meV were investigated in femtosecond time-resolved
experiments. For the resonant excitation of BO’s in sample A with well/barrier widths of 8.4/51.6 Å
(energetically high miniband, i.e. close to the confining barrier potential), a Ti:sapphire laser delivering
pulses of 45 fs lengths was tuned to a photon energy of 1.39 eV. For sample B with well/barrier widths
of 35.4/24.6 Å (energetically low miniband, i.e. approximately 400 meV beneath the confining barrier
potential), we used a synchronously pumped optical parametric oscillator with photon energies of 1.00 eV
and pulse lengths of 70 fs.
The LO phonons of the ternary superlattice materials exhibit a typical two-mode behaviour. For bulk
compounds grown lattice-matched to an InP substrate, their Brillouin zone center frequencies are 7.1 THz
for the InAs-like modes in In0.53 Ga0.47 As and In0.52 Al0.48 As (LOI ), 8.0 THz for the GaAs-like mode in
In0.53 Ga0.47 As (LOII ), and 11.0 THz for the AlAs-like mode in In0.52 Al0.48 As (LOIII ) [7, 8].
The investigations were carried out in an electrooptic detection scheme (REOS, reflective electrooptic
sampling) [9]. Here, polarization dynamics arising from optically excited coherent carrier and lattice dynamics in the superlattice growth direction are monitored by anisotropic changes of the sample reflectivity
in the time domain. The measurements were performed at lattice temperatures of 10 K. The optical excitation density was kept below 3 × 109 electron-hole pairs per well and cm2 in order to reduce carrier-carrier
scattering which leads to an enhanced dephasing of BO’s.
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3 Results Figure 1(a) shows the coupled dynamics of BO’s and LO phonons detected in sample A
in the voltage range between −1.6 V and −8.8 V, i.e., within the WS regime of the superlattice. The
coherent carrier and phonon contributions can be clearly distinguished by their voltage dependence. The
BO-induced component for time delays below 300 fs is characterized by an increase of its frequency and
a concomitant decrease of its amplitude with increasing reverse bias. On the other hand, the phononinduced component comprises a beating of long-lived oscillations that shows no discernable change of the
contributing frequencies but a remarkable amplitude increase if the applied voltage is varied.
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Fig. 1 (a) Numerically extracted oscillatory components of the REOS signals detected in sample A for
reverse bias voltages between −1.6 V and −8.8 V (in steps of −0.4 V). (b) Fourier transforms of the data
shown. For clarity, the traces and spectra are shifted vertically and horizontally.

The picture of coupled Bloch-phonon oscillations is confirmed by Fourier transforms of these data depicted in Fig. 1(b). In the low-voltage range, the Fourier transforms are dominated by spectrally broad
peaks arising from BO’s. As expected, their frequency increases linearly with increasing electric fields
applied to the superlattice. A detailed analysis (not shown here, see [10] instead) yields a slope of
−1.4 THz/V in very good agreement with a theoretically expected value calculated from the superlattice parameters. The LO phonon modes of the superlattice appear as sharp peaks in the Fourier transforms
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at their eigenfrequencies listed above (LOI – LOIII ). Obviously, when the BO frequency is tuned into resonance with the LO phonons a pronounced enhancement of the coherent phonon amplitudes is observed.
This amplitude increase is attributed to the resonant coupling of the coherent electronic carrier motion, i.e.
the BO’s, to the phonon oscillations via their polarization components parallel to the growth direction of
the superlattice [5]. Thus, BO’s appear as an highly effective driving force for the generation of coherent
phonons even at low excitation densities.
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Fig. 2 (a) Oscillatory signal contributions recorded in sample B in the voltage range between −4.5 V and
−8.0 V (in increments of −0.25 V). For clarity, the gray traces depict the long-living phonon oscillations
enhanced by a factor of five. (b) Corresponding Fourier transforms of data shown in (a).

The main aspects derived from sample A are confirmed by experiments performed on sample B. Figure 2(a) depicts the coupled Bloch-phonon oscillations detected in sample B in the voltage range between
−4.5 V and −8.0 V (for clarity, the gray traces depict the long-lived phonon oscillations enhanced by a
factor of five). Again, BO-induced signal contributions can be distinguished from the long-lived phonon
traces by the electric field dependence of their frequencies and amplitudes. The corresponding Fourier
transforms shown in Fig. 2(b) manifest the resonant coupling between the coherent carrier and phonon
dynamics. When the Bloch peak approaches the optical phonon frequencies, a pronounced enhancement
of the coherent LOI and LOII phonon amplitudes is observed at frequencies of 7.1 and 8.0 THz. Note that
in contrast to the Ti:sapphire laser based experiments on sample A, longer pulses delivered by the optical
parametric oscillator suppress the observation of the LOIII phonon at 11.0 THz.
For a more detailed analysis and a comparison of the resonant Bloch-phonon coupling for both samples, the coherent LO phonon amplitudes (normalized to their maximum value) are plotted versus the BO
frequency in Fig. 3. For this purpose, the phonon amplitudes were determined from Fourier transforms for
larger time delays only, thus omitting contributions of the rapidly dephasing BO’s. The distinct peak positions of the LO phonons are determined from Gaussian shaped numerical fits to the rising edge of the data,
additionally shown in Fig. 3. For both samples, the LO phonon amplitudes reach their maximum value
at BO frequencies very close to the corresponding phonon eigenfrequencies. This selective enhancement,
again, clearly demonstrates the resonant behaviour of the coupling between the frequency tunable BO’s
and the coherent LO phonons.
Nevertheless, the shape of the Bloch-phonon resonance coupling differs for the two samples investigated. In contrast to sample B, where the LO phonon amplitudes are symmetrically enhanced in the
vicinity of the resonance, an asymmetry of the phonon amplitudes is observed as a function of the BO
frequency in sample A. This discrepancy is attributed to the different energetic positions of the electronic
minibands and the consequences for the dephasing of the coherent BO’s.
In sample B, the BO’s are excited in an electronic miniband far below (approximately 400 meV) the
barrier potential of the conduction band. Here – neglecting resonant effects like, e.g., resonant phonon
emission between WS states [11] – the dephasing is considered to be independent on the applied electric
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Fig. 3 Normalized amplitudes of the coherent LO phonons (see text) versus the BO frequency. The solid
lines are Gaussian fits to the low-frequency edge of the resonance.

field and a symmetric Bloch-phonon resonance is expected [12]. In the narrow-well superlattice (sample A), however, BO’s are excited in a shallow bound electronic miniband only 20 meV (upper edge)
below the potential barriers. Here, the rapid dephasing of BO’s leads to an additional current arising from
tunneling processes of the optically excited electrons into the above-barrier continuum states [6]. At high
electric fields, the associated charge current is able to provide a bandwidth large enough for the coherent
excitation of LO phonons. This excitation mechanism superimposed on the resonant Bloch-phonon coupling leads to an asymmetric increase of the coherent phonon amplitudes above the LO phonon frequencies
compared to the amplitudes below the phonon resonances.
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