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Resonant Raman scattering off neutral quantum dots
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Resonant inelastic~Raman! light scattering off neutral GaAs quantum dots which contain a mean number
N542 of electron-hole pairs is computed. We find Raman amplitudes corresponding to strongly collective final
states~charge-density excitations! of similar magnitude as the amplitudes related to weakly collective or
single-particle excitations. As a function of the incident laser frequency or the magnetic field, they are rapidly
varying amplitudes. It is argued that strong Raman peaks should come out in the spin-density channels, not
related to valence-band mixing effects in the intermediate states.
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I. INTRODUCTION

The experimental study of the inelastic~Raman! scatter-
ing of light in arrays of quantum dots~qdots! began a few
years ago.1,2 These studies were aimed at investigating m
tipole excitations or spin excited states in the quantum d
which do not leave traces in luminescence or absorption
periments. In both papers, quasi-two-dimensional dots w
radii around 100 nm and nominal electron density abou
31011 cm22 were studied. A rich spectrum of single
particle ~SPE!, and collective charge-density~CDE!, and
spin-density excitations~SDE! was observed.

The single-particle spectra were interpreted in terms
the single-particle density of states in the dot,1 computed in
the Hartree-Fock~HF! approximation. The energy positio
and Raman strengths of CDE states in dots with 12 electr
computed within time-dependent HF theory,3 were shown to
qualitatively agree with the experimental results. More co
sistent calculations in the framework of time-depend
density-functional theory~DFT! were carried out in Ref. 4
where the charge and spin dynamic structure functions w
computed for a system of 200 electrons. The multipolarit
of the observed CDE and SDE peaks, and the relative p
intensities, as functions of the transferred wave vector of
light, were reproduced.

Let us stress that, in electron qdots, Raman processe
which the final states are SDE require the account
valence-band mixing in the intermediate hole state. For
reason, CDE peak intensities reported in Ref. 4 canno
properly compared with intensities in the SDE channels. T
inclusion of valence-band mixing effects in the intermedi
states of Raman processes is to be published elsewhere5

In the present paper, we compute Raman amplitudes
neutral quantum dots, where the number of holesN equals
the number of electrons in the dot. To the best of our kno
edge, there are no similar calculations in the literature.

Although the lifetime of the excitons may pose certa
difficulties to the Raman measurements, we believe tha
does not represent a real challenge to present experim
With relative independence on the dot parameters, the m
tiexcitonic system reaches typical densities around
31011 pairs/cm2, a value which may be obtained by pum
0163-1829/2002/65~15!/155306~11!/$20.00 65 1553
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ing a neutral qdot with a stationary mean-power laser.
fact, densities well above 1012 cm22 have been achieved
already for a few years6 with pulsed high-power lasers.

Due to the lack of experimental results, we will focus o
the qualitative aspects following from our calculations.
simplified two-band model of a disk-shaped qdot with pa
bolic confinement7 is to be used.

We shall, first, make some remarks concerning the co
putational method. The random phase approximation~RPA!
is the common frame, as in the cited papers. We adopt
wave-function approach of Nuclear Physics,8 and construct
RPA approximations to the wave functions of both final a
intermediate states. Coulomb interactions and collective
fects are exactly accounted for within the RPA, even for
intermediate states entering the Raman amplitudes, w
are states withN11 e-h pairs. Corrections to the RPA func
tions, such as thee-h pairing correlations, could, in prin
ciple, be included by means of the quasiparticle R
scheme.8 The electron-radiation (e-r ) interaction Hamil-
tonian is written in second quantization in the basis of H
single-particle states. Our treatment of Raman scattering
lows the lines of Refs. 9 and 10, in the sense that thee-r
interaction causes transitions between multiexcitonic sta
Thus, energy denominators containN pair instead of single-
particle energies.

Concerning the numerical results, there are a few point
stress. First, the absorption threshold, or the frequency
which extreme resonance is achieved in Raman scatte
grows at a rate of 0.3 meV per pair added to the dot. Thi
an indirect way of determining the mean number of pairs
the dot. Second, Raman peaks in quadrupole channels
1/10 of monopole peaks at momentum transfer around
3105 cm21. Next, intensities corresponding to weakly co
lective or SPE are comparable in magnitude to the stron
CDE peaks, and vary very rapidly with the magnetic field
the frequency of the incident laser. Thus, our calculated sp
tra resemble more the complex spectra of quantum well
strong magnetic fields,11 and differ from the smooth experi
mental curves obtained in Ref. 2 for the pure electro
strong-confinement qdot.

A last point which deserves attention is the fact that R
man scattering in SDE channels does not require mixing
©2002 The American Physical Society06-1
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hole bands. Thus SDE peaks should be observed in any
larization of the scattered light.

The present calculation of Raman cross sections c
pletes a series of papers on the optical properties of
N-pair system in a qdot. The dominance of a giant dip
resonance in the infrared absorption, which position scale
N1/4, was shown in Ref. 12. This resonance could be stud
through the modulations of the photoluminescence cause
an infrared source, in the same way as the infrared exc
tions in the ‘‘N-electron plus one hole’’ system are presen
studied.13 On the other hand, the position and intensity of t
coherent magnetoluminescence peak were computed in
14.

The plan of the paper is as follows. The basic expressi
for Raman cross sections along with HF, RPA, and partic
particle Tamm-Dancoff approximations (pp-TDA) are pre-
sented in Sec. II. The formalism is well established in
nuclear physics context.8 We underline in that section onl
the main points for the sake of completeness. Compu
ground-state properties, the multipole excitations and th
strength variations with magnetic field, the band gap ren
malization as a function of the number of pairs, and
Raman cross sections are given in Sec. III. Final remarks
presented at the end.

II. THE BASICS

The resonant inelastic~Raman! light scattering off a neu-
tral quantum dot containing a mean numberN of electron-
hole pairs is schematically represented in Fig. 1. The ene
of the incident photon\v i is supposed to be close to th
band gap energyEgap. In Fig. 1~a!, the final state has the
same spin quantum numbers as the initial~ground! state of
the N-pair system. It is, in general, a charge-density exc
tion ~CDE!. The electron and hole spins are represented
arrows. Incident and emitted photons are drawn as w
lines. Additionally, there are also Raman processes in wh
the final states involve changes in the spin quantum numb
These states will be called spin-density excitations~SDE’s!.
We have represented in Fig. 1~b! a situation in which the
total electron and total hole spin projections experien
changesDSze521 andDSzh511, respectively.

The amplitude for the Raman processes depicted in
1~a! is given by

Af i
CDE5(

int

ANf11N^ f uHe-r
1 u int&N11 N11^ intuHe-r

2 u i &NANi

\v i2~Eint2Ei !1 iG
,

~1!

whereNi , Nf are the mean number of photons in the init
and final states. For spontaneous Raman scattering,Nf50.
The sum runs over intermediate states withN11 pairs and
the appropriate quantum numbers.G is the lifetime broaden-
ing. We will take it phenomenologically asG50.5 meV.3

The resonance condition means that the leading contribu
to Eq. ~1! comes from intermediate states satisfying

\v i'Eint2Ei , ~2!
15530
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i.e., the incident photon has nearly the same energy as
jump in energy from the initial to the intermediate quantu
dot state.

He-r
2 is the interaction hamiltonian corresponding to t

annihilation of a photon and creation of a new electron-h
pair. Its matrix element is written as

N11^ intuHe-r
2 u i &N5

e

m0
A 2p\

Vv ih i
2(a,g

~«W i•pW ag!

3S E eiqW i•rWfae* ~rW !fgh* ~rW !d3r D
3N11^ intuea

†hg
†u i &N . ~3!

In the normalization factor entering Eq.~3!, e is the elec-
tron charge,m0 is the electron mass in vacuum,V is the
sample volume, andh i is the refraction index at frequenc
v i . On the other hand, the first factor in the sum comes fr
the ~band! spin quantum numbers of the initial and fin
states in the interband transition. We give its detailed exp
sion in Appendix A.«W i is the polarization vector of the inci
dent light.

The next factor in the sum depends on the orbital~enve-
lope! one-particle wave functions. As a basis for the on

FIG. 1. ~a! Inelastic light scattering leading to final states whi
are CDE of the ground state.~b! An example of Raman scattering i
SDE channels.
6-2
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particle states, we will use the Hartree-Fock~HF! set fae

andfgh for electrons and holes, respectively.qW i is the wave
vector of the incident light. Detailed expressions for the
bital factor are given also in Appendix A.

Finally, we will compute the last factor in Eq.~3! by
means of the so-called particle-particle Tamm-Dancoff A
proximation (pp-TDA) formalism,8 to be briefly described
below.

The second matrix element entering Eq.~1! is written as

N^ f uHe-r
1 u int&N115

e

m0
A 2p\

Vv fh f
2 (

a,g
~«W f * •pW ag* !

3S E e2 iqW f•rWfae~rW !fgh~rW !d3r D
3N^ f uhgeau int&N11 . ~4!

Its computation involves similar band and orbital facto
~see Appendix A!. The last factor requires—in addition to th
intermediate (N11)-pair states, to be obtained from th
pp-TDA equations—the knowledge of theN-pair excited
states, which will be obtained from the ordinary or ‘‘particl
hole’’ RPA formalism.8 The starting point for both RPA an
pp-TDA schemes are the HF single-particle states.

A. The HF equations

We take for the HF single-particle functions the followin
ansatz:

fa
e(h)5A2

L
sinS pz

L D(
s

Ca,s
e(h) xs~rW i!, ~5!

where 0<z<L, L512 nm is the height of our disk-shape
qdot, rW i is the projection ofrW onto thexy plane, andxs are
the two-dimensional~2D! oscillator wave functions, given
elsewhere.12 The Ca,s coefficients are obtained from th
equations12,15

(
t H Ees

(0)dst1b (
g<mF

e
(
u,v

@^s,uu1/r ut,v&

2^s,uu1/r uv,t&#Cg,u
e Cg,v

e

2b (
g<mF

h
(
u,v

^s,uu1/r ut,v&Cg,u
h Cg,v

h J Ca,t
e 5EeaCa,s

e ,

~6!

and a similar set of equations for theCa,s
h . Notice that the

E(0) are 2D oscillator energies

Ees
(0)5\Av0

21vc
2/4$2ks1u l su11%1

\vc

2
l s1gemBBSz

e ,

~7!
15530
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Ehs
(0)5

me

mh
\Av0

21vc
2/4$2ks1u l su11%2

me

mh

\vc

2
l s

2ghmBBSz
h , ~8!

where \v053 meV is the in-plane confinement,vc

5eB/(mec) is the electron cyclotronic frequency, an
ge , gh are Lande factors. We took parameters appropr
for GaAs: me50.067m0, i.e., \vc /B51.728 meV/T, the
ratio of in-plane masses isme /mh50.067/0.11, andgemB
520.0173 meV/T,ghmB50.0296 meV/T. In theg fac-
tors, the effect of qdot height was approximately accoun
for.16

On the other hand, thês,uu1/r ut,v& are Coulomb matrix
elements taken over 2D oscillator wave functions,12 and the
strengthb is given by 0.8 e2/(k l 0), where

l 05A \

meAv0
21vc

2/4
, ~9!

is the unit of length,k512.5 is the dielectric constant, an
the 0.8 coefficient takes care approximately of the effect
Coulomb interaction of averaging over thez coordinate.17

Equations~6! are solved iteratively. We start by occupy
ing the lowest oscillator shells, construct the matrix insi
brackets in Eq.~6!, and iterate until convergence is reache
The occupation of HF levels is actualized after every
steps in accordance to the current values of the HF energ
15 oscillator shells are used in the calculations, i.e., a tota
240 2D oscillator states.

B. The RPA equations

In the RPA,8 we allow a general correlated ground sta
uRPA&, and the excited states are looked for in the form

C5Q†uRPA&, ~10!

where theQ† operator for CDE states is given by the expre
sion

QCDE
† 5(

s,l
~Xsl

e es
†el1Xsl

h hs
†hl2Yls

e el
†es2Yls

h hl
†hs!.

~11!

The indexl runs over occupied HF states, ands runs over
unoccupied states. TheX,Y coefficients are nonzero only fo
transitions respecting the selection rules, i.e., the spin pro
tion does not change, and the change in angular momen
is fixed ~a given multipolarity of the excitation!. These coef-
ficients satisfy the equations
6-3
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(
t,m

$Asl,tm
ee Xtm

e 1Asl,tm
eh Xtm

h 1Bsl,mt
ee Ymt

e 1Bsl,mt
eh Ymt

h %

5\VXsl
e ,

(
t,m

$Asl,tm
he Xtm

e 1Asl,tm
hh Xtm

h 1Bsl,mt
he Ymt

e 1Bsl,mt
hh Ymt

h %

5\VXsl
h ,

(
t,m

$Bls,tm
ee Xtm

e 1Bls,tm
eh Xtm

h 1Als,mt
ee Ymt

e 1Als,mt
eh Ymt

h %

52\VYls
e ,

(
t,m

$Bls,tm
he Xtm

e 1Bls,tm
hh Xtm

h 1Als,mt
he Ymt

e 1Als,mt
hh Ymt

h %

52\VYls
h , ~12!

in which \V is the excitation energy,t and m are indexes
similar tos andl, respectively, and theA andB matrices are
given by12,15

Asl,tm
ee 5~Ees2Eel!dstdlm1b~^s,mu1/r ul,t&

2^s,mu1/r ut,l&!,

Asl,tm
eh 52b^s,mu1/r ul,t&, ~13!

Bsl,mt
ee 5b~^s,tu1/r ul,m&2^s,tu1/r um,l&!,

Bsl,mt
eh 52b^s,tu1/r ul,m&.

Notice, for example, that inAsl,tm
eh , s andl are electronic

HF states, andt, m are the hole states.Ahh has formally the
same expression asAee, Ahe the same asAeh, etc. Let us
stress also that Coulomb matrix elements over HF states
ter the RPA equations~12!, they can be computed from th
matrix elements over oscillator states by means of the exp
sions~5!. Usually, positive~physical! and negative~unphysi-
cal! excitation energies come from Eq.~12!. The physical
solutions annihilate the RPA ground state

QuRPA&50, ~14!

and satisfy the normalization condition

15(
s,l

$uXsl
e u21uXsl

h u22uYls
e u22uYls

h u2%. ~15!

To evaluate the collective character of a stateC, we com-
pute the matrix elements of the multipole operato
^CuDl uRPA&. Collective states give significant transitio
strengths, whereas single-particle excitations give practic
zero matrix elements. The multipole operatorDl is defined as

Dl5e(
a,g

$dag
hl ha

†hg2dag
el ea

†eg%, ~16!

where
15530
n-
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dag
l 5^aur u l ueil uug&, lÞ0,

5^aur2ug&, l 50. ~17!

r andu are polar coordinates in thexy plane. Detailed ex-
pressions fordag

l are given in Appendix B.
Multipole matrix elements are computed from the RP

amplitudes in the following way:

^CuDl uRPA&5e(
s,l

$Xsl
h* dsl

hl 2Xsl
e* dsl

el 1Yls
h* dls

hl

2Yls
e* dls

el %. ~18!

They fulfill the energy-weighted sum rules8

(
C

\VC$u^CuDl uRPA&u21u^CuD2 l uRPA&u2%

52\2e2l 2H 1

me
(

l<mF
e

^lu~r 2! u l u21ul&

1
1

mh
(

l<mF
h

^lu~r 2! u l u21ul&J , ~19!

for lÞ0, and

(
C

\VCu^CuD0uRPA&u252\2e2H (
l<mF

e
K lU r 2

me
Ul L

1 (
l<mF

h
K lU r 2

mh
Ul L J , ~20!

for l 50. ThemF’s are Fermi levels. Thus,l<mF means that
the sum runs over occupied HF states. Explicit evaluation
the right-hand side of Eqs.~19!,~20! is done in Appendix B.

Spin excitations can also be built on within the RPA fo
malism. For example, a state withDSez51, DShz50 can be
obtained from aQ† such as Eq.~11! with only electron op-
erators, such that the transitions satisfy the spin selec
rule. It should be noticed, however, that the simple combi
tion of one-particle excitations in Eq.~11! does not allow us
to construct ‘‘2p-2h’’ excited states withDSez51, DShz
521, for example, entering the final states of Raman S
processes.

C. pp-TDA

The pp-TDA scheme allows us to build up states wi
2N12 particles starting from the the ground state of t
N-pair system.8 Notice that there are 12 possibilities for th
added pair of particles. We can add, for example, ane-e pair
with various spin orientations. In this subsection, we foc
on the situations where an optically createde-h pair is
added. That is, only the following two possibilities are co
sidered:e↑h↓ or e↓h↑.

The Q† operator, analogous to Eq.~11!, is written in the
following form:
6-4
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Q†5(
s,t

Vst
(N11)es

†ht
† , ~21!

where, as before,s andt label states above the Fermi leve
Q† acts on the RPA ground state to produce states withN
11 pairs. TheV coefficients satisfy the equations

~\V2Es
e2Et

h!Vst
(N11)52b (

s8,t8
^s,tu1/r us8,t8&Vs8t8

(N11) .

~22!

The quantity\V gives the excitation energy, measured w
respect to theuRPA& N-pair stateE(N11)2ERPA(N). RPA
and pp-TDA excitation energies and coefficientsX, and V
are to be used in the computation of Raman amplitudes.

D. Raman scattering in CDE channels

The inelastic scattering of light, schematically represen
in Fig. 1~a!, is characterized by a Raman shift\v i2\v f
5Ef2Ei5\V f . The amplitude for the process is given b
Eq. ~1!. This amplitude will depend on the scattering angl

To state a convention, the dot plane will define thexy
plane, and the magnetic field, the positivez axis. The inci-
dent light comes from thez,0 subspace, forming an ang
f i with the z axis. TheqW i ,BW pair of vectors define thexz

plane, i.e., the projectionqW i i is oriented along the positivex
axis. The emitted light goes back to thez,0 subspace. It is
characterized by anglesf f with the z axis, andu f in the xy
plane. We will take, for the incident light

qi i5qisinf i ,
~23!

« iy51,

whereas for the scattered light,qf i5qfsinff . We will distin-
guish two situations.~i! The ‘‘parallel’’ light polarization, in
which

« f x52sinu f ,
~24!

« f y5cosu f .

~ii ! The ‘‘perpendicular’’ light polarization, where

« f x5cosf fcosu f ,
~25!

« f y5cosf fsinu f .

Below, we give an explicit expression for the matrix el
ment of theHe-r

2 Hamiltonian

N11^ intuHe-r
2 u i &N5

e

m0
A 2p\

Vv ih i
2(s,t

bands,t
( i ) 3orbitals,t

( i )

3Vs,t
(N11)* . ~26!

The band and orbital factors are evaluated in Appendix
The energy denominator in the scattering amplitude will
written in the form
15530
d

.

.
e

\v i2~Eint2Ei !5\v i2Egap2\V int
(N11) , ~27!

where \V int is the eigenvalue coming from thepp-TDA
equations, andEgap51560 meV is a nominal band gap.

The matrix element of theHe-r
1 operator, has a bit more

cumbersome expression

N^ f uHe-r
1 u int&N1152

e

m0
A 2p\

Vv fh f
2(s,t

(
s8,l

d~s,s8!bandlt
( f )

3orbitallt
( f )3Vst

(N11)Xs8l
e*

2
e

m0
A 2p\

Vv fh f
2(s,t

(
t8,l

d~t,t8!bandsl
( f )

3orbitalsl
( f )3Vst

(N11)Xt8l
h* . ~28!

The interpretation is, however, straightforward. Let us ta
the first term. The first sum runs overe-h states (s,t), both
above the Fermi levels, entering thepp-TDA function
u int&N11 . Vst

(N11) are the corresponding coefficients. The se
ond sum represents the electronic excitation part of the R
function u f &N . l is an electronic state belowmF

e , ands8 a
state abovemF

e . The transition fromu int&N11 to u f &N is
caused by a pair of annihilation operatorshe. It is evident
that the subindexes should behtel , and thuss85s. Ampli-
tudes for backscattering processes, in whichf f5f i , and
u f5p, will be computed.

FIG. 2. A set of electron and hole HF levels atB51 T. The
Fermi energies are indicated as dotted lines. The less energetic
sitions withDLz562 are represented by arrows.
6-5
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III. RESULTS

A. Properties of the HF ground state

We give in this subsection a few qualitative results th
follow from the HF calculations. We show in Fig. 2 a subset
of the HF single-particle levels atB51 T. Fermi energies
are represented as dotted lines. Apart from an overall do
ward shift, we observe only a slight deformation of free o
cillator shells due to Coulomb interactions. The Zeem
splitting is not resolved in the figure scale, thus spin-up a
-down levels are simultaneously occupied. As a result, t
electron and hole spins remain equal to zero when the m
netic field is varied between zero and 2 T. In fact, very lo
spin polarizations persist up to higher magnetic fields, of
order of 20 T.14 The total ground-state angular momentum
also zero in this magnetic field range, and persists up to v
high B, as a prelude to the formation ofe-h pairs in zero
relative angular momentum states, which maximize C
lomb attraction.

Let us stress also that Fig. 2 qualitatively predicts t
single-particle excitations~SPE’s! with DLz562 ~‘‘quadru-
polelike,’’ represented by arrows in the figure! are lower in
energy than ‘‘monopole’’ (DLz50) or ‘‘dipole’’ ( DLz
561) excitations atB51 T. This fact is corroborated by
the RPA calculations, see below. The energetic cost of ad
ane-h pair with l e1 l h50 is, according to Fig. 2, around 1
meV ~plus Egap). A value confirmed by the TDA results.

Electron and hole densities atB50 and 2 T are drawn in
Fig. 3. The small differences between both densities are
to the differences between electron and hole in-plane mas
The maximum value, around 731011 pairs/cm2, is typical

FIG. 3. Electron and hole densities in the HF ground state.
15530
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of excitonic systems. Notice also that density oscillatio
related to shell-filling effects, are smoothed asB is increased.
This fact is due to the increasing occupations of states in
first Landau level, which wave functions have no rad
nodes.

B. Multipole excitations and renormalization
of the absorption edge

CDE of various multipolarities in theN-pair system are
obtained from the RPA computations. We show in Fig. 4
monopole sector, which is the most relevant for Raman C
processes. States with more than 5% contribution to
energy-weighted sum rule~19! are represented in the figur
as triangles. They will be called ‘‘collective’’ excitations
They form three well defined bands accounting for, appro
mately, 7, 35, and 5 % of the sum rule. The rest of the mo
pole strength is divided among 200 states with excitat
energy lower than 30 meV. Figure 4 shows also the low
monopole SPE~triangles plus dotted line!. A complex pattern
of probability transfer between colliding levels, as the ma
netic field is varied, is reflected in Fig. 4 in the form o
abrupt variations of the number of collective levels. The si
ation is similar to the behavior of the dipole strength in t
biexciton.18

Dipole and quadrupole collective levels and the cor
sponding SPE in these sectors are shown in Fig. 5. One
that dipole excitations are, as a rule, lower than monop
and quadrupole collective CDE, but the quadrupole SPE
lower atB51 T, as mentioned above with regard to Fig.

FIG. 4. Monopole collective CDE’s of theN-pair system and the
lowest SPE.
6-6



e

RESONANT RAMAN SCATTERING OFF NEUTRAL . . . PHYSICAL REVIEW B 65 155306
FIG. 5. Dipole and quadrupole collectiv
CDE’s and the lowest SPE’s.
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We show in Fig. 6 a few results following from the
pp-TDA calculations. In the upper figure, the lowest\V int
for the intermediate state withN11 pairs, in which the
added pair hasl e1 l h50, is drawn. This magnitude can b
taken as the renormalization of the absorption edge du
the background ofN electron-hole pairs. Let us stress th
there are two main effects contributing to this magnitu
The first is the blue shift induced by Fermi statistics, i.e.,

FIG. 6. Absorption edge renormalization:~a! as a function ofB
for N542 and~b! as a function ofN for B51 T.
15530
to
t
.
e

added pair should occupy higher HF single-particle sta
The second is the redshift caused by Coulomb~attractive!
interactions. As can be seen in this figure, forN542 the net
result is a blueshift of 12–16 meV. The apparent kinks
signals of ground-state rearrangements as the magnetic
is varied.

The lowest part of Fig. 6 shows the dependence onN of
the edge renormalization atB51 T. It grows from 3 meV
for 12 pairs up to 14 meV for the 42-pair system. That is,
a rate of 0.3 meV per pair in the dot. This magnitude can
used as a complementary way of determining the mean n
ber of pairs in the dot.

C. Raman spectra in CDE channels

Let us consider Raman processes in which the final st
are CDE. The first important question we would like to a
dress is the role played by collective and SPE in reson
Raman amplitudes.

We show in Fig. 7 the Raman differential cross sectio
computed from

d2s

dL fdv f
5

V2v f
3h fh i

3

4p2c4v i\Ni
(

f
uAf i u2 d~Ei1\v i2Ef2\v f !,

~29!

in which dL f is the solid angle element in the direction
the dispersed light. We will use a smearing of the delta fu
tion as follows:

d~x!5
G f /p

x21G f
2

, ~30!

with a phenomenologicalG f50.5 meV.
The spectra in Fig. 7 are computed under conditions

normal incidence (f i5f f50, only monopole final states ar
excited! and parallel light polarization. The latter is suppos
to disentangle collective CDE modes from SDE in electro
qdots under non-resonant scattering.19 The monopole
strengths are also included in the figure for comparison.
6-7
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The upper figure shows results atB51 T. There are al-
ways Raman peaks associated to the more collective C
states, although their magnitude rapidly vary with the in
dent laser frequency. The overall behavior, which is appa
in this figure, is that low-energy weakly collective or SPE a
favored at ‘‘extreme resonance,’’ i.e., when\v i is near 1574
meV in this situation, whereas 30 meV above the effect
band gap high-energy collective or weakly collective CD
give the strongest peaks.

Notice that the maximum peak intensities under extre
resonance are reached for laser frequencies a few meV a
the renormalized band gap. Thus, as the laser freque
moves above 1574 meV, the amplitudes corresponding
weakly collective or SPE initially increase, but further exp
rience a sudden drop.

In the lower part of Fig. 7, the spectra atB52 T are
drawn. We notice variations in the peak distributions as co
pared to theB51 T results. Notice also that, in both spe
tra, the strongest CDE state is not seen as a distinct pea
\v i51600 meV.

The qualitative conclusions to be extracted from Fig. 7
thus the following.~a! Comparable Raman intensities fo
strongly collective and for weakly collective states~even for
SPE at intermediate excitation energies!. ~b! A complex pat-
tern of variations of the Raman intensities as the freque
of the incident laser or the magnetic field is varied. Distin
peaks are seen only in certain intervals of these magnitu
~c! A richer structure of the Raman spectra as compared w
the charged quantum dots.

FIG. 7. Raman spectra under conditions of normal incide
and parallel polarization. Only final CDE states are considered
15530
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The second important point to discuss, from the qual
tive point of view, is the excitation of high multipolarity
modes at non-zero momentum transfer. We notice that
light wave vector is around 83103 nm21 in the present situ-
ation. The maximum momentum transfer is thus 1
3104 nm21 in backscattering geometry. We show in Fig.
the quadrupole spectra atB51 T in the parallel light polar-
ization configuration and momentum transfer equal to
3103 nm21 (f i5f f5p/6). Of course, in an experimenta
curve all the multipolarities come together. We separate
quadrupole spectra to simplify the analysis.

First, we notice that quadrupole Raman intensities
1/10 of monopole ones. On qualitative grounds, one exp
quadrupole intensities of orderNstates

2 (qi iD)4, where D
'90 nm is the system diameter, andNstatesis the number of
intermediate states participating in the process. (qi iD)4 pro-
vides a factor 1022, but the number of states contributing
quadrupole processes is roughly three times the states
tributing to monopole processes~intermediate states with ex
cess angular momentum 0,11, and12 in theD l 512 case,
for example!. Thus Nstates

2 (qi iD)4'1021. Second, we ob-
serve an asymmetry between theD l 522 andD l 52 spec-
tra. Most of theD l 522 peaks correspond to SPE or weak
collective states. TheD l 52 peaks, two or three times mor
intense, are concentrated around collective states, w
strengths are more uniformly distributed. The most collect
CDE state withD l 52 shows up as a distinct peak only in
thin range of frequencies. Other multipoles show similar b
havior.

e
FIG. 8. Raman spectra of quadrupole CDE states.f i5f f

5p/6 and parallel light polarization geometry.
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Thus, the conclusions coming from Fig. 8 are the follo
ing. ~a! The intensity of CDE Raman peaks with multipola
ity l are proportional to (u l u11)2(qi iD)2u l u and~b! negative-
l peaks correspond mainly to very weakly collective or S
states. The peak associated to the most collective CDE
is well defined practically at any\v i . On the other hand
positive-l peaks are stronger and show a dominance of
lective states.

A third interesting question to be addressed is related
the modes excited when the dispersed light polarization
orthogonal to the polarization of the incident light. The r
sults for monopole states atB51 T are presented in Fig. 9
Under extreme resonance, we observe peaks associat
SPE modes with excitation energies lower than 12 meV
particular, the lowest SPE at 4 meV is clearly distinguish
Raman signals due to CDE states are strongly suppress
these conditions. 30 meV above extreme resonance,
dominant peaks are located at higher excitation energ
They correspond to SPE or weakly collective states.

IV. CONCLUSIONS

We have computed the Raman amplitudes for the li
scattered of a qdot which contains 42e-h pairs. In an attempt
to identify the states giving rise to the strongest peaks,
compared the Raman intensities with the multipole streng
The result is that both collective and SPE states play imp
tant roles in Raman spectra. Their relative weight in
spectra is seen to strongly depend on the external mag
field, the polarization of the scattered light and the freque
of the incident light. Taken in a wider context, this concl
sion suggests caution when making an assignment to an
perimental Raman peak, and urges for theoretical calc
tions in parallel to the experiments.

The explicit construction of the wave functions for th
intermediate states, always in the framework of mean-fi
time-dependent approximations, allows us to consider
treme as well as nonextreme resonance conditions. In
same way, the formalism allows for any wave moment

FIG. 9. The same as in Fig. 7, but the polarization of the sc
tered light is orthogonal to the polarization of the incident light.
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transfer or any kind of light polarization.
We cannot presently consider SDE final states. The rea

has been explained briefly in the text: the SDEs are ‘‘2p-2h’’
states, which can not be modeled by the RPA approxima
adopted in this work. It shall be said, however, that Refs
and 4 did not account for valence-band mixing effects in
intermediate hole state in Raman SDE channels.

However, on qualitative grounds, it can be argued t
SDE final states shall give strong Raman peaks, may be e
stronger than CDE states. The argument goes as follow
may be seen that the factor determining the Raman am
tude is in fact the orbital factor, i.e., the overlapping betwe
the electron and hole wave functions. In the symmetric,Ne
5Nh , system we are studying, the overlapping is high in
intermediate states~bothe andh above the Fermi levels!, but
low for CDE final states because one of the annihilated p
ticles is above its Fermi level, and the other is below. F
SDE states, however, both the annihilatede andh are below
their Fermi levels, and the overlapping may be high. Th
Raman SDE amplitudes could be even stronger than C
amplitudes.

In the electronic qdots, Raman scattering in SDE chann
goes through hole band mixing. Apart from the low overla
ping in final states, one would expect the amplitude to
proportional to the light hole component of the hole wa
function. Due to the fact that the Coulomb interaction
diagonal in the band indexes, a strong electronic backgro
could depress valence band mixing, thus making SDE a
plitudes even weaker. Research along this direction is
progress.
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APPENDIX A: EVALUATION OF BAND
AND ORBITAL FACTORS

We give in this appendix the expressions for the band
orbital factors entering Eqs.~3! and~4!. The ratio of the band
factor «W i•pW ag to the magnitudeiP, whereP is the interband
GaAs constant, is given in Table I.Sz561/2 is the spin
projection over thez axis.

Conventionally, we assignSz
h521/2 to themj53/2 elec-

tron state in the valence band. The«6 components are de
fined as

«657
«x7 i«y

A2
. ~A1!

t-

TABLE I. The quotient«W i•pW ag /( iP).

Sza
e \ Szg

h 21/2 1/2
1/2 «1 i 0
21/2 0 «2 i
6-9
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The band factor entering Eq.~4!, i.e., «W f * •pW ag* , can also be
obtained from Table I if we replace«1 by «2 and vice versa.

On the other hand, the orbital factor in Eq.~3! is com-
puted from the HF one-particle functions, Eq.~5!. Substitut-
ing ~5! into the expression for the band factor, Eq.~3!, and
making use of the expansion

eiqW i•rW'11 iqW i i•rW i2
1

2
~qW i i•rW i!

2, ~A2!

whererW i means the projection ofrW onto thexy plane, we get

E eiqW i•rWfae* ~rW !fgh* ~rW !d3r

'(
s,t

Cas
e* Cgt

h* H K ks ,l sU12
qi i

2

4
d0Ukt ,2 l tL

1 i
qi i

2
^ks ,l sue2 iu id11eiu id21ukt ,2 l t&

2
~qi i!

2

8
^ks ,l sue22iu id21e2iu id22ukt ,2 l t&J .

~A3!

In this last equation,dl are the one-particle multipole op
erators, which explicit expression is given in Appendix
15530
.

Theks andl s are, respectively, the radial and orbital quantu
numbers of the 2D oscillator statexs . The angleu i is by
definition equal to zero, i.e., thez axis is oriented alongqW i i .
The orbital factor entering Eq.~4! can be obtained formally
from Eq. ~A3! upon substitutingi by f and taking the com-
plex conjugate of the whole expression.

APPENDIX B: MULTIPOLE MATRIX ELEMENTS
AND SUM RULES

The evaluation of one-particle elementsda,g
l requires the

expansion~5! for HF functions

da,g
l 5(

s,t
Cas* Cgtdst

l , ~B1!

where the elementsdst
l , taken over oscillator functions, ar

given, whenl 50, by

K ks ,l sU d0

l 0
2 Ukt ,l tL 5d~ l s ,l t!$~2kt1u l tu11!d~ks ,kt!

2A~kt11!~kt1u l tu11! d~ks ,kt11!

2Akt~kt1u l tu! d~ks ,kt21!%. ~B2!

Whereas, forl .0,
K ks ,l sU dl

l 0
l Ukt ,l tL 5d~ l s ,l t1 l ! (

r 50

min(l ,kt)

~21!r
l !

~ l 2r !! r !
A kt!

~kt1u l tu!!
~kt2r 1u l t1 l u!!

~kt2r !!
3d~ks ,kt2r !; l t>0,

5d~ l s ,l t1 l ! (
r 50

min(l ,ks)

~21!r
l !

~ l 2r !! r !
A ks!

~ks1u l t1 l u!!
~ks2r 1u l tu!!

~ks2r !!
3d~kt ,ks2r !; l t<2 l ,

5d~ l s ,l t1 l !~21!ks2kt (
r 50

min(l 2u l tu,kt) ~ l 2u l tu!!
~ l 2u l tu2r !! r !

u l tu!
~ u l tu2ks1kt2r !!

3A kt!

~kt1u l tu!!
ks!

~ks1u l t1 l u!!
~kt2r 1 l !! 2

~kt2r !! 2
Q~ks2kt1r !;2 l , l t,0, ~B3!

whereQ(x)51 for 0<x<min(ultu,ks) and zero otherwise. Finally, forl ,0, we get

^ks ,l sudl ukt ,l t&5^kt ,l tudu l uuks ,l s&* . ~B4!

On the other hand, the elements^lu(r 2)jul&, entering the right-hand side~r.h.s.! of the sum-rule equations~19!,~20! are
evaluated as

^lu~r 2!jul&5(
s,t

Cls* Clt^su~r 2!jut&, ~B5!

where
6-10
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^ks ,l suS r 2

l 0
2 D j

ukt ,l t&5d~ l s ,l t!

3A ks!kt!

~ks1u l su!! ~kt1u l su!!
(

m50

min(j,ks)

(
n50

min(j,kt)

~21!m1n

3d~ks2m,kt2n!
j! 2

~j2m!!m! ~j2n!!n!

~kt2n1u l su1j!!

~kt2n!!
. ~B6!
ys

.
ys
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