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Exciton-biexciton coherent coupling effects are examined in semiconductor quantum dots. The exciton
absorption spectrum is measured with the microphotoluminescence excitation technique in a single InGaAs
quantum dot. The spectrum changes from a Lorenztian-type line shape to an unusual dip-shaped line shape
with increasing excitation intensities in a higher exciton state where there is a large oscillator strength between
the exciton and biexciton states. The intensity dependence of the dip energy width clearly indicates that
coherent Rabi oscillation occurs between the exciton and biexciton states. The absorption properties with
excitation light of different polarizations show that the dip-shaped spectra only appear when there is a large
biexciton state population with linear polarization. A theoretical analysis undertaken with the density matrix
method agrees well with experimental results. This agreement reveals that exciton-biexciton coherent interac-
tions lead to unusual absorption spectra and contribute crucially to the optical properties of quantum dots. The
exciton-biexciton coherent effects provide a scheme for controlling four distinguishable states, which can be
applied to a demonstration of quantum gate operations.
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I. INTRODUCTION

Semiconductor quantum dots have been the subject of
many studies because of their intriguing physics and many
novel device applications.1,2 Recently, semiconductor quan-
tum dots have been attracting a lot of attention as a good
candidate for the fundamental gates of the quantum com-
puter, which is a new concept of quantum information
processes.3–8 Excitons created by optical pulses become
quantum bitssQ-bitsd, which are basic units of quantum
gates, and sequences of optical pulses control gate opera-
tions. These quantum gates rely on two characteristics of
excitons in quantum dots. One is the density-of-states in
quantum dots and the other is the spatial size of quantum dot
structures.

The density-of-states in a quantum dot is discrete and
comb-shaped. In this density-of-states, most of the scattering
processes for electrons and excitons are suppressed. This
leads to long-lived exciton coherence, which is a notable
characteristic of quantum dots and a key requirement as re-
gards implementing Q-bit control processes. Experimental
reports have confirmed that the exciton coherence time is
much longer than that in quantum wells and bulk.9–11 All
quantum gate operations with quantum dots are based on
exciton coherence. This long-lived coherence leads to many
quantum gate operations, which will be indispensable in
terms of implementing quantum computing.

Another characteristic is the nanoscale structure of quan-
tum dots. When an exciton and a biexciton are confined in
this small space, their binding energy is increased. The re-
ported binding energy is about 20 meV for excitons and
5–10 meV for biexcitons,12–14 which is much larger than

those in bulk and quantum wells and results from three-
dimensional confinement effects. Quantum dots provide an
exciton-biexciton system that is very stable in the face of any
thermal scattering event. This system has not yet been ob-
tained in other semiconductor structures and may provide
unprecedented optical physics. An exciton and a biexciton
act as two Q-bits that interact with each other. Quantum gate
operations using an exciton and a biexciton have already
been proposed.15

In an exciton-biexciton system, biexciton-related coherent
effects have a great influence on exciton coherence. Such a
system exhibits coherence between an exciton and the
ground states as well as between an exciton and a biexciton
states. However, most studies have dealt only with the coher-
ence of an exciton and discussions on decoherence processes
have mainly been examined in terms of exciton-phonon
interactions.9–11 Since a biexciton is composed of two exci-
tons, the coherence between an exciton and a biexciton may
influence the exciton decoherence processes and also exci-
tonic optical properties. The effects of biexcitons on exciton
decoherence processes have been examined.16 The results in-
dicate that coherent interactions between excitons and biex-
citons contribute crucially to exciton decoherence proc-
cesses.

The coherently coupled exciton-biexciton system can be
regarded as a coherent three-level system. This three-level
system is often studied in quantum atom optics.17,18 These
studies have provided intriguing quantum interference effects
such as coherent trapping and electromagnetically induced
transparencysEITd, which provide novel optical device func-
tions. Quantum dots may enable us to observe these effects
with an exciton-biexciton coherent coupled system. More-
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over, in an exciton-biexciton system, larger dipole moments
than those in atoms are available due to the collective effect
in many atoms and the mesoscopic enhancement effect in
nanostructures.19,20 These may result in optical nonlinear ef-
fects with a small intensity light and also novel coherent
phenomena that are applicable to future optical devices. A
clarification of the physical properties of the exciton-
biexciton system should provide us with important and valu-
able information on the physics of exciton coherence, the
characteristics of quantum interference and possible quantum
device applications.

In this paper, we investigate the optical properties of ex-
citons in a coherently coupled exciton-biexciton system in
quantum dots. We clarify the influence of the coherent effects
between an exciton and a biexciton on the exciton photoab-
sorption properties in InGaAs quantum dots. Absorption
spectra are measured in a single isolated quantum dot with
the microphotoluminescence excitationsmicro-PLEd tech-
nique. An exciton higher state and a biexciton higher state
are coherently coupled by a single excitation laser. The co-
herent effects can be evaluated from the PL signals of an
exciton and a biexciton. These coherent coupling effects de-
pend on the biexciton population, the oscillator strength and
the dipole moment between an exciton and a biexciton state.
We measure the absorption spectra for different excitation
intensities in two different exciton higher states whose dipole
moments differ greatly. In the exciton state of the smaller
dipole moment, Lorentzian-shaped absorption spectra are ob-
served independent of excitation intensity. However, in the
exciton state of the larger dipole moment, unusual exciton
absorption spectra with a dip-shaped structure, in other
words, energy splitting, are found at a high excitation inten-
sity. The energy splitting increases in proportion to the
square of the excitation intensity. This dependence is the
same as that of Rabi splitting, which is a well-known coher-
ent effect. Moreover, the energy splitting is found to depend
strongly on the polarization of the excitation light, which is
another proof of the existence of the coherent effects. We
show that the coherent effects can be controlled by control-
ling the polarization of the excitation light. To confirm our
experimental results, we numerically analyze the exciton-
biexciton system with a simple density matrix method. We
calculate exciton absorption spectra for different dipole mo-
ments and dephasing times, which characterize the coherent
effects. The calculated results confirm that the unusual spec-
tra are yielded by the strong coherent coupling effects be-
tween an exciton and a biexciton. The coherent coupling
effects can be explained in terms of the dressed-atom picture,
which is often used for strongly coupled atom-photon sys-
tems. This effect is also regarded as a quantum interference
effect and is known as cascade type electromagnetically in-
duced transparencysEITd.17,18We discuss a possible scheme
for accessing four distinguishable quantum states, which
would be a good candidate for a quantum gate. Our results
also provide information on exciton statistics, which are ex-
pected to yield novel exciton physics such as giant oscillator
strength effects.

II. EXPERIMENT

The InGaAs quantum dot sample for our measurement
was fabricated on a GaAss311d B substrate by metalorganic

vapor phase epitaxysMOVPEd. Our quantum dot is a self-
assembled quantum dot and we call this quantum dot a quan-
tum disk because of its shape. The quantum disk has a
unique feature in that the lateral size is tunable by controlling
the growth conditions. Moreover, the quantum disk has no
wetting layers, which are usually present in other self-
assembled quantum dots grown in the Stranski-Krastanov
mode. The fabrication process has already been reported in
detail.21,22 Measurements were performed using the
micro-PL method. The excitation laser light from a cw wave-
length tunable Ti-sapphire laser was focused on the quantum
dot sample with a microscope objective lenssspot size
2 mmd through a metal mask with holes processed on the
sample surfaceshole size 0.5mmd. The sample was mounted
on the cold head in a liquid He cooled cryostat. The PL was
collected by the lens and detected by a liquid nitrogen cooled
charge coupled device through a high-resolution spectrom-
eter. This method enables us to measure the PL properties
from a single dot. PL measurement with the scanning wave-
length of the excitation laser gives PL excitationsPLEd spec-
tra that directly reflect the photoabsorption spectra and en-
ergy structure of the quantum dot. We evaluated the coherent
effects from the PL and photoabsorption spectra in a single
InGaAs quantum dot.

III. RESULTS AND DISCUSSION

Figure 1 shows an example of the PL and PLE in a quan-
tum dot recorded at 4 K. The excitation density estimated is
250 W/cm2. The indium content of the quantum dot is about
0.4. The average lateral size and thickness are 30 nm and
3 nm, respectively. Exciton related PL and other PL peaks
are observed separately. We employed a previously reported
method to confirm the biexciton PL emission.14 The method
uses the power dependence of the PL intensity at a relatively
low excitation power and the peak structure of the PLE spec-
trum to assign PL emissions. We concluded that the PL emis-
sion is for the biexciton when the PL intensity is quadrati-
cally dependent on the excitation power and when the PL has
a similar PLE spectrum to that of the exciton. The PL peak

FIG. 1. PL and broadband PLE spectra of the excitonsXd and
biexciton sXX d. The excitation intensity is about 250 W/cm2. The
energy level structures for levels A and B are shown in right hand
side. The suffix “i” represents “A” or “B.”
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denoted as the biexciton in Fig. 1 meets both conditions. We
focus these exciton- and biexciton-related PL peaks. The en-
ergy separation between the exciton and biexciton PL corre-
sponds to the biexciton binding energy. The other PL peak
may originate from a charged exciton.23,24

PL measurements undertaken using scanning excitation
laser energy provide us with PLE spectra. Since the PLE
spectra were obtained from the PL signals from a single
quantum dot, the spectra are completely free from any inho-
mogeneous broadening effects. The PLE in the single quan-
tum dot has a unique feature whereby the exciton and biex-
citon absorption spectra can be selectively obtained simply
by changing the PL detection energy. The PLEs are also
shown in Fig. 1. These correspond to the absorption spectra
for an excitonsXd and a biexcitonsXX d in a single quantum
dot. Many discrete peaks can be seen in Fig. 1. Each PLE
peak exhibits a higher state for an exciton or a biexciton.
These discrete peaks are characteristic of a zero-dimensional
structure. In this study, we focus on two higher states de-
noted as levels A and B. In these levels, large signals can be
seen in excitonsXA and XBd as well as biexciton absorption
sXXA and XXBd. Figure 1 also shows the simplified energy
level structure for these levels. When the laser light is set at
these energies, an exciton and a biexciton states are simulta-
neously populated by the excitation laser. These populations
relax to their lowest states X0 and XX0 leading to exciton
and biexciton PL emissions. The PLE signal of XXA is
smaller than that of XXB in Fig. 1. This is because the optical
dipole moment between XXA and XA is smaller than that
between XXB and XB. However, the energy structure itself
for these states is the same coherently coupled five level
system. We evaluate the coherent effects between an exciton
and a biexciton using these levels. The energy difference
between the PL detection energy and XA is about 30 meV.
This difference is close to the LO phonon energy. However,
the contribution of the LO phonon to the PL emission is
negligible because the photoemission efficiency of our quan-
tum dot is of the same order as that for usual quantum wells.
Moreover, no replica structure can be seen in the PLE spec-
tra.

In the system shown in Fig. 1, optical dipoles are excited
between Xi andg, and between XXi and Xi si =A or Bd. Both
these dipoles include the Xi state. Therefore, exciton coher-
ence and its absorption spectrum should include the effects
of biexciton-related coherence. Additionally, an exciton is
composed of an electron and a hole. A biexciton is combined
state of two excitons. Their populations increase linearly
with excitation intensity and with the square of the intensity,
respectively. This means that ratio of the exciton to biexciton
populations changes with intensity. Therefore, the intensity
dependence of the exciton absorption gives us information
on biexciton effects. Moreover, optical dipole moment de-
pendence can be discussed by comparing the intensity de-
pendence of levels A and B.

The populations of the Xi and XXi states are created by
coherent interactions in this XXi-X i-g system as shown in
Fig. 1. These populations each relax into their lowest states
sX0 and XX0d through incoherent processes such as acoustic
phonon emission processes. The populations of X0 and XX0
are linearly dependent on the populations of the Xi and XXi

states. The X0 and XX0 states emit PL signals whose inten-
sities are proportional to the populations of the X0 and XX0
states. Thus, the coherent effects in the Xi and XXi states are
directly reflected in the PL signals. Note that the coherent
effects occur only in the XXi-X i-g system and the relaxation
processes into each lowest state are incoherent processes.
Therefore, our system is substantially a coherent three-level
system and the other two levels act as states for the observa-
tion of the coherent effects. Thus, the coherent effects are
evaluated from the PL and PLE measurements.

Figure 2 shows the exciton and biexciton absorption spec-
tra for three excitation power densities. The power depen-
dence of the absorption spectra in level A is completely dif-
ferent from that in level B. In level A, the absorption spectra
for XA and XXA both exhibit Lorentzian shapes against ex-
citation power. Absorption linewidths increase with excita-
tion intensity, which are caused by the power broadening
effects. This effect is more prominent in the XA state than in
the XXA state. Coherent coupling effects between the XA and
XXA states induce larger broadening in the XA state.16 In
contrast, the spectral shapes of the absorption spectra in level
B vary greatly with excitation intensity. The absorption spec-
tra in XB and XXB have Lorentzian shapes for 250 W/cm2

similar to those for level A. With increasing excitation power
density, the XXB absorption spectra exhibit the power broad-
ening effect. This dependence is similar to that in level A.
However, the dependence of XB absorption completely is
different from this. The XB absorption spectrum changes
from a Lorentzian shape to an unusual shape with a dip-
shaped structure centered on the exciton resonant energy,
which is the peak energy for 250 W/cm2. These unusual line
shapes have not yet ever been clearly observed in other sys-
tems such as bulk and quantum wells. We consider these
unusual spectra to be caused by strong coherent coupling
effects between the XB and XXB states.

Coherent coupling effects should depend strongly on ex-
citation intensity. Previously, Rabi oscillations were observed
in the quantum dots and the Rabi frequencies and corre-
sponding Rabi splitting energies increased with the square
root of the excitation.25–27The dip-shaped spectra in XB can
be regarded as absorption spectra with two spilt states. When
the dip-shaped spectra are caused by coherent effects, the
intensity dependence of the energy splitting may provide in-
sights into the origins of the dip-shaped spectra. Figure 3
plots the energy splitting as a function of excitation intensity.
A square root function and a linear function are shown for a
comparison. These plots fit the square root function rather
than than linear function. This dependence is the same as that
of the Rabi splitting in two-level systems. In the XXB-XB
-g system, all three levels are coherently coupled. However,
when the dipole moment between XB and XXB is much
larger than that betweeng and XB, this system behaves like a
two-level XXB-XB system probed by XB-g. This two-level
system might induce Rabi splitting where the energy splitting
has a square root dependence of excitation intensity as
shown in Fig. 3. The square root dependence indicates that
the dip-shaped spectra are caused by strong coherent effects
in the XXB-XB states.

In the coherently coupled XXB-XB-g system, the coherent
effects should be strongly influenced by the population of

EXCITON ABSORPTION PROPERTIES OF COHERENTLY… PHYSICAL REVIEW B 71, 195334s2005d

195334-3



each state. We consider the XXB-XB-g system for excitation
lights with different polarizations. The energy level structure
for XXB-XB-g is rewritten in Fig. 4sad for an excitation light
with a linear polarization. A linearly polarized light is a lin-
ear combination of circularly polarized lights and can create
an all states population as XB↑, XB↓, and XXB. In contrast,
using circularly polarized excitation light may suppress the
transition of XXB-XB reflecting a selection rule in the Bloch
functions of the XXB states.12–14 For example, an excitation
light with a counterclockwise polarization only creates the

XB↑ state as in Fig. 4sbd. This system is just a two-level
system of XB↑ -g and none of the coherent effects in
XXB-XB may appear in the absorption spectra of XB-g. Fig-
ure 4 shows exciton PL and absorption spectra for linearly
and circularly polarized excitation lights. The excitation in-
tensities are 2 kW/cm2. For linearly polarized excitation, the
exciton absorption spectrum shows a dip-shaped spectrum
for an intense linearly polarized light. Whereas for circularly
polarized excitation, the exciton absorption spectrum exhib-
its a broadened Lorenztian shape. The biexciton absorption
spectrum is much smaller than that for linearly polarized
excitation. This means that the circularly polarized excitation
light cannot efficiently create a biexciton. This small popu-
lation of the biexciton state leads to negligible coherent ef-
fects in the XXB-XB states. The absorption properties are
determined solely by the XB-g transition resulting in a broad-
ened Lorentzian absorption spectrum with no coherent fea-
tures. Figure 4 provides proof that coupling effects in the
XXB-XB states yield dip-shaped spectra. Moreover, we found
that the coherent effects of XXB can be controlled by using
optical selection rules for the XB-g and XXB-XB transitions
with polarization of excitation lights.

In strongly excited bulk and quantum wells, interactions
among many excitons lead to changes in the absorption spec-
tra sexciton many body effectsd.28 In the quantum dot, we
can accurately estimate the number of excitons from the PL
emission energy; the single exciton emission process can be
distinguished from the two exciton-related emission process
srelaxation from a biexciton to an excitond. The two exciton-

FIG. 2. PLE spectra of X and
XX for three excitation powers for
levels A and B. In the results for
level B, the PLE spectrum of X
changes from a Lorentzian-shaped
to a dip-shaped structure with in-
creasing excitation. All spectra are
obtained with high energy resolu-
tion compared with the results in
Fig. 1.

FIG. 3. Power dependence of dip-shaped structure shown in Fig.
2. The energy splitting is the width of the dip-shaped structure. The
solid line shows a fitted curve which is proportional to a square root
of the power density. The dotted curve is linear dependence for a
comparison. The inset shows a schematic dip-shaped spectrum and
energy splitting.
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related emission process involves a kind of many body effect
with two excitons. When we measure exciton-related PL and
PLE spectra, they reflect single exciton properties regardless
of excitation power. According to the exciton many body
effects, the lineshapes of PL and PLE spectra measured by
single exciton PL are independent of excitation power and
the number of excitons created by the excitation light.

Conventional theoretical analyses of many body effects
are based on a many body Hamiltonian that includes the
Coulomb interaction between two particlesselectron-
electron, hole-hole, and electron-holed. An analysis of biex-
citon properties requires a Coulomb interaction between four
particlesstwo electrons and two holesd and this has not yet
been reported. Moreover, no theory deals with the coupling
effects between an exciton and a biexciton. As an origin for
the measurement results, we considered coherent coupling
effects with exciton and biexciton states and quantum inter-
ference effects. Since no microscopic theory has yet been
reported to verify these effects, we analyze the exciton-
biexciton system with a simple theory and simulate the main
features of the experimental results.

The exciton-biexciton system can be regarded as a five-
level system shown as Fig. 5. In the measurements, we de-
tected exciton and biexciton PL signals from X0 and XX0,
respectively. We use a density-matrix method to analyze the
optical responses in this five-level system interacting with an
excitation light.29 Dipole transitions are considered in the
X i-g and XXi-X i states. The dimensions of the density matrix

r are 535. When the nondiagonal elements inr are not
zero, coherent effects exist in corresponding states. We dis-
regard the coherent effects in the Xi-X0 and XXi-XX0 tran-
sitions because these transition energies are largely nonreso-
nant to the excitation light; coherent effects occur only in the
XX i-X i-g states. The system may be analyzed by using the
following equations:

FIG. 4. Energy level structures
in the XXB-XB-g system for a lin-
early polarized excitation lightsad
and a circularly polarized light
sbd. PLE spectra for a linearly po-
larized excitation lightscd and a
circularly polarized lightsdd. The
linearly polarized light, which is
expressed as a linear combination
of two opposite circularly polar-
ized lights, can create the XB

states of spin-upsXB↑ d and spin
down sXB↓ d.

FIG. 5. Energy level structure and physical parameters used in
the theoretical analysis. Coherent effects are included only in XXi

-X i and Xi-g with dipole moments ofmXX-X and mX-g. The relax-
ation processes from XXi and Xi to XX0 and X0 are incoherent
processes characterized byT1

XX andT1
X. The PL signals correspond

to relaxations in XX0-X0 with T1
XX0 and X0-g with T1

X0 for biexciton
and exciton PLs, respectively.
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ṙg-g = − iVX-gsdX-g
* − dX-gd + GX0rX0-X0, s1d

ḋX-g = − iDX-gdX-g + iVX-gsrg-g − rX-Xd + iVXX-X dXX-g

− gX-gdX-g, s2d

ṙX-X = iVX-gsdX-g
* − dX-gd − iVXX-X sdXX-X

* − dXX-X d − GXrX-X ,

s3d

ḋXX-g = − iDXX-gdXX-g + iVXX-X dX-g − iVX-gdXX-X

− gXX-gdXX-g, s4d

ḋXX-X = − iDXX−XdXX−X + iVXX−X srX-X − rXX-XX d

− iVX-gdXX-g − gXX-X dXX-X , s5d

ṙX0-X0 = GXrX-X + GXX0rXX0-XX0 − GX0rX0-X0, s6d

ṙXX0-XX0 = GXXrXX-XX − GXX0rXX0-XX0 , s7d

rg-g + rX-X + rXX-XX + rX0-X0 + rXX0-XX0 = 1, s8d

whereG=1/T1, g=1/T2, andV=mE/2". The constantsT1,
T2 m, andE are the population relaxation time, the dephasing
time, the dipole moment, and the electric field of the light,
respectively. The detuning energy"Di is defined as"Di =Ei
−Eph, whereEi is the transition energy between two states
and Eph is the photon energy of the excitation light. Zero

biexciton binding energy is assumed from the experimental
results in Fig. 1. This means thatDX-g=DXX-X =DXX-g/2. Nu-
merical calculations for steady states for excitons yield exci-
ton PLE spectra asrX0-X0. The calculations also yield results
on biexcitons asrXX0-XX0. We first considerrX0-X0 for exci-
ton and discuss the results on biexcitons later.

Figures 6sad and 6sbd show rX0-X0 as a function
of detuning energy for different powers. The energy
zero is for the resonant light energy with the exciton reso-
nance. In this calculation, we used numerical constants; cer-
tain parameters such asGX0 andGXX0 were determined tak-
ing our other measurement results into considera-
tion.30 Other parameters were chosen so that the calcu-
lated results fitted the experimental results. Specific values
are as follows:T1

X =100 ps,T1
XX =50 ps,T1

X0=500 ps,T1
XX0

=500 ps, T2
X-g=2 pss0.2 kW/cm2d, =0.5 pss2 kW/cm2d,

T2
XX-X =2 pss0.2 kW/cm2d, =1.5 pss2 kW/cm2d, T2

XX-X

=3 ps andmX-g of the dipole moment of GaAs bulk. Inten-
sity dependent dephasing times are included as eachg
changes linearly with excitation power from
0.2 to 2 kW/cm2. The theoretical analyses considered the in-
tensity dependent effects and predicted novel phenomena
such as controllable Rabi oscillations.31–33 Figures 6sad and
6sbd are for differentmXX-X ; mXX-X =mX-g for sad andmXX-X
=20mX-g for sbd.

In Fig. 6sad, the linewidths ofrX0-X0 broaden with in-
creasing excitation; however, the line shapes have
Lorentzian-type peak shapes. Whereas in Fig. 6sbd, the line
shapes are almost Lorentzian-type for weak excitations and

FIG. 6. Exciton populationrX0-X0 as a func-
tion of detuning energy for different excitation
powers and differentmXX-X . sad mXX-X =mX-g and
sbd mXX-X =20mX-g. The rX0-X0 plots from
0.2 to 2 kW/cm2 in 0.3 kW/cm2 steps. The de-
tuning energy of zero is for an excitation light
with resonant energy to exciton energy.scd The
energy splitting insbd as a function of power
density.
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those change into a dip-shaped spectrum with increasing in-
tensity. The calculated results in Figs. 6sad and 6sbd are simi-
lar to the measured results for levels A and B, respectively.
Figure 6sbd was calculated using a larger dipole moment
mXX-X than that in Fig. 6sad. The dipole moment directly
characterizes the strength of the coherence between XX and
X; a largermXX-X causes larger coherent effects. Therefore,
we attribute the dip-shaped exciton absorption spectra to
strong coherent coupling between the exciton and biexciton
states. Figure 6scd shows the widths of the dip as a function
of excitation intensity. The intensity dependence shows the
square root dependence of excitation intensities. This depen-
dence is the same as seen in the experimental results in Fig.
3. Moreover, this result ensures that the dip-shaped absorp-
tion spectra can be interpreted in terms of Rabi splitting be-
tween an exciton and a biexciton state. Our simple theoreti-
cal analysis simulated the main features of the experimental
results. The experimental results can be interpreted in terms
of coherent effects between an exciton and a biexciton state.

Our simple theory has only three levels for analyzing the
coherent effects. Actual quantum dots may exhibit the effects
of other exciton states and interactions among many exci-
tons. These effects might modify our interpretation espe-
cially as regards the biexciton absorption properties. How-
ever, these effects are nonresonant effects for the exciton
state we focused on. The main interaction relevant to the dip
shaped interaction is an energetically resonant interaction be-
tween the exciton and biexciton states.

Our theory can be applied to interpret absorption proper-
ties in excitons. However, our theory is not particularly valid
for analyzing biexciton properties. Biexcitons can be created
through different exciton states, which are not covered by the
theory. When the exciton absorption becomes small due to
coherent interactions, such effects may determine the biexci-
ton absorption properties. These effects are very important in
terms of the detailed microscopic theory of exciton systems
in quantum dots. This subject may be considered in future
work.

We discuss the dip-shaped absorption spectra using the
dressed state model. With a weak excitation, the energy level
structure is a usual three level system and the absorption
spectra for both the exciton and biexciton have Lorentzian
shapes. With a strong excitation, the exciton and biexciton
states couple strongly and form dressed states with energy
splitting that depend on the Rabi frequency. This causes the
absorption to disappear at the exciton resonant energy and
this results in an absorption spectrum with a dip-shaped
structure. The dressed state model explains our measurement
and calculation results intuitively.

This effect can also be interpreted as a quantum interfer-
ence effect mediated by exciton and biexciton absorptions.
This system is simply a three-level cascade-type electromag-
netically induced transparencysEITd.17,18 In our system,
there are at least two possible paths for excitonic absorption;
a direct optical transition in X-g and an optical transition via
the XX statesX-XX-X- gd. The phase of the latter transition
is opposite to that of the former. Therefore, destructive inter-
ference mediated by these two transitions makes the net op-
tical absorptions in X-g disappear. This result is just EIT.
Our results indicate that novel optical device functions pre-

dicted with EIT such as coherent trapping, slowing light and
inversion-less laser emission may be demonstrated in quan-
tum dots.

Our experimental and theoretical results clearly showed
that coherent effects in an exciton and a biexciton states oc-
cur in a quantum dot and that these effects can be controlled
by controlling the polarization of the excitation light. We
propose a scheme for accessing four distinguishable states
based on our results. Figure 7 shows our scheme schemati-
cally. Four statessg, X i↑, X i↓, and XXid are shown in Fig. 7.
We assume that the biexciton energy is twice the exciton
energy. By illuminating circularly polarized excitation light,
we can create X↑ or X↓, and we can select two states in
terms of polarization direction. A linearly polarized excita-
tion light can create the XXi state. Each of the four states can
be observed by detecting the PL;g, X i↑, X i↓, and XXi emit
no PL, circularly polarized X-PLscounterclockwise direc-
tiond, circularly polarized X-PLsclockwise directiond and
XX-PL, respectively. Each PL is easily distinguished from
the others by using bandpass filters and polarization optics.
This scheme could be applied to a two-bit quantum gate such
as controlled NOT with an exciton-biexciton system and a
excitation light for gate control. The characteristic of the
scheme is the use of an excitation light to access four states.
Since the exciton energy is assumed to be the same as the
biexciton energy, the control lights for the four states can be
supplied from a single laser source. Different states can be
controlled by using polarization optics. When the exciton
energy is different from the biexciton energy, a phase lock
technique is required for two light sources with different en-
ergies, and this is not easy to realize with conventional laser
sources. Moreover, the required laser power is not very large
even for the large nonlinear optical processes in the exciton-
biexciton system. An excitation light whose intensity is sev-
eral photons is sufficient to control this system because a
single photon can excite an exciton and one more photon can
excite a biexciton. The optical nonlinearity effects require
just a single excitation light whose intensity is as weak as the
several photon region and which is supplied by a single light
source. Our scheme offers a major advantage with respect to
demonstrating quantum gate operation with two Q-bits.

FIG. 7. Energy diagram for accessing and observing four distin-
guishable states. Circularly polarized light can distinctively create
X i↑ or Xi↓ excitons. These excitons emit PL whose polarizations
are the same as the excitation. Linearly polarized light can excite a
XX i biexciton. The biexciton emits PL whose energy is lower than
the exciton PL by the biexciton binding energy.
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The exciton-biexciton optical nonlinearlity relies on a
larger dipole moment in a biexciton than that in an exciton.
Here, we consider the reason for this larger dipole moment.
The biexciton is composed of two excitons with negligible
binding energy as shown in Fig. 1. This biexciton can be
regarded as two weakly correlated excitons confined in a
quantum dot potential and even as two independent excitons.
The transition probability between the two independent ex-
citons and the single exciton will be twice that between the
single exciton and the ground state. A theoretical analysis,
which calculates the dipole moment of biexcitons, supports
our view.12 In this calculation, the dipole moment of two
weakly correlated excitons becomes twice that of an inde-
pendent single exciton in a relatively strong confinement re-
gime. The dipole moment may be larger in a mesoscopic
confinement regime such as our quantum dots by analogy
with the mesoscopic enhancement of the dipole moment in a
single exciton. These weakly correlated excitons may lead to
the strong coherence and the dip-shaped absorption spectra.
Moreover, our result may reflect a kind of Bosonic feature of
excitons. Bosonic particles can exist at the same energy, and
the dipole moment of bosons increases linearly with the
number of particles. A huge dipole moment may appear in
many excitons. The interpretation of our results almost meets
these conditions. Confirmation of this interpretation requires
further experimental and theoretical studies. These studies
would provide new perspective on the exciton physics of
quantum dots.

IV. CONCLUSION

We investigated the coherent coupling effects in an exci-
ton and a biexciton in a single quantum dot. We measured
the absorption properties in an InGaAs quantum dot by em-
ploying the micro-PL method and the excitation intensity
dependence of exciton and biexciton absorptions for two ex-
citon higher states. The power dependence shows a distinct

contrast in the two exciton states. In the exciton state of the
more efficient biexciton creation, there are unusual absorp-
tion line shapes with a dip-shaped structure in the high exci-
tation condition. This dip width energy has a square root
dependence with increasing excitation intensity. This result
indicates that the dip-shaped structure was caused by the
Rabi oscillation, which is well-known as a coherent effect in
coupled electron-photon systems. The dip-shaped structure
appeared only with a large biexciton state population. The
use of circularly polarized light suppressed the biexciton
population and yielded only the usual Lorentzian-type line
shape. All our experimental results can be interpreted in
terms of strong coherent coupling effects between exciton
and biexciton states. A theoretical analysis using a five-level
density matrix simulated the main features of the experimen-
tal results. We qualitatively explained our results using the
dressed state model.

Our results reveal that strong coherent effects are
achieved in a quantum dot due to coupling between an exci-
ton and a biexciton. Moreover, these are also interpreted as a
cascade-type EIT in an exciton-biexciton system. These co-
herent effects can be controlled by using the polarization
direction of the excitation light. This provides us with a
scheme for accessing four distinguishable states, which may
be applied to a demonstration of quantum gate operation
with two Q-bits. These results give novel exciton physics in
quantum dots and make an important contribution to the re-
alization of quantum devices with quantum dots.
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