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Photon echo induced by two-exciton coherence in a GaAs quantum well
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Excitonic nonlinearities in the weak-excitation limit condition are examined with time-integrated and

time-resolved four-wave mixing (FWM). Below an excitation of 3X10 excitons/cm, coherent third-

order processes prevail. Echo-type signals are observed in parallel and perpendicular polarization

configurations. The coherent process induced by the two-photon coherence of the two-exciton state is
attributable to signals in the perpendicular configuration. The polarization dependences of a temporal

profile and the intensity of FWM signals are well explained with third-order perturbational analysis that
takes into account the two-exciton states and inhomogeneity.

The importance of excitonic nonlinearities has been
stressed because of their large magnitude as well as their
fast response. In the high-density excitation regime, a
many-body interaction is treated by a mean-field approxi-
mation of a set of semiconductor Bloch equations
(SBE's). Such a mean-field approximation is valid when
the interaction energy between two excitons, 0;„„is
much smaller than the exciton homogeneous width I . In
GaAs, the binding of two excitons is very weak and 0;„,
is reported to be of the order of 1 meV. ' In convention-
al experiments such as pump and probe measurements,
the pumping power must be strong in order to get a
sufficient signal. The strong pump beam induces the exci-
ton dephasing and we get the above condition. Thus the
SBE's can explain well the essential features of coherent
and incoherent processes caused by the many-body in-
teraction between carriers and excitons. In the weak-
excitation regime, however, the homogeneous width of
the exciton is known to be of the order of 0.05 meV,
which is smaller than the interaction energy of two exci-
tons. Although several attempts have been reported, the
excitonic nonlinear responses in the weak-excitation limit
have not been fully explored, neither experimentally nor
theoretically.

Two-pulse four-wave mixing (FWM) is a method suit-
able for the study of the nonlinear responses in the fem-
tosecond region. The perpendicular configuration of the
two-pulse FWM method, where the polarizations of two
beams are linear and perpendicular to each other, was
often used to avoid the incoherent e8'eet such as thermal
grating. ' Recently, it has been identified that the signals
in the parallel and perpendicular configurations have
different features. " ' In time-integrated (TI) FWM
experiments, diS'erences in the decay times as well as in
the signal intensities have been observed for various sys-

tems. In a time-resolved (TR} FWM experiment, echo-
type signals are observed in parallel configuration, while
the free-induction-decay-type signals are observed in per-
pendicular configuration. In spite of many attempts to
explain these features, there has not yet been a systematic
investigation to explain all the features consistently.

In this paper, we present experimental results of the
polarization dependences of TI and TR FWM of strict
third-order regime in GaAs quantum well (QW). We
present evidence of a photon-echo process that arises
from the two-photon coherence of two excitons with
phase correlation in the inhomogeneously broadened sys-
tem.

If the FWM signal follows the third-order power
dependences over a wide range of power of input pulses,
we can describe the FWM processes with the third-order
perturbational method which enables us to follow the
change of the material states step by step. ' The relevant
states of the crystal are ground state, one-exciton state,
and two-exciton state. The two-exciton state involves a
stable biexciton state, ' ' ' its excited states, and repul-
sively interacting unbound two-exciton states. Two opti-
cal pulses with wave vector ki, k2 and with polarization
E&,E2 generate third-order nonlinear polarization in the
sample. The third-order nonlinear polarization emits sig-
nal photons in the direction of 2k& —k2. Now we assume
that the excitons are isotropic inside the plane of wells.
Thus the optically active two-exciton states (x- and y
polarized exciton states} are equivalent. There are two
de'erent processes which generate coherently a FWM
signal in the direction of 2k] kp. One is the two-level-
like process [Fig. 1{a}],where only a one-exciton state is
involved. The other is the process associated with the
two-photon coherence of the two-exciton state where two
excitons have phase correlation through the Coulomb
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FIG. 1. Optical processes of the four-wave mixing for paral-
lel [(a) and (b)] and perpendicular (c) polarization configura-
tions. The levels g, ex-x (-y), and ex-ex represent the ground
state, x- (y-) polarized one-exciton state and two-exciton state,
respectively. E,~ represents the electric field of the ith pulse with

j polarization.
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and exchange interaction [Figs. 1(b} and l(c)]. The two-
exciton state can support the two-photon coherence
within the phase correlation memory time, which is the
dephasing time of the two-exciton state. In the perpen-
dicular polarization configuration, where E, is y-
polarized and Ez is x-polarized, the former process (two-
level-like process} does not occur. Only the latter process
can contribute to the signal. Such a process can be ex-
pressed with the four-level diagram shown in Fig. 1(c),
which was first introduced to show the two-photon polar-
ization rotation effect of the I

&
biexciton in CuC1. ' In

the two-exciton state, the exciton wave functions are
modified and the total wave function of the two-exciton
state has its characteristic symmetry. For example, the
lowest bound biexciton state in a cubic crystal has the to-
tal symmetry (I

&
symmetry). Therefore, the two-exciton

state created by the absorption of two x-polarized pho-
tons can be deexcited by emitting two y-polarized pho-
tons [Fig. 1(c)]. Hence, the signal in perpendicular
configuration is a good measure for detecting the two-

photon coherence of the two-exciton state.
The GaAs QW sample is grown by molecular-beam ep-

itaxy with the growth interruption. ' It consists of 30
periods of 100-A GaAs wells and 80-A A1As barriers.
The GaAs substrate was etched to allow the transmission
of light. The transmission spectrum of the heavy-hole ex-
citon line is shown in Fig. 2(a). This line, whose width is

3.5 meV, has three structures which correspond to the
different confinement energies caused by the one-
monolayer fiuctuation of the well width. This shows that
the heavy-hole exciton in our sample is inhomogeneously
broadened. The homogeneous linewidth is evaluated as
0.04 meV as we will show below. We use a cw passively
mode-locked Ti:sapphire laser (Coherent Mira 900) with
a pulse duration of 170 fs and linewidth of 7.5 meV. We
measure the TI and TR FWM signal as a function of de-
lay time T, which is the interval between the two incident
pulses. The sign of T is positive when pulse 2 precedes
pulse 1. All the measurements are performed at 10 K.
The FWM signals show the third-order power depen-
dence up to excitation of 500 kW/cm which corresponds
to the exciton density of 3 X 10 excitons/cm as shown in
Fig. 2(b). Below this power level, all the temporal
responses are unchanged.

Figure 3 shows the TI FWM signal as a function of T.
The center frequency of the pulse is 1.559 eV. We fit
slow components of the data with the function,

IJ ( T)=I exp( —T/rj. ), where j=
~~, l for parallel and per-

pendicular configurations, respectively. The decay time
in the perpendicular configuration, ~~, is 0.8 ps which is
much shorter than ri (3.9 ps}. The polarization-
dependent decay rates are consistent with the results re-
ported previously. " ' The observed ratio Ii/I~ is

about 10 which is much smaller than the value in ZnSe
but almost the same as the value of bulk GaAs reported
recently. ' Figures 4(b} and 4(c}, respectively, show the
TR FWM signals for parallel and perpendicular
configuration at various delay time T. In contrast to the
previous report, photon-echo-type responses are ob-
served in both polarization configurations. With the in-
crease of the pulse interval T, total signal intensity, which
is the area of the TR FWM signal, in perpendicular
configuration decays more rapidly than in the case of the
parallel configuration. This is consistent with the results
of the TI FWM experiment. From the echo-pulse width,
the full width of the inhomogeneous distribution can be
estimated. In our case, an echo-pulse width of 0.7 ps
gives an inhomogeneous width of 3.5 meV. This value

agrees with the spectral width of the transmission spec-
trum.

Figure 4(a) shows the time ordering of the light-matter
interaction in the coherent third-order processes of the
FWM with the double-sided Feynman diagram represen-
tation. For the perpendicular configuration, the only
relevant process that generates the FWM signal in the
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FICx. 2. (a) Transmission spectrum of heavy-hole excitons of
0

GaAs quantum well of 100-A well width. Downward arrows in-

dicate the exciton structures caused by one-monolayer fluctua-
tion of the well width. (b) Excitation-power dependence of the
signal intensity for parallel configuration. Straight line indi-

cates cubic behavior.

10-3 I.

-5 5 10 15
Time Delay T (ps)

20

FICx. 3. TI FWM signal as a function of delay between first

and second pulses for parallel (a) and perpendicular (b)

configurations.
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FIG. 4. (a) Double-sided Feynman diagram corresponding to
photon echo for ordinary two-level-like process (type A) and for
three-level-like process due to two-exciton coherence (type 8).
Bold and double lines represent the one-exciton state and two-

exciton state, respectively. TR FWM signals at various time de-

lay T, for parallel (b) and perpendicular (c) configurations.

I~~(T)=C[(2a+f) exp( —4I'T)+f exp[ —2(I +I")T]

—2(2a+f)f cos(Q~T)exp[ —(3I +I")T]J,

positive delay, T &0, is illustrated as type 8. The third-
order nonlinear polarization caused by the coherence be-
tween the one-exciton state and the two-exciton state
emits the FWM signal. We denote the dephasing rate of
this third-order coherence as I". In parallel
configuration, the two-level-like process (type A) can also
contribute to the signal. The signals are emitted via the
third-order polarization between the ground state arid
one-exciton state. With this picture, we can formulate
temporal profiles of third-order signals of TR FWM as
well as TI FWM for both the homogeneous and inhomo-
geneous cases.

In the inhomogeneously broadened system, TR FWM
signals are photon-echo-type in both polarization
configurations. In the ordinary two-level-like photon-
echo process (type A), pulse 1 is incident at t =0 and
pulse 2 at t = T, the third-order polarization is recon-
structed at t =2T. The decay rate of the TI FWM signal
depends on the dephasing of the two-exciton state during
the time between t =T and t =2T as well as the exciton
coherence from t =0 to t =T. Now we take the state
with the interaction energy 0;„,and dephasing rate of I"
as a representative state for simplicity; TI FWM signals
can be expressed as follows:

Iz ( T)=Cf exp[ —2(I'+ I")T], (2)

where the parameter a is the phase space filling factor '

and f is the enhancement factor of oscillator strength be-

tween the one-exciton state and the two-exciton state,
measured with the oscillator strength of the single
exciton transition. The factor C contains the
factors IE&I IE2I and [1+4(5T/&2)], where 4(x) is

the error function and 5 is the inhomogeneous
width. The calculation yields the slowest term as

I~(T)=Ijexp[ —2(1+1")T] and, for parallel configu-

ration, I1(T)=Ilexp[ 4I T—]. In GaAs, the binding of
two excitons is very weak and they easily dissociate into
unbound states. Therefore, I" is much larger than the
exciton dephasing rate I . This is the reason why we ob-

served very fast decay in the perpendicular configuration
of TI FWM. Using the model potential of Ref. 23 we es-

timated the factor f of the bound state and obtained the
value of 3.4. With this value we obtain the ratio

I~~/I~-9. 2 by Eqs. (1) and (2). This is close to the ob-

served value.
In the case of a homogeneously broadened system, the

profile of the time-resolved signal becomes free-
induction-decay-type in both polarization configurations.
The emission starts at t =T with a decay constant I in

the parallel configuration and I" in the perpendicular
configuration. Therefore the time-integrated signals
show the dependence on T as I ( T) -exp[ —2I'T] ir-

respective of the polarization configuration. In ZnSe, we

observed polarization-independent decay of TI FWM and
free-induction-decay-type signal of TR FWM. This is
the reason why the polarization dependence of the decay
rates in TI FWM strongly depends on the sample quality.
In fact, the same decay time in TI FWM in both
configurations is reported in GaAs QW's of extremely

homogeneous samples. '

Sample-dependent inhomogeneity causes the qualita-

tive difference in the TR FWM experiment. Now we

consider the system of slight inhomogeneous broadening,
where the inhomogeneous width is larger than I' but

comparable with I". In such a case, the two-level-like

process of type A leads to the photon-echo-type TR
FWM signal. On the other hand, the reconstruction of
the echo signal is incomplete in the three-level-like pro-
cess of type 8. Thus the TR FWM in perpendicular
configuration becomes free-induction-decay-type rather
than echo-type. This may cause the qualitative difference
of the TR FWM signal in parallel and perpendicular
configurations. These explanations with perturbational
analyses are consistent with the present experimental re-

sults as well as the previous results. "
Recently, Wang et al. examined the intensity depen-

dence of the ratio of
I /I~ in bulk GaAs and showed that

incoherent process such as density-dependent exciton de-

phasing caused by the exciton-exciton scattering may

largely contribute to the F%'M of parallel config-
uration. ' In this process, the second pulse is scattered to
the 2k& —kz direction by the index grating caused by the

periodic modulation of the imaginary part of the self-

energy correction. This process should lead to prompt
signals in the TR FWM experiment. In our experiment,
however, echo-type signals without any prompt signals
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are observed. And, moreover, we confirm the intensity-
independent dephasing rate below the excitation density
of 3X10s excitons/cm . This implies that such types of
incoherent processes are irrelevant to our experiment and
only the coherent processes occur in the truly third-order
region.
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