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Theory of exciton dephasing in semiconductor quantum dots

T. Takagahara
NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi, 243-0198, Japan

~Received 11 January 1999!

We formulate a theory of exciton dephasing in semiconductor quantum dots extending the Huang-Rhys
theory of F centers to include the mixing among the exciton state manifold through the exciton-acoustic-
phonon interaction and we identify the mechanisms of pure dephasing. We can reproduce quantitatively the
magnitude as well as the temperature dependence of the exciton dephasing rate observed in GaAs quantum
dotlike islands. In this system it turns out that both the diagonal and off-diagonal exciton-phonon interactions
are contributing to the exciton pure dephasing on the same order of magnitude. Examining the previous data of
the exciton dephasing rate in GaAs islands, CuCl and CdSe nanocrystals, we point out the correlation between
the temperature dependence of the dephasing rate and the strength of the quantum confinement and we explain
the gross features of the temperature dependence in various materials quantum dots. Furthermore, we discuss
likely mechanisms of the exciton population decay.@S0163-1829~99!02728-9#
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I. INTRODUCTION

A resonant optical excitation creates an excited-s
population and also induces an optical polarization. The
namics of this optical excitation is characterized by the
laxation of the population as well as the decay of the indu
optical polarization. In lower-dimensional semiconducto
electronic confinement leads to qualitative changes in
population relaxation, including spontaneous emission
exciton-phonon scattering, as shown in extensive rec
studies.1 These population relaxation processes are expe
to contribute to dephasing with a dephasing rate given
half the population decay rate. Pure dephasing processes
do not involve population or energy relaxation of excito
can also contribute to dephasing. Pure dephasing, which
well-established concept for atomic systems, remains ye
be investigated in lower-dimensional semiconductors du
a lack of direct comparison between dephasing and pop
tion relaxation and between theory and experiment. Stu
of pure dephasing processes in lower-dimensional semi
ductors will renew and deepen our understanding of
dephasing of collective excitations in solids, although seve
seminal studies were done on the exciton dephasing in q
tum well ~QW! structures.2–6

Narrow GaAs QW’s grown by molecular-beam epita
~MBE! and with growth interruptions have provided a mod
system for investigating dephasing processes in low
dimensional semiconductors. In these narrow QW’s, fluct
tions at the interface between GaAs and Al12xGaxAs lead to
the localization of excitons at monolayer-high islands. Th
localized states can be regarded effectively as weakly c
fined quantum dot~QD! like states. One dimension of th
confinement is defined by the width of the QW, while t
other two lateral dimensions are defined by the effective s
of the islands. To avoid inhomogeneous broadening du
well-width and island-size fluctuations, earlier studies ha
used photoluminescence~PL! and PL excitation with high
spatial resolution to probe excitons in individual islands.7–9
PRB 600163-1829/99/60~4!/2638~15!/$15.00
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As a result, a very narrow linewidth of about several tens
meV was observed. Without additional information on pop
lation relaxation, it was suggested that at very low tempe
tures dephasing of excitons in these structures is due to
diative recombination, while at elevated temperatu
dephasing is mainly caused by the thermal activation of
citons to higher excited states.9 However, this interpretation
is not complete since both of the suggested processes be
to the longitudinal decay processes and the dephasing ra
in general composed of half the longitudinal decay rate a
the pure dephasing rate. In order to examine the presenc
a pure dephasing in this system, we carried out nonlin
optical measurements of the exciton dephasing in GaAs Q
like islands based on the three-pulse stimulated photon-e
method.10 This method enables the simultaneous measu
ment of the dephasing rate and the population decay rate
very low temperatures the observed dephasing rateG' is
very close to half the population decay rateG i/2, suggesting
that dephasing is caused mainly by the population dec
With increasing temperature the dephasing rate increa
much faster than the population decay rate. At elevated t
peratures (.30 K), dephasing rates become much grea
thanG i/2, indicating a dominant contribution of pure depha
ing. Thus our measurements revealed convincingly the p
ence of pure dephasing process that dominates excit
dephasing at elevated temperatures.

The observed strong increase of the pure dephasing
above 30 K suggests that interactions between excitons
low-energy acoustic phonons play an essential role in
pure dephasing process. In this paper we present a theore
model that takes into account the interaction between e
tons and acoustic phonons and can explain satisfactorily
magnitude as well as the temperature dependence of
dephasing rate. Our model generalizes the Huang-R
theory of F centers11–13 by including mixing among the
ground and excited exciton states through exciton-pho
interactions and as a result enables us to identify the elem
tary processes of exciton pure dephasing.
2638 ©1999 The American Physical Society
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A comparison of the observed temperature dependenc
the exciton dephasing rate in GaAs QD-like islands with
previously reported temperature dependence for CdSe~Ref.
14! and CuCl~Ref. 15! nanocrystals suggests qualitative d
ferences dependent on the strength of quantum confinem
In the strong confinement regime as in CdSe nanocrys
linear temperature dependence prevails up to high temp
tures (;200 K). On the other hand, in the weak confin
ment regime, as in GaAs islands and CuCl nanocrystals,
linear temperature dependence is dominated by the nonli
temperature dependence with increasing temperature.
very important to clarify the underlying physics of these d
ferences.

In Sec. II a theory of exciton dephasing is formulat
quite generally in terms of Green functions. The interact
Hamiltonians between excitons and acoustic phonons
given explicitly in Sec. III. A quantum disk model to simu
late a QD-like island in QW’s is described in detail an
typical exciton level structures are exhibited in Sec. IV.
Sec. V the calculated exciton dephasing rates and their t
perature dependence are discussed in comparison with
previously published experimental results10 and the presence
of exciton pure dephasing is confirmed. In Sec. VI the
ementary processes of the exciton pure dephasing are
tified. Pure dephasing arises from virtual processes and t
are two kinds of such processes. The physical meanin
these two processes is discussed. In Sec. VII the lik
mechanisms of the population decay of excitons are ide
fied in comparison with experimental data. In Sec. VIII t
underlying physics will be clarified concerning the relatio
ship between the temperature dependence of the exc
dephasing rate and the strength of the quantum confinem
Finally, Sec. IX is devoted to the summary and discussio

II. GREEN-FUNCTION FORMALISM OF THE EXCITON
DEPHASING RATE

As discussed in the Introduction, the strong increase
the exciton dephasing rate above 30 K suggests the impo
role of the low-energy acoustic phonons in determining
dephasing rate. The exciton dephasing rate can be estim
most directly from the half-width at half maximum

FIG. 1. Possible diagrams of the fourth-order term in Eq.~2.6!.
A solid ~dashed! line denotes the exciton~phonon! propagator.
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~HWHM! of the absorption spectrum, which can be calc
lated from the Fermi golden rule as

I ~\v!5
2p

\
Aav(

f
z^ f uVRug& z2d~\v1Eg2Ef !, ~2.1!

whereVR is the electromagnetic interaction,u f & and ug& de-
note the final exciton state and the initial ground state,
spectively, including the phonon degrees of freedom, andAav
means the average over the thermal equilibrium state
phonons. This expression can be rewritten as

I ~\v!} ReH E
0

`

dt e2 ivtAav̂ guVR

3expF i

\
Het GVR expF2

i

\
Hgt G ug&J , ~2.2!

whereHe and Hg are the Hamiltonians of the excited sta
and the ground state, respectively. This can be confirmed
inserting a closure relation between twoVR’s. Equation~2.2!
is a Fourier-Laplace transform of a correlation function.
order to proceed further, the Hamiltonians will be specifi
as

Hg5(
a

\vaba
†ba , ~2.3!

He5(
i

Ei u i &^ i u1(
a

\vaba
†ba1(

a
Ma~ba1ba

† !,

~2.4!

where the indexa denotes the acoustic-phonon mode,Ei the
energy of the exciton states, andMa is the exciton-phonon
coupling matrix within the exciton state manifold. This is
generalization of the Huang-Rhys model ofF centers11 to
include mixing among the exciton state manifold which
reflected in the matrix form ofMa . In the following, we take
into account only the exciton-phonon coupling which is li
ear with respect to the phonon coordinates. Even within
range, however, the well-known deformation potential co
pling and the piezoelectric coupling are included. Thus o
Hamiltonian is sufficiently general. We note that in the e
ementary processes of the exciton-phonon interaction
crystal momentum conservation needs to be satisfied in
rections where the translational invariance holds. T
dephasing process becomes prominent in systems with th
dimensional ~3D! electronic confinement because the 3
confinement relaxes the crystal momentum conservation
also suppresses exciton population relaxation16,17 due to the
exciton-phonon interactions.

Hereafter the three terms ofHe in Eq. ~2.4! will be de-
noted, respectively, as

He5He
01Hg1V. ~2.5!

Then the Laplace transform of exp@(i/\)Het# can be expanded
as
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E
0

`

dt e2stexp@~ i /\!Het#5
1

s2
i

\
He

5
1

s2
i

\
~He

01Hg!

1
i

\

1

s2
i

\
~He

01Hg!

V
1

s2
i

\
~He

01Hg!

1S i

\ D 2 1

s2
i

\
~He

01Hg!

V
1

s2
i

\
~He

01Hg!

V
1

s2
i

\
~He

01Hg!

1•••. ~2.6!

For example, the third term on the right-hand side of Eq.~2.6! can be expressed in the convolution form as

S i

\ D 2E
0

t

dt1E
0

t1
dt2e( i /\)(He

0
1Hg)(t2t1)Ve( i /\)(He

0
1Hg)(t12t2)Ve( i /\)(He

0
1Hg)t2. ~2.7!

Substituting this term for exp@(i/\)Het# in Eq. ~2.2! and noting the commutability betweenHe
0 andHg and betweenMa and

Hg , we have

^guVR expF i

\
Het GVR expF2

i

\
Hgt G ug&˜S i

\ D 2E
0

t

dt1E
0

t1
dt2(

a,b
^guVR expF i

\
He

0~ t2t1!GMa expF i

\
He

0~ t12t2!G
3Mb expF i

\
He

0t2GVRug&^0uexpF i

\
Hg~ t2t1!G~ba1ba

† !expF i

\
Hg~ t12t2!G

3~bb1bb
† !expF i

\
Hgt2GexpF2

i

\
Hgt G u0&, ~2.8!

whereu0& denotes symbolically the thermal equilibrium state of phonons. The phonon part of Eq.~2.8! can be written as

^0uexpF i

\
Hg~ t2t1!G~ba1ba

† !expF i

\
Hg~ t12t2!G~bb1bb

† !expF i

\
Hgt2GexpF2

i

\
Hgt G u0&

5Tr r0 expF2
i

\
Hgt1G~ba1ba

† !expF i

\
Hg~ t12t2!G~bb1bb

† !expF i

\
Hgt2G

5Tr r0„ba~2t1!1ba
†~2t1!…„bb~2t2!1bb

†~2t2!…

5dab@Nae2 iva(t12t2)1~11Na!eiva(t12t2)# ~2.9!

with

r05e2bHg/Tr e2bHg,

ba~ t !5expF i

\
Hgt Gba expF2

i

\
Hgt G5e2 ivatba ,

and

Na51/@exp~b\va!21# with b51/~kBT!.

Then again making a Laplace transform, we have

S i

\ D 2

^guVR

1

s2
i

\
He

0
(
a

MaH Na

s2
i

\
He

01 iva

1
11Na

s2
i

\
He

02 iva
J Ma

1

s2
i

\
He

0

VRug&5^guVR

1

s2
i

\
He

0

S0
(2)~s!

1

s2
i

\
He

0

VRug&

~2.10!

with

S0
(2)~s!5S i

\ D 2

(
a

MaH Na

s2
i

\
He

01 iva

1
11Na

s2
i

\
He

02 iva
J Ma . ~2.11!
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Since the exciton-phonon interaction HamiltonianV is linear with respect to the phonon coordinates, the terms of
powers inV in Eq. ~2.6! vanish in the final expression. The next nonvanishing term is the fourth-order term inV and this has
three contraction diagrams as depicted in Fig. 1. For example, the term corresponding to Fig. 1~c! can be written as

S0
(4)~s!5S i

\ D 4

(
a,b H Ma

Na

s2
i

\
He

01 iva

Mb

1

s2
i

\
He

01 i ~va1vb!

Ma

Nb

s2
i

\
He

01 ivb

Mb

1Ma

Na

s2
i

\
He

01 iva

Mb

1

s2
i

\
He

01 i ~va2vb!

Ma

11Nb

s2
i

\
He

02 ivb

Mb

1Ma

11Na

s2
i

\
He

02 iva

Mb

1

s2
i

\
He

02 i ~va2vb!

Ma

Nb

s2
i

\
He

01 ivb

Mb

1Ma

11Na

s2
i

\
He

02 iva

Mb

1

s2
i

\
He

02 i ~va1vb!

Ma

11Nb

s2
i

\
He

02 ivb

MbJ . ~2.12!
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On the other hand, the diagrams in Figs. 1~a! and 1~b! can be
incorporated into the zeroth-order and second-order ter
respectively, by renormalizing the exciton propagator a
the self-energy, as will be shown below.

First of all, we introduce the Green function defined b

G0
(2)~s!5

1

s2
i

\
He

02S0
(2)~s!

5
1

s2
i

\
He

0

1
1

s2
i

\
He

0

S0
(2)~s!

1

s2
i

\
He

0

1
1

s2
i

\
He

0

S0
(2)~s!

1

s2
i

\
He

0

S0
(2)~s!

1

s2
i

\
He

0

1•••, ~2.13!

whereS0
(2) is the second-order self-energy andG0

(2) repre-
sents the exciton propagator in the phonon field. The d
s,
d

-

gram in Fig. 1~a! is included in this Green function. Usin
this propagator, we improve the second-order self-energ

S (2)~s!5S i

\ D 2

(
a

Ma@NaG0
(2)~s1 iva!

1~11Na!G0
(2)~s2 iva!#Ma , ~2.14!

and by incorporating this self-energy into the denominat
we obtain the improved Green function as

G(2)~s!5
1

s2
i

\
He

02S (2)~s!

. ~2.15!

This Green function incorporates the diagram in Fig. 1~b!.
Thus only the diagram in Fig. 1~c!, namely, an irreducible
diagram, should be included in the fourth order.

Now, using the exciton propagator in Eq.~2.15!, we cal-
culate the self-energy, including the fourth-order irreducib
diagram, namely,
S (2)~s!1S (4)~s!5S i

\ D 2

(
a

Ma@NaG(2)~s1 iva!1~11Na!G(2)~s2 iva!#Ma

1S i

\ D 4

(
a,b

$NaNbMaG(2)~s1 iva!MbG(2)
„s1 i ~va1vb!…MaG(2)~s1 ivb!Mb

1Na~11Nb!MaG(2)~s1 iva!MbG(2)
„s1 i ~va2vb!…MaG(2)~s2 ivb!Mb

1~11Na!NbMaG(2)~s2 iva!MbG(2)
„s2 i ~va2vb!…MaG(2)~s1 ivb!Mb

1~11Na!~11Nb!MaG(2)~s2 iva!MbG(2)
„s2 i ~va1vb!…MaG(2)~s2 ivb!Mb% ~2.16!
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and incorporating this self-energy into the denominator,
have the improved Green function as

G(4)~s!5
1

s2
i

\
He

02S (2)~s!2S (4)~s!

. ~2.17!

We can extend this procedure up to the higher-order ite
tively.

As a consequence, we find

E
0

`

dt e2stAav̂ guVR expF i

\
Het GVR expF2

i

\
Hgt G ug&

5^guVR

1

s2
i

\
He

02S~s!

VRug& ~2.18!

with

S~s!5S (2)~s!1S (4)~s!1S (6)~s!1•••,

where the self-energy parts can be represented by irredu
diagrams as shown in Fig. 2.

The optical-absorption spectrum is calculated from E
~2.18! by settings as

s˜ iv1d,

whered is half of the population decay rate of the excito
state, excluding the contribution from the acoustic-phon
mediated relaxation, because such contribution is autom
cally included in the self-energy partS(s). More concretely,
d should include the radiative decay rate, the trapping rat
some defects, and the rate of exciton migration to neighb
ing islands. The latter two processes are phonon-medi
but should be included ind because they are not taken in
account in the present Green-function formalism.d can be
estimated from the observed population decay rate subt
ing the phonon-assisted population decay rate within an
land which can be calculated theoretically as given in S
VII.

In order to examine the convergence of the above pro
dure, we have estimated the Green function up to the s
order and compared the optical-absorption spectrum an
HWHM by calculating

FIG. 2. Irreducible diagrams corresponding to the self-ene
terms of the second, fourth, and sixth order with respect to
exciton-phonon interaction.
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I (2)~v!5Re@Aav̂ guVRG(2)~s5 iv1d!VRug&#,

I (4)~v!5Re@Aav̂ guVRG(4)~s5 iv1d!VRug&#,

I (6)~v!5Re@Aav̂ guVRG(6)~s5 iv1d!VRug&#.
~2.19!

Typical results are shown in Fig. 3. The relevant parame
are explained in Sec. IV. The size parameters of a quan
disk for Fig. 3 area520 nm andb515 nm. It is seen that
the percentage difference of the dephasing rates calcul
from G(2) and G(4) is about 15–20 %, whereas that calc
lated fromG(4) andG(6) is about several %. Hence we car
out the calculation up to the fourth order and estimate
dephasing rate from the HWHM ofI (4)(v).

III. EXCITON-PHONON INTERACTIONS

The microscopic details of the interaction Hamiltonia
between the exciton and the acoustic phonons will be
scribed. In GaAs/Al12xGaxAs QW’s, the elastic properties o
both materials are not much different and thus the bulkl
acoustic-phonon modes can be assumed as the zeroth-
approximation. Hereafter the phonon modes will be specifi
by the wave vectorqW . The interaction between electrons an
acoustic phonons arises from the deformation potential c
pling and the piezoelectric coupling.18

The dominant interaction term of the deformation pote
tial coupling is given as

y
e

FIG. 3. Temperature dependence of exciton dephasing rates
culated by including the self-energy terms up to the second, fou
and sixth order denoted asG(2), G(4), andG(6), respectively. The
size parameters of the quantum disk are the same as in Fig. 4
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HDF5(
r ,q
A \uqu

2ruV
~Dcacr

† acr1Dvavr
† avr !e

iqr~bq1b2q
† !,

~3.1!

where a (a†) denotes the annihilation~creation! operator
of the electron in the conduction~c! or valence (v) band,
b (b†) is the annihilation~creation! operator of the acoustic
phonon,Dc (Dv) the deformation potential of the condu
tion ~valence! band,u the sound velocity of the longitudinal
acoustic~LA ! mode,V the quantization volume,r the mass
density, and the vector symbols ofrW andqW are dropped.

The piezoelectric coupling is given as

HPZ52(
r ,q

8pee14

eq2
A \

2ruuquV~jxqyqz1jyqzqx

1jzqxqy!eiqr~acr
† acr1avr

† avr !~bq1b2q
† !, ~3.2!

wheree (e14) is the dielectric~piezoelectric! constant andjW
is the polarization vector of the acoustic-phonon modes
this case the transverse-acoustic~TA! mode as well as the
longitudinal-acoustic~LA ! mode contribute to the coupling
The polarization vectors for the LA mode and the two T
modes with a wave vectorqW are given as

jW~LA!5~qx ,qy ,qz!/uqW u,

jW~TA1!5~qy ,2qx ,0!/Aqx
21qy

2,

jW~TA2!5~2qxqz ,2qyqz ,qx
21qy

2!/uqW uAqx
21qy

2.
~3.3!

Then the matrix element of the interaction Hamiltoni
between two exciton states given by

uXi&5 (
r e ,r h

Fi~r e ,r h!acre

† avr h
u0& ~3.4!

and

uXf&5 (
r e ,r h

F f~r e ,r h!acre

† avr h
u0& ~3.5!

is calculated as

^Xf uHDFuXi&5(
q
A \uqu

2ruLAV
~Dc^Xf ueiqr euXi&

2Dv^Xf ueiqr huXi&!~ANq or ANq11!,

^Xf uHPZuXi&52(
q

8pee14

eq2
A \

2rusuquV

3~jxqyqz1jyqzqx1jzqxqy!~^Xf ueiqr euXi&

2^Xf ueiqr huXi&!~ANq or ANq11!

~3.6!

with
n

^Xf ueiqr e(r h)uXi&

5E d3r eE d3r hF f* ~r e ,r h!eiqr e(r h)Fi~r e ,r h!, ~3.7!

wheres5LA, TA1, and TA2 and the factorANq (ANq11)
corresponds to the phonon absorption~emission! process.

The parameter values employed for GaAs areDc5
214.6 eV, Dv524.8 eV,19 uLA54.813105 cm/s, uTA
53.343105 cm/s, e1451.631025 C/cm2, ande512.56.20

IV. EXCITONS IN ANISOTROPIC QUANTUM DISK

Now the theoretical formulation has been completed. I
more concrete calculation, we have to specify a model
the QD-like island structures. The extremely narrow lin
width of exciton emission was observed in QW samples7–9

The lateral fluctuation of the QW thickness gives rise to
islandlike structure. The localized excitons at such structu
can be viewed as the zero-dimensional excitons. In th
samples, the confinement in the direction of the crys
growth is strong, whereas the confinement in the lateral
rection is rather weak. Furthermore, the island structu
were found to be elongated along the@11̄0# direction.9 Thus
these island structures can be modeled by an anisotr
quantum disk. In order to facilitate the calculation, the late
confinement potential in thex andy directions is assumed to
be Gaussian as

Ve~r !5Ve
0 expF2S x

aD 2

2S y

bD 2G ,
Vh~r !5Vh

0 expF2S x

aD 2

2S y

bD 2G , ~4.1!

where the lateral size parametersa and b can be fixed in
principle from the measurement of morphology by, e.
STM, but are left as adjustable parameters. The exciton w
function in such an anisotropic quantum disk can be appro
mated as

F~r e ,r h!5 (
l e ,l h ,me ,mh

C~ l e ,l h ,me ,mh!

3S xe

a D l eS xh

a D l hS ye

b D meS yh

b D mh

3expF2
1

2 H S xe

a D 2

1S xh

a D 2

1S ye

b D 2

1S yh

b D 2J
2ax~xe2xh!22ay~ye2yh!2Gw0~ze!w0~zh!

~4.2!

with

w0~z!5A 2

Lz
cosS pz

Lz
D , ~4.3!

whereC( l e ,l h ,me ,mh) is the expansion coefficient,Lz is the
QW thickness, the factor 1/2 in the exponent is attached
make the probability distributionuF(r e ,r h)u2 follow the
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functional form of the confining potential, andax and ay
indicate the degree of the electron-hole correlation and
determined variationally. The electron-hole relative moti
within the exciton state is not much different from that in t
bulk because the lateral confinement is rather weak. A
result, the parametersax anday are weakly dependent on th
lateral size. Because of the inversion symmetry of the c
fining potential, the parity is a good quantum number and
wave function can be classified in terms of the combinat
of parities of xl e1 l h and yme1mh. The exciton ground state
belongs to the~even,even! series, where the first~second!
index indicates the parity with respect to thex (y) coordi-
nate. As can be seen easily, the optically allowed exc
states belong to the~even,even! series and other excito
states associated with~even,odd!, ~odd,even!, and~odd,odd!
series are dark states. In actual calculations, terms up to
sixth power are included, namely, 0< l e1 l h ,me1mh<6 to
ensure the convergence of the calculation.

The potential depth for the exciton lateral motion can
guessed from the splitting energy of the heavy-hole excit
due to the monolayer fluctuation of the QW thickness. T
value ofuVe

01Vh
0u is typically about 10 meV for the nomina

QW thickness about 3 nm.9,10 Of course, even ifVe
01Vh

0 is
fixed, each value ofVe

0 and Vh
0 cannot be determined

uniquely. Here we employVe
0526 meV and Vh

05
23 meV throughout this paper, referring to the experime
tal results and assumingVe

0 :Vh
052:1.

A typical example of the exciton level structure is show
in Fig. 4 for a520 nm andb515 nm. The disk height

FIG. 4. Exciton energy levels in a GaAs quantum disk w
parameters ofa520 nm, b515 nm, Lz53 nm, Ve

0526 meV,
andVh

0523 meV ~see the text!. The origin of energy is taken a
the exciton ground state. The dark exciton states are denote
triangles slightly above the horizontal axis.
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namely, the QW thickness, is fixed at 3 nm throughout t
paper. The transition intensities of optically active excit
states are plotted by solid lines and the corresponding ra
tive lifetime is also given alongside. The dark exciton sta
are exhibited by triangles slightly above the horizontal a
to indicate the energy positions. In the calculation of t
optical-absorption spectrum in Eq.~2.2!, the lowest 13 exci-
ton levels are taken into account, including the dark exci
states, because this number of levels is sufficient for c
verged results.

V. TEMPERATURE DEPENDENCE OF THE EXCITON
DEPHASING RATE

First of all, we are interested in the line shape of t
calculated absorption spectrum. The line shape of the exc
ground state is plotted in Fig. 5 for a quantum disk mode
Sec. IV at 10 and 50 K. The squares show the calcula
spectra and the circles are the Lorentzian fit. At low tempe

by

FIG. 5. Absorption spectra of the exciton ground state at~a! 10
K and ~b! 50 K for the quantum disk in Fig. 4.
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tures, the spectra can be fitted very well by the Lorentzian
expected. At elevated temperatures, however, the line sh
deviates from the Lorentzian and shows additional broad
ing. In any case, the dephasing rate, i.e., the HWHM of
absorption spectrum, can be estimated unambiguously. In
dition, it is interesting to note the redshift of the exciton pe
position about several tens ofmeV relative to the purely
electronic transition energy indicated by the origin of ener
This is caused by the lattice relaxation energy given by
~4.5! in Ref. 18.

The size dependence of the dephasing rate is show
Fig. 6 for the size parameters of (a,b)5(12 nm,10 nm),
~20 nm,15 nm!, and ~30 nm,20 nm!. In this size range the
dephasing rate is larger for smaller sizes. This can be c
sidered to be caused by the enhanced coupling strength
tween the exciton and acoustic phonons since the con
ment effect on the spectral density of acoustic phonon mo
is not significant in this size range. From the comparison
these results with experimental data, we can guess the li
size of the quantum disk. Hereafter we employ the size
rameters of (a,b)5(20 nm,15 nm).

The calculated dephasing rate is plotted in Fig. 7 a
function of temperature with experimental data.10 As men-
tioned in the Introduction, the difference between t
dephasing rateG' and half the population decay rateG i/2
indicates the pure dephasing rate. It is seen that the ov
agreement between the theory and experiments is sati
tory concerning both the absolute magnitude and the t
perature dependence. Furthermore, in theory we can sep
out the contribution of the deformation potential coupling
the exciton dephasing and this part is shown by the ar
denoted as ‘‘Def. pot.’’ The remaining part is coming fro
the piezoelectric coupling and the interference term betw
the two couplings. This part is simply denoted as ‘‘Piezo
in Fig. 7. It is seen that the deformation potential coupling

FIG. 6. Dephasing rates are plotted as a function of tempera
for the exciton ground state in three quantum disks with size
rameters of (a,b)5(12 nm,10 nm),~20 nm, 15 nm! and ~30 nm,
20 nm! and the disk height of 3 nm.
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dominantly contributing to the pure dephasing.
In order to see the reason in more detail, we look into

matrix elements of the exciton-phonon interactions. In Fig
we plot the angular average of the squared matrix elemen
the exciton-phonon interaction defined by

f i j
a~ uqu!5E dV z^ i uVa~q!u j & z2, ~5.1!

wherea5LA or TA, the indicesi and j denote the exciton
state, and for the case ofa5TA the contribution from both
TA1 and TA2 modes in Eq.~3.3! is combined.VLA includes
the contribution from both the deformation potential co
pling and the piezoelectric coupling, whereasVTA contains
only the contribution from the piezoelectric coupling. In th
inset, the energy-level scheme is shown for the lowest f
exciton states, including the dark exciton states. From
comparison between Figs. 8~a! and 8~b!, we see that the con
tribution from LA phonons is more than one order of ma
nitude larger than that from TA phonons. Furthermore, it
important to note that the wave vector of the most efficien
coupled phonons is roughly determined by max(1/aB ,1/L),
whereaB is the exciton Bohr radius andL is the typical size
of the lateral confinement. The vanishingz component of the
wave vector is favored because the common envelope fu
tion in Eq.~4.3! is assumed for both the electron and the h
and they are uncorrelated in thez direction. The relevant
wave vector is about 106 cm21 for GaAs islands. Hence the
corresponding phonon energy is rather small (,1 meV),
since the phonon energy versus wave-vector (uqu) relation is
\v50.32(0.22)uqu (meV) for the LA ~TA! modes withuqu
scaled in units of 106 cm21. This property will be invoked

re
-

FIG. 7. Calculated dephasing rates of the exciton ground s
are shown with experimental data~Ref. 10! as a function of tem-
perature. A quantum disk model is employed with the same par
eters as in Fig. 4. The pure dephasing rate is decomposed into
contribution from the deformation potential coupling denoted
‘‘Def. pot.’’and that from the piezoelectric coupling and the inte
ference term denoted as ‘‘Piezo.’’
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2646 PRB 60T. TAKAGAHARA
later in discussing the correlation between the tempera
dependence of the exciton dephasing rate and the streng
the quantum confinement.

We have also calculated the dephasing rate of the exc
exciton states. The results are shown in Fig. 9 for the low
four optically active exciton states. In the calculation for t
excited exciton states, the value ofd in Eq. ~2.19! is assumed
to be the same as for the exciton ground state because
relevant relaxation processes mentioned above Eq.~2.19!

FIG. 8. Angularly averaged squared matrix elements of
exciton-phonon interaction are plotted as a function of the pho
wave vector for~a! the LA phonons and~b! the TA phonons. The
horizontal ~vertical! axis is scaled by 106 cm21 @(meV)2#. The
employed GaAs quantum disk is the same as in Fig. 4. The low
four exciton states are numbered consecutively including the d
exciton states.
re
of

ed
st

the

may be dependent on the exciton state but the absolute m
nitude ofd is rather small. The dephasing rate is in gene
larger for the higher-lying exciton states. But this tendency
not monotonic as seen by the reversed order of magnit
between the second and third exciton states.

VI. ELEMENTARY PROCESSES OF EXCITON
PURE DEPHASING

Now we discuss the mechanism of exciton pure deph
ing. Generally speaking, pure dephasing means the deca
the dipole coherence without change in the state of the
tem. Any real transition to other states leads to the popu
tion decay. Thus the pure dephasing is caused by vir
processes which start from a relevant state and through s
excursion in the intermediate states return to the same in
state. These virtual processes give rise to the temporal fl
tuation of the phase of wave function. Previously this kind
temporal phase fluctuation was treated by a stochastic m
of random frequency modulation21 and the resulting pure
dephasing was discussed in the context of resonant sec
ary emission.22

Here we treat these processes microscopically. There
two kinds of such virtual processes which contribute to
pure dephasing. The first kind of process is induced by
off-diagonal exciton-phonon interaction. These proces
start from the exciton ground state, pass through excited
citon states, and return to the exciton ground state. The
ond kind of process is induced by the diagonal excito
phonon interaction and the relevant state remains alw
within the exciton ground state. These processes are sh
schematically in the inset of Fig. 10. The contribution to t
pure dephasing from the second kind of process can
singled out theoretically by carrying out the calculatio
which includes only the exciton ground state. That contrib
tion is denoted by ‘‘Intra-exciton ground state’’ in Fig. 10
The remaining part, denoted as ‘‘Excited exciton state

e
n

st
rk

FIG. 9. Calculated dephasing rates of the lowest four optica
active exciton states are shown as a function of temperature fo
same quantum disk as in Fig. 4.
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comes from the first kind of process and the interfere
between the two kinds of processes. It is seen that the in
exciton ground state~diagonal! process contributes substa
tially to the pure dephasing but the contribution from t
off-diagonal process is not negligible. This feature can
understood from Figs. 8~a! and 8~b! since the squared matri
element within the exciton ground state, denoted byf 11

a , is
much larger than other squared matrix elements. As a re
the intra-exciton ground state process contributes sig
cantly to the pure dephasing.

VII. MECHANISMS OF POPULATION DECAY
OF EXCITONS

The possible mechanisms of the population decay will
discussed. Experimentally, two decay time constants w
observed.10 The slow time constant (;200 ps) is almost
independent of temperature, suggesting the radiative de
as its mechanism. In fact, the calculated radiative lifetime
the exciton ground state is around 200 ps as shown in Fig
On the other hand, the fast time constant (;30 ps) is
weakly dependent on temperature. The likely mechanis
are the thermal activation to excited exciton states and
phonon-assisted migration to neighboring islands. In t
section we present a detailed calculation of these relaxa
rates and examine the significance of these mechanisms

A. Phonon-assisted population relaxation

The phonon-assisted transition rate to other exciton st
is calculated as

FIG. 10. Calculated dephasing rates of the exciton ground s
are shown with experimental data~Ref. 10! as a function of tem-
perature for the same quantum disk as in Fig. 4. The pure depha
rate is decomposed into the contribution from the diagonal exci
phonon interaction denoted as ‘‘Intra-exciton ground state’’ a
that from the off-diagonal interaction and the interference term
noted as ‘‘Excited exciton states.’’
e
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Pi5(
j Þ i

wi j , ~7.1!

wherewi j is the transition rate from the exciton statei to the
other exciton statej. HerePi ’s are calculated for the lowes
four optically active exciton states and are plotted in Fig.
as a function of temperature. The same quantum disk mo
as in Fig. 4 is employed and the same 13 exciton levels
included in the calculation. Since the energy difference
tween exciton levels is less than several meV, it is suffici
to take into account only the one-phonon processes. For
exciton ground state, the transition rate is about severalmeV.
For the excited exciton states, the transition rates are a
one order of magnitude larger than that of the exciton grou
state. In general, the higher-lying exciton states have a la
population decay rate. But this trend is not monotonic
seen by the reversed order of magnitude between the se
and third exciton states.

It is interesting to note that the linear temperature dep
dence is clearly seen. This indicates that the energy of
relevant acoustic phonons is rather small as shown in F
8~a! and 8~b! and the high-temperature approximation hol
as

1

e\v/kBT21
'

kBT

\v
. ~7.2!

This is the origin of the linear temperature dependence.

B. Phonon-assisted exciton migration

The excitons localized at island structures can migr
among them accompanying phonon absorption or emis
to compensate for the energy mismatch. Since the ene
mismatch is typically about a few meV, the acoustic phono
are dominantly contributing to the exciton migration proce
Now let us consider two island sites atRa and Rb and as-

te

ing
-

d
-

FIG. 11. Phonon-assisted population decay rates of the low
four optically active exciton states are plotted as a function of te
perature for the same quantum disk as in Fig. 4.
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2648 PRB 60T. TAKAGAHARA
sume that the island atRb is larger in size and has a localize
exciton state of lower energy than in the island atRa . Then
we consider the phonon-assisted exciton migration from
site Ra to the siteRb , namely, a transition of

uRa ;nq&˜uRb ;nq11&,

where nq indicates the occupation number of an acous
phonon mode with wave vectorqW . As discussed previously,23

there are three elementary processes of this transition,

~ i !uRa ;nq&˜
Hep

uRb ;nq11&,

~ i i !uRa ;nq&˜
Hep

uRa ;nq11&˜
Hss

uRb ;nq11&,

~ i i i !uRa ;nq&˜
Hss

uRb ;nq&˜
Hep

uRb ;nq11&,

whereHep (Hss) represents the exciton-phonon interacti
~intersite transfer! Hamiltonian. The first process is a dire
process through the overlap between exciton wave funct
at two island sites which is strongly dependent on the d
tance between two islands. Thus this process contrib
only for the case of a short distance. On the other hand,
second and third processes are indirect ones which can
tribute to the exciton transfer even for the case of long d
tance.

The intersite transfer HamiltonianHss is caused by the
electron-electron interaction and is calculated as

J~Ra ,Rb!5^RauHssuRb&

5 (
r e ,r h

(
r e8 ,r h8

Fct,vs* ~r e ,r h ;Ra!Fct8,vs8~r e8 ,r h8 ;Rb!

3@V~ctr e ,vs8r h8 ;ct8r e8 ,vsr h!

2V~ctr e ,vs8r h8 ;vsr h ,ct8r e8!#, ~7.3!

where the localized exciton at the siteRi is described as

uRi&5 (
t,r e ;s,r h

Fct,vs~r e ,r h ;Ri !actr e

† avsr h
u0& ~7.4!
e

-

ns
-

es
e
n-
-

with an envelope functionF corresponding to Eq.~4.2!, and
the suffixt (s) denotes the Wannier function index of th
conduction~valence! band, e.g., the total angular mome
tum. The first term in Eq.~7.3! represents the electron-ho
exchange interaction and the second term corresponds to
Coulomb interaction. Because of the localized nature of
Wannier functions, we can approximate as

V~ctr e ,vs8r h8 ;vsr h ,ct8r e8!

'd r er
e8
d r hr

h8
dtt8dss8

e2

eur e2r hu
,

V~ctr e ,vs8r h8 ;ct8r e8 ,vsr h!

'd r er h
d r

e8r
h8F d r er

e8
V~ctr e ,vs8r e ;ct8r e ,vsr e!

1~12d r er
e8
!mW ctvs

@123nW • tnW #

ur e2r e8u
3

mW vs8ct8G , ~7.5!

with

nW 5
rWe2rWe8

ur e2r e8u
, ~7.6!

mW ctvs5E d3r fctR* ~r !~rW2RW !fvsR~r !, ~7.7!

wherefct(vs)R(r ) is a Wannier function localized at the sit
R. Hereafter the vector symbols will be dropped becau
there is no fear of confusion. The Coulomb term decrea
rapidly whenuRa2Rbu exceeds the lateral size of the excito
wave function. On the other hand, the exchange term c
tains the dipole-dipole interaction and has a long-range c
acter decreasing asuRa2Rbu23. Thus the exchange term
contributes dominantly to the intersite exciton transfer wh
uRa2Rbu is larger than the lateral size of the confining p
tential.

The exciton transfer probability is calculated as
e

w~Ra˜Rb!5
2p

\ (
s
U^Rb ;nq11uHep

s uRa ;nq&1
^Rb ;nq11uHssuRa ;nq11&^Ra ;nq11uHep

s uRa ;nq&

2\vq
s

1
^Rb ;nq11uHep

s uRb ;nq&^Rb ;nquHssuRa ;nq&
EX~Ra!2EX~Rb! U2

d„EX~Ra!2EX~Rb!2\vq
s
…, ~7.8!

whereEX(Ri) is the energy of a localized exciton at the siteRi and the summation concerning the acoustic-phonon mods
is taken over the LA, TA1, and TA2 modes in Eq.~3.3!.

In the exchange matrix element in Eq.~7.5!, the first ~second! term is usually called the short-~long-! range part of the
exchange interaction. The contribution from the long-range part can be rewritten into a more tractable form as24
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(
r eÞr e8

Fct,vs* ~r e ,r e ;Ra!Fct8,vs8~r e8 ,r e8 ;Rb!mct,vs

@123n• tn#

ur e2r e8u
3

mvs8,ct8

52 (
r eÞr e8

Fct,vs* ~r e ,r e ;Ra!mct,vsgradr e
divr eFmvs8,ct8

ur e2r e8u
Fct8,vs8~r e8 ,r e8 ;Rb!G

52E d3r eE 8
d3r e8Fct,vs* ~r e ,r e ;Ra!mct,vsgradr e

divr eFmvs8,ct8

ur e2r e8u
Fct8,vs8~r e8 ,r e8 ;Rb!G , ~7.9!

where the integration with respect tor e8 is carried out over the whole space, excluding a small sphere around the pointr e , and

this is indicated by a primed integral symbol. Then making use of a relation for an arbitrary vector fieldQW (r ),

E 8
d3r 8gradrdivr

QW ~r 8!

ur 2r 8u
5

4p

3
QW ~r !1gradrdivrE 8

d3r 8
QW ~r 8!

ur 2r 8u
, ~7.10!

we can rewrite Eq.~7.9! as

2E d3r eFct,vs* ~r e ,r e ;Ra!mct,vsF4p

3
mvs8,ct8Fct8,vs8~r e ,r e ;Rb!1gradr e

divr e
E d3r e8

mvs8,ct8

ur e2r e8u
Fct8,vs8~r e8 ,r e8 ;Rb!G ,

~7.11!

where in the second term within the parentheses the integration can be performed over the whole space because the
of ur e2r e8u

21 is integrable. By a partial integration, we have the expression of the long-range exchange term as

2
4p

3
~mct,vs•mvs8,ct8!E d3r F ct,vs* ~r ,r ;Ra!Fct8,vs8~r ,r ;Rb!

1E d3rdivr@Fct,vs* ~r ,r ;Ra!mct,vs#divrF E d3r 8
mvs8,ct8

ur 2r 8u
Fct8,vs8~r 8,r 8;Rb!G . ~7.12!
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The short-range exchange term is simply written as

V~ctr 0 ,vs8r 0 ;ct8r 0 ,vsr 0!

3E d3r F ct,vs* ~r ,r ;Ra!Fct8,vs8~r ,r ;Rb! ~7.13!

and the Coulomb term is calculated by

2E d3r eE d3r hFct,vs* ~r e ,r h ;Ra!
e2

eur e2r hu

3Fct,vs~r e ,r h ;Rb!. ~7.14!

Combining three terms~7.12!, ~7.13!, and ~7.14!, we can
estimate the exciton transfer matrix element in Eq.~7.3!.

It is to be noted that when the Coulomb term and/or
exchange term are of comparable magnitude to the en
difference between localized exciton states atRa andRb , the
eigenstates should be mixed states of two localized exci
and a simple picture of exciton transfer between two s
cannot be applied. Thus we have to check the inequality

uJ~Ra ,Rb!u!uEX~Ra!2EX~Rb!u

before we apply the exciton transfer model. We can ch
numerically that the matrix elementuJ(Ra ,Rb)u is typically
about several tens ofmeV except for a very close pair o
islands, whereasuEX(Ra)2EX(Rb)u is about a few meV for
e
gy

ns
s

k

typical sizes of islands. Thus the simple picture of excit
transfer can be applied safely.

In order to see the typical behavior of the exciton mig
tion rate, we employ two quantum disk islands characteri
by Lz53 nm and the lateral size parameters of (a,b)
5(20 nm,15 nm) and~30 nm,20 nm! and consider the mi-
gration between two exciton ground states whose energy
ference is 0.68 meV. The exciton migration rate depends
the distance between two islands, the geometrical config
tion of two islands, and on the direction of exciton polariz
tions. In Figs. 12~a! and 12~b!, the migration rate is plotted
as a function of the center-to-center distance between
islands. In Fig. 12~a!, two islands are aligned such that th
longer axes of two ellipses are coincident with each other
this configuration, the migration rate is larger for the excit
polarization along the longer axis than for the exciton pol
ization along the shorter axis because of the larger inte
tion through the surface charges. In Fig. 12~b!, two islands
are aligned such that the shorter axes of two ellipses
coincident with each other. In this configuration, the mig
tion rate is larger for the exciton polarization along t
shorter axis than for the exciton polarization along the lon
axis. The absolute magnitude of the exciton migration rat
about several tens ofmeV.

We have also estimated the migration rate between
exciton ground state and the excited exciton states. The
sults are shown in Fig. 13 for the transition from the excit
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2650 PRB 60T. TAKAGAHARA
FIG. 12. Phonon-assisted migration rate from the exci
ground state in a quantum disk of (a,b)5(20 nm, 15 nm) to the
exciton ground state in a quantum disk of (a,b)
5(30 nm,20 nm) is plotted as a function of the center-to-cen
distance between two quantum disks at temperatures of 10, 30
50 K. In ~a! @~b!#, two disks are aligned such that the long
~shorter! axes of the two ellipses are coincident with each other
the distance is measured along the longer~shorter! axis. The exciton
polarization in two disks is aligned along thex or y direction and
this is indicated byx2x or y2y polariz., wherex(y) denotes the
direction of the longer~shorter! axis of the ellipse.
ground state of an island with (a,b)5(20 nm,15 nm) to
the second optically active exciton state in an island w
(a,b)5(30 nm,20 nm). The configuration of two islands
the same as in Fig. 12~a!. This migration process is assoc
ated with phonon absorption (;2.11 meV) in contrast to
the case in Fig. 12. As a result, the migration rate is sev
tens times smaller than in Fig. 12~a!. In addition, the distance
dependence is not monotonic. This feature arises from
interference among three terms in Eq.~7.8! and may be sen-
sitively dependent on the spatial profile of the exciton wa
function.

At present, the distance between neighboring islands c
not be determined precisely. But from the consideration
the order of magnitude, we can identify the likely mech
nism of the population decay of the exciton ground state
the combination of thermal activation to the excited excit
states within an island and phonon-assisted exciton migra
to neighboring islands.

VIII. CORRELATION BETWEEN TEMPERATURE
DEPENDENCE OF EXCITON DEPHASING RATE AND

STRENGTH OF QUANTUM CONFINEMENT

We have so far discussed the dephasing rate of exciton
GaAs QD-like islands. It is important to note that the tem
perature dependence of exciton dephasing rates can d
qualitatively for semiconductors with strong and weak qua
tum confinement. For quantum dots belonging to the stro
confinement regime, such as II-VI nanocrystals, a linear te
perature dependence was observed up to 200 K.14 Recent

n

r
nd

d

FIG. 13. Phonon-assisted migration rate from the exci
ground state in a quantum disk of (a,b)5(20 nm, 15 nm) to the
second lowest optically active exciton state in a quantum disk
(a,b)5(30 nm, 20 nm) is plotted as a function of the center-
center distance between two quantum disks at temperatures o
30, and 50 K. The configuration of two disks is the same as in F
12~a!.
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more careful measurements show also the linear tempera
dependence, although the measured temperature ran
limited below 30 K.25 On the other hand, for CuCl nanocry
tals belonging to the weak confinement regime since the
citon Bohr radius is rather small, a temperature depende
similar to that in Fig. 7 was observed,15,26 although strongly
nonlinear temperature dependence occurs above a h
temperature than in Fig. 7. These different temperature
pendencies can be explained by the present theory if we
into account the different exciton level structures involve
For GaAs islands with lateral size about 40 nm the ene
separation among the lowest exciton levels is about a
meV, and for CuCl nanocrystals with 4-nm radius the ene
separation is typically several meV. On the other hand
CdSe nanocrystals with radii smaller than 2 nm, the relev
energy spacing is determined by theA- andB-exciton split-
ting (;26 meV) instead of the intersublevel energy of t
A-exciton series which is much larger.27

The key feature in considering the temperature dep
dence of the exciton dephasing is the interplay among vir
processes within the exciton ground state, those which p
through excited exciton states and real transitions to exc
exciton states. Another important feature is the phonon-m
spectra. In this paper, we have been dealing with the c
tinuous spectra of acoustic phonons which is justified
cause of the small difference in the elastic properties
tween the QW material and the barrier material. T
situation is slightly different in the case of CuCl and Cd
nanocrystals. They are embedded in materials with much
ferent elastic properties. Here the acoustic phonons are
fected by the elastic confinement28,29but are intrinsically de-
localized into the surrounding medium. As a result, the mo
spectra of acoustic phonons have a continuous backgroun
addition to discrete peaks corresponding to size-quant
modes.30 Furthermore, as discussed in Sec. V, it is import
to note that the wave vector of phonons which couple m
strongly with excitons is roughly given by max(1/aB ,1/L),
whereL is the typical size of nanocrystals.

In the case of small CdSe nanocrystals, the energy s
ration between the exciton ground state and the first exc
exciton state is about 20 meV and the acoustic-phonon
ergy corresponding to the maximum coupling with excito
is about 1 meV. Thus only the virtual processes within
exciton ground state contribute to the exciton dephasing
to around 200 K. Then the high-temperature approximat
in Eq. ~7.2! holds, leading to the linear temperature depe
dence of the dephasing rate. Above 200 K, the mu
acoustic-phonon and LO-phonon assisted activation to
excited exciton states becomes possible, yielding the non
ear temperature dependence of the dephasing rate.

In the case of GaAs islands, the energy of phonons wh
couple strongly with excitons is less than 1 meV. Thus
low temperatures (<10 K), the virtual processes within th
exciton ground state contribute dominantly to the exci
dephasing. At elevated temperatures (;30 K), the virtual
processes via excited exciton states begin to contribute to
exciton dephasing, because the energy separation bet
the ground and first excited exciton states is a few m
Thus the range of the linear temperature dependence is r
narrow and the nonlinear temperature dependence preva

In the case of CuCl nanocrystals, the phonon energy
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responding to the maximum coupling with excitons is es
mated as about 3–4 meV. Also the energy separation am
exciton levels is several meV. Thus the linear temperat
dependence is not manifest and the nonlinear tempera
dependence becomes prominent above 50 K.

Thus we see that the temperature dependence of the
ton dephasing rate is sensitively dependent on the exc
level structures, which reflect the strength of quantum c
finement, and on the energy of phonons, which cou
strongly with excitons. We can summarize as follows. In t
strong confinement regime, the diagonal virtual proces
dominate the pure dephasing in which the relevant state
mains always within the exciton ground state and
electron-phonon interactions associated with small ene
acoustic phonons are mainly contributing to the pure deph
ing. Thus the high-temperature approximation holds for
phonon occupation number, leading to the linear tempera
dependence of the dephasing rate up to the temperature
responding to the energy spacing between the ground
first excited exciton states. On the other hand, in the w
confinement regime, the exciton levels are rather densely
tributed and the off-diagonal virtual processes contrib
substantially to the pure dephasing in which the virtual tra
sition to excited exciton states occurs effectively when
thermal energykBT approaches the relevant energy-lev
separation. In this case, acoustic phonons having the the
energy contribute significantly to the exciton dephasing. A
result, the linear temperature dependence is not manifest
the nonlinear temperature dependence appears dominan

IX. SUMMARY AND DISCUSSION

We have formulated a theory of exciton dephasing
semiconductor quantum dots extending the Huang-R
theory ofF centers to include the mixing among the excit
state manifold through the exciton-phonon interaction a
we identified the mechanisms of pure dephasing. We h
reproduced quantitatively the magnitude as well as the t
perature dependence of the exciton dephasing rate obse
in GaAs QD-like islands. In this system, it has been fou
that both the diagonal and off-diagonal exciton-phonon int
actions are contributing to the exciton pure dephasing on
same order of magnitude. Examining the previous data of
exciton dephasing rate in GaAs islands, CuCl and Cd
nanocrystals, we have pointed out the correlation betw
the temperature dependence of the dephasing rate and
strength of the quantum confinement and explained gr
features of the temperature dependence in various mate
quantum dots. Furthermore, we have discussed likely me
nisms of the exciton population decay.

Very recently, a detailed study of the exciton dephas
rate in CuCl nanocrystals was carried out down to mu
lower temperatures and an unusual temperature depend
was reported.31 A two-level system~TLS! with a very small
energy splitting was proposed as a possible mechanism
this unusual temperature dependence. At very low temp
tures, the acoustic phonons are frozen out and the only
maining degrees of freedom may be a TLS which acts as
agent of the exciton dephasing.32 The two-level system is
considered as some local modification of atomic configu
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tion but more details are yet to be clarified. At further low
temperatures, all the degrees of freedom are frozen out
the exciton dephasing is mainly caused by the radiative
cay, approaching the limiting situation that 1/T251/(2T1).
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