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Abstract

Coherent emission process of excitons in a layered compound GaSe, and in
ZnSe/ZnSy 18Se(.g2 multiple quantum wells has been directly observed for the first time,
by means of two independent newly-developed methods; time-resolved Brewster-angle
reflectance (TRBR) spectroscopy and time-resolved four-wave-mixing (TRFWM)
spectroscopy.

In TRBR measurement, we have succeeded in observing a distinct free-induction-
decay of coherently-driven polarization, with an oscillatory behavior due to finely split
exciton levels. An analysis on the basis of a simple model provides key information on
the dynamical phase relaxation process.

The result of the TRFWM measurement gives the comprehensive treatment of two
dephasing processes; destructive interference due to static inhomogeneous broadening,
and dynamical homogeneous phase relaxation. An analysis of TREWM intensity enables
one to exactly determine the homogeneous phase relaxation time.

Finally, we show that a comparison between the coherent emission signal measured
by TRBR or TRFWM, and third-order nonlinear correlation profile observed by time-
integrated FWM measurement enables one to make distinction between which of

quantum- or classical interference effect causes the beat feature seen in the coherent

emission signal.
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I. Introduction

It is well known that a resonantly excited atom acquires a polarization, oscillating at
the natural frequency and eventually decays away. This basic emission process, named
coherent emission, is experimentally observed by measuring the temporal evolution of
emitted intensity after short pulse excitation. In solids, however, atoms are densely
packed, so that absorption and emission are strongly influenced by the interaction
imposed on the elementary excitation with other degrees of freedom, which disturbs the
phase ordering of the polarization within a few picoseconds. Because the dephasing time
is very short in such media, direct experimental investigation of the coherent emission
process has not been reported up to now.

In the present work, we study the coherent emission process of excitons in
semiconductors with subpicosecond time resolution, by means of two independent
methods newly developed, i. e., time-resolved Brewster-angle reflectance spectroscopy
(TRBR) and time-resolved four-wave-mixing spectroscopy (TRFWM). By adopting
these methods, the nonresonant contribution to the signal is extremely reduced, so that a
clear and background-free coherent-polarization-related signal can be obtained. The
signal shows a free-induction-decay (FID) and a quantum beat due to coherently driven
excitonic polarization.

The constitution of this thesis is as follows: In Section II, we show the results of
TRBR experiment for a layered compound GaSe and ZnSe/ZnS( 18Sep.g> multiple
quantum wells (MQW's). For both samples, the TRBR signal shows a clear coherent
emission signals; a decay feature reflecting the phase relaxation with an oscillatory
structure due to split exciton lines. In Section III, we discuss the temporal profile of
FWM signals of excitons in GaSe. In this sample, the spectral widths due to the
inhomogeneous and homogeneous broadenings of the relevant exciton are almost same.
Thus the FWM signal shows the intermediate nature of photon-echo type and exponential
form for FID. In Section IV, we discuss the physical origin of the temporal oscillation
seen in the coherent emission signals. Comparison between the time-integrated FWM
signals and coherent emission reveals which of quantum- or classical interference effect

causes the observed temporal oscillatory profile. A brief conclusion is given in Sec. V.




[I. Linear coherent emission process studied by time-resolved Brewster-
angle reflectance spectroscopy

Transient spectroscopy has been widely used for investigating coherence property
of excitons in semiconductors. One of the important techniques is to observe a free-
induction-decay signal, reflecting the superradiated coherent emission process. Since
observations of this signal have been mostly demonstrated with utilizing a time-of-flight
measurement, i. e., measurement of the temporal shape of a transmitted pulse, the results
are often discussed from the view point of the coherent light propagation phenomenon. !
In order to investigate directly the coherent emission process with neglecting a
propagation effect, it may be effective to observe FID signals under reflectance geometry.
However, a reflected signal is dominated by nonresonant component contributing to the
reflectance, and thereby, a coherently emitted signal is masked by this nonresonant
component. This disadvantage can be circumvented by adopting a Brewster-angle
reflectance (BR) geometry.

Recently, we have reported that reflectance spectra at Brewster-angle of incidence
show a distinct excitonic profile, with a great reduction of the nonresonant contribution to
the reflectance.2:3 By applying this configuration to transient spectroscopy,*® it may be
possible to obtain a clear and background-free coherent-polarization-related si gnal.

In this section, we report a time-resolved observation of the BR pulse (TRBR) for a
layered compound GaSe and ZnSe/ZnSy.185€0.82 MQW's. The signal provides a clear
coherent emission; FID of the coherently driven polarization, and an oscillatory feature

due to the interference between the split exciton states involved in the present sample.

II-1. Theoretical consideration

First, we briefly argue theoretically the temporal shape of a BR pulse. In the linear
regime, the temporal shape of an output pulse is given by

E, 1) = f ARl B, (1)

where Ej, and Eour(1) are the temporal form of the input and output pulses, respectively,
G (1) represents a response function which is given by Fourier transform of the frequency
dispersion of the relevant optical process G (w). We consider the reflectance geometry for
p polarization with Brewster-angle of incidence. In this case G (w) is given by the well-

known Fresnel's formula. The incident angle is defined as arctan(n), where n is the




refractive index in the absence of the relevant exciton resonance. Assuming for simplicity
that the dielectric function in question can be described in terms of an oscillator model,
G (1) can be derived as

G(1) = 6(7) exp [(-iayp - T2V 1], @)

where T is the phase relaxation time, ay is the exciton energy in frequency, and 6(7) is a
step function. Thus, the BR pulse is simply expressed by the exponentially decaying
response of phase relaxation, with a freely-scattered component eliminated. The

derivation of Eq. 2 is presented in Appendix A.

II-2. Experimental

a. Samples

Experiments were performed on two kinds of samples; GaSe and ZnSe/ZnSSe
MQW's. The sample of GaSe used was of good quality and prepared from a single
crystal which was grown by Bridgeman method. Flat and clean surfaces for reflectance
measurement were obtained by cleaving a crystal with the planes perpendicular to the c-
axis. The sample was thick enough (more than 0.5 mm) so as to neglect the multiple
reflection effects. However, it is remarked that stacking faults parallel to the layers were
easily seen. For MQW samples, two kinds of ZnSe/ZnS,Se) x (x =0.18) MQW's were
used, which consist of 210 periods of a 19-A-thick ZnSe well and a 19-A-thick ZnSSe
barrier, and 80 periods of a 50-A ZnSe and a 50-A ZnSSe. Those were grown on (001)
GaAs substrates by atmospheric metalorganic vapor-phase epitaxy at a growth

temperature of 515 °C. Growth interruption of 30 s was inserted at each heterointerface.

b. Experimental procedure

In the present experiment, the temporal shape of a reflected pulse was measured
with subpicosecond time resolution. The experimental setup is shown in Fig. 2-1. The
resonant pulses with the beam divergence of < 1° impinged on a sample at the Brewster-

angle of incidence; the incident angle was set so as to be a Brewster-angle calculated with

the known refractive index of GaSe or ZnSe in the transparent energy region just below
the exciton resonance. (~70° for GaSe, and ~ 68° for ZnSe ). To resolve the BR pulse
temporally, the cross-correlation measurement was utilized, that is, the reflected beam
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FIG. 2-1. Experimental setup of time-resolved Brewster-angle reflectance spectroscopy




was mixed with a reference pulse, devided from the same excitation beam, in a BBO
crystal, and the intensity of an output sum-frequency-generated (SFG) light was
measured as a function of mutual delay time. Since SFG intensity displays the magnitude
of temporal superposition between the reference short pulse and the signal, the intensity
as a function of the delay time of the reference pulse gives the time-resolved intensity of
the BR pulse with subpicosecond time resolution.

For excitation, a synchronously-pumped dye-laser with a combination use of a
cavity dumper was employed for GaSe. After applying a fiber-prism pulse compression
system, a pulse of 0.2-ps duration was obtained and adopted. It is remarked that the
pulse compression procedure caused a small wing-like component on the side of the
peak. For ZnSe/ZnSSe MQW's, a second harmonic light of an output from a self-mode-
locked titanium sapphire laser was used as an excitation source. The wavelength of
pulses was chosen to cover the exciton resonance energies in the absorption spectrum.
The temporal resolution for the present experiment was around 0.3 ps. All experiments

were made at 5 K.

II-3. Results
a. GaSe

In Fig. 2-2, stationary reflectance spectra at Brewster-angle incidence are shown.
The reflectivity for a p-polarized beam shows that a very strong sharp profile manifests
itself, the peak energy of which coincides with the excitonic resonance energy. Small
fluctuations observed in the nonresonant energy region should be caused by an
interference profile due to random stacking faults involved in GaSe. It was found that the
reflectance spectra of the excitonic resonance was almost similar to that in the absorption
which was observed in a thin film sample cleaved from the same crystal.

In Fig. 2-3, results of TRBR are presented. For an s-polarized beam, the observed
temporal form of a reflected pulse is seen to be symmetric, which was almost identical to
the auto-correlation trace of an excitation pulse. On the other hand, for a p-polarized
beam, the signal exhibits a distinct decay profile and an oscillatory structure is found to
be superimposed on the signal. A sharp dip profile seen at t = 0 should arise from an
interference between two components of reflected beams; nonresonant contribution which
is extremely reduced by adopting Brewster-angle of incidence but still remains due to a
small divergence of the incident angle, and resonant contribution. The phase of two
beams is different to each other, and thereby, a coherent dip may appear: Similar behavior
has been reported very recently in Ref. [9].
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FIG. 2-2. Stationary reflectance spectra of GaSe at Brewster-angle of incidence.




The decay profile is seen to obey a single exponential curve. This should be a FID
of a coherent polarization, which can be observed clearly and directly by means of the
present reflectance technique. The characteristic time of the decay is estimated as ~ 2.5
ps, which may correspond to a dephasing time, T2, of ~ 5 ps. This quantity is quite
consistent with the previously observed value of T2 by FWM technique.10 It should be
noted that the decay rate of a time-integrated intensity of FWM reflects only the
homogeneous phase relaxation, while, FID would show a total polarization decay
including the effect of inhomogeneous broadening. The agreement between two decay
rates obtained by FWM and TRBR implies that the present exciton responsible for the
transition is composed of homogeneously broadened or moderately inhomogeneously
broadened states. This fact is also supported by the results of FWM measurements, as
will be described in the next section.

The oscillatory structure found in TRBR should arise from a quantum-beat, which
is caused by the slight energy difference between the singlet and triplet exciton states. The
appearance of a quantum-beat indicates that the observed signal is a direct manifestation
of coherence of an induced polarization. The time periodicity is around 1.9 ps, which
corresponds to 2.1 meV in spectral domain. It should be noted that a quantum-beat signal
due to the same origin, with an almost equal time periodicity, has also been observed by a
FWM measurement,!! in which a beating appeared only for an obliquely incident
excitation beam with respect to the c-axis and disappeared at nearly-normal incidence.
From this fact, it follows that the quantum-beat arises from polarization interference
between split singlet and triplet excitons, both of which are optically allowed for the
configuration of oblique incidence.

In Fig. 2-4, the dependence of the TRBR signal on the excitation intensity is
presented. It is seen that the signal varies drastically with changing the excitation density.
At very low excitation densities, an unusual slow rise of a signal was found. This
interesting behavior will be considered in Discussions. Aside from this, the decay time,
or T,, was observed to decrease with increasing the density, which may be ascribed to
the change of the incoherent scattering rate between excitons.

In Fig. 2-5, the spectra of reflected pulses corresponding to Fig. 2-4 are shown.
Excitonic resonant profile consists of two lines corresponding to the singlet and triplet
exciton states. The energy splitting, 1.8 meV, is in reasonable agreement with the
periodicity of the quantum-beat in TRBR. Furthermore, the spectral fine structure 18
found to be less clear at higher intensities, where fast phase relaxation due to incoherent
scattering induces a broad linewidth which screens the split spectra. The corresponding
behavior in time domain is also found in TRBR: for higher densities the beat profile

become less clear, which is masked by a fast decay component of FID.
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FIG. 2-4. Intensity dependence of the temporal shape of reflected pulses: (a) 0.05
w/em2 (1 x 108 excitons/cm?2), (b) 0.25 pJ/cmZ, (c) 1 wW/em?2, (d) 2.5
wl/ecm?2, (e) 5 pJ/cm?2.
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FIG. 2-5. Spectra of reflected pulses for an s-polarized (dashed curve) and a p-polarized
beam (solid curve) for: (a) 0.25 W/cm2, (b) 1 w/cm?2, (c) 5 wJ/cm?.




b. ZnSe/ZnSSe multiple quantum wells

In Fig. 2-6, a typical TRBR profile for the 50 A/50 A MQW is presented. Similarly
to the results for GaSe, the temporal form for s polarization is seen to be symmetric,
while, the signal for p polarization exhibits a distinct decaying with deep oscillatory
structure at the trailing tail. This should be a FID of a coherent polarization. A beat
structure superimposed on FID signal is likely to be due to fine split exciton states in the
MQW. The oscillation period is around 1.6 ps, which corresponds to 2.6 meV in spectral
domain. The well-split lines are also found in the spectrum of the reflected pulse, as 18
shown in Fig. 2-8. The observed splitting energy of 2.7 meV is consistent with the beat
periodicity. It is considered that this fine structure with split lines arises from a few
variations of the well thickness: The respective heterointerfaces of the present MQW's are
likely to be flat over a range wider than the relevant exciton diameter. If this were the
case, the layer fluctuation should yield well-split exciton lines, each with a narrow
linewidth. A similar split spectrum was also observed for the light-hole exciton and the
heavy-hole exciton with the orbital quantum number of n = 2.12 Tt is noted that the
expected energy separation due to one-monolayer difference of well thickness is ~ 1.3
meV for 50-A ZnSe MQWs. It suggests that the splitting in the present MQW may arise
from a different wells with the respective well thicknesses by more than two monolayers.
Such features for another ZnSe/ZnSSe MQW's were also discussed in Ref. [13].

Aside from the oscillatory structure, TRBR profile is seen to be composed of two
temporal decaying parts; a slower decaying part obeying single-exponential curve found
at the earlier stage, and a very fast decaying part at the later stage. The former should
reflect the homogeneous phase relaxation, while for the latter, the origin is not clear to us
at present. It is noted that such a rapid change of the decay rate is not expected by
introducing a simple inhomogeneous broadening: A Gaussian distribution of exciton
energies would only provide a quadratic curve in a log-plot of FID intensity. However,
the FID signal decays as a single-exponential curve until the signal decreases by two
orders of magnitude. This fact shows that the destructive interference effect caused by an
inhomogeneous broadening does not greatly contribute to the FID process. Thus, the
relevant exciton line is considered to be essentially homogeneously broadened. With the
decay rate defined as a time constant I" of the exponential curve for an FID signal, the
phase relaxation time 7' is given by 2/I". Thus, a value of 7' is extracted as 2.8 £ 0.3
ps. This value is consistent with the result of a FWM measurement, which has been
performed on the same sample.14

Following the above procedure, the dependence of the homogeneous linewidth I”

on the excitation density is plotted in Fig. 2-9. It is found that the phase relaxation rate
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FIG. 2-6. Temporal profile of reflected pulses at Brewster-angle of incidence for the 50-
A ZnSe/50-A ZnSSe MQW.
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FIG. 2-7. Log plot of TRBR signal for the 50 A/50 A MQW.
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FIG. 2-8. Spectra of an excitation pulse (dotted line) and TRBR pulse (real line) for
the 50 A/50 A MQW.
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FIG. 2-9. Dependence of the excitation density on the phase relaxation rate for the 50
A/50 A MQW.
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FIG. 2-10. TRBR profile for the 19-A ZnSe/19-A ZnSSe MQW.




shows a linear dependence on the incident intensity. This behavior is a typical dephasing
feature due predominantly to incoherent exciton-exciton scattering process. Accordingly,
this results indecate that the present procedure gives a correct value of 72

In Fig. 2-10, an example of the TRBR profile for the 19 A/ 19 A MQW is shown.
Except for the faster decaying, the temporal profile is found to be qualitatively similar to
the result for the 50 A/50 A MQW. The beating period of 1.0 ps corresponds to 4.1 meV,
which shows a good agreement with the energy separation of three split lines, 4-5 meV,
seen in the spectrum of the BR pulse. In this case, the energy separation observed 18
consistent with the value expected from the one-monolayer-difference of the well for 19-
A QW.12 The magnitude of 7' deduced is found to be 1.2 + 0.3 ps. Unexpectedly, this
value is quite shorter than that for the 50 A/50 A MQW, and is found to remain
unchanged with the intensity variation of more than two orders of magnitude. This fact
suggests that exciton-exciton scattering does not play a significant role on this fast phase
relaxation, even when the excitons are so highly densed that the exciton-exciton scattering
dominates the dephasing process in the 50 A/ 50 A MQW. The result of FWM
measurement also supports this small value of 75'.14 The origin for such a fast phase

relaxation will be presented in a separate paper.

I1-4. Discussions

For GaSe, the TRBR intensity shows the unusual slow rise of the coherent
emission under low exciton density. It has been reported that a reflected pulse shape may
be distorted by the effects caused by Brewster-angle of incidence geometry.l> However,
this effect can be observed only under more strict conditions (beam divergence of the
incident light is < 10-2 degrees) than that of the present experiment. Since the specific
time of this temporal feature is a few psec, which is much larger than the pulse duration,
but of the same order with 7%, this phenomenon should be a consequence of an intrinsic
behavior of coherent excitonic polarization. One probable reason is that a coherent
excitonic many-body effect manifests itself in the coherent emission process: Recently it
has been pointed out that the generally-accepted noninteracting two-level model is
inadequate for describing the transient optical process of excitons, and the coherent
emission process is governed by collective effects.[16-21] One typical example of such
effects is considered to be so called a local-field effect, where the exciton interacts with
not only an applied field but also a self-induced field. The modification on the coherent

emission due to local field effects can be obtained by considering a contribution from the




third-order nonlinear polarization in the perturbation treatment of semiconductor Bloch

equation. For short pulse excitation, one obtains

) )
P = POV s+ PO 115+ PO s,

where

POV =1iub exp[—(Tg'1 +19Q)¢] (6,a)
PO Vs =-41u6’ expl-(T" +i1] 6,b)
and

PO)Vgp=4ud’viexpl-(Ty' +iQ1] . (6,0)

and u is transition dipole moment, 6 = at uE(t) is the pulse area, V represents the
relevant exciton binding energy. P(®)"V 1.5 shows the linear response of FID signals for

)(3) 7Ls 1S the third-order contribution to the

noninteracting two-level systems, and P(¢
above signal. P() 5o sir is produced by the self-induced field, which is orthogonal to
P(t)rrs. The derivation of Egs. 6.a-b is shown in Appendix. B-2. Eq. 6 shows that
nonlinear contribution to the coherent emission is strongly enhanced by local-field
effects, that can be estimated as IP() ¥ ssr / P(@)P sl ~ VT2 = 10 ~ 100. Such a
magnitude can cause a local-field-effects-induced nonlinear signal to appear, and
dominate transient response even at very low excitation intensity, so long as short pulse
excitation is concerned. The emission intensity, calculated from Eq. 6 with reasonable
parameters, is graphically shown in Fig. 2-11. It is found that local-field effects provide a
strong enhancement of the coherent signal and give rise to the temporally slow evolution,
which is consistent with the experimentally observed behavior intuitively.

It is remarked that although the specific temporal feature may be caused by
nonlinear effects, such a feature has not been observed in high intensities. The reason
may be that the application to such a high density, of the above mentioned treatment is
questionable, since, for example, highly densed free electron-hole pairs may screen
Coulomb interaction. The screening effects of Coulomb interaction are likely to reduce or
eventually eliminate the specific effects.? This explanation seems to account for the
experimental results. Furthermore, fast phase relaxation at high densities may diminish
the phenomena. Consequently, it is considered that the present interesting behavior can
be seen only in an extremely low density condition.
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FIG. 2-11. Calculated temporal profile of coherent emission signals, excited by a &(t)
pulse; the dashed line gives the first-order polarization in Eq. 6.a, and the
dash-dotted line includes the contribution of the third-order term, but ignores
the local field correction. Used parameters are, 8 = 0.2, T2 = 8 ps, and V =

4.8 x 10" Hz, corresponding to the exciton binding energy of GaSe, 20
meV.




Although the FID signals for GaSe show the characteristic dependence on the
excitation density, the signals for ZnSe/ZnSSe MQWS are found to remain unchanged
even with changing the intensity by more than three orders of magnitude, except the
variation of T>'. This means that the excitonic transient process in the present ZnSe
MQWs is well described by a simple two-level scheme. There may be two possibilities of
the origin causing the difference of ZnSe MQWS from GaSe. One is that the effective
excitation density used for GaSe might be stronger than for ZnSe MQWs, so that higher-
order contributions would dominate the coherent process. The other is that excitonic
characters are different between GaSe and ZnSe MQW, as can be typically seen in the
fact that exciton in GaSe is weakly bound to the layer, while the exciton in the MQWs 1s
completely confined in two-dimensional QW layers. Thus, although the above
mentioned semiconductor theory based on weakly-coupled electron-hole (e-h) pairs could
successfully describe the transient property for GaSe or GaAs, it may not be needed in

other exciton systems.




II1. Coherent emission process studied by time-resolved four-wave-

mixing spectroscopy in GaSe 24

To investigate the phase relaxation process in semiconductors, transient four-wave-
mixing (FWM) spectroscopy is known to provide a very powerful tool. FWM signal
arises from a third-order nonlinear polarization induced by two successive pulses with
time delay. Reflecting the loss of coherence, the intensity of FWM decays with
increasing the time between the applied pulses. In case of an inhomogeneously
broadened system, the coherent polarization decays due to the interference effect among
different resonant frequencies of the exciton states in question. However, the
macroscopic polarization can be recovered through FWM process, leading to the
emission of photon echo.

Photon echo phenomenon arises when the inhomogeneous broadening dominates
the spectrum. In semiconductors, the occurrence of photon echo has been reported for
bound-exciton-related transitions in which the homogeneous linewidth is relatively
narrow. In many cases of exciton-related transitions, the dephasing time falls in a few
picosecond range,?> that is, the exciton line is broadened due to both homogeneous
broadening and inhomogeneous one with the same order of magnitude with each other. It
is expected that, in such an intermediate system, the photon echo-type transient response
should arise but not be an ordinary one. However, since the short time is involved in the
optical process, only the time-integrated intensity of FWM signal has been traced in most
studies, where one often fails to grasp correctly the intrinsic behavior of photon echo.

In order to investigate directly this transient process with such a fast phase
relaxation involved, we have observed the time-resolved intensity of FWM signals
(TREWM) due to coherent excitons in GaSe. The experiments were carried out by means
of adopting the cross-correlation technique to resolve FWM signals temporally in the
subpicosecond time region. The TREWM signals should reflect the coherent emission

process caused by a third-nonlinear response.

ITI-1. Experimental procedure

The sample used in this experiment was a platlet (~4 um) of e-GaSe, cleaved with
the planes perpendicular to the ¢ axis. These were cooled to 5 K during the
measurements. The exciton peaks at ~ 2.11 eV (589 nm) with a width of ~ 8 meV. It is
known that excitons in GaSe are confined within a few layers due to stacking disorder,
and thereby, these excitons exhibit quasi-two-dimensional characteristics.?

20



The excitation source was a passively mode-locked dye laser which generated
pulses with the duration of 0.4 ps. The wavelength of pulses was chosen to cover the
exciton resonance energies in the absorption spectrum. Experimental setup is shown in
Fig. 3-1. Two beams with wave vectors k, and k> were incident on the sample to
generate FWM in the so called two-pulse self-diffracted geometry. The excitation
intensity was around 10 pJ / cm2. The FWM signal in the direction -k + 2k was mixed
with a reference pulse in a BBO crystal and the intensity of the resulting second-harmonic
(SH) light was measured as a function of the mutual delay time. It is noted that the SH
intensity actually provides the correlation profile between the excitation light and the
diffracted light. However, since the excitation light is a coherent transform-limited pulse
and the temporal width is sufficiently short compared to the signal, the present data

reflect directly the intensity profile of FWM signal.

III-2. Results and discussions

Figure 3-2 shows a series of the temporal development of FWM signals for the
different mutual delays between two excitation pulses. In each figure, t;2 and two arrows
represent the time separation and the comes-in times of two pulses, respectively. As t;2
increases, the time-integrated intensity is seen to decrease, which reflects the
homogeneous phase relaxation. It is also observed that FWM signals are pulses and
become maximum when a time equal to ti» has passed after the second pulse. These
behaviors reveal nothing but a transient response of the photon-echo-type, indicating the
recovery of the macroscopic polarization. However, in contrast to the conventional
photon echoes which have been observed so far,2> 27 the temporal shape is found to be
asymmetric and furthermore, to significantly change with varying #12.

It should be noted that these temporal behaviors are not caused by propagation
effects such as the deformation of the diffracted pulse or the change of the coherence
property of the light with propagating through a medium. To check this, we compare the
temporal form of transmitted pulse and the autocorrelation trace of the excitation pulse.
The fact that two forms are almost similar implies that the temporal profile of a resonant
light pulse is unchanged with the propagation through the sample.

For simplicity, a two-level model is used to analyze our data. The expression may
be derived from the third-order expansion of density matrix formalism. For a two-level
system, the third-order nonlinear polarization responsible for scattering into -k1+2k> is
expressed as




P(r, ) Jexpl(-ky + 2k2) erlexpl -(t- 1) T2 Gt -t2-t12) , >0
0 , R

and

G(1) = L d(Aw) g(Aw) expli Awr) : (1)

where #; is the arrival time of the i-th pulse, 75 is the homogeneous phase relaxation time,
Aw is the frequency detuning defined as the difference between the material resonance
frequency and the laser one, and g(Aw) is the distribution function characterizing the
inhomogeneous broadening. The derivation of these equations are presented in Appendix
B. T»* is used to refer to the characteristic width of G(1). The signal intensity is found to
be the multiplication of the single exponential curve which decays from 7 =7, with G(7)
which is centered at ¢ = t> + £12. The former represents the homogeneous decay due to the
dynamical relaxation and the latter, the recovery of macroscopic polarization due to FWM
process.

When 75 >>T>% in which conventional photon echoes may be observed, the
temporal shape of FWM signal only reflects G(7), which is of a symmetric pulse form
and is unchanged for different ¢1,. If T ~ T>* which corresponds to the present case, the
signal should reflect not only the above mentioned symmetric property but also the fast
decay of the homogeneous phase relaxation. This is the reason that the observed signal is
asymmetric. Moreover, in such a case the temporal shape can change for different t;
since the signal is observed only for ¢ > 2.

It should be emphasized that, if only the time-integrated intensity is traced, the
homogeneous dephasing time could be obtained only when the resonance line is either
completely homogeneously or inhomogeneously broadened. Furthermore, in the
intermediate system, it is not simple to estimate 7> correctly from the time-integrated
signal. On the other hand, with paying attention to the time-dependent intensity at ¢ =, +
t12 for different #15, the homogeneous dephasing time can be obtained exactly in
principle, since the intensity at ¢ = ¢1 is completely independent of G (1), which is easily
seen in Eq. 1. Applying this treatment to the present data, the homogeneous dephasing
time is found to be 3.8 ps. Moreover, the calculated profiles of G (1) for different #;,
which are given by Eq. 1 with 7 = 3.8 ps, are almost similar to each other. This
indicates that our interpretation may be correct. With using the above mentioned 75 and
the typical profile of G(1), the curve of the time-dependent intensity can be obtained. As
can be seen in Fig. 3-3, the calculated curves are in fairly good agreement with
experimental data.




FIG. 3-1. Experimental setup of time-resolved four-wave-mixing spectroscopy.
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FIG. 3-2. Time-resoved four-wave-mixing signals for GaSe.
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FIG. 3-3. Calculated cuurves of four-wave-mixing signals.




IV. Experimental distinction between classical- and quantum interference

effect

Up to now, time-integrated measurement of a FWM signal (TIFWM) has been
frequently used to study the coherent transient process. TIFWM is observed as a third-
order nonlinear correlation intensity induced by two temporally-separated resonant
pulses. On the other hand, coherent emission process can directly be studied by the time-
resolved observation of a BR pulse (TRBR) or of a FWM signal (TRFWM), as
discussed in the last two sections. If the system under consideration is simple enough to
be treated as a two-level system with one atom with both inhomogeneous broadening and
level splitting not involved, the correlation profile given by TIFWM and the coherent
emission profile given by TRBR or TREWM would show the exactly same feature with
each other. However, in most actual cases, these two profiles should be different. Thus,
detailed comparison between them would provide a lot of useful information of the
relevant system. In this section, as one of the typical information obtained, we discuss
the experimental distinction between two kinds of temporal oscillation seen in the
coherent emission signal.

When two closely-separated transitions generate a coherent dipole, the Macroscopic
polarization displays an oscillatory profile. This effect is called a quantum-beat. For
excitons in semiconductors, several observations of quantum-beats have been reported.
These observations were made by using time-resolved transmission,® reflection,6-8
luminescence, or TIFWM technique.ll. 17 However, by using such an experimental
method, one fails to find an important aspect of a quantum-beat; the origin of the
interference for a beating.

It has been mentioned that there are two origins of a quantum-beat: First, if two
dipoles with slightly different transition energies are excited coherently, the interference
of the polarization simply results in a beating signal. We refer to this as a polarization
interference(PI). The other origin is a quantum-effect in nature. If coherent emission is
caused by a transition from a single state to two separated states, the emitted light displays
also a beating signal. We refer to this as a quantum-beat (QB), since it should arise from
the interference of two wave functions. Although the definition of QB and PI is simple, it
becomes difficult to distinguish these two beats experimentally, since the spectra for both
cases are composed of similar split lines, and the coherent emission signal exhibits a
similar oscillatory profile. However, the signal emitting from the nonlinear origin should
provide different features between PI and QB. Thus, by comparing TIFWM and
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TRFWM (or TRBR), one can understand which origin induces the beat, thereby enabling
one to clarify physical origin of the relevant energy separation.

After a brief theoretical consideration of PI and QB, we discuss the case for GaSe
in IV-2, where the comparison between TIFWM and TREWM reveals that the temporal
oscillation observed arises from QB between singlet and triplet exciton states involved. In
V-3, we compare TRBR and TIFWM signal profiles for the ZnSe/ZnSSe MQW's,

where both QB and PI are found to appear on the coherent emission signal.

IV-1. Theoretical consideration for polarization interference and quantum

beat found in four-wave-mixing signal

We briefly examine the temporal profile of FWM signals. First we consider the
situation for realizing PI. In this case, the signal is simply expressed as the superposition
of two independent polarizations with the different energies of £2; and £2;. For
simplicity, we assume that the incident pulses are described in terms of a 6-function, and
the inhomogeneous broadening is neglected. By the perturbation treatment of the density

matrix formulation, the temporal development of the induced polarization for PI is given

by
PPI[‘[,t] = ‘LlA g(’[,t) ! [13]

A=-2iN 91922 , [1b]

g(r,t] =e-yt [wl e-igl (t-27) s wze-i.Qz (t-217) Q(t 2 t) [1 ]
' .C

where 7is a time separation between two excitation pulses, pis the transition matrix

element, yis the transverse relaxation rate, N is the density of the dipole,

9}. %= Lo dt uE j(t) denotes the pulse area of the j-th pulse, w; > shows the spectral

weight for the two lines, and 6 is the step function.

On the other hand, QB arises from the transition from two split levels to a single
state. Thus it is necessary to consider the coherent transient response for a three-level
system. As a result, the FWM signal for QB can be derived as

I3



Pop(tt) = 1WA F(r)flt-7) , [2.a]

F(r)=e“91‘71)’+c2e“92'72)f [Zb]

!

fit - 1) =|eHi@-n -9 4 2eUi%-nll-Tl gt - 7) | (2]

where 1 2), 11 () and £ ) are the relevant magnitudes labeled the transition no. 1(2),
and ¢ = p1/ tp. The derivation of above equations is presented in Appendix C.

The temporal development of FWM signal intensity is graphically shown in Fig. 4-
1. The typical difference between for QB and PI is : (i) For the given time delay t,
TRFWM (or TRBR) similarly displays a beating with the frequency of £22 - £1.
However, the phase of the oscillation is different, that is, the amplitude becomes
maximum at ¢ = 7 for QB, and at ¢ = 27 for PI, respectively. (ii) By changing t, the entire
profile for QB also changes, while it is unchanged for PI. Then the modulation depth
seen in the TIFWM for PI should be smaller (or even diminished) than that of QB. As
seen in Fig. 4-1, one can clearly discriminate whether the beat seen in the coherent

emission arises from a quantum or classical interference effect.

IV-2. Four-wave-mixing quantum beat in GaSe 28

In Fig. 4-2, TIFWM signal for GaSe is shown. This figure was observed at
oblique incidence with the incident angle of around 30°. It was found that, for p
polarization, an oscillatory structure was superimposed on the decay profile, but this
oscillation disappeared for s polarization. Furthermore, it was confirmed that the beating
structure was not found at nearly normal incidence. Such a polarization dependence
implies that this beat is caused by the spilitting of singlet and triplet excitons: The exciton
in GaSe splits into higher singlet and lower triplet states due to the exchange interaction.
29 The singlet exciton is optically active for the polarization E/ ¢, while the triplet exciton
is allowed for E L c. Consequently, both exciton states can be excited simultaneously by
obliquely incident p-polarized light. It is remarked that the oscillatory profile presented in
Ref. [11] is clearer than the present data. This is probably due to the fact that the

excitation pulse has the small wing-like component caused by the pulse compression
procedure.
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Although the result suggests that the beating arises from the split singlet and triplet
exciton states, it is known that the exciton line in GaSe is composed of a few variations
of confinement states due to the random stacking faults. 26 Thus it is possible to
postulate that the observed beating results from this spatial structure. In order to obtain
the direct evidence for the origin of this structure, we resolved the FWM signals
temporally.

In Fig. 4-3, a series of TRFWM signals is displayed. In each curve, the first pulse
was incident on the sample at ¢ = 0 and the arrival time of the second pulse was changed.
It is found that the entire feature of the emitted signal changes with varying the pulse
separation, resulting in a beating seen in the time-integrated intensity. Such a temporal
profile is an expected feature for QB.

In Fig. 4-4, temporal shapes of FWM signals for several time delays are shown.
The emitted signal also displays an oscillatory structure. The time periodicity is almost the
same with that in the time-integrated measurement. Furthermore, considering the finite
pulse duration, it is seen that the signal amplitude becomes maximum at the incidence of
the second pulse, reflecting the phase of this oscillation. This is just an expected behavior
for QB. As a result, it is concluded that the present beating arises from the quantum-
interference effect, and the corresponding spectral splitting originates from the separation
between the singlet and triplet excitons.

Although the temporal feature can be shown to be qualitatively reproduced in terms
of Eq. 2, there are some differences between the expected curves and the experimental
data. One of the reasons may come from the fact that we neglect the influence of the
inhomogeneous broadening. By considering this, the signals would show a pulse-like
shape which is located at # = 2t . The experimental result displays the increase of FWM
signals around ¢ = 27. It suggests that the present system belongs to the intermediate
regime of homogeneously and inhomogeneously broadened transitions, as. already
mentioned in Section III.
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FIG. 4-1. Calculated temporal profile of FWM signals for (a) the case of PI, from
Eq. 1 with ;- 2, =1, y=05, and wy/w; =2 - V3, and (b) the case of
QB, from Eq. 2 with £1-£,=1,y=7%n=0.5, and c2=2-V3.The

parameters for (a) and (b) give the same absorption spectra.
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FIG. 4-2. Time-integrated FWM signals for GaSe at oblique incidence with (a) s
polarization, and (b) p polarization.
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FIG. 4-3. Temporally-resolved FWM signals for (a) 7= 0.8 ps, (b) 1.6 ps, (c) 2.4
ps, and (d) 3.2 ps.
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FIG. 4-4. Temporally-resolved FWM signals for (a) 7= 0.4 ps, and (b) 0.8 ps.

Arrows indicate the center incident times of the finite pulses.




IV-3. Coexistence of polarization interference and quantum beat: the case

of ZnSe/ZnSSe multiple quantum wells 39

In Fig. 4-5, the TIFWM signal observed for the 50-A ZnSe/50-A ZnSSe MQW is
shown, together with the coherent emission signal observed by TRBR for comparison.
The TIFWM was observed under almost the same excitation condition with that for the
TRBR signal, that is, in the reflectance geometry at Brewster-angle of incidence with p
polarization.14 Although the decay constant is almost same with each other, the beat
periodicity is found to be quite different. This is caused by the difference between the
physical origins yielding the relevant energy separation: The slower modulation seen in
TRBR is due to PI, while the fast modulation seen in TIFWM is due to QB.

As discussed in Section II, the beat seen in TRBR arises from one-monolayer
difference of QW thickness. It is considered that such spatially- and energetically-
different dipoles cause the typical case of PI. Thus, the beat due to these split lines 1s
diminished in TIFWM intensity, as seen in the Eq. 1. On the other hand, the beat
periodicity seen in TIFWM agrees well with the energy separation between heavy-hole
and light-hole related excitons. Since these split states stem from a single degenerate
state, it is necessary to treat this problem as the case of QB. Therefore, TIFWM intensity
is deeply modulated by this energy separation. It is noted that although QB is expected to
appear on TRBR signal as well as TIFWM, the fast modulation was not found in the
TRBR signal. The reason for this is attributed to the different time resolution for the
relevant measurements. In TRBR, the total time resolution used was around 0.3 ps, so

that such a fine modulation could not be detected distinctly.
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FIG. 4-5. Temporal profile of (a)Time-integrated FWM signal and (b) TRBR profile,
for the 50-A ZnSe/50-A ZnSSe MQW.




V. Conclusions

Coherent transient spectroscopy has been frequently used to study the phase
relaxation property of electronic transitions in semiconductors. Here, we have reported
the first observation of coherent emission process of excitons in subpicosecond domain,
by means of two newly-developed methods. We observed a background-free coherent
emission signal in the regime of linear optical process, by measuring the temporal shape
of a resonant reflected pulse at Brewster-angle of incidence. The signal showed free
decay of coherently-driven excitonic polarization. The dependence on the excitation
density indicates that this measurement enables one to study the coherent transient
process under such a low density condition that the dephasing caused by exciton-exciton
scattering is completely neglected.

We observed the time-resolved intensity of four-wave-mixing signal of excitons,
which is a coherent emission induced by a third-order nonlinear effect. We clarified the
rephasing process of destructive interference effect, i.e., photon echo phenomenon,
appearing even in such a ultrafast coherent emission process.

We investigated the classical- or quantum interference effect between several
energetically close exciton transitions. With a detailed comparison between direct
coherent emission profile observed by TRBR or TREWM and the time-integrated signal
of FWM measurement, we can distinguish experimentally between interference of

independent two-level-systems and interference in a three-level-like system.
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APPENDICES



Appendix A. General description for coherent emission process in the

linear regime

From the macroscopic point of view, any linear optical process, such as
transmission, absorption, etc., is determined by the complex dispersion relation, w(k).
Microscopically, on the other hand, this optical process can be expressed in the
superposition of coherently-emitted radiations from each dipole, and the self-consistent
treatment of an emitted and applied fields must result in the expression of the dispersion
relation.

In this Appendix, we derive theoretically the temporal shape of reflected or
transmitted light pulse near a resonant region. Although the material constants are
expressed only in terms of the dispersion relation, the time-resolved signal of the output
pulse reflects the coherent emission process, showing the decay profile at the trailing tail.
Furthermore, when we adopt the reflectance configuration at Brewster-angle of incidence,
the coherent-polarization-related signal can be observed clearly, with the nonresonant

contribution eliminated.

The temporal shape of output pulses are expressed as

Eout(t) =f dt G(1) Ein(t-1) (1.a)
= f do G(w) Ei(w) eiot (1.b)
0

where Ein, and Eout(t) are the temporal form of the input and output pulse, respectively,
Ein, and Eout(w) are the Fourier transform of them, and G(t) represents a response

function which is given by Fourier transform of the frequency dispersion of the relevant
optical process G(w). When the incident pulse is short enough to be approximated by a &

function, Eout(t) can be equal to G(t). The intensity of output light is given by,
2
I(t) o | Eout(t) |© . 2)

The dispersion relation is expressed as k(w), n(w), or e(w), which are the complex
wavevector, refractive index, and dielectric function, respectively. k, n, and € are related

to each other, as



k(o) =% n(w0) (3)

n(w) =~ew) )

where c is the light velocity in vacuum. The dielectric function under consideration 18

described as

2
Seniiian ., (5)
wp? - 0% - iyw

where g(e) is the background dielectric constant, w and y are the resonant frequency and
the linewidth, respectively, and f3 represents the oscillator strength of the transition.

Assuming that the second resonant term is much smaller than the first background term,
then n(w) can be approximated as

n() = ne + An(w) (6.)
where

Ne = V€ - (6.b)
snlo) =222 o

Once the dispersion relation is obtained, G can be completely expressed by using this
form. For transmission measurement, G(w) must be given by the wave propagation

phenomena, thus
Grlw) = elkl)d = ¢dn() (7)

where d is the sample thickness, and we neglect the phase shift at the surfaces. This
approximation should be valid for the weak resonant case. By substituting Egs. 6.a-b into
Eq. 7, one obtains

= wdp od
Grlw) = ef; ™= e An(w)

~ et (1 4 i2d An(w)) . (8)



By omitting the nonresonant Fabry-Perot contribution, et~ ™, we obtain

2
Gr(t) = 8(1) - “ﬁj’gd (1) exp[(-iwp-vy/2) t] (9)

where 6(1) is a step function. The real temporal shape is expressed as time-convolution of
Eq. 9. Consequently, the temporal profile of transmitted pulses should show the decay
feature of dephasing process. It should be noted that the second term in Eq. 9 has a
opposite sign to the first term. This cancellation leads to the macroscopic absorption,
which originates from a destructive interference of incident light and the induced
coherently emitting light in this treatment.

For reflectance configuration with p-polarized beam, G(w) is given by the well-

known Fresnel's formula, as

n(w)2c050 =t n(u))2 - sin%0

(10)
n(w)%cosd + '\ﬁl(w)z - sin%0

6{9(00) =

where 0 is the incident angle. In usual experiments we use the normal incident

configuration. In that case, G(w) simply reduces to,

_ 1-n(w)

(P}El(w) "1+ n(o)

1+ n, n? -1

o0

1-n.
=2 (1+ 2 An(w]) ; (11)

The corresponding G(7) is given by

1 T 1lleo
Grild) = {8(t) + i~ _g() expl(-imo-1/2) 1]} (12)
1+ n. nm(ni =11

Therefore, Eq. 12 shows that the coherent emission process is seen even in the reflected
pulse at normal incidence. Contrary to the transmitting case, the induced coherent light

does not interfere with the nonresonant light, since the corresponding two terms are



perpendicular to each other. Also, the ratio of the nonresonant component and the induced

one is much smaller than that the transmitting pulse, as

e RO (.« £ 5 N | (13)
aR 1 2/(n°2°-1) -

If we adopt the Brewster-angle of incidence configuration for the reflectance

measurement, the nonresonant contribution is completely reduced. In this case the

incident angle is taken as a Brewster-angle defined as nonresonant region, 1.e.,

fp = arctan[n.] - (14)

Then, one finds

i ni-l
GR, 65(w) = —— An(w)
2n;
and (15)

(n2-1) 7B wo : |
Groglt) =1 e 0(t) expl(-iwo-vy/2) 7] . (16)
19

oo

Thus, the reflected pulse at Brewster angle of incidence displays only the coherent

emitting signal free from the nonresonant contribution.



Appendix. B Temporal profile of four-wave-mixing signals
B-1. FWM in noninteracting two-level systems
We examine theoretically the behavior of FWM signal in a noninteracting two-level

atomic system, which was first analyzed by Yajima and Taira.3! In density matrix formalism,

the development of the system obeys the Liouville equation, (4 = 1)

2o (Ao | (1]

and the expectation value of the observable is given by

<f/\\> = trace [A\ 5] . [2]

If the interacting light is resonant with one pair of electronic levels, it is sufficient to
look only at the motion of these two levels, then the density matrix can be reduced to 2x2
blocks as

5=( e ot ) 8l
¢* 1-n, ;

where ne and ¢ represent the population of the excited states, and the magnitude of coherent

superposition of two states, respectively. The coherent polarization P is written by using ¢ as
P=Nu*¢ + cc. , [4]

where N is the volume density of the dipole. The Hamiltonian is given by

H=Hg + Hint + Hyelax [5.]
i (Se 0 )
O —
0&/) [5b]
Hint = ( -uE‘)E* _“(")‘E ) | [SC]



where ge,g are the eigen energies of the excited and ground states, u, the electric dipole matrix
element of the transition, and, E, the applied electric field. Hrelax describes the coupling to the
thermal reservoir and hence the relaxation. For the purpose of the present discussion, we

approximate this term by phenomenological transverse and longitudinal relaxation rates
y,=T>! and y1=T11, respectively. The temporal evolution of ¢ and ne is then given

respectively by
Ot iQO) p=iv(1-2n,) , [6.a]
f?{ s p|ne=ilver- vl [6.b]

where V = uE is the Rabi frequency which describes the coupling of the system to the light
field, and Qo = ee - £g. Egs. 6.a,b is known as optical Bloch equations. Nonlinear optical
process is obtained by the perturbation treatment of the equations. Up to third order
perturbation, in which the driving term in the equations is proportional to the third power of

electric field, one finds

%-&- ¥2 + iQ()) ¢[1) =1V, [7.a]
*

O s | n@=ilve™"- v 7ol

}%+ v + iQO) o = -i2vn@ . [7.c]

In self-diffracted FWM geometry, two light beams of the wave vectors, k7 and k2 with the
same frequency w are incident on the sample, i.e.,

E= E;(t) expli(k;r - wt)] + Eo(t) explilkor - wt)] . [8.]
Here we can treat E(¢) as an &-function, 1. e.,
Eilt)=E;8(t) , Ext)=Exé(t-1) |, [8.b]

where 7 represents the time delay between two pulses, and the first pulse arrives at t = 0. By

substituting Egs. 8 into Egs. 7, we have

(1)

¢

=16, exp( - 1ot) expl i (ki -2ot)] [9.a]



n@ = 616, explliQo-y)t] explil- ki + ko)l exp[-n(t- D] 6(t- ) + c.c. ., [9D]

¢(3) - 91922 exp(-1t) expli (-k1 + 2ko)r] expl -182(t - 27)] Ot - o [9.c]

where 6 =I dr uE;(7) represents so-called pulse area. Eq. 9.b shows the population

grating, i. e., the spatial periodic modulation of the excitation.
Consequently, the emitting polarization of FWM is given by

p@Bhomo _ i 9 Nu*0,65 exp(-yat) expl i (k1 + 2k2)r] exp[ -i8(t - 27)] + c.c. . [10]

This equation gives the expression for the homogeneous broadened transition system, i. €.,
all dipoles have the same transition energy £2. However, when the inhomogeneity of the

crystal gives rise to the broadening of transition energies, the macroscopic polarization is

written as a convolution form of Eq. 10, 1. e,

p(3]inhomo ol j ong(Qo) P(3)homo
0 , [11]

where g(£2) represents the normalized density of transition energies. Then the FWM signal

in this case is given by

pBlinhomo _ _i 5 Nu*6,6F exp(-nat) expl i (k1 + 2k2)r] Gt - 27) [12]

where

G(n) = J d 2 g (80) exp(-i&on) . [13]
0

Eq. 12 shows that although the destructive interference between different oscillating dipoles
causes rapid decay of macroscopic polarization, the polarization is recovered through FWM

process. This interesting feature is known as photon echo, where a pulse-like emission
signal, G(1), is observed at around ¢ =2T.




B-2. FWM in highly excited semiconductors

Recently it has been pointed out that the applicability of two-level model to Wannier
excitons can be limited, since exciton is a collective excitation with finite extent. One
theoretical approach is based on the Hartree-Fock approximations of Coulomb
interactions.16- 19 This theory successfully describes the coherent excitonic transients in
highly-densed III-V compound semiconductors. In this section we derive the FWM signal
expected in this theory.

We consider a parabolic two-band model with the conduction band ¢ and valence
band v. Neglecting the photon momentum, the optically coupled conduction and valence
band states form a set of two-level system labeled by wave vectors k. The density matrix
of the semiconductor is expressed as,
— _( ne(t)  gilt )
ou(t) =| , (1)

g () nok(t)

where nc, vk are the respective populations in the conduction and valence bands (at thermal

equilibrium, nc = 0 and nv = 1), and ¢k is the electron-hole (e-h) pair amplitude. The

induced total polarization (per spin degree of freedom) is
P= % W) +ce . (2)
The density matrix obeys the Liouville equation (h = 1),
%&3; = i [Hy,o1) + %é/);helax : (3)

The difference of this model from noninteracting two level system is that the Coulomb
interaction Vi, &' couples the various states. In the presence of strong field E, the

Hamiltonian is

- Z Vi k 0k, (4)
=

0
Eck -HE )
SER .y

where uE is the effective Rabi frequency. The unperturbed conduction and valence band
energies are eck0 = Eg/2 + k2/2me and evk! = -Eg/2 - k2/2mh + 2k'Vk k', where Eg is




the band gap. As compared to noninteracting two-level systems, the physics is modified

by the Coulomb force in two ways: (1) the energies are renormalized,

eﬂ( — gx(t) = £ - ; Vi ni(t), j=cv (5.a)

and (ii) the coupling to the light is modified according to

UE(t) = &) = HE(t) + ). Viw delt) (5.b)
.

This modification describes the fact that the e-h states do not only experience the applied
field uE; rather they see the self consistent "local field" Ak, which is the sum of the
applied field and the "self-induced" field due to all the other e-h states at different wave

vectors k'. As a result, the temporal evolution of the e-h pair amplitude and the

population is given by
24 o+ fealt)- euk(t)]) alt) = id(t) (12m(0) 6.2)
24 ) mett) = i[800" (0 - Al (1) , (6.b)

where we have used the e-h pair representation nck — nk and nvk — 1 - nk. This
expression is known as semiconductor Bloch equation. The linear response provided by
using this expression shows the same form with the usual Wannier equation for excitons.
Also, it is noted that by setting the Coulomb interaction Vk, k' equal to zero, the above set
of equations reduces to the usual Bloch equations for noninteracting two level model.

In order to see the role of "local field effects" induced by Coulomb interaction term,
we consider an idealized model which contains all the important physics. The transition
amplitude y and excited state population n satisfy the modified Bloch equation, in which
the driving terms involve not only the applied field, but Lorentz local field,

s—t +y, +1 QO} P(t) =i[1-2n(t)] Alt) (7.a)
L% +y1/n(t) = -Zlm[i w(t)A(t)*] , (7.b)

where €0 is the transition energy and



At) = wE(t) + V(t) (8)

These equations have the same structure as Eqgs. 6, except neglecting the momentum
dependence of y and n, and self-energy correction term. In linear response one finds that
Coulomb interaction V merely renormalizes the transition energy to € = 0 - V. This

means V gives the exciton binding energy in this treatment. The form of A(t) indicates that
the driving term still continues in T2 after the incidence of a pulse. This is the crucial
difference between a noninteracting and an interacting set of two levels atoms.

The perturbation treatment is similar to that without local-field corrections. Up to

third order, one finds

%+ v, +i QY0 =i FY) 9.a)
%ﬁt v n@ ) = i [PV OF©* - D) (9.b)
and

%+ v, +1 Q| PO = -2n@() [F) + V()] . 9.c)

For the self-diffracted FWM situation, i.e., E = E;8(t) expli(kr - wt)] + Exd(t - 1)
expli(kor - wt)], the solution of Egs. 9 yields for a homogeneously broadened system

P = -i26,02 exp[ i(-k; + 2ko)r] exp[ -iQ(t - 27)-y2t]
{B(1) 8(t-1)
+8(1) 8(t-1)i2V (t-1)
+ 8(-1) B(t) i2Vt exp[2y21] } , (10)

where 6; =f dr uEj(t) and © is the step function. Eq. 10 comprises three terms. The

first one is the usual term for noninteracting two-level model. The two other terms
proportional to V are due to the local field correction. The first term shows the
enhancement of usual two-level signal whereas the other (proportional to 8 (1))

contributes only for negative time delay. Since the these terms are orthogonal, this three

contributions do not interfere to each other.




It was reported that FWM emission at negative time-delay was experimentally
observed for a GaAs MQWs, as expected in this theory.l7. 18 However, the limitation on
the usage of semiconductor Bloch equation has been also pointed out. Problems are
typically seen in that the excitonic many-body interaction in this treatment provides only
the growth of coherence; phase relaxation caused by exciton-exciton scattering 1is
completely ignored. This treatment is only applicable to the system where exciton is
dissociated, such as high densed situation in which Coulomb force is enough small by
screening, or at semiconductors with small exciton binding energy like GaAs (3 meV). It
should be necessary to build a new theoretical expression where the unperturved state 1s

exciton, but e-h pair, then it would describes the coherent transients even in low exciton

densities.



Appendix C.  Temporal profile of FWM in the case of PI and QB

We examine theoretically the temporal profile of FWM signal in the case of PI and

QB. In density matrix formalism, the development of the system obeys the Liouville
equation, (1 =1)

l&b\:[ﬁ,é\] . [1]

First we consider the situation for realizing QB, where two closely-separated excited
states have a common ground state. Since, the system can be described as a three-level

system, the density matrix becomes 3 x 3 blocks

n, Y ¢
o=| ¥* m ¢, 2]

¢*, 9% ng

where ng, n, and n; are the populations of the ground, first and second excited states, ¢i
denotes the coherent superposition of i-th excited and ground states, and 1 represents the

magnitude of the sublevel coherence. The macroscopic polarization P is given by
P) = py¢,(0) + ppgo0) 3]

where ui is the dipole matrix element of the transition between the ground and i-th

excited state. The observed intensity of emitted light is given as
2
10) < | PO |* . (4]

The Hamiltonian of the system is given by

K Y -pE
Hy=| @, |, and A= E , [5.b]
0 -pE* -p* X0

where € is the i-th transition energy and E is the applied electric field. Hrelax describes

the coupling to the thermal reservoir. For the purpose of the present discussion, we



approximate this term by phenomenological transverse and longitudinal relaxation rate %

and I, respectively. The temporal evolution of the density matrix element is then given
by

-

d : ]
5[—4" y1+191 ¢1(t)=l[(1-2n1-n2)ylE- lp*‘qu} : [63]

d . :
o +y,+i82, ¢, (1) =z[(1 -nyq - 2n2)/,¢2E - wylE} , [6.b]

d : ;
e +y, Ti(82,- 2| plo) =i [¢*1 uE - ¢, *IE*] , [6.c]

where Q4 = §2 - €1, and

—+ Iy =il¢*1 HE -9, #*1E*] ’ [6.d]

eyl £ n,(0) =i[¢*2 HE - 9, #*2E*} -

Nonlinear optical process is described by the perturbation treatment of the equations.
FWM is given by the third order nonlinear polarization. Up to third order perturbation,
in which the driving term in the equations is proportional to the third power of electronic

fields, one finds

ad

e +y, +i82; ¢§1)(t) =il [7.a]
, :

7 +y,+i82, ¢;1)(t) =ik [7.b]
d

5+ 1|0 =i{¢*§” wE - ¢\ p*E*| [7.c]

L




|
s
l
i
l

§+ I, |n5 0 "’[ uE - 95 /J*zE*} [7.d]
rgt‘ +y,+ Q- 2) [P0 —‘[¢*m ok - gy E*] ’ [7.e]
’§+h+ﬂ%?9m=4t3ftﬁﬂuﬁ-¢Muﬁ}, [7.6]
i§+yfn9{¢9m=iRW?L&¥0mﬁ-¢muﬁ1' [7.g]

We observe the so-called self-diffracted FWM signals, where two light beams of the
wave vectors, k1 and k2 with the same frequency w are incident on the sample, with

emitting FWM signal in the direction of -k1 + 2k2, then
E = Eq(t) expli(kyr - wt)] + E(t) expli(kyer - wt]] . (8]

For simplicity, we can approximate that the incident pulse is short enough to be taken by
a 6 function

E\(t)=E16(t), Ex(t)=E26(t-1) , [9]

where the first pulse arrives at # = 0, and the second pulse is delayed by 1. The observed
FWM signal is given by picking up the term which is linear to expl[i( - k1 + 2k7)+ r] from
the third order polarization, then

Pop=mAF(@) @) [10.a]
where

A=-2iNeik+2rg g2 [10.b]
F(r) =@ -ntyc2el:-mr [10.c]

) = {e( A -y -1 4 02 p(H2,-1) € - Q(t t) . [10.d]




where N is the density of the dipole, and

denotes the pulse area applied by the j-th pulse for the transition related to the first
excited states, ¢ = ui/u2, and 8, the step function. To derive Eqgs. 10.a-d, we substitute

Egs. 8 and 9 into Egs. 7 and 3.

For the situation for PI, the FWM signal is simply given by the superposition of
two two-level-type nonlinear polarization with the different energy of €1 and £2. (see

Appendix B) The temporal development for PI is then give by

Py =uwAgl) | [12]

(t)ze"}’t w e‘lgl (t-2f)+u) 6‘192(['2f) , [13]
5 1 2

where w1 shows the weight for the dipole of the energy £1.










