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Exciton absorption properties of coherently coupled exciton-biexciton systems in quantum dots
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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
qguantum 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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[. INTRODUCTION those in bulk and quantum wells and results from three-

Semiconductor quantum dots have been the subject dfimensional confinement effects. Quantum dots provide an
many studies because of their intriguing physics and man?xcnon-blexcnqn system that_ls very stable in the face of any
novel device applications? Recently, semiconductor quan- thérmal scattering event. This system has not yet been ob-
tum dots have been attracting a lot of attention as a googauned in other semiconductor structures and may provide

candidate for the fundamental gates of the quantum coriNPrecedented optical physics. An exciton and a biexciton
puter, which is a new concept of quantum information &ct as two Q-bits that interact with each other. Quantum gate

processed-® Excitons created by optical pulses becomeoperatlons using an exciton and a biexciton have already

guantum bits(Q-bits), which are basic units of quantum been proposeth

N d ¢ optical pul trol aat In an exciton-biexciton system, biexciton-related coherent
gates, and sequences of oplical puises control gate opel@gects have a great influence on exciton coherence. Such a
tions. These quantum gates rely on two characteristics

; - i ‘ system exhibits coherence between an exciton and the
excitons in quantum dots. One is the density-of-states igyround states as well as between an exciton and a biexciton
quantum dots and the other is the spatial size of quantum d§ates. However, most studies have dealt only with the coher-
structures. ence of an exciton and discussions on decoherence processes
The density-of-states in a quantum dot is discrete anthave mainly been examined in terms of exciton-phonon
comb-shaped. In this density-of-states, most of the scatteringteractions®! Since a biexciton is composed of two exci-
processes for electrons and excitons are suppressed. Thishs, the coherence between an exciton and a biexciton may
leads to long-lived exciton coherence, which is a notablénfluence the exciton decoherence processes and also exci-
characteristic of quantum dots and a key requirement as rdenic optical properties. The effects of biexcitons on exciton
gards implementing Q-bit control processes. Experimentaflecoherence processes have been examfiBie results in-
reports have confirmed that the exciton coherence time idicate that coherent interactions between excitons and biex-
much longer than that in quantum wells and btik All citons contribute crucially to exciton decoherence proc-
quantum gate operations with quantum dots are based aresses.
exciton coherence. This long-lived coherence leads to many The coherently coupled exciton-biexciton system can be
quantum gate operations, which will be indispensable irregarded as a coherent three-level system. This three-level
terms of implementing quantum computing. system is often studied in quantum atom optic¥ These
Another characteristic is the nanoscale structure of quanstudies have provided intriguing quantum interference effects
tum dots. When an exciton and a biexciton are confined irsuch as coherent trapping and electromagnetically induced
this small space, their binding energy is increased. The reransparencyEIT), which provide novel optical device func-
ported binding energy is about 20 meV for excitons andtions. Quantum dots may enable us to observe these effects
5—-10 meV for biexcitond?~14 which is much larger than 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 effec  [4K [/ Level A LevelB__

in many atoms and the mesoscopic enhancement effect il X x‘ x¢

nanostructure¥»2° These may result in optical nonlinear ef- N i ° |Xx,)

fects with a small intensity light and also novel coherent £} XX X1 "'"'5,

phenomena that are applicable to future optical devices. Ag ho |XX,)

clarification of the physical properties of the exciton- &F \J Ix,)

biexciton system should provide us with important and valu- 2 =] ' K |X,)

able information on the physics of exciton coherence, the§ XXq . he

characteristics of quantum interference and possible quanturs XXMU\VXX W

device applications. - — 9
In this paper, we investigate the optical properties of ex- , Z/7 , , ,

citons in a coherently coupled exciton-biexciton system in 1.67 169 1.70 1.71

quantum dots. We clarify the influence of the coherent effects Energy (eV)

between an exciton and a biexciton on the exciton photoab- )

sorption properties in InGaAs quantum dots. Absorption FIG. 1. PL and broadband PLE spectra of the excitéhand
spectra are measured in a single isolated quantum dot witHexciton(XX). The excitation intensity is about 250 W/énThe

the microphotoluminescence excitatismicro-PLE) tech- ~ €nergy level s_tructures for levels A and B are shown in right hand
nique. An exciton higher state and a biexciton higher statgide. The suffix I” represents “A” or “B.”

are coherently coupled by a single excitation laser. The co-

herent effects can be evaluated from the PL signals of amapor phase epitaxyMOVPE). Our quantum dot is a self-
exciton and a biexciton. These coherent coupling effects deassembled quantum dot and we call this quantum dot a quan-
pend on the biexciton population, the oscillator strength andum disk because of its shape. The quantum disk has a
the dipole moment between an exciton and a biexciton statginique feature in that the lateral size is tunable by controlling
We measure the absorption spectra for different excitatiogne growth conditions. Moreover, the quantum disk has no
intensities in two different exciton higher states whose dipo'ﬁ/vetting layers, which are usually present in other self-
moments differ greatly. In the exciton state of the smalleryggempled quantum dots grown in the Stranski-Krastanov
dipole moment, Lorentzian-shaped absorption spectra are ofs,4e The fabrication process has already been reported in
served independent of excitation intensity. However, in the . i-i2122  p\easurements  were performed using the

exciton state of the larger dipole moment, unusual excitofyye o p| method. The excitation laser light from a cw wave-

absorption spectra with a dip-shaped structure, in Othelren th tunable Ti-sapphire laser was focused on the quantum
words, energy splitting, are found at a high excitation inten- 9 PP q

: AT ; : dot sample with a microscope objective lefspot size
sity. The energy §p||tt|ng_ increases in proportion to theg ) through a metal mask with holes processed on the
same as that of Rabi splitting, which is a well-known coher-Sample surfacéhole size 0.5.m). The sample was mounted
ent effect. Moreover, the energy splitting is found to depend® the cold head in a liquid He cooled cryostat. The PL was
strongly on the polarization of the excitation light, which is collected by the lens and detected by a liquid nitrogen cooled
another proof of the existence of the coherent effects. W&harge coupled device through a high-resolution spectrom-
show that the coherent effects can be controlled by controleter. This method enables us to measure the PL properties
ling the polarization of the excitation light. To confirm our from a single dot. PL measurement with the scanning wave-
experimental results, we numerically analyze the excitoniength of the excitation laser gives PL excitati®?LE) spec-
biexciton system with a simple density matrix method. Wetra that directly reflect the photoabsorption spectra and en-
calculate exciton absorption spectra for different dipole mo-ergy structure of the quantum dot. We evaluated the coherent
ments and dephasing times, which characterize the cohereeffects from the PL and photoabsorption spectra in a single
effects. The calculated results confirm that the unusual spe¢nGaAs quantum dot.
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- Figure 1 shows an example of the PL and PLE in a quan-
tems. This effect is also regarded as a quantum interferengdeam dot recorded at 4 K. The excitation density estimated is
effect and is known as cascade type electromagnetically irR50 W/cn?. The indium content of the quantum dot is about
duced transparendfIT).1"*8We discuss a possible scheme 0.4. The average lateral size and thickness are 30 nm and
for accessing four distinguishable quantum states, whicl3 nm, respectively. Exciton related PL and other PL peaks
would be a good candidate for a quantum gate. Our resultare observed separately. We employed a previously reported
also provide information on exciton statistics, which are ex-method to confirm the biexciton PL emissithThe method
pected to yield novel exciton physics such as giant oscillatouses the power dependence of the PL intensity at a relatively
strength effects. 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-

The InGaAs quantum dot sample for our measurementally dependent on the excitation power and when the PL has

was fabricated on a GaA811) B substrate by metalorganic a similar PLE spectrum to that of the exciton. The PL peak

Ill. RESULTS AND DISCUSSION

Il. EXPERIMENT
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denoted as the biexciton in Fig. 1 meets both conditions. Wastates. The ¥Xand XX, states emit PL signals whose inten-
focus these exciton- and biexciton-related PL peaks. The ersities are proportional to the populations of thg atd XX,
ergy separation between the exciton and biexciton PL correstates. Thus, the coherent effects in theaXd XX, states are
sponds to the biexciton binding energy. The other PL peaklirectly reflected in the PL signals. Note that the coherent
may originate from a charged excité#?* effects occur only in the XXX;-g system and the relaxation

PL measurements undertaken using scanning excitatioprocesses into each lowest state are incoherent processes.
laser energy provide us with PLE spectra. Since the PLHEherefore, our system is substantially a coherent three-level
spectra were obtained from the PL signals from a singlesystem and the other two levels act as states for the observa-
quantum dot, the spectra are completely free from any inhotion of the coherent effects. Thus, the coherent effects are
mogeneous broadening effects. The PLE in the single quarevaluated from the PL and PLE measurements.
tum dot has a unique feature whereby the exciton and biex- Figure 2 shows the exciton and biexciton absorption spec-
citon absorption spectra can be selectively obtained simplyra for three excitation power densities. The power depen-
by changing the PL detection energy. The PLEs are alsdence of the absorption spectra in level A is completely dif-
shown in Fig. 1. These correspond to the absorption spectif@rent from that in level B. In level A, the absorption spectra
for an exciton(X) and a biexcitor(XX) in a single quantum for X, and XX, both exhibit Lorentzian shapes against ex-
dot. Many discrete peaks can be seen in Fig. 1. Each PLEitation power. Absorption linewidths increase with excita-
peak exhibits a higher state for an exciton or a biexcitontion intensity, which are caused by the power broadening
These discrete peaks are characteristic of a zero-dimensioneffects. This effect is more prominent in the Xtate than in
structure. In this study, we focus on two higher states dethe XX, state. Coherent coupling effects between theaxid
noted as levels A and B. In these levels, large signals can X, states induce larger broadening in the Xtate'® In
seen in excitontX, and Xgz) as well as biexciton absorption contrast, the spectral shapes of the absorption spectra in level
(XX 4 and XXg). Figure 1 also shows the simplified energy B vary greatly with excitation intensity. The absorption spec-
level structure for these levels. When the laser light is set afra in Xg and XXg have Lorentzian shapes for 250 W/€m
these energies, an exciton and a biexciton states are simultsimilar to those for level A. With increasing excitation power
neously populated by the excitation laser. These populationdensity, the X>§ absorption spectra exhibit the power broad-
relax to their lowest states Xand XX, leading to exciton ening effect. This dependence is similar to that in level A.
and biexciton PL emissions. The PLE signal of XXs  However, the dependence ofgXabsorption completely is
smaller than that of X)X in Fig. 1. This is because the optical different from this. The X absorption spectrum changes
dipole moment between XxXand X, is smaller than that from a Lorentzian shape to an unusual shape with a dip-
between X% and Xg. However, the energy structure itself shaped structure centered on the exciton resonant energy,
for these states is the same coherently coupled five levebhich is the peak energy for 250 W/énThese unusual line
system. We evaluate the coherent effects between an excit@mapes have not yet ever been clearly observed in other sys-
and a biexciton using these levels. The energy differencéems such as bulk and quantum wells. We consider these
between the PL detection energy ang » about 30 meV. unusual spectra to be caused by strong coherent coupling
This difference is close to the LO phonon energy. Howevergffects between the gand XXg states.
the contribution of the LO phonon to the PL emission is Coherent coupling effects should depend strongly on ex-
negligible because the photoemission efficiency of our quaneitation intensity. Previously, Rabi oscillations were observed
tum dot is of the same order as that for usual quantum wellsn the quantum dots and the Rabi frequencies and corre-
Moreover, no replica structure can be seen in the PLE spesponding Rabi splitting energies increased with the square
tra. root of the excitatiorf>?’ The dip-shaped spectra ing)an

In the system shown in Fig. 1, optical dipoles are excitedbe regarded as absorption spectra with two spilt states. When
between Xandg, and between XXand X (i=A or B). Both  the dip-shaped spectra are caused by coherent effects, the
these dipoles include the; tate. Therefore, exciton coher- intensity dependence of the energy splitting may provide in-
ence and its absorption spectrum should include the effectsights into the origins of the dip-shaped spectra. Figure 3
of biexciton-related coherence. Additionally, an exciton isplots the energy splitting as a function of excitation intensity.
composed of an electron and a hole. A biexciton is combined square root function and a linear function are shown for a
state of two excitons. Their populations increase linearlycomparison. These plots fit the square root function rather
with excitation intensity and with the square of the intensity,than than linear function. This dependence is the same as that
respectively. This means that ratio of the exciton to biexcitorof the Rabi splitting in two-level systems. In the XXz
populations changes with intensity. Therefore, the intensityg system, all three levels are coherently coupled. However,
dependence of the exciton absorption gives us informatiomhen the dipole moment betweengXand XXz is much
on biexciton effects. Moreover, optical dipole moment de-larger than that betweemand X, this system behaves like a
pendence can be discussed by comparing the intensity déewo-level XXg-Xg system probed by xg. This two-level
pendence of levels A and B. system might induce Rabi splitting where the energy splitting

The populations of the Xand XX; states are created by has a square root dependence of excitation intensity as
coherent interactions in this XX;-g system as shown in shown in Fig. 3. The square root dependence indicates that
Fig. 1. These populations each relax into their lowest statethe dip-shaped spectra are caused by strong coherent effects
(Xo and XX,) through incoherent processes such as acoustim the XXg-Xg states.
phonon emission processes. The populations péxd XX, In the coherently coupled XgcXz-g system, the coherent
are linearly dependent on the populations of theaXd XX; effects should be strongly influenced by the population of
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each state. We consider the XXg-g system for excitation Xg7 state as in Fig. ). This system is just a two-level
lights with different polarizations. The energy level structuresystem of >@7-g and none of the coherent effects in
for XX g-Xg-g is rewritten in Fig. 4a) for an excitation light XXg-Xg may appear in the absorption spectra gfX Fig-

with a linear polarization. A linearly polarized light is a lin- ure 4 shows exciton PL and absorption spectra for linearly
ear combination of circularly polarized lights and can creatednd circularly polarized excitation lights. The excitation in-
an all states popu|ation aSBX! XBl! and XXB In contrast, ten$ities are 2 kW/CFn For ”nearly pOlariZ_Gd excitation, the
using circularly polarized excitation light may suppress the€xciton absorption spectrum shows a dip-shaped spectrum
transition of XXg-X reflecting a selection rule in the Bloch for an intense linearly polarized light. Whereas for circularly
functions of the XX statesi>2For example, an excitation polarized excitation, the exciton absorption spectrum exhib-

light with a counterclockwise polarization only creates theltS @ broadened Lorenztian shape. The biexciton absorption
spectrum is much smaller than that for linearly polarized

. — excitation. This means that the circularly polarized excitation
08| «—» Energy Spllttmg-/. . light cannot efficiently create a biexciton. This small popu-

E’ /\/\ lation of the biexciton state leads to negligible coherent ef-
o 06} . fects in the X)g-Xg states. The absorption properties are
£ determined solely by the g¢g transition resulting in a broad-
& . ened Lorentzian absorption spectrum with no coherent fea-
> tures. Figure 4 provides proof that coupling effects in the
L%’ Level B 1 XX g-Xg states yield dip-shaped spectra. Moreover, we _found

(X_state) that the coherent effects of XpXcan be controlled by using

- 8 optical selection rules for the g<g and XXg-Xg transitions
0 Powe1r Density (sz/cmz) 3 with polarization of excitation lights.

In strongly excited bulk and quantum wells, interactions
FIG. 3. Power dependence of dip-shaped structure shown in FigdMong many excitons lead to changes in the absorption spec-
2. The energy splitting is the width of the dip-shaped structure. Thdra (exciton many body effects® In the quantum dot, we
solid line shows a fitted curve which is proportional to a square roocan accurately estimate the number of excitons from the PL
of the power density. The dotted curve is linear dependence for @mission energy; the single exciton emission process can be
comparison. The inset shows a schematic dip-shaped spectrum adistinguished from the two exciton-related emission process
energy splitting. (relaxation from a biexciton to an excitprrhe two exciton-
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related emission process involves a kind of many body effecb are 5<5. When the nondiagonal elements gnare not

with two excitons. When we measure exciton-related PL andero, coherent effects exist in corresponding states. We dis-
PLE spectra, they reflect single exciton properties regardlesggard the coherent effects in the-Xy, and XX-XX, tran-

of excitation power. According to the exciton many body sitions because these transition energies are largely nonreso-
effects, the lineshapes of PL and PLE spectra measured mant to the excitation light; coherent effects occur only in the
single exciton PL are independent of excitation power andXX;-X;-g states. The system may be analyzed by using the

the number of excitons created by the excitation light. following equations:
Conventional theoretical analyses of many body effects
are based on a many body Hamiltonian that includes the |xX,)

Coulomb interaction between two particleglectron-
electron, hole-hole, and electron-hpl&n analysis of biex-
citon properties requires a Coulomb interaction between four

TIXX

particles(two electrons and two holgsind this has not yet X |XX0>
been reported. Moreover, no theory deals with the coupling + o

effects between an exciton and a biexciton. As an origin for |X:) I,le i

the measurement results, we considered coherent coupling | X,)
effects with exciton and biexciton states and quantum inter- < W

ference effects. Since no microscopic theory has yet been Tx-8 o s

reported to verify these effects, we analyze the exciton- z

biexciton system with a simple theory and simulate the main |2)

features of the experimental results.

The exciton-biexciton system can be regarded as a five- kg, 5. Energy level structure and physical parameters used in
level system shown as Fig. 5. In the measurements, we dene theoretical analysis. Coherent effects are included only in XX
tected exciton and biexciton PL signals fromy &nd XX, -X; and X-g with dipole moments ofuxx.x and ux.q. The relax-
respectively. We use a density-matrix method to analyze thation processes from XXand % to XX, and X, are incoherent
optical responses in this five-level system interacting with arprocesses characterized By and T}. The PL signals correspond
excitation light?® Dipole transitions are considered in the to relaxations in X)-Xo with T3X° and X-g with T for biexciton
Xi-g and XX-X; states. The dimensions of the density matrixand exciton PLs, respectively.
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FIG. 6. Exciton populatiomyg.xo as a func-
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2

3

1

Ox.g= = 1Ay gOx.g + 1Qx g(Pgg = Px-x) + 1 Qxx-x Axx-g

- ')’X—ng—gy

)

Px-x = iQX-g(d;(-g —dy.g) — iQxxx (dx = Oxxx) = Txpxxs

(3

dxx-g =- iAXX—ngX—g +ixxx dX-g - iQx-gdxx-x
= Yxx-gxx-g» (4)

Oyx-x = = TAxxox Oxx-x + 1Qxx-x (Px-x ~ Pxx-xx)
= 1O gOxx-g = Yxx-x Ixx-x » (5
Pxo-x0 = I'xpxx + TxxoPxxo-xxo ~ I'xoPxo-x0: (6)
i)xxo-xxo = Fxxpxxxx = FxxoPxxo-xx0 s (7)
Pg-gt Px-x T Pxx-xx T Pxo-xo T Pxxo-xxo = 1, (8)

wherel'=1/T,, y=1/T,, andQ=uE/24. The constantJy,
T, n, andE are the population relaxation time, the dephasing=20ux.4 for (b).

time, the dipole moment, and the electric field of the light,

respectively. The detuning energy,; is defined asiA;=E;
—Eyn WhereE; is the transition energy between two statesLorentzian-type peak shapes. Whereas in Fig),&he line
and Eyy, is the photon energy of the excitation light. Zero shapes are almost Lorentzian-type for weak excitations and

4 powers and differentuxy.x . (@) txx-x = tx-g and
(b)  pxxx=20ux.g. The pxoxo Pplots from
0.2 to 2 kW/cn? in 0.3 kW/cn? steps. The de-
tuning energy of zero is for an excitation light
with resonant energy to exciton enerdgg) The
energy splitting in(b) as a function of power
density.

biexciton binding energy is assumed from the experimental
results in Fig. 1. This means thag_ =Axx.x =Axx.4/2. Nu-
merical calculations for steady states for excitons yield exci-
ton PLE spectra asxq.xo- The calculations also yield results
on biexcitons ayxg-xxo- We first considepyq.xo for exci-
ton and discuss the results on biexcitons later.

Figures 6a) and 8&b) show pyo.xo 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 &%, andI'yyxo were determined tak-
ing our other measurement results into considera-
tion.3° Other parameters were chosen so that the calcu-
lated results fitted the experimental results. Specific values
are as follows:Ty =100 ps, T} =50 ps, Ty°=500 ps, T;*°
=500 ps, T3 9=2 pg0.2 kW/cnf), =0.5 p$2 kW/cn?),
T3X%=2 pg0.2 kW/cnf), =1.5pg2 kW/cn?), T3~
=3 ps anduy_q of the dipole moment of GaAs bulk. Inten-
sity dependent dephasing times are included as egach
changes linearly with  excitation power from
0.2 to 2 kW/cmi. The theoretical analyses considered the in-
tensity dependent effects and predicted novel phenomena
such as controllable Rabi oscillatiofis3® Figures 6a) and
6(b) are for diﬁerentﬂxx_x; MxX-X =,U/x_g for (a) and JXX-X

In Fig. 6(@), the linewidths ofpyy.xo broaden with in-
creasing excitation; however, the line shapes have
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those change into a dip-shaped spectrum with increasing in- |xx,)

tensity. The calculated results in Figgapand Gb) are simi- XX-PL
lar to the measured results for levels A and B, respectively. X

Figure @b) was calculated using a larger dipole moment C O

uxx-x than that in Fig. ). The dipole moment directly 1%, 1) 1%, 1)
characterizes the strength of the coherence between XX and ' '

X; a larger uyx.x causes larger coherent effects. Therefore, X-PL — X-PL

we attribute the dip-shaped exciton absorption spectra to W O C \

strong coherent coupling between the exciton and biexciton

states. Figure (&) shows the widths of the dip as a function

of excitation intensity. The intensity dependence shows the — |9

square root dependence of excitation intensities. This depen-

dence is the same as seen in the experimental results in Fig. FIG. 7. Energy diagram for accessing and observing four distin-
3. Moreover, this result ensures that the dip-shaped absorguishable states. Circularly polarized light can distinctively create

tion spectra can be interpreted in terms of Rabi splitting beXiT or X;| excitons. These excitons emit PL whose polarizations

tween an exciton and a biexciton state. Our simple theoretiare the same as the excitation. Linearly polarized light can excite a
cal analysis simulated the main features of the experimentafX; biexciton. The biexciton emits PL whose energy is lower than

results. The experimental results can be interpreted in terni§e exciton PL by the biexciton binding energy.

of coherent effects between an exciton and a biexciton state.

Our simple theory has only three levels for analyzing thedicted with EIT such as coherent trapping, slowing light and
coherent effects. Actual quantum dots may exhibit the effectinversion-less laser emission may be demonstrated in quan-
of other exciton states and interactions among many excitum dots.
tons. These effects might modify our interpretation espe- Our experimental and theoretical results clearly showed
cially as regards the biexciton absorption properties. Howthat coherent effects in an exciton and a biexciton states oc-
ever, these effects are nonresonant effects for the excitogur in a quantum dot and that these effects can be controlled
state we focused on. The main interaction relevant to the dipy controlling the polarization of the excitation light. We
shaped interaction is an energetically resonant interaction b@ropose a scheme for accessing four distinguishable states
tween the exciton and biexciton states. based on our results. Figure 7 shows our scheme schemati-

Our theory can be applied to interpret absorption propereally. Four stategg, X;T, X;|, and XX) are shown in Fig. 7.
ties in excitons. However, our theory is not particularly valid We assume that the biexciton energy is twice the exciton
for analyzing biexciton properties. Biexcitons can be create@&nergy. By illuminating circularly polarized excitation light,
through different exciton states, which are not covered by theve can create X or X|, and we can select two states in
theory. When the exciton absorption becomes small due teerms of polarization direction. A linearly polarized excita-
coherent interactions, such effects may determine the biexciion light can create the Xp6tate. Each of the four states can
ton absorption properties. These effects are very important ine observed by detecting the BLX;T, X;|, and XX emit
terms of the detailed microscopic theory of exciton systemso PL, circularly polarized X-PL(counterclockwise direc-
in quantum dots. This subject may be considered in futurgion), circularly polarized X-PL(clockwise directioh and
work. XX-PL, respectively. Each PL is easily distinguished from

We discuss the dip-shaped absorption spectra using th@e others by using bandpass filters and polarization optics.
dressed state model. With a weak excitation, the energy levathis scheme could be applied to a two-bit quantum gate such
structure is a usual three level system and the absorptioas controlled NOT with an exciton-biexciton system and a
spectra for both the exciton and biexciton have Lorentziarexcitation light for gate control. The characteristic of the
shapes. With a strong excitation, the exciton and biexcitorscheme is the use of an excitation light to access four states.
states couple strongly and form dressed states with energince the exciton energy is assumed to be the same as the
splitting that depend on the Rabi frequency. This causes thiiexciton energy, the control lights for the four states can be
absorption to disappear at the exciton resonant energy arglipplied from a single laser source. Different states can be
this results in an absorption spectrum with a dip-shapeaontrolled by using polarization optics. When the exciton
structure. The dressed state model explains our measuremeastergy is different from the biexciton energy, a phase lock
and calculation results intuitively. technique is required for two light sources with different en-

This effect can also be interpreted as a quantum interferergies, and this is not easy to realize with conventional laser
ence effect mediated by exciton and biexciton absorptionssources. Moreover, the required laser power is not very large
This system is simply a three-level cascade-type electromagven for the large nonlinear optical processes in the exciton-
netically induced transparenc{EIT).}"!8 In our system, biexciton system. An excitation light whose intensity is sev-
there are at least two possible paths for excitonic absorptiorgral photons is sufficient to control this system because a
a direct optical transition in X3 and an optical transition via single photon can excite an exciton and one more photon can
the XX state(X-XX-X- g). The phase of the latter transition excite a biexciton. The optical nonlinearity effects require
is opposite to that of the former. Therefore, destructive interjust a single excitation light whose intensity is as weak as the
ference mediated by these two transitions makes the net ogeveral photon region and which is supplied by a single light
tical absorptions in Xg disappear. This result is just EIT. source. Our scheme offers a major advantage with respect to
Our results indicate that novel optical device functions pre-demonstrating quantum gate operation with two Q-bits.
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The exciton-biexciton optical nonlinearlity relies on a contrast in the two exciton states. In the exciton state of the
larger dipole moment in a biexciton than that in an exciton.more efficient biexciton creation, there are unusual absorp-
Here, we consider the reason for this larger dipole momention line shapes with a dip-shaped structure in the high exci-
The biexciton is composed of two excitons with negligible tation condition. This dip width energy has a square root
binding energy as shown in Fig. 1. This biexciton can bedependence with increasing excitation intensity. This result
regarded as two weakly correlated excitons confined in @ndicates that the dip-shaped structure was caused by the
quantum dot potential and even as two independent exciton®abi oscillation, which is well-known as a coherent effect in
The transition probability between the two independent excoupled electron-photon systems. The dip-shaped structure
citons and the single exciton will be twice that between theappeared only with a large biexciton state population. The
single exciton and the ground state. A theoretical analysisjse of circularly polarized light suppressed the biexciton
which calculates the dipole moment of biexcitons, supportpopulation and yielded only the usual Lorentzian-type line
our view!? In this calculation, the dipole moment of two shape. All our experimental results can be interpreted in
weakly correlated excitons becomes twice that of an indeterms of strong coherent coupling effects between exciton
pendent single exciton in a relatively strong confinement reand biexciton states. A theoretical analysis using a five-level
gime. The dipole moment may be larger in a mesoscopiclensity matrix simulated the main features of the experimen-
confinement regime such as our quantum dots by analogial results. We qualitatively explained our results using the
with the mesoscopic enhancement of the dipole moment in dressed state model.
single exciton. These weakly correlated excitons may lead to Our results reveal that strong coherent effects are
the strong coherence and the dip-shaped absorption spectehieved in a quantum dot due to coupling between an exci-
Moreover, our result may reflect a kind of Bosonic feature ofton and a biexciton. Moreover, these are also interpreted as a
excitons. Bosonic particles can exist at the same energy, archscade-type EIT in an exciton-biexciton system. These co-
the dipole moment of bosons increases linearly with theherent effects can be controlled by using the polarization
number of particles. A huge dipole moment may appear irdirection of the excitation light. This provides us with a
many excitons. The interpretation of our results almost meetscheme for accessing four distinguishable states, which may
these conditions. Confirmation of this interpretation requirede applied to a demonstration of quantum gate operation
further experimental and theoretical studies. These studiesith two Q-bits. These results give novel exciton physics in
would provide new perspective on the exciton physics ofquantum dots and make an important contribution to the re-
quantum dots. alization of quantum devices with quantum dots.
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