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Selective excitation of zone-folded phonon modes within one triplet in a semiconductor superlattice 
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The selective optical excitation of coherent zone-folded acoustic phonon modes in a semiconductor superlattice 
is demonstrated. By llsing a time-delayed control pulse. we show the modification of phonon amplitudes within a 
phonon triplet and demonstrate that the phase relation of phonon modes can be mapped over time delays of several 
tens of picoseconds. This method with high spectral resolution has the potential to tailor specific amplitudes of 
phonon modes that are otherwise onJy collectively excited. 
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I. INTRODUCTION 

Coherent control of phonon modes by use of multipulse 
setups has been studied in various semiconductor systems 
ranging from bulk materials to multiple-quantum-well super
lattice structures 1-6 as well as in other solid-state systems 7.8 

and for molecular vibrationsY The control of first- and 
second-order back-folded acoustic modes in a superlattice 
has been demonstrated. lo In contrast to previous work, we 
present selective excitation of phonon modes within a single 
triplet of zone-folded modes where the frequency spacing 
is only a few tens of GHz. The evolution of the modes is 
followed throughout different control pulse delays to map out 
the continuous tuning of their amplitude ratios. The principle 
is based on the use of a second pump or control pulse for 
phonon generation with a defined phase with respect to the first 
excitation. The coherent superposition leads to a modification 
of the phonon amplitudes within the triplet structure of the 
first branch of zone-folded acoustic phonons. This results in an 
enhancement or suppression of the phonon oscillations. The 
manipulation and selective excitation of the phonon modes 
within a zone-folded triplet are possible by taking advantage 
of the high signal-to-noise ratio and the fast data acquisition 
rate of a high-speed asynchronous optical sampling (ASOPS) 
system. II The demonstrated principle could be extended to 
prepare well-defined phonon states for phonon spectroscopy 
and phonon amplification schemes 12 and to study phonon
phonon interactions. 

II. EXPERIMENTAL SETUP 

For time-resolved pump-probe experiments, we use an 
ASOPS system based on two femtosecond oscillators each 
providing 50 fs pulses at a I GHz repetition rate. The repetition 
rates are stabilized at a fixed frequency difference. I 1.1 3 For 
pump-probe experiments, one laser delivers the pump pulse 
while the other acts as a probe, sampling the I-ns-Iong time 
window. Both lasers are focused through the same lens with a 
focal length of 3 cm on the sample and the reflected probe beam 
is guided onto a photodetector with 125 MHz bandwidth. The 
signal is sampled at a 100 MHz rate. To achieve a sufficient 
signal-to-noise ratio, the signal is averaged over 2 million 
traces corresponding to an averaging time of 17 min. The 
control pulse is derived by splitting and recombining the pump 

beam with pellicle beam splitters. A variable delay line is used 
to adjust the time between initial excitation and the following · 
control pulse. A schematic of the experimental setup is shown 
in Fig. I (a). The pulse length of pump and probe pulses at 
the sample position is 200 fs due to uncompensated dispersion 
of beam-shaping optics. Since we investigate phonons with 
frequencies of about 500 GHz (corresponding to oscillations 
of periods of 2 ps), this time resolution is sufficient. The 
pump and probe spot diameter on the sample is 35 /l-m. In 
the following experiments, we use 108 mW for the first pump 
pulse, 47 mW for the control pulse, and 6 mW for the probe 
pulse. (Note: A pump power of about 100 mW was chosen 
to stay well below f1uence values where saturation effects of 
the phonon amplitudes can occur. The power of the control 
pulse depends on the reflection-to-transmission ratio of the 
pellicle beam splitters.) The pump and probe wavelengths are 
827 and 819 nm, respectively. All measurements are carried 
out at room temperature. 

The superlattice (SL) used for the control experiment is a 
40-period GaAs/AIAs superlattice with 19 monolayers (ML) 
GaAs and 19 ML AlAs grown on (00 I)-oriented GaAs and 
has been described and investigated in detail earlier. 14 

Figure I (b) shows the time-dependent reflectivity change of 
the superlattice (blue curve). The electronic response of the SL 
sample has been removed via fitting of a suitable decay model. 
Modulations in the sample reflectivity caused by the phonon 
oscillations remain. Only the first 600 ps of the I-ns-Iong time 
window are shown. Oscillations with a few-picosecond period 
are visible as well as a slower oscillation with about a 20-ps 
period. The green curve in Fig. I (b) is a zoom into the first 
60 ps of the signal. It is offset for better visibility. While the 
slow oscillations with a frequency of 50 GHz can be identified 
as the Brillouin mode of the bulk material, the fast oscillations 
stem from zone-folded acoustic phonons. Figure I (c) shows 
the first and second branch of the back-folded acoustic phonon 
dispersion ofthe SL calculated using the Rytov model. 15 At the 
zone center of the Brillouin zone, cOtTesponding to the wave 
vector q = 0, only the antisymmetric mode (A I symmetry) 
of the lower dispersion branch can be excited according to 
the impulsive Raman scattering process. 16 For wave vectors 
q = 2kL c::: 0.197n/dsL , where kL is the wave vector of the 
incident probe light field and dSL is the superlattice period, 
corresponding to the backscattering geometry, symmetric and 
antisymmetric components are mixed leading to a doublet in 
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. FIG. I. (Color onl ine) (a) Schematic of the experimental setup 
including the generation of the double excitation pulse using beam 
splitting and recombining on pellicle beam splitters (P) and a variable 
delay line (VO). Pump and probe beams are focused onto the sample 
with a lens (L) and the reflected probe beam is detected on a 
photo deIce lor (PO). (b) Example or lhe lime-dependenl relleclivily 
change of the superlattice after a second excitation by the control 
pulse (blue curve). The fast electronic response has been subtracted. 
The green curve shows a zoom into the first 60 ps of the trans ient. 
(c) Calculated phonon dispersion of the superlattice with period dSL 

and corresponding frequency spectrum obtained from the data shown 
in (b). The wave vector (2kLl of the optical probe field is marked as 
a red line. 

the frequency s'pectrum. It has been shown that the phonon 
generation process is dominant for the q = 0 mode, while the 
detection is most sensitive for the 2kL modes. 17 Finite-size 
and light absorption effects lead to a nonvanishing overlap 
between generation and detection efficiencies in q space, 
giving rise to the expected triplet structure. Figure I (c) shows 
the corresponding frequency spectrum. The resulting triplet 
structure shows phonon oscillations at 430, 464, and 511 GHz. 
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Higher-order phonon dispersion branches are not considered 
within this work. 

III. RESULTS 

To investigate the selective excitation, we scan the time 
delay between the pump and control pulse in steps of 200 fs 
corresponding to the time-delay resolution limit, and we 
record the conesponding transients. As for the data shown in 
Fig. I (b), the electronic background is subtracted. In addition, 
the signal is filtered with a low pass with 1.5 THz cutoff 
frequency to remove high-frequency noise. Figure 2(a) shows 
16 successive measurements with increasing delay between 
pump and control starting at an initial delay of 36.56 ps. 
The control pulse delay range was chosen arbitrarily. For 
different delays of the control pulse, the signal beating and the 
oscillation damping times vary. Figure 2(b) shows the Fourier 
amplitudes of the three modes as a function of the control pulse 
delay. 

A relative change in the amplitudes of the zone-center and 
the 2kL modes depending on the control pulse is evident. Since 
the 2kL modes are propagating, their damping is stronger. This 
explains the faster decay of the oscillations in Fig. 2(a) when 
the zone-center mode is suppressed (e.g., curve corresponding 
to 1.4 ps delay) and vice versa a longer lifetime when it has a 
maximum amplitude (e.g., a curve cOlTesponding to a 2.4 ps 
delay). This is consistent with the spectral width of the modes 
in the Fourier spectrum, where the q = 0 mode shows a 
smaller full width at half-maximum than the 2kL modes. The 
amplitude dependence as a function of control pulse delay 
can be fitted for each mode using a sine function of the form 
A sin(wt + 4» + b, where w denotes the phonon oscillation 
frequency, A the phonon amplitude, 4> the phase factor, and b 
an offset. The resulting fit coefficient for the phase factor 4> 
is negligibly small for all three modes. This can be expected 
since all three modes are excited in phase. Figure 3(a) shows 
the extracted amplitude dependence together with the fit. 
Figure 3(b) shows two selected spectra at control pulse delays 
of 37.9 and 39.3 ps showing the suppression of the zone-center 
mode and an increase of the amplitude of the 2kL mode. 

To tailor a specific phonon amplitude ratio, the cone
sponding control pulse delay needs to be determined. For 
opposite excitation conditions between two phonon modes, 
the delay depends on the frequency spacing of the phonon 
modes. To achieve the enhancement of one mode due to 
in-phase excitation and suppression of the other mode due to 
out-of-phase excitation, the control pulse delay is given when 
the phase difference between the two modes reaches 1800

• For 
frequency differences of 30-50 GHz, the control pulse delay 
for the highest contrast is between 60 and 100 ps. Thus a longer 
control pulse delay, as compared to earlier experiments, 10 

allows the selective excitation of more closely spaced phonon 
modes. At a control pulse delay of about 73.7 ps, an in-phase 
excitation of the zone-center mode can be achieved while 
the propagating modes are excited out-of-phase, leading to 
reduced amplitudes. Figure 3(c) shows a measurement over 
this control pulse delay time range. The sine functions are 
the same as in Fig. 3(a), traced to the corresponding time 
window. The amplitudes of all three modes are scaled by a 
common factor in order to compensate for the phonon damping 
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FIG. 2. (Color onl ine) (a) Modulation of the time-dependent reflectivity by coherent acoustic phonon oscillat ions after excitation of the 
control pulse. For different delays of the control pulse (curves for each delay are offset for clarity), the signal beating and damping times vary. 
(b) The corresponding Fourier spectra of the oscillations show a modulation of the amplitudes with control pulse delay. The control pulse 
delays are given relative to an absolute delay of 36.56 ps after the first excitation pulse. 
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FIG. 3. (Color online) (a) Extracted Fourier amplitudes of the phonon modes of the first zone-folded triplet from the data shown in Fig. 2 
and fits to the data with sine functions. The x axis gives the delay of the control pu lse with respect to the first excitation pu lse. (b) Fourier 
spectrum at the control pulse delay positions of 37.9 and 39.3 ps corresponding to the vertical lines in (a). (c) Extracted Fourier amplitudes of 
the phonon modes for a different range of delays. The data are shown together with the fit obtained from (a) and expanded to the delay range. 
For a better comparison, the ampl itudes are scaled, but with the same factor for all three modes. At around 73.7 ps, an in-phase excitation of 
the q = 0 mode occurs while the 2kL modes are suppressed (dashed line). 

time (ps) 

FIG. 4. (Color online) Modulation of the time-dependent reflectivity by coherent acoustic phonon oscillations after excitation by the control 
pulse for delays corresponding to Fig. 3(c). The dashed line marks the transient reflectivity at a control pulse de lay of 73.67 ps . 
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at later control pulse delays, showing a good agreement 
with the predicted amplitude ratios by the fit curve. 

Figure 4 shows the time-dependent reflectivity for the 
control pulse delay range corresponding to Fig. 3(c). Since 
the coherent phonon oscillation at this control pulse delay 
already decayed to about half its initial amplitude, the signal is 
smaller compared to Fig. 2. The dashed line in Fig. 4 marks a 
control pulse delay where the center zone mode is selectively 
excited, while the 2kL modes are suppressed; see Fig. 3(c). 
The transient reflectivity shows smaller beating signatures and 
a longer oscillation lifetime in agreement with Fig. 2 and 
the expectations discussed above. The amplitude dependence 
of the phonon modes on the control pulse intensity is not 
examined further within this work. 

IV. CONCLUSION 

We demonstrate the selective excitation of zone-folded 
acoustic phonons in a superlattice by using a second excitation 
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