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We have demonstrated the generation of intense coherent longitudinal gpb@gdhonon oscillations with

use of intersubband energy tuning by application of electric field. The coherent LO phonon in a GaAs/AlAs
multiple quantum well was investigated in detail as a function of electric field by using a reflection-type
pump-probe technique. In the case that the intersubband energy is tuned to the LO phonon energy of GaAs by
the electric field owing to a quantum confined Stark effect, the amplitude of the coherent LO phonon is
intensively enhanced by a factor of 23 in comparison with the amplitude in a low electric field regime. This
enhancement is caused by the coupling between the coherent LO phonon and the longitudinal polarization due
to the impulsive interference between excitons with different subbands.
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Coherent phonon oscillations in  nanostructuredfast dephasing prevents the quantum beat. That is the subject
semiconductor$;* e.g., multiple quantum wellsMQW'’s), in the present work, which can be treated as an impulsive
superlatticegSL’s), and quantum dots, have attracted muchphenomenon. Under an applied electric field, the symmetry
attention in the field of ultrafast phenomena from the view-of the envelope functions of electrons and holes is broken by
point of dynamics of exciton-phonon and carrier-phonon in-the QCSE, so that the excitonic quantum interference gener-
teractions. Recently, the enhancement of coherent phonons étes an impulsive longitudinal polarization along the growth
Sl's and MQW's due to the coupling with coherent oscilla- direction of the MQW. Thus, we can expect the coupling
tions of photoexcited carriers and excitons, such as Blocletween the excitonic quantum interference and the coherent
oscillations and quantum beats of the heavy-hlél) and  LO phonon via the impulsive longitudinal polarization. In
light-hole (LH) excitons, has been reported as generationthe present work, we have demonstrated the enhancement of
methods of intense coherent longitudinal opticdlO)  the coherent GaAs-like LO phonons due to tuning the inter-
phonons~" Dekorsyet al. reported on the coupling between subband energy to the LO phonon energy with use of the
the Bloch oscillation and the coherent LO phonon inQCSE in a GaAs/AlAs MQW. It has been found that the
GaAs/AlGaAs SL's, and observed an enhancement of thamplitude of the coherent GaAs-like LO phonon is enhanced
coherent LO phonon oscillations by tuning the frequency ofintensively under the resonant condition that the energy spac-
the Bloch oscillation to that of the coherent LO phofde  ing between then=1 HH (HH1) andn=2 HH (HH2) sub-
reported the enhancement of the coherent LO phonon oscibands closely approaches Egg.
lations by tuning the frequency of the excitonic quantum beat We used an undoped GaAs/AlAs MQW embedded in a
to that of the coherent LO phondnThis enhancement of p-i-n structure on a(001) n*-GaAs substrate grown by
coherent LO phonons results from the following two key molecular-beam epitaxy, where tipeandn layers are lum
factors: (i) The frequency of the excitonic quantum beat isthick AlysGa, sAs layers with 50 nm undoped regions. The
almost equal to that of the LO phonon, a so-called resonariQW consists of 20 periods of GaAs and AlAs layers whose
condition, and(ii) the excitonic quantum beat induces a lon-thicknesses are 15.3 and 4.5 nm, respectively. The coherent
gitudinal polarization oscillation along the growth direction LO phonon oscillation was measured by a reflection-type
of an MQW. Because of the resonant interaction between thpump-probe technique at 10 K. The laser source was a mode-
excitonic quantum beat and coherent LO phonon, the excitocked Ti:sapphire pulse laser delivering 100 fs pulse with
tonic quantum beat acts as a driving force for the coherentepetition of 82 MHz. The pump and probe beams were or-
LO phonon. thogonally polarized to each other in order to eliminate the

The subband energies in an MQW can be controlled by apump-beam contribution to the probe beam. The typical
applied electric field, which is called a quantum confinedpump energy was 1.571 eV, which is located between the
Stark effect(QCSB,® as well as by a quantum size effect. transition energy from the HH1 subband to tive2 electron
Hence, it is possible to tune the intersubband energies to th&2) subband and that from the HH2 one to E2 one in a high
LO phonon energyE, ). If two exciton states with different electric field regime. The pump density was kept at about
subbands are simultaneously excited by ultrashort pulses, & nJ/cm. Assuming that the excitonic absorption coeffi-
is expected that a quantum interference of the two excitorient of the fundamental transition energy at zero electric
states occurs, which is well known as the quantum beat fofield is about 1x 10* cm ! (Ref. 9), the photoexcited carrier
the fundamental excitons with the quantum numibed.. In  density is estimated to be abouxk1L0*> cm 3, Thus, forma-
the case of the excitonic quantum interference associatetibn of electron-hole plasma is negligible. We also performed
with higher subbands witin=2, it is assumed that a very photocurren{fPC) measurements at 10 K in order to estimate
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FIG. 1. Image map of the PC spectra of th
GaAq15.3 nm/AlAs(4.5 nm MQW at 10 K as a function of elec-
tric field, where the brightness is proportional to the PC intensity.
The dashed curves show the transition energies calculated by usi
the TM method.

€ tween the two excitons with a common electron or hole
subband approaches to the LO phonon energy. As shown in
Fig. 1, since the energy difference between the E2HH1 and
"EOHH2 transitions at 130 kV/cm are almost equaktg, of
GaAs, we can expect the coupling between the coherent
GaAs-like LO phonon and the quantum interference of the
the energies of excitons including various higher subbandss2HH1 and E2HH2 excitons. Thus, we tuned the pump en-
The excitation light was produced by combination of a 100grgy to 1.571 eV, which is around the center energy between
W halogen lamp and a 32 cm single monochromator with ahe E2HH1 and E2HH2 excitons at 130 kV/cm. It is noted
resolution of 0.3 nm. that the fundamental excitons of E1HH1 and E1LH1, which
Figure 1 shows the image map of PC spectra at variougre usually used for quantum-beat experiments, become un-
electric fields with a step of 5kV/cm in the staple in such a high electric field regime as shown in Fig. 1,
GaAg15.3 nm/AlAs(4.5 nm MQW, where the brightness which is evident from the fact that the PC signals of the
is proportional to the PC intensity. The value of the electricE1HH1 and E1LH1 excitons almost disappear.
field F is estimated fromF=(V,-V)/L, whereV, is the Figure 2 shows the time-resolved reflectivity changes at
built-in voltage of thep-n junction, V is the applied bias various electric fields of the MQW sample. The highest elec-
voltage, andL is the total length of the intrinsic layer: the tric field is 170 kV/cm in our measurement, because further
MQW and undoped regions of the AlGa, sAs layers. The increase of electric field induced instability of the results of
dashed curves show the transition energies calculated by gump-probe measurements. The time-domain signal ob-
transfer matrix(TM) method!® The values of the effective served at each electric field consists of the large reflectivity
masses in the TM calculation are taken from Ref. 11. Manyhange around 0 ps and the long-lived oscillation. The initial
excitonic absorption peaks are observed. The origins of thegsart of the signal arises from a change of the carrier density.
PC peaks are assigned by comparison with the transitiohe shape of the initial part varies with an increase in elec-
energies calculated by the TM methodHHi (EjLHi) indi- tric field. This may be caused by the variation of the excess
cates the transition from the HHLH) subband witn=i to  energy of the excitation relative to the E2HH1 exciidn,
the electron subband with=j. The energy shifts of the PC since the exciton energy is shifted by the QCSE. The oscil-
peaks are due to the QCSE. The peak energies are consistésory structure with the period of 113 fs in each signal lasts
with the calculated results even in a high electric field re-over 4.0 ps, and that is assigned to the coherent GaAs-like
gime. As the electric field is increased, the optical transitions.O phonon. The amplitude of the coherent GaAs-like LO
between the electron and hole subbands with different quarphonon changes with the electric field. We note that the am-
tum numbers, which are forbidden in principle at zero elecplitude of the coherent LO phonon is markedly enhanced
tric field, become obvious in the PC spectra, while the fun-around the electric field of 155 kV/cm. Since the quantum
damental transitions of the E1IHH1 and E1LH1 excitons arébeat of the E2HH1 and E2HH2 excitons could not be ob-
remarkably degraded. These changes of the transition prolserved, it seems that the dephasing times of the excitons are
abilities originate from the symmetry breaking of the enve-comparable to the excitation pulse width.
lope functions of the electrons and holes due to the QCSE. In order to estimate the intensity of the coherent GaAs-
We can expect the coupling between the excitonic interlike LO phonon at each electric field, we performed the Fou-
ference and coherent LO phonons via the longitudinal polarrier transform(FT) of the time-domain signals in the time
ization under the condition that the energy difference berange from 1.0 to 4.0 ps. Figure 3 shows the FT spectra at
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Frequency (THz) spectrum with the center energy of 1.573 eV.

FIG. 3. Fourier-transform spectra of the time-domain signals There are two possible reasons for causing the enhance-
shown in Fig. 2 in the time range from 1.0 to 4.0 ps at variousment of the coherent LO phonon$) the resonance effect at
electric fields. the exciton energies and) the coupling between the longi-

tudinal polarization of the excitonic interfer_ence and t_ha_lt of
various electric fields. It is evident that the peak frequency ighe coherent LO phonon. In order to investigate the origin of
constant at each electric field: 8.8 THz correspondingitp  the enhancement of the coherent LO phonon, the pump-
of GaAs. It is obvious that the FT intensity is enhancedenergy dependence of the time-resolved reflectivity change
around 155 kV/cm. We plot the FT intensity of the coherentVas observed at 155 kV/cm that is the electric field for the
LO phonon and the energy difference between the E2HH{argest enhancement. The pump-energy dependence of the
and E2HH2 excitongAE-nyy) estimated from the PC  intensity of the coherent LO phonon at 155 kV/cm is shown
spectra as a function of electric field in Fig. 4, where theln Fig- 5. The dotted curve indicates the pump-laser spectrum
open and closed circles indicate the coherent LO phonoM"'th the center energy of 1.573 eV. If the excitonic resonance
intensity andAE;_np respectively, and the broken line effect causes the enhancement of the coherent LO phonon,
indicatesE,, of GaAs. The FT intensity, which corresponds the pump-energy dependence should show three peaks at the
to the square of the oscillation amplitude of the coherent LOF2HH1 (1.548 eV}, E2LH1 (1.570 eVf, and E2HH2(1.585
phonon, reaches a peak at 155 kV/cm. The FT intensity ofV) exciton energies that are obtained from the PC spectra.

the coherent LO phonon at 155 kV/cm is about 500 timediowever, the resonance profile of th_e coherent LO phonon
larger than that in a low electric field regime. The enhanceSnOWs only one peak at 1.573 eV. This fact suggests that the

ment factor of the oscillation amplitude by tuning the HH1 - coupling between the E2HH1-E2HH2 excitonic interference
HH2 intersubband energy 8, is about 23, which is com- and the coherent LO phonon induces the enhancement of the

parable to the enhancement factor€25 by using the quan- coherent LO phonon. From an aspect of Raman scattering,
tum beat ofn=1 HH and LH excitons in a GaAs/AlAs the enhancement phenomenon of the coherent LO phonon is

MQW.7 analogous to doubly resonant Raman scattering in a

GaAs/AlGaAs quantum wel where the energy spacing
between the E1HH1 and E1LH1 excitons is equal to the
GaAs-like LO phonon energy.

In Fig. 2, the oscillatory structure like the quantum beat
corresponding to the excitonic interference between the
E2HH1 and E2HH2 excitons is not observed. This disappear-
ance is attributed to the short coherence titoérashort
dephasingof carriers at the higher subbands. Since the laser
pulse has the spectral width broader th¥f,;_yu, these
excitons are simultaneously generated by the laser pulse, and
the impulsive longitudinal polarization will be generated
through the interference between the E2HH1 and E2HH2
excitons. The impulsive longitudinal polarization due to the
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, 50 interference between the E2HH1 and E2HH2 excitons
40 80 120 160 couples to the coherent LO phonon under the condition that
Electric Field (kV/cm) AEpH1-nH2 IS almost equal tde o at 155 kV/cm, so that the

FIG. 4. Fourier-transform intensity of the coherent GaAs-like resonant interaction between the coherent LO phonon and
LO phonon andAEyy;-nue Which are indicated by open and the longitudinal polarization of the excitonic interference en-
closed circles, respectively, as a function of electric field. Thehances the coherent LO phonon. Although the electric field
dashed line indicateg, 5 of GaAs. for the resonance betweéf)5 and the HH2-HH1 intersub-
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band energy is estimated to be 130 kV/cm from the PCand the LO phonon energy, the excitonic interference acts as

spectra as shown in Fig. 4, the electric field seems to ba driving force to the enhancement of the coherent LO pho-

slightly shifted by Coulomb screening due to photoexcitednon. The present demonstration for the enhancement of the

carriers in the pump-probe measurement. coherent LO phonon is applicable to various nanostructured
In summary, we have demonstrated that the coherent L@emiconductors.

phonon in the GaAs/AlAs MQW is intensively enhanced by

tuning the intersubband energy to the LO phonon energy
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