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Theory of exciton dephasing in semiconductor quantum dots
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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 decg$0163-182@9)02728-9

I. INTRODUCTION As a result, a very narrow linewidth of about several tens of
uneV was observed. Without additional information on popu-

A resonant optical excitation creates an excited-statéation relaxation, it was suggested that at very low tempera-
population and also induces an optical polarization. The dytures dephasing of excitons in these structures is due to ra-
namics of this optical excitation is characterized by the rediative recombination, while at elevated temperatures
laxation of the population as well as the decay of the inducedlephasing is mainly caused by the thermal activation of ex-
optical polarization. In lower-dimensional semiconductors,citons to higher excited statésdowever, this interpretation
electronic confinement leads to qualitative changes in thé not complete since both of the suggested processes belong
population relaxation, including spontaneous emission antb the longitudinal decay processes and the dephasing rate is
exciton-phonon scattering, as shown in extensive recerih general composed of half the longitudinal decay rate and
studiest These population relaxation processes are expecteitie pure dephasing rate. In order to examine the presence of
to contribute to dephasing with a dephasing rate given by pure dephasing in this system, we carried out nonlinear
half the population decay rate. Pure dephasing processes thgitical measurements of the exciton dephasing in GaAs QD-
do not involve population or energy relaxation of excitonslike islands based on the three-pulse stimulated photon-echo
can also contribute to dephasing. Pure dephasing, which isrethod® This method enables the simultaneous measure-
well-established concept for atomic systems, remains yet toent of the dephasing rate and the population decay rate. At
be investigated in lower-dimensional semiconductors due twery low temperatures the observed dephasing Fateis
a lack of direct comparison between dephasing and populasery close to half the population decay ratg2, suggesting
tion relaxation and between theory and experiment. Studiethat dephasing is caused mainly by the population decay.
of pure dephasing processes in lower-dimensional semicoith increasing temperature the dephasing rate increases
ductors will renew and deepen our understanding of thenuch faster than the population decay rate. At elevated tem-
dephasing of collective excitations in solids, although severagberatures 30 K), dephasing rates become much greater
seminal studies were done on the exciton dephasing in quathanI’|/2, indicating a dominant contribution of pure dephas-
tum well (QW) structures—® ing. Thus our measurements revealed convincingly the pres-

Narrow GaAs QW's grown by molecular-beam epitaxy ence of pure dephasing process that dominates excitonic
(MBE) and with growth interruptions have provided a modeldephasing at elevated temperatures.
system for investigating dephasing processes in lower- The observed strong increase of the pure dephasing rate
dimensional semiconductors. In these narrow QW's, fluctuaabove 30 K suggests that interactions between excitons and
tions at the interface between GaAs and AlGaAs lead to  low-energy acoustic phonons play an essential role in the
the localization of excitons at monolayer-high islands. Thesgure dephasing process. In this paper we present a theoretical
localized states can be regarded effectively as weakly cormodel that takes into account the interaction between exci-
fined quantum dotQD) like states. One dimension of the tons and acoustic phonons and can explain satisfactorily the
confinement is defined by the width of the QW, while the magnitude as well as the temperature dependence of the
other two lateral dimensions are defined by the effective sizelephasing rate. Our model generalizes the Huang-Rhys
of the islands. To avoid inhomogeneous broadening due ttheory of F centerd:*2 by including mixing among the
well-width and island-size fluctuations, earlier studies haveground and excited exciton states through exciton-phonon
used photoluminescend®L) and PL excitation with high interactions and as a result enables us to identify the elemen-
spatial resolution to probe excitons in individual islafids. tary processes of exciton pure dephasing.
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(a) (HWHM) of the absorption spectrum, which can be calcu-
lated from the Fermi golden rule as

2
! — ' |(ho)= G Aa KIVRIGPa(tho+Eg-Ey), (2.0

(b)
LT T whereVy, is the electromagnetic interactioff) and|g) de-
AR TN note the final exciton state and the initial ground state, re-
S C spectively, including the phonon degrees of freedom,Aapd
means the average over the thermal equilibrium state of
(c) phonons. This expression can be rewritten as
N Y | (hw)o Rﬁ’f dte '“'A(g|Vk
0
FIG. 1. Possible diagrams of the fourth-order term in E06). i i
A solid (dashedl line denotes the excitofphonon propagator. Xex %Het Vgexp — %Hgt |g>] (2.2

A comparison of the observed temperature dependence ¥h€réH. andH, are the Hamiltonians of the excited state
the exciton dephasing rate in GaAs QD-like islands with the2nd the ground state, respectively. This can be confirmed by
previously reported temperature dependence for G&Raé. !nsertlng a closure relation between twg's. Equatlon(Z_.Z)

14) and CuCI(Ref. 15 nanocrystals suggests qualitative dif- IS @ Fourier-Laplace transform of a co_rrelathn functlon_._ In
ferences dependent on the strength of quantum confinemergder to proceed further, the Hamiltonians will be specified
In the strong confinement regime as in CdSe nanocrystal§tS
linear temperature dependence prevails up to high tempera-
tures (~200 K). On the other hand, in the weak confine- T
ment regime, as in GaAs islands and CuCl nanocrystals, the Hg:% hwabybg, 2.3
linear temperature dependence is dominated by the nonlinear
temperature dependence with increasing temperature. It is
;/eerrg/ni(r:r;;;ortant to clarify the underlying physics of these dif- He:E E, i) +2 ﬁwablba+2 Ma(ba+b£)i

. I [e3 a

In Sec. Il a theory of exciton dephasing is formulated (2.9
quite generally in terms of Green functions. The interaction
Hamiltonians between excitons and acoustic phonons arghere the indexx denotes the acoustic-phonon molethe
given explicitly in Sec. IIl. A quantum disk model to simu- energy of the exciton states, ai, is the exciton-phonon
late a QD-like island in QW’s is described in detail and coupling matrix within the exciton state manifold. This is a
typical exciton level structures are exhibited in Sec. IV. Ingeneralization of the Huang-Rhys model Bfcenters' to
Sec. V the calculated exciton dephasing rates and their teniaclude mixing among the exciton state manifold which is
perature dependence are discussed in comparison with otgflected in the matrix form d¥1,, . In the following, we take
previously published experimental restfitand the presence into account only the exciton-phonon coupling which is lin-
of exciton pure dephasing is confirmed. In Sec. VI the el-ear with respect to the phonon coordinates. Even within this
ementary processes of the exciton pure dephasing are iderange, however, the well-known deformation potential cou-
tified. Pure dephasing arises from virtual processes and thef@ing and the piezoelectric coupling are included. Thus our
are two kinds of such processes. The physical meaning dflamiltonian is sufficiently general. We note that in the el-
these two processes is discussed. In Sec. VIl the likelgmentary processes of the exciton-phonon interaction the
mechanisms of the population decay of excitons are identierystal momentum conservation needs to be satisfied in di-
fied in comparison with experimental data. In Sec. VIII therections where the translational invariance holds. The
underlying physics will be clarified concerning the relation- dephasing process becomes prominent in systems with three-
ship between the temperature dependence of the excitatimensional(3D) electronic confinement because the 3D
dephasing rate and the strength of the quantum confinemerstonfinement relaxes the crystal momentum conservation and
Finally, Sec. IX is devoted to the summary and discussion.also suppresses exciton population relaxdfidhdue to the

exciton-phonon interactions.

Il. GREEN-FUNCTION FORMALISM OF THE EXCITON Hereafter the three terms (b'fe in Eqg. (24) will be de-
DEPHASING RATE noted, respectively, as

As discussed in the Introduction, the strong increase of 0
the exciton dephasing rate above 30 K suggests the important He=Het+Hg+V. 2.9
role of the low-energy acoustic phonons in determining the
dephasing rate. The exciton dephasing rate can be estimat&tien the Laplace transform of gXpg#)Hct] can be expanded
most directly from the half-width at half maximum as
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= _ 1 1 i 1 1
J'dte*S‘exp{(llh)Het]z = e V—r
0
s—7He S—(HgtHg  s—(He+Hg) s (HZ+Hy)
)2 1 1 1
+| = V— V— Hooe (2.6

i i i
s— ﬁ(Hng Hy) s— g(Hng Hy) s— %(Hng Hg)

For example, the third term on the right-hand side of &36) can be expressed in the convolution form as

i\ 2
1 t ty ) ) )
(%) Jodtljo dtze(llfz)(H2+Hg)(t—tl)ve(l/h)(H2+Hg)(tl—tz)ve(llﬁ)(Hg+Hg)tz_ 2.7

Substituting this term for exfi/A)Hdt] in Eq. (2.2) and noting the commutability betweel‘ﬁ andH, and betweerM , and

Hg, we have
vRexp[ L }|g)—>( )fdtlf dtzz <g|vRexp[ HO(t— t)}M exp[' HO(t,—t 2)}

xMﬁexp{hH tz}VR|g)(O|ex;{ Hg(t— tl)}(b +b )ex;{ (tl—tz)}

oL

where|0) denotes symbolically the thermal equilibrium state of phonons. The phonon part .Bgcan be written as

ex;{ Hgt}|0>

=Trpoexp{—ﬁ :|(b +b )ex;{ g(tl 2):|(b'3+b )eXF{;}/Hgtz}

=Trpo(ba(—ty) +bl(—t1)(ba(—tz) +bh(—t))

(9|Vr ex;{ﬁ H.t

ot|10), (2.8

x(bﬁ+b;)exp[hH t,

(O|ex;{- Hg(t— tl)}(b +bT)ex;{l Hg(ti—t2) (bﬁb)exp[ Hgto

= 8,5 Ne 1 @ali™ D 4 (14N, )e'@ali™ 1] (2.9
with
po=e PHo/Tre AHg,
i i .
ba(t)=ex;{%Hgt b ex;{— 7 Hat =e 'vdp,,
and

N,=1[expBho,)—1] with B=1/kgT).

Then again making a Laplace transform, we have

2 N, 1+N, 1 2 1

7| (alVa 2 M) — +— M, ———Vrlg)=(g|Ve——3)(s)——V&lg)

_ o @ g0, _ _g0_ _ 40 _ _ 4o _ 4o

S ﬁH S ﬁHe+|wa S ﬁHe lw, S hHe S hHe S ﬁHe
(2.10

with
i\? N, 1+N,

2(2’(s)=(ﬁ) > M, i +— M,,. (2.1
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Since the exciton-phonon interaction Hamiltonns linear with respect to the phonon coordinates, the terms of odd
powers inV in Eq. (2.6) vanish in the final expression. The next nonvanishing term is the fourth-order térrand this has
three contraction diagrams as depicted in Fig. 1. For example, the term corresponding t@)Fignlbe written as

i\ 4
| N 1 N
a B
Eg4>(s)=(% ZB M, Mp— M,— Mg
a, 0 . 0 . 0 .
S—%He—i-lwa S—%He—i-l(wa-i-wﬁ) S_gHe_Hw,B
N, 1 1+Ng
M, — Mg— M,— 8
s—Hetio, s—rHeti(0,—wg)  s—rH—iwg
1+N, 1 Ng
" Mp— M, — Mpg
s—rHe—iw,  s—rHe—i(0,—wp)  s—Htiwg
1+N, 1 1+Ng
M, Mp— M,— Mg . (212
s—rHe—iw, s—rHI-i(0,+wy) s He—iwg

On the other hand, the diagrams in Fig&)land 1b) can be  gram in Fig. 1a) is included in this Green function. Using
incorporated into the zeroth-order and second-order termshis propagator, we improve the second-order self-energy as
respectively, by renormalizing the exciton propagator and
the self-energy, as will be shown below.

i\ 2
i
First of all, we introduce the Green function defined by 3@)(s)= %) ; M N, GP(s+iw,)
c@(s)= 1 +(1+N)GP (s—iw,) M, (2.1
i
s——HI-3{)(s) - S - i
ho® and by incorporating this self-energy into the denominator,
we obtain the improved Green function as
1
= 38(s)
_ I_HO _ I_HO — —HO 1
S 5 e S 5 e S 5 e GO@)(s)= - . (2.19
s—-H2-3@)(s)
1
+—=—36%s) 3 2)(s)
s——H? s— —H? s— —H? This Green function incorporates the diagram in Fig)1
h h h Thus only the diagram in Fig.(&), namely, an irreducible
... 2.13 diagram, should be included in the fourth order.

Now, using the exciton propagator in E@.15, we cal-
whereEE)z) is the second-order self-energy aﬁtgz) repre-  culate the self-energy, including the fourth-order irreducible
sents the exciton propagator in the phonon field. The diadiagram, namely,

i\ 2
2(2)(s)+2(4)(s)=(%) > MN,GA(s+iw,)+(1+N,)G@(s—iw,) M,

+

4

| ) . .

- aEB {NGNEM G (s+iw, )M zGD(s+i(w,+ wp))M G (s+iwg)M g
+NL(1+NpM GO (s+iw, )M GO (s+i(w,— wp))M,GA(s—iwp My
+(1+NINgM GO (s=iw, )M ;G A (s—i(w,— wp))M,GA(s+iwp Mg

+(1+N)(1+NpM ,,GP(s—iw )M GO (s—i(w,+ wp))M,GCD(s—iwpMgt  (2.16
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and incorporating this self-energy into the denominator, we 120
have the improved Green function as @
G
1 I
G(4)(S): i . (2.17) 100 - G(G)
5= +He—3(5)-3(s) [ o
We can extend this procedure up to the higher-order itera- — 80 |+
tively. > i
As a consequence, we find =
° I
e i i T 60|
fo dte S'A {g|Vgex gHet Vg ex —gHgt lg) o .
1 8 40!
=(glVg—————V&lo) 213  § [
0 [
s— ﬁHe—E(S) a -
with 20
3(s)=3P(5)+3W(5)+2O(g)+- - -,
where the self-energy parts can be represented by irreducible 0
diagrams as shown in Fig. 2. 0 10 20 30 40 50 60
The optical-absorption spectrum is calculated from Eq. Temperature (K)

(2.18 by settings as ) )
FIG. 3. Temperature dependence of exciton dephasing rates cal-
S—iw+d culated by including the self-energy terms up to the second, fourth,
' and sixth order denoted &), G, andG(®), respectively. The
where § is half of the population decay rate of the exciton size parameters of the quantum disk are the same as in Fig. 4.
state, excluding the contribution from the acoustic-phonon-
mediated rela>_<ation, because such contribution is automati- 1?(w)=Rg Ay(g|VRGP(s=iw+ §)VRg)],
cally included in the self-energy pakt(s). More concretely,
6 should include the radiative decay rate, the trapping rate to
some defects, and the rate of exciton migration to neighbor-
ing islands. The latter two processes are phonon-mediated
but should be included i# because they are not taken into 1®)(w) =R Ay 9| VRGO (s=iw+ 5)VRIg)].
account in the present Green-function formalistncan be (219
estimated from the observed population decay rate subtract- o
ing the phonon-assisted population decay rate within an isTypical results are shown in Fig. 3. The relevant parameters
land which can be calculated theoretically as given in Secare explained in Sec. IV. The size parameters of a quantum
VII. disk for Fig. 3 area=20 nm andb=15 nm. It is seen that
In order to examine the convergence of the above procethe percentage difference of the dephasing rates calculated
dure, we have estimated the Green function up to the sixtfom G and G is about 15-20 %, whereas that calcu-
order and compared the optical-absorption spectrum and itgted fromG®* andG(® is about several %. Hence we carry
HWHM by calculating out the calculation up to the fourth order and estimate the
dephasing rate from the HWHM 6f*)(w).

1 (w)=RgAx{g|VrG W (s=iw+ 5)Vg|g)],

IIl. EXCITON-PHONON INTERACTIONS

= ‘ The microscopic details of the interaction Hamiltonian
between the exciton and the acoustic phonons will be de-
S e scribed. In GaAs/Al_,GaAs QW'’s, the elastic properties of
52(6) — ’7~f\ both materials are not much different and thus the bulklike
: - PR : acoustic-phonon modes can be assumed as the zeroth-order
) R approximation. Hereafter the phonon modes will be specified
+ T T T by the wave vectoq. The interaction between electrons and
— — acoustic phonons arises from the deformation potential cou-
FIG. 2. Irreducible diagrams corresponding to the self-energypling and the piezoelectric couplinig.
terms of the second, fourth, and sixth order with respect to the The dominant interaction term of the deformation poten-
exciton-phonon interaction. tial coupling is given as
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afs]
2puV

t t i t
(Dcacracr+ Dvavravr)elqr(bq+ bfq)a

(3.9

HDFZE
rq

wherea (a') denotes the annihilatiofcreation operator
of the electron in the conductioft) or valence {) band,

b (b") is the annihilatior(creation operator of the acoustic
phonon,D. (D,) the deformation potential of the conduc-
tion (valence band,u the sound velocity of the longitudinal-

acoustic(LA) mode,V the quantization volumey the mass

density, and the vector symbols Bfandﬁ are dropped.
The piezoelectric coupling is given as

_ 87Tee14 h p
HPZ__;1 2 \/ 2pu|q|V\§quqZ+§yqqu

€q

+&,0,0)€(al ag +al a,) (bg+b' ), (3.2

wheree (e, is the dielectriqpiezoelectri¢ constant and
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(X¢|elarelrnl] X;)

:f d3rej d3th?(re1rh)eiqr8(rh)Fi(r97rh)1 (37)
whereo =LA, TAL, and TA2 and the factof/N, (yVNg+1)
corresponds to the phonon absorptiemission process.
The parameter values employed for GaAs d@g=
—14.6 eV, D,=—4.8 eV u ,=4.81x10° cm/s, ura
=3.34x10° cm/s,e,;=1.6x10" > Clcn?, ande=12.56%°

IV. EXCITONS IN ANISOTROPIC QUANTUM DISK

Now the theoretical formulation has been completed. In a
more concrete calculation, we have to specify a model for
the QD-like island structures. The extremely narrow line-
width of exciton emission was observed in QW sampiés.
The lateral fluctuation of the QW thickness gives rise to an
islandlike structure. The localized excitons at such structures
can be viewed as the zero-dimensional excitons. In these

is the polarization vector of the acoustic-phonon modes. IiF@mMPles, the confinement in the direction of the crystal
this case the transverse-acousfiéd) mode as well as the growth is strong, whereas the confinement in the lateral di-

longitudinal-acoustidLA) mode contribute to the coupling.

rection is rather weak. Furthermore, the island structures

The polarization vectors for the LA mode and the two TA were found to be elongated along {110] direction?® Thus

modes with a wave vect(ﬁ are given as
S(LA):(qx Ay ,QZ)/|5|,
&TAL)=(ay,~ax,0)/ Vai+ag,

E(TA2)=(— e, —Gy0,.q5+a2)/|alVaZ+ap. .
33

Then the matrix element of the interaction Hamiltonian

between two exciton states given by

Xi)= 2, Filre,rnag v, [0) (3.4
e''h

and

Xi)= 2 Filre,rn)at; au,|0) (35
erh

is calculated as

ale]
<Xf|HDF|Xi>_§ 2pUL AV

—D(X{|€UX))(YNg or Ng+1),

8’7Tee:|_4\/T
(XiHpzlX;) ; €02 2pu,|q|V

q
X (fquqz"' ququ+ gquQy)(<Xf| eiqre| Xi>

— (XX} (VNg or Ng+1)

(3.9

(D X¢|€'9e|X;)

with

these island structures can be modeled by an anisotropic
quantum disk. In order to facilitate the calculation, the lateral
confinement potential in theandy directions is assumed to

be Gaussian as

Ve(r)ZVgex;{_(gZ_(%)T,
Vh<r):vgexp[_(g)2_(%)2

where the lateral size parameteasand b can be fixed in
principle from the measurement of morphology by, e.g.,
STM, but are left as adjustable parameters. The exciton wave
function in such an anisotropic quantum disk can be approxi-
mated as

, 4.1

F(reirh)zl lzm m C(Ievlhvmeimh)
es'he,lh
Xe le Xh 'n Ye Me Yh Mh
a) \a) \b) |b
1[[xe\? (xn)? (ye2 Yn)|?
Xex“[‘z( al Tla] ) e

— ary(Xe—Xp)*— ay(Ye— yh)z} ®0(Ze) Po(Zn)

(4.2
with

) \F 7z
®o(2)= L_ZCO i
whereC(l.,l,,me,my) is the expansion coefficierlt, is the

QW thickness, the factor 1/2 in the exponent is attached to
make the probability distributiofF(r,ry)|? follow the

4.3
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6 ' 300
- 40nm <—v
LT Y o ® 250 10K
/‘35 v A . e Lorentzian
- (2]
= 190ps * Z200[
S =1
&4 214ps g (a)
S ® Trad 8150 1
~— >
>, =262ps D
= c
Lgl g 100 |
5 £
£
= | 50+
oot
=71
c 0 1 . L
© 554ps -03 -02 01 0 01 02 03
I— 1t Energy (meV)
7.14ns 60
O . I AA | | A A ,AI 50K
-1 01 2 3 4 5 6 7 50 -
Energy (meV) o Lorentzian
D40l
FIG. 4. Exciton energy levels in a GaAs quantum disk with S (b)
parameters o&8=20 nm,b=15 nm,L,=3 nm,VS:—6 meV, o
andV%=—3 meV (see the tejt The origin of energy is taken at 830
the exciton ground state. The dark exciton states are denoted by 2
triangles slightly above the horizontal axis. o
g20
functional form of the confining potential, angy and «, -
indicate the degree of the electron-hole correlation and are 10
determined variationally. The electron-hole relative motion
within the exciton state is not much different from that in the
bulk because the lateral confinement is rather weak. As a '

result, the parameters, anda, are weakly dependent on the -03 02 01 0 01 02 03

lateral size. Because of the inversion symmetry of the con- Energy (meV)

fining potential, the parity is a good quantum number and the ) )

wave function can be classified in terms of the combination F!G: 5. Absorption spectra of the exciton ground statéal0
of parities ofx'et'h and y™*™. The exciton ground state K @nd (b) 50 K for the quantum disk in Fig. 4.

belongs to the(even,eveh series, where the firdisecond
index indicates the parity with respect to the(y) coordi-
nate. As can be seen easily, the optically allowed excito
states belong to théeven,eveh series and other exciton
states associated witleven,odd, (odd,even and(odd,odd
series are dark states. In actual calculations, terms up to t

i i + +m,=< . . : .
sixth power are included, namely=De Mg+ my <6 to optical-absorption spectrum in E€2.2), the lowest 13 exci-

ensure the convergence of the calculation. ton levels are taken into account, including the dark exciton
The potential depth for the exciton lateral motion can be v ! unt, incuding XCl

guessed from the splitting energy of the heavy-hole excitonStates, because this number of levels is sufficient for con-
verged results.

due to the monolayer fluctuation of the QW thickness. The
value of | V2+ V]| is typically about 10 meV for the nominal
QW thickness about 3 nft? Of course, even if/2+V? is V. TEMPERATURE DEPENDENCE OF THE EXCITON

DEPHASING RATE

namely, the QW thickness, is fixed at 3 nm throughout this

jpaper. The transition intensities of optically active exciton
states are plotted by solid lines and the corresponding radia-
tive lifetime is also given alongside. The dark exciton states
e exhibited by triangles slightly above the horizontal axis

0 indicate the energy positions. In the calculation of the

fixed, each value ofvJ and V) cannot be determined

uniquely. Here we employVi=—-6 meV and Vo= First of all, we are interested in the line shape of the
—3 meV throughout this paper, referring to the experimen-calculated absorption spectrum. The line shape of the exciton
tal results and assumingg V0=2:1. ground state is plotted in Fig. 5 for a quantum disk model in

A typical example of the exciton level structure is shownSec. IV at 10 and 50 K. The squares show the calculated
in Fig. 4 fora=20 nm andb=15 nm. The disk height, spectra and the circles are the Lorentzian fit. At low tempera-
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FIG. 7. Calculated dephasing rates of the exciton ground state
FIG. 6. Dephasing rates are plotted as a function of temperaturare shown with experimental datRef. 10 as a function of tem-
for the exciton ground state in three quantum disks with size paperature. A quantum disk model is employed with the same param-
rameters of §,b)=(12 nm,10 nm)(20 nm, 15 nmand(30 nm,  eters as in Fig. 4. The pure dephasing rate is decomposed into the
20 nm and the disk height of 3 nm. contribution from the deformation potential coupling denoted as

. ) “Def. pot.”and that from the piezoelectric coupling and the inter-
tures, the spectra can be fitted very well by the Lorentzian agrence term denoted as “Piezo.”

expected. At elevated temperatures, however, the line shape

deviates from the Lorentzian and shows additional broadengominantly contributing to the pure dephasing.

ing. In any case, the dephasing rate, i.e., the HWHM of the | grder to see the reason in more detail, we look into the
absorption spectrum, can be estimated unambiguously. In asatrix elements of the exciton-phonon interactions. In Fig. 8
dition, it is interesting to note the redshift of the exciton peakyye plot the angular average of the squared matrix element of

position about several tens gfeV relative to the purely he exciton-phonon interaction defined by
electronic transition energy indicated by the origin of energy.

This is caused by the lattice relaxation energy given by Eq.
(4.5 in Ref. 18. « :f | 2 _
The size dependence of the dephasing rate is shown in fiilah= ] dQkiVa@IDF, ©b
Fig. 6 for the size parameters o&,p0)=(12 nm,10 nm),
(20 nm,15 nmy, and (30 Nm,20 nMy. In this size range the wherea=LA or TA, the indicesi andj denote the exciton
dephasing rate is larger for smaller sizes. This can be corftate, and for the case ef=TA the contribution from both
sidered to be caused by the enhanced coupling strength b&Al and TA2 modes in Eq3.3) is combinedV, includes
tween the exciton and acoustic phonons since the confindhe contribution from both the deformation potential cou-
ment effect on the spectral density of acoustic phonon mode@ling and the piezoelectric coupling, wheréés, contains
is not significant in this size range. From the comparison oPnly the contribution from the piezoelectric coupling. In the
these results with experimental data, we can guess the likeipset, the energy-level scheme is shown for the lowest four
size of the quantum disk. Hereafter we employ the size pag€Xciton states, including the dark exciton states. From the
rameters of §,b)=(20 nm,15 nm). comparison between Figs(a3 and &b), we see that the con-
The calculated dephasing rate is plotted in Fig. 7 as dribution from LA phonons is more than one order of mag-
function of temperature with experimental d&faAs men-  nitude larger than that from TA phonons. Furthermore, it is
tioned in the Introduction, the difference between theimportant to note that the wave vector of the most efficiently
dephasing ratd’, and half the population decay rafg/2 ~ coupled phonons is roughly determined by maagliL ),
indicates the pure dephasing rate. It is seen that the overaihereag is the exciton Bohr radius arldis the typical size
agreement between the theory and experiments is satisfaef the lateral confinement. The vanishingomponent of the
tory concerning both the absolute magnitude and the temwave vector is favored because the common envelope func-
perature dependence. Furthermore, in theory we can separdien in Eq.(4.3) is assumed for both the electron and the hole
out the contribution of the deformation potential coupling toand they are uncorrelated in tizedirection. The relevant
the exciton dephasing and this part is shown by the arrowvave vector is about 0cm™* for GaAs islands. Hence the
denoted as “Def. pot.” The remaining part is coming from corresponding phonon energy is rather smatl1( meV),
the piezoelectric coupling and the interference term betweegince the phonon energy versus wave-veciqy)(relation is
the two couplings. This part is simply denoted as “Piezo.” w=0.32(0.22)q| (meV) for the LA(TA) modes with|q|
in Fig. 7. It is seen that the deformation potential coupling isscaled in units of 10 cm™*. This property will be invoked
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Wave vector (106 cm) _FIG. 9._ Calculated dephasing rates of the lowest four optically
active exciton states are shown as a function of temperature for the
same quantum disk as in Fig. 4.
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{TA 4
11 - .

3 le> may be dependent on the exciton state but the absolute mag-
10 2 nitude of § is rather small. The dephasing rate is in general
f;f ! larger for the higher-lying exciton states. But this tendency is

not monotonic as seen by the reversed order of magnitude

8+ fTA between the second and third exciton states.
21 |
19>

VI. ELEMENTARY PROCESSES OF EXCITON
(b) PURE DEPHASING

TA Now we discuss the mechanism of exciton pure dephas-
41 fas ing. Generally speaking, pure dephasing means the decay of
the dipole coherence without change in the state of the sys-
tem. Any real transition to other states leads to the popula-
ol tion decay. Thus the pure dephasing is caused by virtual
processes which start from a relevant state and through some
excursion in the intermediate states return to the same initial
0 ] . . state. These virtual processes give rise to the temporal fluc-
0 2 4 6 8 10 tuation of the phase of wave function. Previously this kind of
temporal phase fluctuation was treated by a stochastic model
of random frequency modulatihand the resulting pure
FIG. 8. Angularly averaged squared matrix elements of thedephas.ing.] was discussed in the context of resonant second-
exciton-phonon interaction are plotted as a function of the phonoitfy €MISSION. . .
wave vector for(a) the LA phonons andb) the TA phonons. The Here we treat these processes microscopically. There are
horizontal (vertica) axis is scaled by Tocm ! [(ueV)?]. The  two kinds of such virtual processes which contribute to the
employed GaAs quantum disk is the same as in Fig. 4. The loweg?ure dephasing. The first kind of process is induced by the
four exciton states are numbered consecutively including the darRff-diagonal exciton-phonon interaction. These processes
exciton states. start from the exciton ground state, pass through excited ex-
citon states, and return to the exciton ground state. The sec-
later in discussing the correlation between the temperaturend kind of process is induced by the diagonal exciton-
dependence of the exciton dephasing rate and the strength pfionon interaction and the relevant state remains always
the quantum confinement. within the exciton ground state. These processes are shown
We have also calculated the dephasing rate of the exciteschematically in the inset of Fig. 10. The contribution to the
exciton states. The results are shown in Fig. 9 for the lowegpure dephasing from the second kind of process can be
four optically active exciton states. In the calculation for thesingled out theoretically by carrying out the calculation
excited exciton states, the value®in Eq.(2.19 is assumed which includes only the exciton ground state. That contribu-
to be the same as for the exciton ground state because thien is denoted by “Intra-exciton ground state” in Fig. 10.
relevant relaxation processes mentioned above (Ed.9 The remaining part, denoted as “Excited exciton states,”

Squared matrix element ( /JeV2) .
[=2]

Wave vector (108 cm™1)
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four optically active exciton states are plotted as a function of tem-

FIG. 10. Calculated dephasing rates of the exciton ground Statgerature for the same quantum disk as in Fig. 4.

are shown with experimental datRef. 10 as a function of tem-
perature for the same quantum disk as in Fig. 4. The pure dephasing _

. . . . . . Pi - 2 Wi' y
rate is decomposed into the contribution from the diagonal exciton- 17 !
phonon interaction denoted as “Intra-exciton ground state” and
that from the off-diagonal interaction and the interference term dewherew;; is the transition rate from the exciton stat® the
noted as “Excited exciton states.” other exciton stat¢ HereP;’s are calculated for the lowest

four optically active exciton states and are plotted in Fig. 11
comes from the first kind of process and the interferencé&s a function of temperature. The same quantum disk model
between the two kinds of processes. It is seen that the intrés in Fig. 4 is employed and the same 13 exciton levels are
exciton ground statédiagona) process contributes substan- included in the calculation. Since the energy difference be-
tially to the pure dephasing but the contribution from thetween exciton levels is less than several meV, it is sufficient
off-diagonal process is not negligible. This feature can bdo take into account only the one-phonon processes. For the
understood from Figs.(8) and 8§b) since the squared matrix €xciton ground state, the transition rate is about seyees.
element within the exciton ground state, denotedfBy is ~ For the excited exciton states, the transition rates are about
much larger than other squared matrix elements. As a resuf@ne order of magnitude larger than that of the exciton ground
the intra-exciton ground state process contributes signifistate. In general, the higher-lying exciton states have a larger
cantly to the pure dephasing. population decay rate. But this trend is not monotonic as
seen by the reversed order of magnitude between the second
and third exciton states.

It is interesting to note that the linear temperature depen-
dence is clearly seen. This indicates that the energy of the
The possible mechanisms of the population decay will bg€levant acoustic phonons is rather small as shown in Figs.
discussed. Experimentally, two decay time constants wer8(@ and 8b) and the high-temperature approximation holds
observed? The slow time constant~200 ps) is almost as
independent of temperature, suggesting the radiative decay
as its mechanism. In fact, the calculated radiative lifetime of 1 kgT
the exciton ground state is around 200 ps as shown in Fig. 4. eﬁ,w/kT_l% ho (7.2
On the other hand, the fast time constant30 ps) is
weakly dependent on temperature. The likely mechanism¥his is the origin of the linear temperature dependence.
are the thermal activation to excited exciton states and the
phonon-assisted migration to neighboring islands. In this
section we present a detailed calculation of these relaxation ) . ] ]
rates and examine the significance of these mechanisms. ~ The excitons localized at island structures can migrate
among them accompanying phonon absorption or emission
to compensate for the energy mismatch. Since the energy
mismatch is typically about a few meV, the acoustic phonons
The phonon-assisted transition rate to other exciton statemre dominantly contributing to the exciton migration process.
is calculated as Now let us consider two island sites B, and R, and as-

(7.0

VII. MECHANISMS OF POPULATION DECAY
OF EXCITONS

B. Phonon-assisted exciton migration

A. Phonon-assisted population relaxation
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sume that the island &, is larger in _size ar_1d has a localized \jith an envelope functioff corresponding to Eq4.2), and
exciton state of lower energy than in the islandRgt Then o suffix 7 (o) denotes the Wannier function index of the

we consider the phonon-assisted exciton migration from th%onduction(valence} band, e.g., the total angular momen-
site R, to the siteR,, namely, a transition of tum. The first term in Eq(7.3) represents the electron-hole
exchange interaction and the second term corresponds to the
|Ra;iNg)—|Rs;Ng+1), Coulomb interaction. Because of the localized nature of the

- . . Wannier functions, we can approximate as
where n, indicates the occupation number of an acoustic-

phonon mode with wave vect(ir As discussed previousfy,
there are three elementary processes of this transition, V(ctrg,vo'r|;vary,cr'r])
Hep e?
(|)|Ra;nq>—>|Rb;nq+ 1>, ~5reré5rhrr’]5wr 50—0-’ €|re_rh| ’
Hep Hss
(iD)[RaiNg) = [Ra;ng+1)—[Rying + 1), V(crre,va'rlicr'rl vory)
Hss Hep
— ! . ’
(i )|Ra;nq)—>|Rb;nq>—>|Rb;nq+ l>, "’5rerh5rérr’] 5reréV(CTrevVU le;CT'Ie,VOT,)

whereHg, (Hso represents the exciton-phonon interaction

Vnere. ->eht : . ) . [1-3n'n].
(intersite transferHamiltonian. The first process is a direct

process through the overlap between exciton wave functions HA= 0 Dtrens Ire—rl® Fvorer|: (7:9

at two island sites which is strongly dependent on the dis-

tance between two islands. Thus this process contributes.

only for the case of a short distance. On the other hand, th&ith

second and third processes are indirect ones which can con-

tribute to the exciton transfer even for the case of long dis- - o

tance. Fo feTle (7.6
The intersite transfer HamiltoniaH ¢ is caused by the Ire—rl|’ '

electron-electron interaction and is calculated as

J(Ra,Ry) = (Ra[HsdRy) fioro= f Pr ¢* (D —R)bror(r), (1.7

— * . ! ! .
_r% 2 FervolTesThiRa)Fer vor(FesThiRb) where g, ,,0r(r) is @ Wannier function localized at the site
¢ e R. Hereafter the vector symbols will be dropped because
there is no fear of confusion. The Coulomb term decreases

X[V(ctre,vo'ry;cT'rg,vary) rapidly when|R,— R,,| exceeds the lateral size of the exciton
wave function. On the other hand, the exchange term con-
—V(ctre,vo'ry;vory,,cr'ry)], (7.3 tains the dipole-dipole interaction and has a long-range char-
acter decreasing aR,—R,| 3. Thus the exchange term
where the localized exciton at the sRe is described as contributes dominantly to the intersite exciton transfer when

|R,— Ry is larger than the lateral size of the confining po-

IR)= 2 Fervo(ferniRal, a,,,|0) (7.4  tential
Yogeny YE e The exciton transfer probability is calculated as

(Rp;Ng+ 1/HsdRa;ng+ 1)(Raing+1[HZ|Ra:Ng)

_ ag
ﬁwq

2w o
W(Rs—Ry)= 7= 2 |(Rying+ L|HZ|Raing) +

<Rb;nq+1|ng|Rb;nQ><Rb;nq|Hss|Ra;nq>‘2 .
i Ex(Ra)— Ex(Ryp) | 0(Ex(Ra) —Ex(Rp) ~fiwg), (7.9

whereEx(R;) is the energy of a localized exciton at the dRkeand the summation concerning the acoustic-phonon neode
is taken over the LA, TAL, and TA2 modes in E&.3.

In the exchange matrix element in E.5), the first(secondl term is usually called the shortlong-) range part of the
exchange interaction. The contribution from the long-range part can be rewritten into a more tractable’form as
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[1-3n-'n]
;13 Mvo'cr
3 ,
|re_ré|
Myo' cr'! i
, FCT’,VU’(ré’réﬂRb)
|re_re|
Myveo’ cr! i
P FCT',V(r'(ré'r(:"Rb) ' (79)
|re_re|

where the integration with respectitp is carried out over the whole space, excluding a small sphere around the poartd
this is indicated by a primed integral symbol. Then making use of a relation for an arbitrary vectdﬁ@'rel;d

Q(r') 4w

f d3r’ graddiv,—— =—Q(
_r’| 3

r

we can rewrite Eq(7.9) as

3 4
-|d rchq-,vg(re’re;Ra)Mcr,va

where in the second term within the parentheses the integration can be performed over the whole space because the singularity

?:"‘vo',cr' FCT’,va'(re TeiRp)+ gradedier_[ d*r

’ s r’
)+ gradv | d3r'|Q( )l’ (.10
r—r’
,Iu’ o’,cr’ o
e - C, FCT/,V(T'(revre;Rb) ’
|re—re|
(711

of [re—rl| =1 is integrable. By a partial integration, we have the expression of the long-range exchange term as

47 3 %
_?(MCT,VO'./‘LVO",CT’) dr F

[ VIR, 0.0 Rad e T

The short-range exchange term is simply written as

V(ctrg,vo'rg;ct'rg,vorg)
0 0 0 0

Xf d3r F:T,Vv(rvr;Ra)FCT’,va"(rrr;Rb) (713)
and the Coulomb term is calculated by
e?
_ 3 3, £* Dy -
fd ref d thCT,V(r(relrh’Ra)€|re_rh|
XFCT,V(T(rE’rh;Rb)' (714)

Combining three term7.12, (7.13), and (7.14), we can
estimate the exciton transfer matrix element in EgJ).

crvolN R Fer yor (115 Rp)

f d3r ,MVO",CT'

Fervor(P',r";Rp) |
[r=r|

(7.12

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

In order to see the typical behavior of the exciton migra-
tion rate, we employ two quantum disk islands characterized
by L,=3 nm and the lateral size parameters @f,h)
=(20 nm,15 nm) and30 nm,20 nm and consider the mi-
gration between two exciton ground states whose energy dif-
ference is 0.68 meV. The exciton migration rate depends on
the distance between two islands, the geometrical configura-
tion of two islands, and on the direction of exciton polariza-
tions. In Figs. 12a) and 12b), the migration rate is plotted
as a function of the center-to-center distance between two
islands. In Fig. 1&a), two islands are aligned such that the
longer axes of two ellipses are coincident with each other. In

It is to be noted that when the Coulomb term and/or theth|s configuration, the migration rate is larger for the exciton

exchange term are of comparable magnitude to the ener

difference between localized exciton stateRaandR,,, the

eigenstates should be mixed states of two localized exciton
and a simple picture of exciton transfer between two site

cannot be applied. Thus we have to check the inequality

[9(RaRy)[<|Ex(Ra) — Ex(Ry)|

larization along the longer axis than for the exciton polar-
ation along the shorter axis because of the larger interac-
tgon through the surface charges. In Fig.(l)2 two islands
re aligned such that the shorter axes of two ellipses are
coincident with each other. In this configuration, the migra-

tion rate is larger for the exciton polarization along the

shorter axis than for the exciton polarization along the longer
axis. The absolute magnitude of the exciton migration rate is

before we apply the exciton transfer model. We can checlabout several tens qfeV.

numerically that the matrix elemepl(R,,Ry)| is typically

We have also estimated the migration rate between the

about several tens gheV except for a very close pair of exciton ground state and the excited exciton states. The re-

islands, whereakEx(R,) —Ex(Rp)| is about a few meV for

sults are shown in Fig. 13 for the transition from the exciton
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FIG. 13. Phonon-assisted migration rate from the exciton
(a,b)= (20,15)nm ground state in a quantum disk ai,p)=(20 nm, 15 nm) to the
second lowest optically active exciton state in a quantum disk of
(a,b)=(30 nm, 20 nm) is plotted as a function of the center-to-
center distance between two quantum disks at temperatures of 10,
(30,20)nm 30, and 50 K. The configuration of two disks is the same as in Fig.
12(a).
70
' ground state of an island witha(b)=(20 nm,15 nm) to
60+ 4 —— x-x polariz. the second optically active exciton state in an island with
50K\ _ -~ y-y polariz. (a,b)=(30 nm,20 nm). The configuration of two islands is
50 \ the same as in Fig. 18. This migration process is associ-
—_ ated with phonon absorption<2.11 meV) in contrast to
% (b) the case in Fig. 12. As a result, the migration rate is several
= 40¢ tens times smaller than in Fig. (. In addition, the distance
% 30K dependence is not monotonic. This feature arises from the
c 30[ interference among three terms in £@.8) and may be sen-
2 sitively dependent on the spatial profile of the exciton wave
g function.
S 20 At present, the distance between neighboring islands can-
i 10K not be determined precisely. But from the consideration on
10 [ the order of magnitude, we can identify the likely mecha-
nism of the population decay of the exciton ground state as
N the combination of thermal activation to the excited exciton
35 65 75 states within an island and phonon-assisted exciton migration
Distance (nm) to neighboring islands.

FIG. 12. Phonon-assisted migration rate from the exciton VIIl. CORRELATION BETWEEN TEMPERATURE
ground state in a quantum disk ai,p)=(20 nm, 15 nm) to the DEPENDENCE OF EXCITON DEPHASING RATE AND

exciton ground state in a quantum disk ofa,lf) STRENGTH OF QUANTUM CONFINEMENT
=(30 nm,20 nm) is plotted as a function of the center-to-center

distance between two quantum disks at temperatures of 10, 30, and W€ have so far discussed the dephasing rate of excitons in
50 K. In (a) [(b)], two disks are aligned such that the longer GaAS QD-like islands. It is important to note that the tem-
(shortey axes of the two ellipses are coincident with each other andP€rature dependence of exciton dephasing rates can differ
the distance is measured along the longeortey axis. The exciton ~ qualitatively for semiconductors with strong and weak quan-
polarization in two disks is aligned along theor y direction and ~ tum confinement. For quantum dots belonging to the strong
this is indicated byx—x or y—y polariz., wherex(y) denotes the confinement regime, such as II-VI nanocrystals, a linear tem-
direction of the longe(shortej axis of the ellipse. perature dependence was observed up to 200 Recent
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more careful measurements show also the linear temperaturesponding to the maximum coupling with excitons is esti-
dependence, although the measured temperature range nmted as about 3—4 meV. Also the energy separation among
limited below 30 K?° On the other hand, for CuCl nanocrys- exciton levels is several meV. Thus the linear temperature
tals belonging to the weak confinement regime since the exdependence is not manifest and the nonlinear temperature
citon Bohr radius is rather small, a temperature dependenadependence becomes prominent above 50 K.
similar to that in Fig. 7 was observédi?® although strongly Thus we see that the temperature dependence of the exci-
nonlinear temperature dependence occurs above a hightm dephasing rate is sensitively dependent on the exciton
temperature than in Fig. 7. These different temperature ddevel structures, which reflect the strength of quantum con-
pendencies can be explained by the present theory if we takinement, and on the energy of phonons, which couple
into account the different exciton level structures involved.strongly with excitons. We can summarize as follows. In the
For GaAs islands with lateral size about 40 nm the energgtrong confinement regime, the diagonal virtual processes
separation among the lowest exciton levels is about a fewdominate the pure dephasing in which the relevant state re-
meV, and for CuCl nanocrystals with 4-nm radius the energymains always within the exciton ground state and the
separation is typically several meV. On the other hand, inejectron-phonon interactions associated with small energy
CdSe nanocrystals with radii smaller than 2 nm, the relevanfqystic phonons are mainly contributing to the pure dephas-
energy spacing is determined by the andB-exciton split-  jng. Thus the high-temperature approximation holds for the
ting (~26 meV) instead of the intersublevel energy of thephonon occupation number, leading to the linear temperature
A-exciton series which is much larger. dependence of the dephasing rate up to the temperature cor-
The key feature in considering the temperature depenresponding to the energy spacing between the ground and
dence of the exciton dephasing is the interplay among virtuafiyst excited exciton states. On the other hand, in the weak
processes within the exciton ground state, those which paggnfinement regime, the exciton levels are rather densely dis-
through excited exciton states and real transitions to exciteglipyted and the off-diagonal virtual processes contribute
exciton states. Another important feature is the phonon-modgubstamia”y to the pure dephasing in which the virtual tran-
spectra. In this paper, we have been dealing with the corsjtion to excited exciton states occurs effectively when the
tinuous spectra of acoustic phonons which is justified bethermal energyksT approaches the relevant energy-level
cause of the small difference in the elastic properties beseparation. In this case, acoustic phonons having the thermal
tween the QW material and the barrier material. Thegnergy contribute significantly to the exciton dephasing. As a
situation is slightly different in the case of CuCl and CdSeregyt, the linear temperature dependence is not manifest and

nanocrysta[s. They are embedded in materials with much difithe nonlinear temperature dependence appears dominantly.
ferent elastic properties. Here the acoustic phonons are af-

fected by the elastic confineméht®but are intrinsically de-
localized into the surrounding medium. As a result, the mode
spectra of acoustic phonons have a continuous background in
addition to discrete peaks corresponding to size-quantized We have formulated a theory of exciton dephasing in
modes®® Furthermore, as discussed in Sec. V, it is importanisemiconductor quantum dots extending the Huang-Rhys
to note that the wave vector of phonons which couple mostheory of F centers to include the mixing among the exciton
strongly with excitons is roughly given by maxé}/,1/L), state manifold through the exciton-phonon interaction and
wherelL is the typical size of nanocrystals. we identified the mechanisms of pure dephasing. We have

In the case of small CdSe nanocrystals, the energy sepaeproduced quantitatively the magnitude as well as the tem-
ration between the exciton ground state and the first excitegerature dependence of the exciton dephasing rate observed
exciton state is about 20 meV and the acoustic-phonon enn GaAs QD-like islands. In this system, it has been found
ergy corresponding to the maximum coupling with excitonsthat both the diagonal and off-diagonal exciton-phonon inter-
is about 1 meV. Thus only the virtual processes within theactions are contributing to the exciton pure dephasing on the
exciton ground state contribute to the exciton dephasing upame order of magnitude. Examining the previous data of the
to around 200 K. Then the high-temperature approximatiorexciton dephasing rate in GaAs islands, CuCl and CdSe
in Eq. (7.2 holds, leading to the linear temperature depen-nanocrystals, we have pointed out the correlation between
dence of the dephasing rate. Above 200 K, the multi-the temperature dependence of the dephasing rate and the
acoustic-phonon and LO-phonon assisted activation to thstrength of the quantum confinement and explained gross
excited exciton states becomes possible, yielding the nonlirfeatures of the temperature dependence in various materials
ear temperature dependence of the dephasing rate. qguantum dots. Furthermore, we have discussed likely mecha-

In the case of GaAs islands, the energy of phonons whicimisms of the exciton population decay.
couple strongly with excitons is less than 1 meV. Thus at Very recently, a detailed study of the exciton dephasing
low temperatures<£10 K), the virtual processes within the rate in CuCl nanocrystals was carried out down to much
exciton ground state contribute dominantly to the excitonlower temperatures and an unusual temperature dependence
dephasing. At elevated temperatures30 K), the virtual ~ was reported! A two-level system(TLS) with a very small
processes via excited exciton states begin to contribute to thenergy splitting was proposed as a possible mechanism of
exciton dephasing, because the energy separation betwetms unusual temperature dependence. At very low tempera-
the ground and first excited exciton states is a few meVtures, the acoustic phonons are frozen out and the only re-
Thus the range of the linear temperature dependence is ratheraining degrees of freedom may be a TLS which acts as an
narrow and the nonlinear temperature dependence prevailsagent of the exciton dephasifgThe two-level system is

In the case of CuCl nanocrystals, the phonon energy coreonsidered as some local modification of atomic configura-

IX. SUMMARY AND DISCUSSION
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tion but more details are yet to be clarified. At further lower ACKNOWLEDGMENT

temperatures, all the degrees of freedom are frozen out and
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