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Theory of exciton doublet structures and polarization relaxation in single quantum dots
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The mechanism of exciton doublet structures in quantum dots is identified as the long-range part of the
electron-hole exchange interaction which is emphasized by the anisotropic shape of quantum dots. The physi-
cal origin of the energetic order of the orthogonally polarized exciton states of each doublet is clarified by
inspecting the spatial distribution of the exciton polarization. The key concepts to understand the energetic
order are the node configuration of the distribution function of exciton polarization and the dipole-dipole
interaction energy originating from the long-range electron-hole exchange interaction. The population relax-
ation and the polarization relaxation of excitons are studied and the extremely slow polarization relaxation
within exciton doublet states is predicted. It is also found that the inter-doublet cross-relaxation between
orthogonally polarized exciton states occurs as efficiently as the population relaxation.

[. INTRODUCTION splittings arise from the electron-hole exchange interaction,
especially its long-range part which is sensitively dependent
The spatial confinement of electrons and holes along albn the geometrical shape of quantum dots. Recently the im-
three dimensions leads to a discrete energy level structunggortant role of the electron-hole exchange interaction in the
with sharp optical absorption lines. In this sense a semiconexciton fine structures has been discussed for 111-V and 1I-VI
ductor quantum dotQD) can be regarded as an artificial semiconductor quantum ddts’ A theory of the exciton fine
solid-state atom. The concentration of the oscillator strengtistructure in quantum dots was presented taking into account
to sharp exciton transitions makes QD’s very attractive foronly the heavy-hole banf.But actually the heavy-hole band
electro-optic and nonlinear optical applications. To be moreand the light-hole band are mixed together. In this simple
specific, QD’s are considered as promising elements fotheory the doublet lines have the same oscillator strength and
implementing the coherent control of the quantum state,the experimental details cannot be explained, e.g., the asym-
which is an essential function to achieve quantum informametric shape of the excited exciton doublets.

tion processing and quantum computatfolihe excitonic Thus the primary purposes of this paper are to develop a

wave function has been manipulated by controlling the Opti_microspopic theory of the electron-hole ex_change int.eract.ion
n semiconductor quantum dots and to clarify the exciton fine

cal phase of the pulse sequence through timing and polariza?

tion and the wave-function engineering in semiconductorStrr(;JCrturfetshIn d?tﬁ!' 33 tgletretlattlon ?13t\tl\r/1€er? t(?e emef{geflc
QD’s is now being developelin this wave-function ma- order ol the pofarized goublet states a € hode contigura

nipulation. important features are the sharp spectral lines int_ion of the distribution function of the exciton polarization.
P » IMp PSP At the same time, the exciton dynamics or the exciton

dicating a long coherence time and well-defined pOIarizatiorbephasing is the key issue in estimating the feasibility of the

characteristics. In th's. paper we discuss the orgn of .thequantum coherent control in general. The exciton dephasing
recently observed exciton doublet structures, their polarlza]r

. o ; L n quantum dots was discussed by the present atltfior
tion characteristics and the dynamics of polarization relax'conjunction with the linewidth of the very sharp PL lines
ation among these_excnon states. . ___Recently Bonadeet al'? carried out the pump-probe spec-

Recen;ly, very fine structures were observed in exc'tor{roscopy on a GaAs single quantum dot and estimated the
photc?lugjgnescence (PL). from GaAs  quantum wells Cpopulation relaxation rates among individual exciton levels.
(QW's). _These sharp Imeg are interpreted as luminescen Klso Gotohet al 13 reported the exciton spin relaxation time
from localized excitons at island structures in QW. Thes

) . . 8n an InGaAs quantum dot. These dynamical studies are im-
island structures can be regarded as zero-dimensional qu

! . . aﬁ'(')rtant to clarify the relaxation mechanisms in quantum dots
tm dots(QD's). Furthermore, in the photoluminescence ex- nd to estimate the ultimate limit of the exciton coherence

lqtatlon slpe_ctr?, doublet S(;T“Ct“fes (\th_thl(th_uallty orthfolgona ime. Here we discuss in detail the population relaxation and
Inéar polarizations were discovered. The direction of fineary, polarization relaxation among the exciton doublet struc-

polarization is closely related to the geometrical shape of th ures and investigate the efficiency of cross-relaxation be-

QW islands. As observed by the scanning tunnellngtween the orthogonally polarized exciton states. A part of

microscopy; QW islands are elongated along t10] di-  these results was preliminarily reported in Ref. 14.

rection. Correspondingly, the exciton states are polarized This paper is organized as follows. In Sec. II, the
along the[110] or [110] direction. The splitting energy of electron-hole exchange interaction in quantum dots is ana-
each doublet states is about several tens of micro eV and Igzed extensively with emphasis on its long-range part and
of the same order of magnitude as the exciton LTthe method of calculation is presented. In Sec. Ill, the calcu-
(longitudinal-transverge splitting energy in bulk GaAs. lated exciton doublet structures are discussed concerning
From these experimental results, we can deduce that thesieeir dependence on the size, shape, and depth of the con-
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finement potential. In Sec. 1V, the physical origin of the en-wheree., ., (€,,/ ,,) IS the band energy of the conduction
ergetic order of the orthogonally polarized exciton states ofvalence band electrony .(vy,) is the confinement potential
each doublet is clarified by inspecting the spatial distributiorfor the conductior(valence band electron an¥(i,j;k,l) is

of the exciton polarization. In Sec. V, the population and thethe Coulomb or exchange matrix element defined by
polarization relaxation processes among exciton doublet

structures are discussed and it is discovered that the cross- o 3 3, .
relaxation between the orthogonally polarized exciton states V('-J?k’l):f d rf dr’ i (N ey (r')

occurs as efficiently as the population relaxation without the

change of the polarization directidf.In order to see the e? ,

efficient polarization relaxation more clearly, we examine in Xm(ﬁk(f )i(r) (2.4

Sec. VI the photoluminescence spectra under selective exci-

tation and the excitation spectra of photoluminescence. Fiy, terms of the Wannier functionse;} and the dielectric
nally, our results and predictions are summarized in Sec. Vlloonstante €c. o is Simply approximated as
* 7,CT

2

— 2
Il. ELECTRON-HOLE EXCHANGE INTERACTION €oror (K)= 2mek Ot (2.5

IN QUANTUM DOTS

) ) with the effective massn, and ¢, ,,(K) is the Luttinger
We formulate a theory of excitons in a quantum dot tak-\5miltonian given by ‘

ing into account the multiband structure of the valence band
and the electron-hole exchange interaction. For the valence 72 5 \K2
band, we take into account four states belonging toltpe - W[( Y1+ 572>?_ Yo KZIZ+ K3+ K22
symmetry (=3/2) and employ the full Luttinger 0

Hamiltoniart® without making the spherical approximation.
We neglect the spin-orbit-split=1/2 valence band because
the splitting energy between thle=3/2 and theJ=1/2 va-
lence bands is much larger than the typical energy level spac- _

ings to be discussed in this paper. Then we denote two con- ygkxky(JnyﬂLJny)} 2.6
duction band Bloch functions b 7) wherer indicates the )

spin-up) or the spin-downg) state and similarly four va- N terms of the Luttinger parametets, y, and y3, the free
lence band Bloch functions by o) where stands for the ~€lectron massm, and the angular momentum operators
z-component of the angular momentut®/2, 1/2, —1/2, Jx, Jy, andJ, for J=3/2. Recently, the significance of the

—3/2). Thus the exciton state is composed of 8 combination®Perator ordering in the Luttinger Hamiltonian was pointed
of the conduction band and the valence band’ name'y out In ConJUnCt|On with the interface-induced eﬁe&SThe

exciton energy level structure on the order of a few meV
may be affected by the operator ordering but be influenced
X)=2 2 fro(re.rn)aly ar,|0), (2.1  more importantly by the actual morphology of the islandlike
T0 Teilp e oh guantum dot in a quantum well. However, the main issue of
this paper is the doublet splitting of each exciton level due to
where the Wannier function representation of the annihilathe electron-hole exchange interaction which is of the order
tion and creation operators is used ang is the envelope of tens of micro eV and is much smaller than the exciton
function. The eigenvalue equation fby, is given as level spacing. Thus the operator ordering in the Luttinger
Hamiltonian is not relevant and will not be taken into ac-
count in this paper. The Coulomb matrix element can be
E H(crre,varyicr'ri,va'ti)f g (rg,rh) approximated due to the localized nature of the Wannier
To'rir, functions as

=E fr(r(revrh) (22)

- 73kykz(‘Jy‘Jz+ ‘]z‘]y) — ¥3K Ky (I dx+3xJy)

V(ctrg,vo'r|;vary,cr'r])

with e?

mﬁreréﬁrhr{]5”150_grm. 2.7
H(ctre,vory;cr'ri,va'r)) )
The exchange term can also be approximated as

= 50’0”5rhrr/_l(ECT,CT’(_iVe)+ 677”ve(re)) V(CTre,U(T’rI; ;CT’ré ,U(Trh)
= 05710t (€457 0o(IVh) + 8ggrvn(Tn)) ~ 01,0111 [ 8 1 V(CTI o0 0 T CT T, 00T e)
+V(ctre,vo'r;cr'rivary) +(1— 5re,‘;)V(CTre,va’r;3 ;cT'rivare)].

=V(crre,vo'r|vary,cr'r)), (2.3 (2.9
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The first (secondl term in the parentheses is usually called 33
the short-rangélong-range exchange term. The long-range 55 =lv1)=Yna,
term can be decomposed into the multipole expansion and
the lowest-order term is retained as
31 2 1
55 =lvy)= §Yloa+ §Yllﬂa
L, . [1-3n'n].
V(crrg,vo'rg;cr re,UUre)NMCT’UUW,U,UUr’CTr 3 1) N >
2.9 22/~ Ivd= VaYisat V3Yub
with 3 3
575 =lvg)=Y1 18, (2.14
I O
n=—20 (210  wherea(B) denotes the Upown) spin state. Then we can

’ ’
[re—rel identify the nonzero matrix elements of the short-range ex-

change interaction at the same giteas
- N .
ILLCT,UU':f d3r ¢CTR(r)(r_R)¢UUR(r)’ (21];' V(Ca’ro,vlro;caro,Ulro):V(C,Bro,l)4r0;Cﬁr0,U4ro)
where ¢, »r(r) is @ Wannier function localized at the site = Ei,
R. Hereafter the vector symbols will be dropped because of
no fear of confusion. Thus the long-range exchange term is
described as the dipole-dipole interaction between the exci-
ton transition dipole moments. In the calculation of the ma- 2 o
trix elements of this long-range exchange term, the singular - §EX*
nature in Eqg.(2.9 can be avoided by a mathematical
artificel”* As a result, we have

V(carg,valg;Carg,valg) =V(CBIro,valg;CBro,U3lg)

V(Ca’ro,U3ro;Caro,Ugro):V(Cﬂro,vzro;cﬁro,vzro)

[1-3n-'n] 1

=—E§,

E f:(r(rElre)fT/(r/(ré1ré)MCT,U0' r,|3 Myo' cr! 3
e

! ||" —
re# g e

47T V(Caro,v2r0;Cﬁro,vlro)=V(Cﬂr0,vll’0;0aro,vzl‘0)

- ?(#’CT,UU'/‘LUU’,CT’) \/I
=\/=—ES
3%

xfd*"r f* (r,r)f g (r,r)

V(carg,v3lg;CBrg,valo) =V(CBro,valg;carg,vslo)

. 2
# [ a0 0 ) Zg,
vo! crf V(Carg,v4lo;CPro,valg) =V(CPBro,valg;Carg,v4lo)
« div, jd3r’ Myo’ ¢ o), (2.12 (Carg,v4l;CBro,v3lo) =V(CBIrg,vsl;Carg,valo

[r—r’| 1 g
= \/3EX (2.15

It can be shown that this long-range exchange term vanishes

for the s-like envelope function$’ Thus the admixture of the \ith

higher angular-momentum states is necessary to have a finite

magnitude of the long-range exchange energy, which would s

be induced by the anisotropic shape of quantum dots or by Ex=

the strained environment around the quantum o@n the

other hand, the matrix element of the short-range exchange ro

term is simply given as Xr—zcﬁs(f')cﬁp(f), (2.19
>

2
T [ar e[ a2 inaye

wherer _=min(r,r’), r-=max(,r') and ¢¢(¢,) denotes
the radial part of thes(p)-like Wannier function at a site.
(2.13 As mentioned before, the exciton is a linear combination
state with respect to the electron-hole pair indexin Eq.
Now we proceed to a more detailed calculation of thesd2.1), namely av,av,,avs,av4,Bv1,Bv2,Bv3, and Bu,
matrix elements. The angular momentum and spin parts dfv,~v, are defined in Eq2.14)]. The short-range exchange
the J=3/2 valence-band Bloch functions can be written as term in this 8<8 matrix representation is given as

V(cTrO,va’rO;cT’rO,varo)fd3r f5(r,r)f g (r,r).
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lowy) lowa) Jows) |owa) |Bur) |Bva) |Bus) |Bva)
1 0 0 0 0 i 0 0
2
0 2 0 0 0 3 0
1
0 0 f 0 0 0 0 i
g | 0 0 0 0 0 0 0 0 -E%,
0 0 0 0 0 0 0 0
1 1
Ji o 0o 0o 0o 1 0o o0
2
o 2 o0 o0 o0 0 % 0
0 0 1o o o o0 1 (.17
|
where the first line in the matrix is inserted to indicate the ) R -1 —j
Bloch function bases and each matrix element is a block (cg|r|v,)=(0,0,0), (c,8|r|u2)=(—,—,0 W,
matrix having the dimension of the number of the envelope \/§ J§

function bases.

The matrix elements of the interband transition in Eg. S 2
(2.11) which appear in the long-range exchange term ardCAIr|va) = O*O'ﬁ M
given as

(cB|flvgy=(1,—1,00n (218

with

2 0
s M:\/?Wfo dr rgg(r) r ¢u(r), (2.19

where ¢ and ¢, have the same meaning as in E2.16.
“, <Ca|F|v4>=(O,O,O), The_n the factor,(LCT'_W-Mm/,CT/) ir_1 Eq. (2.12 can be writ-
ten in the 88 matrix representation as

(calrvy)=(~1,-1,00u, (calrlvy)= ( 0,0,3

V3

<ca|r*|v3>=(%,%,o

levy) |avz) |avs) |evs) |Bvi) |Buvy) |Bus) [Bus)

1 0 0 0 0 \/—T- 0 0
3
2 2
0 = 0 0 0 0 = 0
3 3
1 1
0 0 = 0 0 0 0 -
3 3
(Berpo Bootcr)= 0 0 0 0 0 0 0 0 2u
0 0 0 0 0 0 0 0 (2.20
1 1
\/: 0 0 0 0 = 0 0
3 3
2 2
0 = 0 0 0 0 - 0
3 3
1
0 0 \/; 0 0 0 0 1

As can be guessed from E@.18, the second term of the long-range exchange energy ifZEtR has a form given by
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lavi) |avs) |avs) |ave) |Bvr) [Bua) |Bus) |Bus)
* * * 0 0 * * *
* * * 0 0 * * *
* * * 0 0 * * *
HLR,(,Z) _ 0 0 0 0 0 0 0 0 )
0 0 0 0 0 0 0 0
* * * 0 0 * * *
* * * 0 0 * * *
* * * 0 0 * * * (2.21
|
where * indicates a nonzero block matrix whose dimension 2 .
is given by the number of the envelope function bases. Simi- ¢o(2)= L—cos( L—)
lar matrix representations of the exciton exchange interaction z z
in QW’s were discussed by Maialkt al®
Here we consider localized excitons at quantum-dot-like 2 217
islands in QW structures which are formed by the lateral 01(2)= \/: sin( ) (2.29
fluctuations of the QW thickness. In these islandlike struc- L. L,

tures, the confinement in the direction of the crystal growth
is strong, whereas the confinement in the lateral direction isvhereC(l.,l},,m.,m;) is the expansion coefficient,, the
rather weak. Furthermore, the island structures were found tQW thickness, the factor 1/2 in the exponent is attached to
be elongated along thel 10] direction® Thus these island make the probability distributioff(r,r,)|? to follow the
structures can be modeled by an anisotropic quantum disk. lfunctional form of the confining potential and, and «,
order to facilitate the calculation, the lateral confinement poindicate the degree of the electron-hole correlation and are
tential in thex andy directions is assumed to be Gaussian agletermined variationally. Concerning the envelope function
in the z-direction, the lowest two functions are taken into
x\2 [y\? account for the hole to guarantee sufficient accuracy. The
Z _(_) } (2.22  electron-hole relative motion within the exciton state is not
a b much different from that in the bulk because the lateral con-
finement is rather weak. As a result, the parametgrand
where the lateral size parametexsand b can be fixed in  «, are weakly dependent on the lateral size. Because of the
principle from the measurement of morphology by, e.g.nversion symmetry of the confining potential, the parity is a
STM but the actual size would be different from the morpho-good quantum number and the wavefunction can be classi-
logical size because of the presence of the surface depletidied in terms of the combination of parities g™ 'n, ymMe™ ™
layer and so on. Thus the parametersind b are left as and ¢, or ¢;. In actual calculations, terms up to the sixth
adjustable parameters. The exciton envelope function in sugbower are included, namely, <0l .+1,,, m,+m,<6 to en-
an anisotropic quantum disk can be approximated as sure the convergence of the calculation. The potential depth
for the lateral motion of the electron and the hole can be
guessed from the splitting energies of the exciton states due

Ue(h)(r)zvg(h) EXF{ -

f(re.fp)= 2> C(le,ly,me,mp) to the monolayer fluctuation of the QW thickness. The value
le:lh Mg .My of |[v2—v}p| is typically about 10 meV for the nominal QW
AL ALTALTIALY 1([x,\2 thickness about 3 nthOf course, even ibg—vy is fixed,
al \a F) (F) -ex;{ - §| a each value 062 andv{ cannot be determined uniquely. Here
we employv)=—6 meV andvp=3 meV in most parts of
xp\ 2 (Yel? [Yn\2 ) this paper, referring to the experimental results on the exci-
ey i E) + H) ]_“X(Xe_ Xn) ton energy spectra and assuming|:|vp|=2:1, but we will

later examine several cases of the potential depth.
It is important to examine the size-dependence of the ex-

_ _ 2
@y(Ye~ Yn) }(’DO(ZE‘)("DO(Z“) or ¢1(zy)) change energy. For that purpose, we note first of all that

(2.23
f(re,rp)<1/L3(quantum dot, 1/L%(quantum disk,
with (2.25
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whereL is the characteristic size of a quantum dot or the short range
lateral size of a quantum disk with a fixed disk height. This shortrange  jong range
exchange exchange

scaling comes simply from the normalization

d3r f dryy [f(re,rp)|?=1. 2.2 : R ¢
| o] dn ftren 228 : i
4-fold
Then the short-range exchange term in Ex13 scales as / <t1> % <*t>
2fod <E25 Y% » <t2s
11 1 )
L3_3—30<—3 (quantum d@f, <Et1>—» <x1>
L°L L - <k2s - <t2>
4-fold Pirhg
11 1 . level . . .
12 o — (quantum disk, (2.27) FIG. 1. Exciton energy level structures in an anisotropic quan-
L2 L2 L2 tum dot are shown schematically for the cases with no exchange

interaction(left column, with only the short-range exchange inter-
where the first factot.® or L? comes from the volume inte- action (middle column and with both of the short-range and the
gral. The first term of the long-range exchange energy in Eqong-range exchange interactiofright column.
(2.12 has the same size-dependence. In the second term of
the long-range exchange energy, the operator div afrd 1/ The first doublet consists of almost degenerate levels which

—r’| give rise to a factor of 1/ and the integral in Eq2.12  are mainly composed of states having the z-component of the

scales as total angular momentund, of 2 and -2, namely|ro)
=|av,) or |Bvy) in Eqg.(2.1) and is denoted as. £2> in

;111 .11 1 Fig. 1. Another doublet is mainly composed of the states

L GL L F“F (quantum dot, having theJ,-component of —1, 0 and 1 and is denoted as

(*=1). This doublet is split slightly by the short-range ex-
change term. When the long-range exchange term is added
E L2 E ioci (quantum disk (right column, the levels denoted by+2) remain almost
L L L2 3 the same because the exchange interactions are absent for the
(2.29 J,==*2 states. On the other hand, the levels denoted by
: (*+1) are affected rather strongly due to the mixing among
ghf t:e e;](change energyrlln ?uantum dots scalesi_és;]dr/ lhemselves. Namely, the doublet splitting increases and the
hOt dt 1€ s O”'ra”%e_ in ; € ﬁng-range pa;lts.hOT the othel\vest doublet is pushed down by the exchange interaction
and, in quantum disks, the short-range and the long-rangg;, excited exciton states. This level restructuring is de-
parts O; the exch%nge energy depend on the S'Ze.d'ﬁeremlkficted by solid arrows in Fig. 1. As a result, the exciton
as 1L4 and '1L , respectwe!y. Of course, this size- ground state can become an optically active state depending
dependence will hold asymptotically only in the strong con-g 1he magnitude of the long-range exchange energy.
finement regime. In general, details of the envelope function This schematic understanding can be confirmed by nu-
are sub_stgntially dependent on the size th(ough, for e)_(ampl?merical calculations in which we employ a quantum disk
the variational parameters, and ay, leading to possible ,qe| to simulate a localized exciton in a QW island. In the
deviation from the rough scaling laws estimated above. following, material parameters of GaARef. 20 are em-

It is important to note that _the_long-range part of the loyed (see Appendix for details The chosen size param-
electron-hole exchange interaction is not absent for the odds;o\s in Eq(2.23 area=20 nm,b=15 nm, and_,=3 nm.

parity exciton states. For these exciton states, The exciton level structure is shown in Fig. 2 for the case in
which only the short-range exchange energy is included. The

f d3 f(r,r)=0 (2.29 exciton ground state is optically dark and the first optically

active exciton doublet is lying about 0.3 meV above the ex-

and the oscillator strength vanishes. However, the integral§iton ground state. The splitting energy of the first optically
in Eq. (2.12 do not vanish in general. active exciton doublet is much smaller than the observed

splitting. Also for the higher-lying exciton doublets the split-
ting energy is very small{1 ueV). On the other hand,
when both the short-range and the long-range exchange
Now we discuss the schematic exciton energy level structerms are included as shown in Fig. 3, the exciton ground
tures in an anisotropic quantum disk as shown in Fig. 1. Thetate is optically active and its doublet splitting is 28V in
conduction band levels are doubly degenerate due to the spagreement with experimeritsThe optically dark exciton
degree of freedom. The valence band levels are also doubktates are mainly composed of thg= =2 components and
degenerate owing to the Kramers theorem in the absence ofis first doublet is lying about 0.8 meV above the exciton
magnetic field even when the valence band mixing is takemground state. Thus the long-range exchange term is impor-
into account. Thus each exciton state is fourfold degenerat@ant to understand the experimental results. So far we have
in the absence of the electron-hole exchange interadféfin  considered the even-parity exciton states which include both
column. When the short-range exchange term is includedhe optically active and the dark states. In addition to these,
(middle column, the quadruplet is split into two doublets. there are odd-parity exciton states, all of which are optically

Ill. EXCITON DOUBLET STRUCTURES
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Energy (meV) FIG. 4. The variation of the doublet splitting energy in a GaAs

_ elliptical quantum disk is shown for the lowest three optically active
FIG. 2. Exciton energy level structures are shown for a GaAsexciton doublets when the semimajor axis length fixed at 20 nm

elliptical quantum disk with the size parameters 20 nm,b=15  and the semiminor axis lengthis varied around 20 nm with a fixed
nm andL,(disk height}=3 nm, in which only the short-range ex- yajye ofL,=3 nm.

change term is taken into account. Tk(g)-direction of the polar-
ization is along the semimajaisemiminoj axis of the potential ) o
ellipse. For the first and the fourth doublets, the energy position an§r€@ses to zero. This demonstrates the sensitivity of the long-

the intensity are almost degenerate. The triangles indicate the ef@Nge exchange interaction to the quantum disk shape and its
ergy positions of the even-parity dark states. significance in determining the doublet splitting.

We have examined the dependence of the doublet split-
dark. They are plotted by diamonds in Fig. 3 to show theirting energy on the size of a quantum disk with a fixed aspect
energy positions. They do not contribute to the luminescenceatio a/b. The results are shown in Fig. 5 fatb=4/3. The
but would play the role as the intermediate states of relaxsize-dependence of the doublet splitting energy for the low-
ation processes as will be discussed in Sec. VI. est doublet is rather weak, suggesting that the exciton wave-

Furthermore, the importance of the long-range exchangéinction is localized in the interior of the confinement poten-
interaction can be seen in the dependence of the doubl&gl and is not strongly affected by the potential size. On the
splitting energy on the aspect ratio of the confinement potensther hand, for the higher-lying exciton doublets, the split-
tial ellipse. The variation of the doublet splitting energy is ting energy shows a dependence af"{h=1.3~1.5) as de-
shown in Fig. 4 for the lowest three optically active exciton picted by solid lines in Fig. 5. A simple argument based on
doublets when the semimajor axis lengtis fixed at 20 nm  Egs.(2.27) and(2.28) indicates the H? dependence for the
and the semiminor axis lengthis varied around 20 nm with  short-range exchange term and tha?1ér 1/a® dependence
a fixed value ofL,=3 nm. When the potential ellipse ap- for the long-range exchange term. The calculated size-
proaches a circular shape, the doublet splitting energy dedependence is deviating from these simple predictions. As

mentioned before, this deviation might be ascribed to the

25 size-dependence of details of the exciton wavefunctions.
wx-pol
20+ *y-pol 500
£ v 4-th
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8 5r ¢ ﬂ,a}) 3400-
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FIG. 3. Exciton energy level structures are shown for a GaAs Axis length a (nm)
elliptical quantum disk with the size parameters 20 nm,b=15
nm andL,(disk height=3 nm, in which both of the short-range FIG. 5. The doublet splitting energy in a GaAs elliptical quan-
and the long-range exchange terms are taken into account. Tham disk is plotted for the lowest four exciton doublets as a function
meaning of thex(y)-direction and the triangles are the same as inof the semimajor axis length with a fixed aspect ratia/b=4/3

Fig. 2. The diamonds indicate the energy positions of the odd-paritand a fixed value of ,=3 nm. The solid lines show a dependence

exciton states. of 1/a"(n=1.3~1.5).
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So far we have employed the valuesu3=—6 meV and (1’ state the positive contribution is substantial. For the
vp=3 meV for the lateral confinement potential in Eq. Staggered configuration of polarizations like in Figé)@and
(2.22. We examined, however, the dependence of the douZ(c), the positive and negative dipole-dipole interactions
blet splitting energy on the potential depth. The splitting en-argely canceled each other and the resultant contribution

ergy of the ground exciton doublet is 27eV for (v0,09)  Was rather small compared to that from Figéa)and 1d).
=(—4 meV, 2 meV, 29 ueV for (v2,v%)=(-6 meV, 3 As a consequence, thepolarized exciton state has a lower
’ 1 e ’

meV), 34 weV for (00,09 =(—9 meV, 4 meV and 46ueVv  ENET9Y than thg-polarized state. _ _
for\(/fjo USZ(_lévﬁ]g\*}) 18 meV. The tren\é of thege nU- The same argument can be extended to the higher-lying
e ’ .

: doublet states. The distribution functions of tixe and
merical results can be understood as follows. When the lat- o : P
\ : -polarization are depicted in Figs. 9, 10, and 11 for the
eral confinement is strengthened, both of the electron and the . . :
. . . second, third, and fourth exciton doublets, respectively. For
hole wavefunctions shrink spatially and the overlap betweern)

H ’
them increases, resulting in the increase of both the shorg];rgtsh gr?gialett,ot?h;e;(r(‘:go_n (l;la;/r(iazlsedars?a?: T:Sd f;?\?e? In
range and the long-range exchange interactions and the e P 9 y-p ; fesp y:

hancement of the doublet splitting energy. ]{I]fe e_xcit_ed states, the number of n_odes of the ex_cito_n wave-
unction increases and correspondingly the polarization dis-

tribution becomes more staggered and complicated. For the
IV. POLARIZATION CHARACTERISTICS second and third doublets, there are two nodes in the
OF EXCITON DOUBLETS x-direction, whereas for the fourth doublet there are two

The polarization characteristics of exciton doublets ardodes in theg-direction. These polarization distribution func-

quite interesting and reveal an important physical aspect, Ffons are schematically depicted in Figs. 12, 13, and 14. The
the lowest doublet, the lower exciton state is polarized alon¢!9n Of the dipole-dipole interaction energy deduced from

the x-direction, namely along the semimajor axis of the po- ig. 8 are also given in the figures. Then we see that for the

tential ellipse. On the other hand, the upper exciton state i€¢cond and third doublets thepolarized state(2” or 3
polarized along the-direction (the semiminor axjs How- statg is energetically lower than thepolarized stat€2 or 3

ever, for the second and third doublets the relation betweefat®- On the other hand, for the fourth doublet the energy of

the energetic order and the polarization direction is reversedn® X-polarized state(4 statg is lower than that of the

According to our calculation, the polarization direction of the Y-Polarized stat¢4’ statg. Thus the key concepts to under-

lower exciton state i, y, y, andx for the lowest four stand the energetic order of the orthogonally polarized exci-
exciton  doublets in c;)mblete agreement with theton doublet states are the node configuration of the polariza-

experimenf These features can be understood in view of thdion distribution and the dipole-dipole interaction originating

spatial distribution of exciton polarization. from the long-range exchange term. _
The transition dipole moment of an exciton state is given W€ have examined the dependence on the lateral size of

the quantum disk of the energetic order of the orthogonally

polarized exciton doublet states. For the quantum disks with

a fixed aspect ratio, nametyb=4/3, we examined the cases
P=> > (crmlva) F5,(r,r), (i=xy,2), 4D  of (a,b)=(12 nm, 9 nm, (20 nm, 15 nm, (28 nm, 21 N

rone and(36 nm, 27 nmwith a fixed disk height of. ,=3 nm and

whereg; is the dipole moment operator in tilirection. In ~ found that the polarization direction of the lower exciton
the following we interpretS, (c7|uivo)f*,(r.r) as the state of the lowest four exciton doublets_ is commonly, 2
polarization density in thé-direction at the positiom. But ~ @ndx. This reflects the same node configuration of the exci-
this quantity is in general complex and we consider the apton polarization for these guantum disks having the common
solute value to understand the qualitative features. The pd.2lué of the aspect ratio. o _
larization distribution calculated in this way is shown in Fig. W& examined also the cases with different aspect ratios,
6 for the first exciton doublet in a confinement potential with "@mely the cases ofy(b) =(30 nm, 10 nmand(40 nm, 10
(a,b)=(20 nm, 15 nm. For the lower exciton staid state, nm). The polanzatloln direction of .the lower exciton state of
the distribution function of thex-polarization is single- the lowest four exciton doublets is y, y, andy for (a,b)
peaked Fig. 6(a)] corresponding to a uniform distribution of = (30 nm, 10 nmandx, x, y, andy for (a,b)=(40 nm, 10
the polarization direction. On the other hand, the distribution™): respectively. These features can be understood by in-

function of they-polarization[Fig. 6(b)] is four-peaked, in- specting the polarization distribution functions, although

dicating a staggered distribution of the polarization directionN€Yy are not shown. Thus the polarization characteristics of

For the upper exciton state of the first douhftet state, the the_ exciton doublet states depend se_nsitively on the aspect
spatial distribution functions of the- and y-polarization ~ratio of the lateral confinement potential.

[Figs. 6c) and d)] are interchanged relative to the case of

the_Iower exciton state. Thes_e feat_ures of polarization distri- |, b5 ARIZATION RELAXATION OF EXCITONS

bution are schematically depicted in Fig$a)7-7(d).

Now we consider the dipole-dipole interaction originating Now we discuss the polarization relaxation by the
from the long-range exchange interaction. The dipole-dipoleelectron-phonon interaction. In this system the relevant en-
interaction energy changes its sign according to the polarizaergy level spacings are about a few meV and thus we take
tion configuration as shown in Fig. 8. Then we see that foiinto account only the interactions with acoustic phonons
the x-polarized exciton statél state the negative contribu- through the deformation potential coupling and the piezo-
tion is significant, whereas for thepolarized exciton state electric coupling>*! The electron-phonon interaction itself

by
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FIG. 6. The polarization distribution function is plotted for the first exciton doublet states in a GaAs elliptical quantum disk with the size
parameter@a=20 nm,b=15 nm, and_,(disk height}=3 nm. (a) x-polarization distribution for the-polarized exciton statél state, (b)
y-polarization distribution for the 1 statég) x-polarization distribution for they-polarized exciton staté€l’ state, (d) y-polarization
distribution for the 1 state. The weightz-axis) is plotted in the arbitrary units but its scale is common for all the cases.

does not flip the electron spins. The exciton eigenstates amantly y-polarized states through the electron-phonon inter-
mixed states of all the eight combinations of the Bloch func-action.

tions as in Eq(2.1). Thus it is possible to make a transition  For the inter-doublet transitions, it is sufficient to consider
between the dominantly-polarized states and the domi- only the one-phonon processes because the acoustic phonons

() (c)
x-pola _:e;:e;, @ f— - = —T positive
" " 1- - ‘ negative

) )
S .
— = = — negatlve

FIG. 7. Schematic representation of the polarization distribution
in Fig. 6 for the first exciton doubleta) x-polarization distribution
for the 1 state(b) y-polarization distribution for the 1 statéc)
x-polarization distribution for the 1state,(d) y-polarization distri- FIG. 8. The sign of the dipole-dipole interaction energy for vari-
bution for the 1 state. ous configurations of polarization direction.

-_r- - < positive
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FIG. 9. The polarization distribution function is plotted for the second exciton doublet states in the same GaAs elliptical quantum disk
as in Fig. 6.(a) x-polarization distribution for the-polarized staté2 state, (b) y-polarization distribution for the 2 statég) x-polarization
distribution for they-polarized staté2’ state, (d) y-polarization distribution for the "2state.

resonant with the relevant transition energy have a wave-

length comparable to the quantum disk size and the matrix f d3re f dry Ff(re.rn)
element of the electron-phonon interaction has a sizable

magnitude. On the other hand, for the intra-doublet transi- 1 .o, s =,

tions, we have to consider multiphonon, at least two-phonon +5(9:1e)"((iq 1))+ - |Fi(re,rn)
processes because the contribution from the one-phonon pro-

1+iq-re(ig-rp)

cesses is vanishingly small. In general, the matrix element of _ 3 3 N
the electron-phonon interaction is proportional to = | dre | dry Fi(re,rp)
. . 1 .
J’ d®r, fd3rh ¥(re,rp)€'f (or €9nFi(rq,rp), X E(iq-re)z((iq~rh)2)+~-- Fi(re.rn),
5.1
®.1 (5.2

whereﬁ is the phonon wavevector arg|(F;) is the enve-

lope function of the initial(final) exciton state. Since the where the first term in the parentheses of the first line van-
doublet splitting energy is about several tensya@V, the ishes due to the orthogonality of the eigenfunctions and the
corresponding wavevector of phonons is rather smalkecond term also vanishes because the parity is a good quan-
(~10° cm™1) and we can approximate as tum number for the confinement potential with inversion
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FIG. 10. The polarization distribution function is plotted for the third exciton doublet states in the same GaAs elliptical quantum disk as
in Fig. 6. (a) x-polarization distribution for the-polarized state3 state, (b) y-polarization distribution for the 3 staté;) x-polarization
distribution for they-polarized staté3’ state, (d) y-polarization distribution for the '3state.

symmetry. As a result, the probability of one-phonon pro-for the intra-doublet transitions of the lowest four exciton
cesses is rather small and we have to consider two-phonaioublets. It can be confirmed that the two-phonon processes
processes. The probability of the Raman-type two-phonomre dominantly contributing.

processes is given by Combining the one-phonon and the two-phonon pro-
cesses, the calculated relaxation times at 30 K are shown in

<f|He_ph(w2)|j><j|He_ph(wl)|i>‘2 Fig. 15 for the lowest four exciton doublet states having the

2 2 E-ETho | even parity. In this figure the dark exciton states consisting
wrez ) b ! of the even-parity dark states and the odd-parity states are

XSEi—Exhw,Fhw,), (5.3  not included. The relaxation time within each exciton dou-

blet states is rather long and about several nhanoseconds be-
whereH._ ,, is the electron-phonon interactignjenotes the  cause of the small energy difference. These relaxation times
intermediate exciton states and the summation over the emre not inconsistent with a recent measurement on InGaAs
ergies @y,w,) and the wave vectors of two phonons is car-QD.® On the other hand, the typical relaxation times within
ried out. In Table I, the calculated transition rates at 30 K ofexciton states having the same polarizatiox- (or
the one-phonon and the two-phonon processes are comparggbolarizatior) are about 100 ps. These relaxation times are
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FIG. 11. The polarization distribution function is plotted for the fourth exciton doublet states in the same GaAs elliptical quantum disk
as in Fig. 6.(a) x-polarization distribution for the-polarized staté4 state, (b) y-polarization distribution for the 4 statég) x-polarization
distribution for they-polarized staté4’ state, (d) y-polarization distribution for the 'dstate.

in good agreement with the recently measured vafuesing  paths. This kind of phenomenon seems to have been ob-
the single-dot pump-probe spectroscopy. served experimentall§?

The relaxation time from the third exciton level to the  Now we discuss the cross-relaxation or polarization relax-
second exciton level is rather long for both tkeand the ation between exciton states having the mutually orthogonal
y-polarized states, reflecting the small energy difference bepolarizations. The calculated results at 30 K are given in Fig.
tween the second and the third exciton levefs { meV). 16. The cross-relaxation times are of the same order of mag-
This is explained by the same argument given at(B@®). It  nitude as the relaxation times within the exciton states hav-
is to be noted that the inset in Fig. 15 shows the exciton leveing the same polarization. Thus the polarization relaxation of
structures only schematically and does not reflect the actuaxcitons occurs rather efficiently. At the same time, it is to be
level spacings accurately. The relaxation time from the sechoted that the cross-relaxation rate is rather small for the
ond exciton level to the exciton ground state is about 100 pdransition between the third and the second exciton states
whereas that from the third exciton level to the excitonhaving the orthogonal polarizations. This is also caused by
ground state is about several tens of picoseconds. Thus thiee small energy difference.
relaxation from the third exciton level to the exciton ground The temperature dependence of the relaxation rate is re-
state occurs directly instead of the two-step sequenckated to the number of phonons involved in the transition. In
through the second exciton state. In general, the transitiothe case of one-phonon processes, the relaxation rate is pro-
between exciton levels whose energy difference is smalportional to the phonon occupation number which can be
would be often bypassed by some other efficient relaxatiompproximated as
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tion in Fig. 9 for the second exciton doubléh) x-polarization <
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state, (c) x-polarization distribution for the "2 state, (d)
y-polarization distribution for the "2state. FIG. 15. Population relaxation times at 30 K for the
polarization-conserving processes within the lowest four optically
active exciton doublet states and for the intra-doublet relaxation
processes in a GaAs elliptical quantum disk with the size param-
etersa=20 nm,b=15 nm andL,(disk height}=3 nm. It is to be
noted that the energy level structures are only schematic and are not
reflecting the actual energy spacings.
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tribution for the 3 state(b) y-polarization distribution for the 3
state, (c) x-polarization distribution for the '3 state, (d)
y-polarization distribution for the 3state.
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= ) FIG. 16. Polarization relaxation times at 30 K within the lowest
x-pol s @ four optically active exciton doublet states in the same quantum

- disk as in Fig. 15.
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FIG. 14. Schematic representation of the polarization distribu-
tion in Fig. 11 for the fourth exciton doubleta) x-polarization
distribution for the 4 state(b) y-polarization distribution for the 4
state, (c) x-polarization distribution for the ‘4 state, (d) 10
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TABLE |. Comparison between the rates of the one-phonon and >
the two-phonon processes at 30 K for the intra-doublet transitions 8 al
of the lowest four exciton doublets in a GaAs elliptical quantum °
disk with the size parameter&=20 nm, b=15 nm and 8
. . 8 5
L,(disk height=3 nm. S 2 wopal  y-pol
(o)
1-phonon 2-phonon & 0 . . j,‘3
Y 3 0 10 20 30 40 50 60
1-1 1.42.10 ®ueV 0.07JueV Temperature (K)
2-2' 0.017 0.156
3-3' 0.068 0.418 FIG. 17. Population relaxation rates are plotted as a function of
4—4' 0.021 0.227 temperature for the successive transitions withinxipelarized ex-

citon states in the same quantum disk as in Fig. 15.
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1 keT cient relaxation from thg-polarized states to thepolarized
(5.9 states than the reverse process. These results indicate clearly
the presence of efficient paths of polarization relaxation.

In the same way, we can calculate the excitation spectra
of the exciton photoluminescence. The excitation spectra for

relaxation rates for a few transitions within tkepolarized e detection of luminescence from thevolarized exciton
exciton levels are shown as a function of temperature. Sincg1 . P
round state are shown in Fig. 21 for both tke and

the energy difference between the second and the third excg—_ olarized excitation. This spectrum is verv similar to the
ton states is rather small, the linear temperature dependenx Iz xcitation. THIS Speclrum IS very simiiar .
sorption spectrum in Fig. 3, although the intensity ratio

is clearly seen. On the other hand, as mentioned before, t = ween thee and thev-nolarized components is different
relaxation within the exciton doublet states occurs main for the fourth exciton d)(gLE)bIet Similar b%haviors can be seen
through two-phonon processes and the rate is typically pro- o ' . .
: . in the excitation spectra for the detection of luminescence
portional to a factor given by . . -
from the y-polarized exciton ground state as shown in Fig.
22. This indicates that the relaxation processes after photo-
2 M(w1,w2)N(w1)(1+n(wy)), (5.5 excitation are not sensitively dependent on the initial polar-
®1,02 ization direction because of the presence of efficient polar-
ization relaxation through the excited exciton states and thus
the emission intensity from the exciton ground state is

grossly determined by the absorption intensity of the exciting

N(w)= cholkeT_ 1 ho

at high temperatures, such thato<kgT. In Fig. 17, the

where M contains the matrix elements of the electron-
phonon interaction. According to E5.4), the rate in Eq.
(5.5 is expected to be proportional &7 at high tempera-
tures. In Fig. 18, the temperature dependence of relaxatiolr'\ght'

rates is shown for the intra-doublet transitions of the lowest

four exciton doublets. Th&2-dependence can be confirmed Vil. SUMMARY
at high temperatures. In fact, in the temperature range from

In summary, we identified the origin of exciton doublet
30 K to 50 K, the calculated results can be fit well BY y g

structures as the long-range part of the electron-hole ex-

(n=1.98~2.24). change interaction which is manifested by the anisotropic

shape of quantum dots. The physical origin of the energetic

VI. PHOTOLUMINESCENCE SPECTRUM order of the orthogonally polarized exciton states of each
UNDER SELECTIVE EXCITATION doublet is clarified by inspecting the spatial distribution of

In the last . i found that th larizati the exciton polarization. The key concepts to understand the
n the last section, 1t was foun at tne polarization re'energetic order are the node configuration of the distribution

laxation occurs efficiently in our system. In order to see th'sfunction of exciton polarization and the dipole-dipole inter-

effect more clearly, we haye calqulqted the photolumlneséction energy originating from the long-range electron-hole
cence spectra under selective excitation. We have so far di

; X _Bxchange interaction. We studied the population relaxation
cussed the even-parity exciton states because the optical 9 bop

. . . d predicted a long relaxation time for the intra-doublet
active exciton states have the even parity. There are, hoxzi b g

dd i i at hich tically dark ransitions about several ns. We also found that the cross-
eéver, odd-parity exciton states which are optically dark anGg 4y ation petween orthogonally polarized exciton states oc-
their energy positions are shown by diamonds in Fig. 3 for

&urs, in general, as efficiently as the population relaxation
GaAs elliptical quantum disk with the size parametars  1n 9 ! y pop

— 20 nm.b—15 nm andL, (disk heighi—3 nm. The relax- without the change of the polarization direction.

ation times within the odd-parity exciton states and those

between the even-parity exciton states and the odd-parity ex- ACKNOWLEDGMENTS

citon states are of the same order of magnitude as the relax- The author would like to thank Dr. Al. L. Efros for useful

ation times within the even-parity exciton states, suggestingliscussions at the initial stage of this work.

that the dark exciton states would play possibly important

roles as the intermediate states of relaxation processes. We APPENDIX: PARAMETERS RELATED

have fc_)r_mulated a set of_rate equations fqr the occupation 1o THE ELECTRON-HOLE EXCHANGE ENERGIES

probability of relevant exciton levels which include 12 odd-

parity and 14 even-parity exciton levels in the ascending Here the determination of parametE%in Eqg.(2.16 and

order of energy up to 7 meV from the exciton ground state.. in Eq. (2.19 is discussed. These quantities can be fixed
The photoluminescence spectrum under the resonant cfiom the singlet-triplet splitting energyAst and the

excitation is obtained by a stationary solution of the set oflongitudinal-transverse splitting energy + in bulk materi-

rate equations. The results for tlepolarized excitation at als. In bulk, the exciton state can be written as

the fourth exciton level are shown in Fig. 19 for 30 K. The

polarization-conserving luminescence from tkgolarized 1 : N

exciton ground state is strong but the luminescence from the |X>K:\/_N > 2 €FE (R, AR +R,AvoR,|0)s

y-polarized exciton ground state has also substantial inten- no (A1)

sity. The situation is similar also for the resonant cw excita-

tion of they-polarized fourth exciton level as shown in Fig. whereK is the center-of-mass wave vectér,the envelope

20. In this case, however, the luminescence from thdunction describing the electron-hole relative motion and the

x-polarized exciton ground state is stronger than that fromWannier function representation is used. The electron-hole

the y-polarized exciton ground state, indicating more effi-exchange energy is given by
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FIG. 20. The photoluminescence spectrum under the resonant
cw excitation at they-polarized fourth exciton level at 30 K in the

FIG. 18. Polarization relaxation rates are plotted as a function okame quantum disk as in Fig. 19.
temperature for the intra-doublet transitions in the same quantum

disk as in Fig. 15. The solid lines show a dependencdh

=1.98-2.24).
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where the firdsecondl term is the shoftong)-range ex-

whereK is a unit vector in the direction df. In GaAs the
top valence band is the fourfold degenerdig(J=3/2)
band. Carrying out a straightforward calculation in the 8
X8 matrix form and assuming the ground-state envelope

function as
Uo _
Fin=+\/—5 e ",
7Ta.B

whereag is the exciton Bohr radius ang is the volume of
a unit cell, we find the energy level structure as shown in

(A4)
(A2)

change term. By the multipole expansion, the second terrfiig- 23 with
can be rewritten as
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FIG. 19. The photoluminescence spectrum under the resonant

cw excitation at thex-polarized fourth exciton level at 30 K in a
GaAs elliptical quantum disk with the size parametars20 nm,

b=15 nm, andL,(disk height}=3 nm.

FIG. 21. Photoluminescence excitation spectrum at 30 K under
the detection of emission from thepolarized exciton ground state
in the same quantum disk as in Fig. 19.
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FIG. 22. Photoluminescence excitation spectrum at 30 K undemhe parameter&y andu can be fixed from the experimental
Fhe detection of emissio_n from_ ttyapolarized exciton ground state y5)yes of Agr and Ay 20 |t is to be noted that the subtle
in the same quantum disk as in Fig. 19. problem of screening of the electron-hole exchange interac-
tion is circumvented in the above formulation because the
transverse exciton state and the uppermost state i3te  effect of screening is implicitly included in the parameters
longitudinal exciton state. Then we can identify as E5 and .
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