
PHYSICAL REVIEW A 67, 034303 ~2003!
Size-dependent decoherence of excitonic states in semiconductor microcrystallites

Yu-xi Liu,1 Adam Miranowicz,1,2,3 Şahin K. Özdemir,1,2 Masato Koashi,1,2 and Nobuyuki Imoto1,2,4

1The Graduate University for Advanced Studies (SOKENDAI), Shonan Village, Hayama, Kanagawa 240-0193, Japan
2CREST Research Team for Interacting Carrier Electronics, Hayama, Kanagawa 240-0193, Japan
3Nonlinear Optics Division, Physics Institute, Adam Mickiewicz University, 61-614 Poznan´, Poland
4NTT Basic Research Laboratories, 3-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-0198, Japan

~Received 1 December 2002; published 25 March 2003!

The size-dependent decoherence of the exciton states, resulting from the spontaneous emission, is investi-
gated in a semiconductor spherical microcrystallite under the conditionaB!R0<l. In general, the larger size
of the microcrystallite corresponds to the shorter coherence time. If the initial state is a superposition of two
different excitonic coherent states, the coherence time depends on both the overlap of two excitonic coherent
states and the size of the microcrystallite. When the system with fixed size is initially in the even or odd
coherent state, the larger average number of the excitons corresponds to the faster decoherence. When the
average number of the excitons is given, the bigger size of the microcrystallite corresponds to the faster
decoherence. The decoherence of the exciton states for the materials GaAs and CdS is numerically studied by
our theoretical analysis.
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The field of quantum computation and information pr
cessing is being extensively investigated due to the poss
ity of finding solutions to some intractable problems on cl
sical computers using the paradigm of quantum mechan
The superposition principle of quantum mechanics forms
strong basis for the realization of the quantum computa
and information processing schemes. The carrier of the qu
tum information is called a qubit, which can take not on
logical zero or one value as in its classical counterpart,
also their superposition. Any two-level system is suitable
the realization of qubits.

As low-dimensional semiconductor structures, quant
dots are very promising candidates for carrying quantum
formation because of their atomlike properties. The exp
mentalists have made great progress in the coherent obs
tion and manipulation of states in systems of quantum d
@1–3#, including demonstration of the quantum entanglem
of excitons in a single dot@4# and a quantum dot molecul
@5#, or Rabi oscillations of excitons in a single quantum d
@6#. The quantum gate realization based on the locali
electron spins of quantum dots as qubits has been prop
@7#. A scheme of the controllable interactions between t
distant quantum dot spins by combining the cavity quant
electrodynamics with electronic spin degrees of freedom
quantum dots was proposed@8#, and the degree of quantum
entanglement was further analyzed@9#. Reference@10# theo-
retically investigates the entanglement of excitonic state
the system of the optically driven coupled quantum dots,
proposes a method to prepare maximally entangled Bell
Greenberger-Horne-Zeilinger states. An all optical imp
mentation of quantum information processing with semic
ductor macroatoms based on excitons was also prop
@11#.

It is well known that pure quantum superposition sta
can hardly survive for a long time. Because the interaction
any system with the surrounding environment is unavoida
in a physical realization, the energy of the superposed s
of the system is dissipated into the environment or the r
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tive phase of the superposed components is disturbed by
environment. The environment effect on the qubit defined
the exciton state has been investigated@12–14# in a quantum
dot with fixed size. However, in general, one can expect t
increasing the size of a quantum dot results in stronger
coherence rates due to the increased overlap between
system and the environment.

In this Brief Report, the size-dependent decoherence
discussed in detail for a system of semiconductor spher
microcrystallite, whose radiusR0 is smaller than the wave
lengthl of the relevant radiation field, but much larger tha
the Bohr radiusaB of exciton in bulk semiconductor, i.e.
aB!R0<l. We assume that the excitation density is so lo
that the average number of excitons in the Bohr radius v
ume is not more than 1. Thus the interactions between
excitons can be neglected. For the optically allowed lowe
energy excitons, the size-dependent Hamiltonian can
given under the rotating wave approximation as@15#

H5\Vb†b1\(
k

vkak
†ak1\x(

k

êk•mW cv

A\ck
~b†ak1bak

†!

~1!

with x54VR0
3/2/AVpaB

3. Hereêk is a unit polarization vec-

tor of radiation field,mW cv is the interband transition dipole
moment,V is the volume of the microcrystallite,k is the
wave vector of the radiation field,ak (ak

†) are the annihila-
tion ~creation! operators of radiation field with frequenc
vk , andb (b†) is the annihilation~creation! operator of the
exciton with the transition energy \V5Eg2Eexc

b

1(\2p2/2MR0
2), whereEg is the energy gap between th

conduction and valence bands,Eexc
b is the binding energy of

the excitons, andM is the mass for the center-of-mass m
tion, which is a sum of the effective massesme andmh for
the electron and hole, respectively, in the conduction a
valence bands, i.e.,M5me1mh . The operators for both ra
diation field and excitons are bosons. Hamiltonian~1! shows
©2003 The American Physical Society03-1
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that both the exciton energyV and the coupling constant
(xêk•mW cv)/A\ck between the exciton and radiation field
depend on the sizeR0 of the microcrystallite, which mean
that the different sizes of the microcrystallites result in t
different decay rates of the excitonic states.

In order to show how the different sizes of the microcry
tallites affect the coherence of the exciton states, we give
Heisenberg equations of motion for operators of the radia
field and excitons corresponding to Hamiltonian~1! as
@16,17#

]B~ t !

]t
52 ix(

k

êk•mW cv

A\ck
Ak~ t !e2 ivkt1 iVt, ~2a!

]Ak~ t !

]t
52 ix

êk•mW cv

A\ck
B~ t !e2 iVt1 ivkt, ~2b!

where we have applied rotating-frame transformation to
exciton and radiation field variables withb(t)5B(t)e2 iVt

andak(t)5Ak(t)e
2 ivkt. Then we can obtain the formal so

lution of Ak(t) as

Ak~ t !5Ak~0!2 ix
êk•mW cv

A\ck
E

0

t

B~ t8!e2 iVt81 ivkt8dt8. ~3!

SubstitutingAk(t) in Eq. ~2a!, we get

]B~ t !

]t
52 ix(

k

êk•mW cv

A\ck
Ak~0!e2 ivkt1 iVt

2E
0

t

B~ t8!K~ t2t8!dt8 ~4!

with the time-dependent kernel function

K~ t2t8!5x2(
k

umcvu2cos2u

\ck
e2 i (V2vk)(t82t), ~5!

whereu is the angle between the interband transition dip
momentmW cv and the electric-field polarizationêk . Without
loss of generality, we assume that the interband transi
dipole momentmW cv of the optically allowed exciton is along
the z axis and the radiation is isotropic. In order to give t
time-dependent kernel functionK(t2t8), we change the
summation overk into the integral@15#

(
k

→ 2V

~2p!3E0

`E
0

2pE
0

pv2

c3
dv sinududw, ~6!

where the integration is taken only over the volumeV of the
microcrystallite because the interband transition dipole m
mentmW cv vanishes outside the microcrystallite. The assum
tion of R0<l makes the polariton effect negligible, implyin
the rapid radiation of excitons due to the breakdown of
translation symmetry. Consequently, we can consider tha
radiation light intensity of microcrystallite is going to b
03430
-
e
n

e

e

n

-
-

e
he

centered at the transition frequencyV, which is known as
the Weisskopf-Wigner approximation@16#. Then the kernel
function is found to be

K~ t2t8!532pS R0

aB
D 3

gsd~ t82t ! ~7!

with gs54umcvu2V3/@3\(2pc)3# depending on the size o
microcrystallite. Replacing the kernel function of Eq.~7! in
Eq. ~4! and taking the Laplace transform, the exciton ope
tor B(t) is found to be

B~ t !5B~0!e232p(R0 /aB)3gst2 i(
k

uk~ t !Ak~0!, ~8!

whereuk(t) is given as

uk~ t !5
xêk•mW cv

A\ck

expS 264p
R0

3

a3
gst D 2exp@2 i ~vk2V!t#

264p
R0

3

a3
gs1 i ~vk2V!

.

~9!

From Eq.~8!, it can be found that the spontaneous emiss
rate of an exciton is 64p(R0 /aB)3 times higher than that o
an atom that has the transition frequencyV and the transition
dipole momentmW cv @15#. This increase in the spontaneou
emission rate can be explained by the fact that the excito
coherently excited over the whole quantum microcrystall
Thus coherent excitation results in a coherent transition
pole moment and a super-radiant character. It is obvious
the information, which is carried by the state of the excito
is lost with the time evolution because of the energy dissi
tion due to spontaneous emission of the exciton. The l
rate of the information depends on the fact
32p(R0 /aB)3gs .

Now let us analyze how the size-dependent decohere
affects a qubit defined in the computational basis of
vacuum stateu0& and single-exciton stateu1&. If the exciton
system is initially in a qubit stateau0&1bu1& with uau2

1ubu251, and the radiation field is initially in the multi
mode vacuum state)ku0&k , after an evolution time oft, the
state of the system will become@12#

uc~ t !&5U~ t !@au0&1bu1&] ^)
k

u0&k

5au0& ^)
k

u0&k1bU~ t !b†u0& ^)
k

u0&k

5@au0&1be$232p(R0 /aB)3gst2 iVt%u1&] ^)
k

u0&k

1bu0& ^ (
k8

uk8~ t !e2 i (V1vk8)tu1&k8^ )
kÞk8

u0&k ,

~10!
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where the properties of the time evolution opera
U†(t)bU(t)5b(t) and U(t)u0&50 with U(t)5e2 iHt /\ are
applied. Because we are interested in the exciton system
multimode radiation field degrees of freedom are traced
and the reduced density operator of the exciton system
found to be

r~ t !5@12h~ t !ubu2#u0&^0u1ab* F~ t !eiVtu0&^1u

1a* bF~ t !e2 iVtu1&^0u1h~ t !ubu2u1&^1u ~11!

with h(t)5exp$264p(R0 /aB)3gst%. The slowly varying
time-dependent factorF(t) of the off-diagonal elements in
Eq. ~11!, which can be written as

F~ t !5expH 232pS R0

aB
D 3

gstJ 5exp~2t/t!, ~12!

is used to characterize the coherence of the superposed
tonic stateau0&1bu1&. The characteristic timet of the de-
coherence is given as

t5
3\4p2c3aB

3M3R0
3

2umcvu2@2MR0
2~Eg2Eexc

b !1\2p2#3
. ~13!

To give a better insight to the problem, we give som
numerical values for the chosen materials, CdS and Ga
The following characteristic parameters for those mater
are taken from Refs.@15,18#. For CdS,Eg52.583 eV,Eexc

b

530 meV, aB530 Å, and umcvu2/(e0aB
3)50.25 meV with

the static dielectric constant of the bulk crystale058, me
50.25m0, and mh51.6m0, where m0 is the rest mass o
electron. For GaAs,Eg51.52 meV, Eexc

b 55 meV, aB

5100 Å, and umcvu2/(e0aB
3)50.025 meV withe0512.53,

me50.0665m0, andmh50.45m0. The area of the microcrys
tallite size is taken as 200 Å<R0<500 Å in Fig. 1. In this
range, the wavelength is around 5000 Å for CdS and 800
for GaAs, thus the conditionaB!R0<l is satisfied.

In order to show how the characteristic timet changes
with the sizeR0, we give Fig. 1. It is seen that a larger siz
of the microcrystallite corresponds to a shorter character
time t. So the larger is the size of microcrystallite, the fas
is the decoherence of the superposition of two exciton st
for a given material. But the exciton states for different m
terials have different decoherence times even if the size

FIG. 1. Characteristic timet as a function of size 200 Å,R0

,500 Å for the CdS and GaAs microcrystallites when the syste
are initially in the superposition of the vacuum and single-exci
states.
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the microcrystallites are the same. This is due to the differ
couplings of the systems with the radiation field. Compar
the decoherence characteristic times of CdS and GaAs in
1, we find that the coherence time of the exciton state
GaAs is longer than that of CdS for a given size. This res
shows the importance of material choice in obtaining lon
coherence time.

Here, we consider another kind of qubit state formed
the superposition of coherent states, for example, we
define the even coherent stateN1@ ua&1u2a&] as the logic
zero stateu0&L and the odd coherent stateN2@ ua&2u2a&]
as the logic one stateu1&L , whereN65(262e22uau2)21/2

andua& is an eigenstate of the bosonic operator. These st
can be prepared by the photon states in cavity quantum e
trodynamics and by motional states of trapped ions@19#.
Such logical qubit encoding can be used as the correctio
the spontaneous emission errors@20#. We first assume tha
the exciton system is initially in a superposition state of tw
coherent statesua1& and ua2& of the exciton annihilation
operator

uc&5Cua1&1Dua2&, ~14!

and the radiation field is in the multimode vacuum sta
)ku0&k . By using the same approach as in Ref.@17# and Eq.
~8!, we can find that the time-dependent reduced density
erator for the exciton system is

r~ t !5uCu2uu~ t !a1&^u~ t !a1u1CD* F~ t !uu~ t !a1&^u~ t !a2u

1C* DF* ~ t !uu~ t !a2&^u~ t !a1u

1uDu2uu~ t !a2&^u~ t !a2u, ~15!

where u(t)5exp$232p(R0 /aB)3gst2 iVt% and the time-
dependent decoherence factor is

F~ t !5expH F2
ua1u2

2
2

ua2u2

2
1a1a2* G

3F12expH 232pS R0

aB
D 3

gstJ G J . ~16!

It is understood that the decoherence of the superpos
state of two coherent states is determined by both the p
erties of the microcrystallite and the overlap between t
coherent states. Due to the existence of the vacuum s
component in the excitonic coherent state, it is also obser
that the decoherence factorF(t) does not tend to zero in th
long-time limit t→`.

For the qubit states that are defined by the even and
coherent states~also referred as the Schro¨dinger cat states!,
the decoherence factor is

F~ t !5exp$22uau2@12e$232p(R0 /aB)3gst%#%. ~17!

For the behavior of the short time 32p(R0 /aB)3gst!1, the
characteristic timet of the decoherence for the superpos
excitonic coherent states is approximately 1/(2uau2) times
that in Eq. ~13!. In order to discuss how the characteris
time depends on the size and the average number of

s
n

3-3
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excitons in detail, we plot Fig. 2 with different average nu
bers of the excitons in ranges 200 Å<R0<500 Å for CdS
and 600 Å<R0<1000 Å for GaAs, in which the condition
of the bosonic descriptions of excitons andaB!R0<l are
still valid. It is found that the larger average number of t
excitons corresponds to the shorter characteristic time w
the size of the microcrystallite is fixed, and the larger size
the microcrystallite corresponds to the faster decohere
when the average number of the excitons is fixed.

FIG. 2. Characteristic timet as a function of size 200 Å,R0

,500 Å for CdS and 600 Å,R0,1000 Å for GaAs microcrystal-
lites for different average numbers of excitons:uau252 ~dot-dashed
curves!, uau254 ~dashed curves!, uau256 ~solid curves! when the
systems are initially in the even or odd coherent states.
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In summary, we have studied the size-dependent deco
ence for the semiconductor microcrystallites. It is found th
microcrystallites with larger sizes have shorter cohere
time of the exciton states. If the system is initially in th
superposition of two different excitonic coherent states,
coherence characteristic time depends on both the size
the microcrystallites and the overlap between the two coh
ent states. A numerical study of the decoherence of the e
ton states for the materials GaAs and CdS is carried
based on our theoretical analysis. This numerical anal
clearly shows the importance of the material choice on
decoherence characteristics of microcrystallites. It a
should be pointed out that our study cannot simply be g
eralized to the small quantum dot whose effective radiusR0
is smaller than the Bohr radiusaB in the bulk semiconductor
when there exist many excitons in a quantum dot. This
because the Pauli principle prohibits two or more excito
from occupying the same energy state in the small quan
dot. The details need to be studied further.
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