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Influence of exciton-exciton interactions on frequency-mixing signals
in a stable exciton-biexciton system
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Transient nondegenerate four-wave mixing was performed in the femtosecond domain on a stable exciton-
biexciton system. For excitation with two spectrally narrow pulses of frequenciesv1 and v2 that have no
spectral overlap with each other, only a frequency-mixing signal at 2v12v2 was observed. The polarization
dependence of the frequency-mixing signal intensity changed dramatically with increasing frequency differ-
ence between the incident pulses. Our results demonstrate that the frequency-mixing signal is strongly corre-
lated with the exciton dynamics and the dramatic change of its polarization dependence is caused by the
exciton-exciton interactions.
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Recently, extensive studies have demonstrated
exciton-exciton interactions play important roles in the no
linear optical responses on semiconductor quantum wells1–4

Polarization-dependent degenerate four-wave mix
~DFWM! measurement in the femtosecond domain5–11 is
generally used to investigate exciton-exciton interactio
such as the biexciton formation~BIF!,6–9 the excitation-
induced dephasing~EID! ~Refs. 7–11! effects, etc.

Nondegenerate FWM~NFWM! spectroscopy12,13 has re-
ceived considerable attention because of its great advanta
~i! the independent tunability of incident pulses provides
ditional information for the physical processes in the nonl
ear response,~ii ! the NFWM signal can be measured with th
high signal-to-noise ratio, since the NFWM spectral posit
is away from the spectral positions of incident pulses. Qu
recently, there have been a few reports of NFWM expe
ments in the coherent femtosecond domain.13–16Ahn et al.15

have performed a NFWM experiment using two indepe
dently tunable femtosecond pulses in the exciton resona
region on a GaAs multiple quantum well~MQW!. They first
focused on a frequency-mixing signal at 2v12v2, which is
distinguished from the exciton resonant signal. In their ca
the BIF effect was ignored owing to the small biexcito
binding energy of the GaAs MQW, and the frequenc
mixing signal was not directly correlated with the excito
dynamics, in contrast with the exciton resonant signal.
our knowledge, NFWM experiments have never been p
formed in a stable exciton-biexciton system where biexci
binding energy is much larger than the broad bandwidth o
femtosecond pulse. Therefore, the influence of excit
exciton interactions such as the BIF effect on the frequen
mixing signals is not yet known. Furthermore, although th
are many studies of the polarization dependence of
DFWM signal around the exciton resonance, the polariza
dependence of the frequency-mixing signal of NFWM in t
femtosecond domain has never been measured.

In this paper, we report the results of a polarizatio
dependent NFWM experiment using two-color femtoseco
pulses on a self-organized quantum-well mate
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(C6H13NH3)2PbI4, which is a stable exciton-biexciton sys
tem with a large biexciton binding energy~.44 meV!.17

We show that, even in the exciton resonant region, onl
frequency-mixing signal appears for excitation with tw
spectrally narrow~8-meV bandwidth! pulses that have no
spectral overlap with each other. We measure the polar
tion dependence of the frequency-mixing signal intensit
by varying the frequency difference between two pulses.
demonstrate that the polarization dependence shows a
matic change with increasing frequency difference betw
the incident pulses, and we find that the frequency-mix
signal is strongly correlated with the exciton dynamics. It
noted that the frequency-mixing signal is influenced by
exciton-exciton interactions not only in the exciton reson
region but also in the off-resonant frequency region. We a
show that a simple calculation based on a seven-level p
nomenological model18 can reproduce our experimental r
sults.

(C6H13NH3)2PbI4 forms an ideal two-dimensional sys
tem, where inorganic well layers are composed of a tw
dimensional network of corner-sharing@PbI6#42 octahedra
between organic barrier layers of alkylammoniu
chains.19,20 Due to the quantum and dielectric confineme
effects,21 excitons are tightly confined in the inorganic we
layers. Consequently, they have an extremely large bind
energy (.400 meV) and oscillator strength (.0.7 per for-
mula unit!.20,22,23 Moreover, biexcitons also have a larg
binding energy (.44 meV),17 which is larger than the spec
tral width of our femtosecond pulses. Our previous DFW
investigations have shown that the exciton energy in
spin-coated film has slightly inhomogeneous broadening24

The samples used in this experiment were 50-nm-th
polycrystalline films spin-coated on optically flat glass su
strates. The films were highly oriented with the inorgan
well layers parallel to the substrate surface. Each sample
kept at a temperature of 12 K for all measurements. A tw
pulse self-diffraction geometry was used, where incid
pulses with wave vectorsk1 andk2 were separated by a tim
©2001 The American Physical Society03-1
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delay t. The NFWM signal in the direction 2k12k2 was
spectrally resolved by a combination of a spectrometer an
CCD camera. The light sources were two synchronized
tical parametric amplifiers seeded by the pulses from a c
mon amplified mode-locked Ti:Al2O3 laser ~Coherent
RegA9000!. The center frequencies of two incident puls
could be tuned tov1 andv2 independent of each other. I
all measurements,v2 was kept at the exciton resonan
2.344 eV (Vex), and the bandwidth of thek2 pulse was nar-
rowed to 8 meV~see Fig. 1! by a spectral filter with a grating
pair and a slit. The intensity of the incident pulses was s
ficiently weak so that the signal intensity had a cubic dep
dence on the incident power, which confirmed that our
periment was performed under thex (3) limit. The intensity
of thek2 pulse was approximately 1.3 MW/cm2, which cor-
responds to the exciton density of 109 cm22 for all measure-
ments.

Figure 1~a! shows the spectra of NFWM signals att50
with various polarized incident pulses. Thek1 pulse has ap-
proximately a 22-meV bandwidth and is centered 22 m
belowVex, as shown at the top of Fig. 1~a!. The spectrum of
thek1 pulse and that of thek2 pulse are partially overlapped
We observe a strong peak in the spectrum aroundVex @la-
beled EX in Fig. 1~a!# and another peak@labeled BX in Fig.
1~a!# at 40 meV belowVex in a colinear~incident pulses
have the same linear polarization! configuration. The energy
difference between the BX and EX peaks corresponds to
biexciton binding energy estimated by a photoluminesce
measurement at high excitation density.17 The BX peak in-
tensity shows a relative increase in a cross-linear config
tion ~incident pulses have orthogonal linear polarization! and

FIG. 1. Spectra of the NFWM signal att50 in the colinear
~solid line!, cross-linear~dashed line!, and cocircular~dotted line!
configurations whenv1 is tuned to 22 meV belowVex and v2 is
tuned toVex. The bandwidth ofk2 pulse is 8 meV, andk1 pulse has
~a! 22 meV and~b! 8 meV bandwidths.
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a strong suppression in a cocircular~incident pulses have the
same circular polarization! configuration. The spectral pos
tion and the polarization dependence of the BX peak confi
that the BX signal is attributed to the biexciton-exciton tra
sition. The EX signal is dominant in the colinear and coc
cular configurations, since thek1 pulse has a spectral overla
with thek2 pulse atVex, which leads to the DFWM proces
via the exciton.

For complete NFWM measurements, we applied a sp
tral filter to narrow the bandwidth of thek1 pulse to 8 meV
@see Fig. 1~b!# so that the spectral overlap between thek1
pulse and thek2 pulse could be ignored. Figure 1~b! shows
the spectra of the NFWM signals att50 in the various
configurations, where the center frequenciesv1 and v2 are
the same as in Fig. 1~a!. Compared to Fig. 1~a!, the EX
signal disappears, and only a frequency-mixing signal
2v12v2 is observed. This result indicates that spectral ov
lap is important for the exciton resonant signal, agree
with the previous study.13,15

We measured the polarization dependence of the spe
of the NFWM signals at various values ofv1, while keeping
v2 at Vex. Figure 2 shows the spectra att50 normalized to
the maximum intensity at each value ofv1. In our measure-
ments, only the frequency-mixing signal is observed at
actly 2v12v2 in any polarization configuration and at an
value ofv1. The polarization dependence of the frequenc
mixing signal intensity changes drastically withv1. At v1
52.344 eV (5Vex), i.e., the degenerate case@Fig. 2~a!#, the
frequency mixing is equivalent to the exciton resonant s
nal, where the signal intensity in the colinear configurationI i
is almost equal to that in the cocircular configurationI ss ,
and the intensity in the cross-linear configurationI' is con-
siderably smaller. This result suggests that the signa
mainly induced by the EID effect.10,11 At v152.322 eV

FIG. 2. Spectra of the NFWM signal att50 at variousv1 when
v25Vex in the colinear~solid line!, cross-linear~dashed line!, and
cocircular ~dotted line! configurations.~a! v152.344 eV,~b! v1

52.333 eV, ~c! v152.322 eV, ~d! v152.311 eV, ~e! v1

52.300 eV. Spectra are normalized to the maximum intensity
eachv1.
3-2
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@Fig. 2~c!# with the same condition as in Fig. 1~b!, I' is
almost twice as large asI i , in striking contrast to the resul
of v152.344 eV @Fig. 2~a!#. A strong suppression ofI ss

indicates that this dramatic change in the polarization dep
dence of the frequency-mixing signal is attributed to the B
effect. At v152.300 eV@Fig. 2~e!#, I i is much smaller than
I' and I ss , which are nearly equal. It should be noted th
the frequency-mixing signal intensity greatly depends on
polarization configuration even in the frequency region aw
from both the exciton and biexciton resonances.

We were also interested in the dependence of
frequency-mixing signal intensity on the value ofv1. Figure
3~a! plots the frequency-mixing signal intensity att50 nor-
malized to the cube of the incident power as a function ofv1
in the various polarization configurations. In all configur
tions, the intensities reach maximum values at the exc
resonanceVex and drop suddenly with increasing detunin
from Vex. I' has another clear peak at the biexciton tw
photon resonance (VTPR). This means that coherent emissio
through the biexciton-to-exciton transition can occur even
there is no spectral overlap between incident pulses. N
that this process is fundamentally different from the proc
contributing to the BX signal in Fig. 1~a!. In the narrowband
measurement@Fig. 1~b!#, the biexciton state is excite
through the two-photon transition with degeneratek1 pulses,
while in the broadband measurement@Fig. 1~a!#, the biexci-
ton state is created mainly through a combination of
ground-to-exciton and exciton-to-biexciton transitions. T
fact indicates that the polarization dependence of the
peak in Fig. 1~a! is different from that in Fig. 1~b!.

To clarify the role of exciton-exciton interactions in th

FIG. 3. ~a! The frequency-mixing signal intensity att50 as a
function of v1 when v25Vex in the colinear~solid reverse tri-
angle!, cross-linear~solid circle!, and cocircular~open triangle!
configurations.~b! Calculated curves forn 5 0.12, gE /g53.0,
umbu2/umu250.33. Inset: a schematic of a seven-level system.
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polarization dependence, we analyze the results of Fig.~a!
based on a few-level density-matrix description of the thi
order excitonic nonlinearity.18 We consider a seven-leve
system@as shown in the inset of Fig. 3~b!# including the
ground, one-exciton (Jz561), biexciton (Jz50), and free
two-exciton (Jz562,0) states,25 where the phase-space fil
ing ~PSF!, EID, and BIF effects are introduced phenomen
logically. The PSF effect is taken into account by decreas
the dipole moment of the transition from a one-exciton st
with Jz561 to a free two-exciton state withJz562 by a
fraction n asA2(12n)m. The EID effect is taken into ac
count by introducing an additional dephasinggE to the exci-
ton dephasingg for the transition from a one-exciton to
free two-exciton state, i.e.,g1gE . We assume that the sum
of the squares of the transition dipole moments from a o
exciton state to two-exciton states withJz50 is conserved,26

i.e. um8u21umbu25umu2, wherem8 andmb are the transition
dipole moments from the one-exciton state to the free tw
exciton state withJz50 and to the biexciton state, respe
tively. According to this model, if there is no interactio
between excitons, i.e.,n5gE5mb50, the signal disappear
because of the bosonic property of excitons.

We calculate the intensities of the NFWM signals f
variousn, gE , andmb , using the third-order nonlinear op
tical susceptibility on the seven-level model. In the calcu
tion, the exciton dephasingg and the biexciton-to-ground
dephasinggb are assumed to be 2 and 7 meV, respective
as estimated from our previous DFWM experiment.24 More-
over, we take into account exciton inhomogeneous broad
ing by assuming a Gaussian distribution of the exciton
ergy with a width of 9 meV, which was estimated from th
present exciton absorption spectrum~not shown!. A detailed
description of the calculation is beyond the frame of th
paper and will be published elsewhere. Figure 3~b! shows
our calculated curves forn50.12, gE /g53.0, umbu2/umu2
50.33. It is found that Fig. 3~a! is well reproduced by the
calculation.

To demonstrate the evidence of the influence of the P
EID, and BIF on the polarization dependence, we perfo
calculations under various conditions. Taking account o
of the PSF effect, the signal ratio takes a constant va
I i :I' :I ss51:1:4 at anyv1. For only the EID effect, it
leads to smallI' compared toI i.I ss . In both cases, the
signal ratio is almost independent of the value ofv1 and no
peak atVTPR exists. For only the BIF effect, the peak
VTPR appears, butI ss vanishes, andI' is equal toI i at any
v1. Thus, our analysis demonstrates that our experime
results cannot be reproduced if any of the PSF, EID, and
effects are not taken into account. Especially, it is prov
that the dramatic change of the polarization dependenc
the frequency-mixing signal intensity with respect to t
value ofv1 is induced mainly by the BIF effect.

In conclusion, we have performed a nondegenerate fo
wave mixing experiment in a stable exciton-biexciton syst
and demonstrated that only the frequency-mixing signa
observed, whenever incident pulses have no spectral ove
We have found that the relative intensities of the frequen
mixing signal with respect to the polarization configurati
3-3
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change drastically with the value ofv1. Our calculated re-
sults based on a seven-level system, where the PSF, EID
BIF effects are introduced phenomenologically, well rep
duce the experimental results. Our results strongly indic
that these interactions significantly influence the polarizat
dependence of the frequency-mixing signal, showing that
measurement of the polarization dependence of
o
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frequency-mixing signal can serve as an effective probe
exciton-exciton interactions.
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