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Semiquantitative theory of electronic Raman scattering from medium-size quantum dots
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A consistent semiquantitative theoretical analysis of electronic Raman scattering from many-electron quan-
tum dots under resonance excitation conditions has been performed. The theory is based on random-phase-
approximation-like wave functions, with the Coulomb interactions treated exactly, and hole valence-band
mixing accounted for within the Kohn-Luttinger Hamiltonian framework. The widths of intermediate and final
states in the scattering process, although treated phenomenologically, play a significant role in the calculations,
particularly for well-above-band-gap excitation. The calculated polarized and unpolarized Raman spectra re-
veal a great complexity of features and details when the incident light energy is swept from below, through, and
above the quantum dot band gap. Incoming and outgoing resonances dramatically modify the Raman intensi-
ties of the single-particle, charge-density, and spin-density excitations. The theoretical results are presented in
detail and discussed with regard to experimental observations.
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|. INTRODUCTION pressed by means of thé function in Eq.(2), which is
approximated by a Lorentzian:
The inelastic(Raman scattering of light by a semicon-

ductor is an optical process that has proven its usefulness as Ti/m
a spectroscopic tool to investigate elementary excitations in O(X—X¢)= — 3
semiconductor:® From the theoretical point of view, the (X=xp)*+ 1'%
scattering process is described by a simple expression com-
ing from second-order perturbation theéry, In the present paper, we focus on the Raman scattering in
zero magnetic field from a quantum dot containing dozens of
A electrons. Thusi) and|f) are states witN, electrons. The
A R incident laser energyhy; is taken to be resonant with an
(f,N;— 1,L[HZ, [int,N;— 1)(int, N;— 1|H__,|i,N;) interband transition. It means that only the resonant contri-
”% hvi—(E;ni—E)) +1 00 - bution toAy; is considered in Eq1),> and that the interme-
diate stategint) contain an additional electron-hole pair.
1 Equations(1) and (2) look very simple, but in fact their

evaluation is a cumbersome task because reliable approxima-
"tions to the many-particle wave functiofi$, |int), and|f)
need to be computed. A widely used simplified expression is
obtained by assuming a constant denominator in(Egand

Ay is the quantum-mechanical amplitude for the transitio
from the initial (electronig state,|i), of energyE;, to the
final state|f). This transition involves a change in the state

of the radiation field. Indeed, the final state of the electron-using completeness relations for the intermediate and hole
photon systemif,N;—1,1) containsN; — 1 incident photons  giates In this way, we arrive at the off-resonance
of energyhv; (one less than the initial stateand one photon approximatiort

of energyhv; (the scattered photgriThe sum in Eq(1) runs

over all intermediate(virtual) states.H., is the electron- L 2
radiation interaction Hamiltonian, arld,; is a phenomeno- A~ —(f| > <a|e'(“i_‘*f)"|a’>[ §(si~sf)[eLTea,T
logical damping parameter. aa’
From the amplitude#\;;, one computes the differential o P o
cross sectioff, +el e, 1+ g(six8f)-z[eLTea,T—eLlea,l]
do 5 i . . At A
dQdy 2 [AalPaE +hri—E—hv), +5(exen) - (x+iY)el 8,

whered(); is the element of solid angle related to the wave

i
s n alag )
! : + =(g; X -(X—1y)e, e i), 4
vector of the scattered photon. Energy conservation is ex- 3(8' e1): (X~1y)eq T]' ) @
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whereq andz are the wave vector and the light polarization functions plus Eq(1)] for a two-electron quantum ring made
vector, respectivelye and o’ label the Hartree-FockHF) ~ in Ref. 12, and of the approximate calculations for the 12-

states for electrons. anl and &' are electron annihilation electron dot in Ref. 13. In this paper, we report calculations

. . N A for a dot with 42 electrons. Coulomb interactions are treated
and creation operators. Notice that, in this approximation, thee

) di | | dthe R litude | xactly (to the extent that the RPA approximation allows it
!nterr.n.e 'at‘? states play no role an t € Raman amp |tu. € Both in intermediate and final states. Valence-band mixing
identified with the structure functions, i.e., only collective

SR o ) effects for the hole are accounted for in the framework of the
excitations in final states are supposed to contribute to thRohn—Luttinger Hamiltonian.

Raman peaks. Four terms are distinguished in (0. The The plan of the paper is as follows. In the following sec-
first one, proportional toe;-e¢, corresponds to charge- tion, we derive the theory needed for calculating the resonant
density excitationdCDE). The next three, proportional to Raman spectra, which are later discussed in Sec. Ill. Conclu-

g;X&¢, correspond to spin-density excitatiofBDE). sions are drawn in Sec. IV.

Most of the analysis of Raman experiments in quantum
wells (qwells), wires (qwires, and dotsqdoty are based on
expressions like Eq(4) in spite of its known limitations. l. THEORY
Experiments in qwells and qwires under extreme resonance The computation of the Raman amplitulg requires(a)
(i.e., when the incident laser energy is close to the energy ghe calculation of HF single-particle states for electrons and
the exciton have revealed Raman peaks associated Withygles; () obtaining the finalNg-electron states|f), by
single-particle excitation$SPB.® These peaks do not arise means of the RPA schemér) obtaining the N.+1)-
from Eq. (4) and are known to be related to taking a properg|gctron plus one hole statemt), by means of the so-called
account of the intermediateirtual) states. For still higher particle-particle RPA formalism and, finallyg) the compu-

excitation energiesi.e., 40—-50 meV above the band 3aD tation of the matrix elements of the electron-radiation Hamil-
resonant enhancement of Raman intensities for particulg

r. - . .
values ofhv; has been observ&dThis effect is clearly not onlan,He_r - Additionally, we sh_all compute matrix elements
of multipole operators, something equivalent to the structure

described by Eq(4). It has been ascribed fo the existence Offunctions, and the density of final-state energy levels. Many

incoming and outgoing resonances in the intermediate states . . i .
- : of the required expressions and formulas were given explic-
although the nature of the outgoing resonances is not com;

pletely understood. The authors of Ref. 8 have suggested t |téy in Ref. 14 for the neutral electron-hole system. They can
' y e used in the present context with minor modifications.

presence of higher-order Raman processes to explain the ob- Generally speaking, we use a HF-like scheme to describe
served resonances. We shall show that the usual second-or(%ﬁ(ra ground state of thl;l _electron systenin fact, the RPA
expression, Eq(1), with a phenomenologicdli: accounts assumes that there arg some “correlations” iﬁ the ground
for these effects.

A review of relevant experimental facts of electronic Ra-s’tate’|I> , as can be seen from the formulas beloan ef-

S . . fective (conduction mass approximation is used to describe
man scattering in gdots can be found in Ref. 9. In our opin- lectrons in the adot. Thus. tHe.-electron problem with
ion, the best experimental results are those reported in Ref ¢ gdot. o e, ron p L

confinement and Coulomb interactions is solved in this way.

10. Ashw; moves from extreme resonance to 40 meVv abovel_he excited states of this systefh), are looked for with the

it, the observed Raman spectrum evolves from a SPE: . .
dominated one to a spectrum dominated by collective ech}help of the RPA ansatz, which has the form of a linear com-

tations. The positions of collective excitations for the dotsbm.‘t'o.n of “one particle plus oneconductlon-ban)thle
gxcnatlons over the ground state. To construct the interme-

studied in Ref. 10 have been computed in Ref. 11 by means. )
of expressions analogous to Ed), but the dependence on iate statesint) we need the HRvalence-bandhole states.

hw, could only be obtained if one starts from Thg Iatt_er are obtained by solving the Kohn-l__uttmger Hamil-
Eq. (1). tonian in the presence of the external confinement and the

In the present paper, we give a consistent theory of Ral\e-electron background. The RPA ansatz for the intermedi-

man scattering in medium-size qddidozens of electrons ate stal;es haﬁ thlf forml of "’ll Illnear comtl)matlokr; of r? nle“elec—
based on the exact expression given in @g. The theory is, tron (a_ ove the ﬁrm' evazé) us oneA(\va eré(_:e- and c|>e f th
however, “semiquantitative” because random-phase-gg::atm?s Iov_ert € grour;) state. As a Ilrect result % the
approximation-like(RPA-like) wave functions and phenom- ATAca cu atlpns, we obtain matrix elements  suc a§
enologicall’;,, andT’; are used. The main limitation of the (fl€s€xli), which are needed to compute the Raman ampli-
RPA functions in the present context is not related to thdude.
absence of correlation effects, but to an inadequate descrip-
tion of the density of energy levels and of the matrix ele-
ments of the electron-radiation interaction Hamiltonian. The
main virtue of the RPA functions, on the other hand, is that We will model the qdot with a disk of thickneds The
collective excitations are described quite well. In spite of itsdisk axis coincides with the axis. Atz=0 andz=L a hard
limitations, the theory is able to reproduce all of the observedvall potential confines the electron motion. On the other
qualitative features of Raman scattering in gdots. hand, the in-plane confining potential will be assumed to be
With respect to previous calculations, we are aware of thgarabolic'® with a characteristic energyw,. The HF elec-
exact computation§i.e., numerically exact electronic wave tron single-particle state®rbitaly are expanded in terms of

A. HF states for electrons
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two-dimensional(2D) oscillator wave function§ ¢, ac- m./my=0.067, and the relative dielectric constant s
cording to the following ansatz: =12.5.

Two-dimensional(2D) Coulomb matrix element will
be used instead of the truly 3D ones. Consequently, we will
assume that the matrix elements will be diagonal in the sub-
o . ) band indexk, and will multiply the matrix element by a
whereL is given in nanometers;, is the subband label, and  grength coefficiens in order to simulate the smearing effect

Xs are spin functions. . of thez direction!’ The coefficient will take values from 0.6
The expansion coefficienBg’ and the energy eigenvalues for | =25 nm, to 0.8 fo. =8 nm.

BalF)= \[ CsinksmzIL) Y Clexy)xs(a), (5

E, are obtained from a set of equations similar to &j.of The HF equations are solved iteratively. Twenty oscillator
Ref. 14, in which hole contributions shall be ignored: shells are used in the calculations.
(0) e’
Z Es ka55t+,8? B. HF states for holes

To guarantee that both electrons and holes are confined in

E 2 1 the same spatial region, we will assume different confining
X s,k u, kY| ——|t,k¥;v,kY otentials, i.e., we will require
YSHE Uu z z \/Xz-!—y2 z z P g
. Mewo=mMwf=m ol (®)
- s,k“;u,k”’— kY;t,ky) |CICYiCl
< 2 Xt y? 0t > e wherem" is the in-plane mass of thp=23/2, m;==3/2
N (heavy hole, ande is the mass of th¢=3/2, m;=+1/2
=E.Cs, (6) (light) hole. The ansatz for the HF hole orbitals is the fol-

wherey runs over occupied stateg is the electron Fermi  lowing:
level), and the 2D oscillator energies, in meV, are written as

k,m
375.5 k2 qb(“)(r)—\[ Z C;’(kh)msm< )‘Ps(ny) Xm
EQ) = ——— +hwg{2ke+ |l +1}. 7 ska

"z (me/mg) L2

(€)

To be definite, we will use parameters appropriate for GaAsThe expansion coefficients and energy eigenvalues are to be
i.e., the conduction-band effective mass for electrons igletermined from the equations:

skg.m; 1 ) a(h)
(Hi) g — (s,kz,m); (UK | —===|(t.k;,m));(v ,k?) ) CHICHO ClY
= Egpcgf(kh;,mj . (10
|
The first term is the Kohn-Luttinger HamiltonighHy , aga T

whose matrix elements are given in the Appendix. The sec- |f>:)\< > (Xor8or— Yaclr€o)i), (1)
ond term is the electrostatic field of the backgroimgdelec- SHEOZHE
trons. Coulomb interactions are assumed to be diagoma) in  where the index runs over occupied HF states, asduns
indices as well. Notice that, because of the formHf,,  over unoccupied states. Detailed equations for the coeffi-

hole states are grouped into sets with a common value dfients X, Y and the energy eigenvalues can be straightfor-

fn=—m;+ls, wherels is the angular momentum quantum wardly obtained from the formulad2)—(15) of Ref. 14:
number correspondlng to the hole oscillator state

HF energies and wave functions for electrons and holes
are used as input in the calculation of the many particle func- % {Aar,7uXaut Bon s prt =HQ X
tions|f) and|int). '

C. Final states 2 {B)\U,T;LXT;L+A)\U,;LTYMT}: - ﬁQfY)\O'l (12)
"

The final state$f) are excitations of th&l-electron sys-
tem. In the RPA, they are obtained as linear combinations o which () is the excitation energyr and u are indices
“one particle plus one hole” excitations over the initial state similar to o and A, respectively, and thé and B matrices
liy,8 are given by
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Be? 1 whereas for a single-particle excitation, the matrix element
Agr.ru=(ED—E®)8,,0,,+ — < o u| ===\, 7'> practically equals zero. By “significantly nonzero value” we
K VX“tYy mean thaiD%|? is greater than 5% of the energy-weighted
< 1 sum rule for the monopole operafér®
-\ o,u ? T,)\>>, 2ﬁ2
ey S ADiP="— 3 (Np2N). (19
f Me \<pup
Be? 1
Bm,,LTZT( < o, 7 \/ﬁ )\,M> Similar criteria can be formulated for charge multipolar
Ty statest* or for spin-excited state§nvolving or not spin re-
1 versal with respect to the ground staf€he latter are related
— o7 —|m.\ ) |. (13)  to the last three terms of E¢).
< VX ty? >
Notice thatX,, has a straightforward interpretation in D. Intermediate states
terms of a transition amplitude, The intermediate states with,+ 1 electrons and one hole
o can be obtained from the so-called particle-particle Tamm-
Xon=(i|ele,/f), (14 Dankoff approximation(pp-TDA), which is an uncorrelated
pp-RPA function, i.e., no particles below the Fermi level are

and similarly for theY,,, . created®
We shall stress that final states are characterized by thé '

guantum numberdl and AS, representing the variation,

with respect to the ground state, of the total angular momen- linty=" >, V,,elhlli), (20)

tum projection and the total spin projection, respectively. T HET

Conventionally, we will callAl =0 states as monopole exci-

tations, Al==1 states as dipole excitationd|==*2 as 4 HF pole state. The equations for the expansion coefficients

quadrupole excitations, etc. _ o V and the energy eigenvalues are explicitly written in
The calculation of strength functions defined in E4) Ref. 14

follows also very simply from the results of Ref. 14. One

whereo is a HF electron state above the Fermi level, and

expands the exponential (h Qi —E@—-EM)v,
el (G =0T = @i (dzi~ Az 2gi (a)i— ) - Be? < 1 >
. . .. =—— 0,7 ——=——= |0, 7" )V .
=el(q2i_q2f)z[1+i(QHi_QHf)'P+"'], (15) K o /X2+y2
and makes use of the definition of multipole operatds,, (21)

given in Ref. 14 The quantity%Q;,, gives the excitation energy, measured

with respect to the ground state of thi-electron system,

I [1] 4il 0
ey (alp"e]y), 10 and the coefficient¥,, can be interpreted as the transition

=(a|p?y), 1=0, (169  amplitudes:
whose detailed expressions can be found in Appendi>_( B of V,.=(ilhe,lint). (22
that reference. In the later formulas, denotes the orbital
part(no spin function includedof the HF electronic state. The intermediate states are characterized by the quantum

The spin projection quantum number is explicitly indicatednymbers
in Eq. (4). With respect to the part depending grone uses

that F=lgtfh, S, (23)
A 4ik k.q[ — 1+ e ™cog k,m)cog k, )] wherel, andS, are the angular momentum and spin projec-
(k,|€'9k))= . tion of the added electron.

7l (k,—k;) = a?][ (k. k;)*— ]
(17) E. Geometry of the Raman experiment

The strength functions, or more precisely the multipole  |n the present paper, we restrict ourselves to the so-called
operators, allow a further classification of tffg states into  backscattering geometry, which is often used in experiments.
collective and single-particle excitatio§ A charge mo-  The incident laser beam is deflected inside the dot because of

nopolar collective statff), for example, gives a significantly Snell's law. Thus, the actual angle of incider(eéth respect
nonzero value for the matrix element: to thez axis) is

DY =(f| > dg,ar[éZTéa'T+éziéaw]“% (18 d)i’:arcsir( Slr:]¢i>, (24)

!
a,a
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TABLE I. The quotientgi-ﬁmmj/(iP), whereP is the GaAs
band constant.

o\m; 32 1/2 —-1/2 —-3/2
1/2 P V203e,; V1/3e 0
-1/2 0 V1/3e . V213, e

where »~3.5 is the qdot refractive index. H; denotes the
wave vector in vacuum, then inside the dot we have

aji=a=aisiné;, (25)
dzi= 79;COS¢; , (26)
and for the scattered light
ajs=assingy, (27)
0z¢= — 70;COSh; (28

with ¢i = ¢f .

We distinguish between the polarized geometry, in which

Ei and Ef are parallel(along they axis in our calculations
and the depolarized geometry, in whieh (in the xz plane

is orthogonal toEi . A detailed definition of angles for more
general geometries can be found in Ref. 14.

F. Matrix elements of H_,

Hc., is the part of the electron-radiation Hamiltonian re-
sponsible for the annihilation of an incident photon and cre

ation of ane-h pair. Its matrix elements are written'as

(band-orbita){)v*

oT " OT?

<int||:|e_—r|i>~ E

0'>,u,;:,1'

(29

where V., are the coefficients entering the pp-TDA, Eq.

(20). Because of valence-band mixing, the orbiatvelope

PHYSICAL REVIEW B69, 155314 (2004

(fFIAL Jinp~ > > (band-orbital{()V,, X5, ,

O>up ASug T (31)

whereX,, is one of the coefficients entering the RPA expan-
sion, Eq.(11). The band-orbital factor is obtained from Eq.
(30) by replacingi by f and taking the complex conjugate of
the expression.

G. Phenomenologicall'y and T’

The main decay mechanism of electronic excited levels in
a qdot at very low temperatures is the emission of
longitudinal-optical(LO) phonons'® We will ignore surface
effects in a qdot, and assume a threshold excitation energy
appropriate for GaAsi w o~30 meV, for the emission of
LO phonons.

Only final states with excitation energies lower than
hw o Will be considered in order to exclude Raman peaks
related to phonon excitations. It means that final states will
have small widths, for which we will take a constant value
I'; in the interval between 0.1 and 0.5 meV.

In the same way, for intermediate states with excitation
energy lower thariw, o we will take I';,;=0.5 meV. For
higher excitation energies, the LO phonon decay mechanism
becomes active and the widths suddenly increase. In this
case, we will takd™;,;=10 meV, except for a set of particu-
lar states, which can be interpreted as “excitons” or “exci-
tons + plasmons,” whose meaning will become clear below
in the discussion of Raman scattering well above band gap.
In this latter situation, we will také’;,;=2 meV.

We stress that the role d&f; andT';,; as functions of the
excitation energy in the Raman spectra has not been pointed
out before. In our view, the qualitative change of the resonant
Raman spectrum when the incident laser enérgyis raised
30 meV or more above the band gap is related to the sudden
increase ofl"j; .

I1l. CALCULATED RAMAN SPECTRA

and band wave functions of the hole get mixed. The band-

orbital factor in Eq.(29) is defined as

(band-orbital )= >

o(e)x ) >
& E Cs,kz Ct,k;,mj(sl p"s'mj)

z t,k; ,mj
(e k) [ i retp)

X ¢ (p)d%p. (30
The band factog; - 5,,5,,“] is computed according to Table

. The factor(k,|€'9z%k.) is computed with the help of Eq.
(17). Finally, the computation of the integréhe orbital fac-
tor) is made along the lines sketched in Ref. 14.

On the other handH__, is that part of the electron-

In the following, we report results for a 42-electron dot.
The disk thickness and the harmonic confinement take values
L=25 nm and%w,=12 meV?° respectively. The chosen
hwq corresponds to a gdot in the strong confinement regime,
and the number of electrons to a closed-shell quantum dot.

We show in Fig. 1 the electronic excitations of the dot,
i.e., the spectrum of final stat¢f). The reference energy is
the energy of the ground stafé). The excitation energy is
precisely what is measured as the Raman shift in the experi-
ments.

To the left of they axis, states witlAS,=1 (with respect
to |i)) are represented, while to the right of thexis, states
with no spin flips are shown. In the figure, we identify the
collective excitations, labeled CDE and SDE, and give ex-
plicitly the corresponding fraction of the energy-weighted
sum rule* In the Al=0, AS,=0 case, for example, the

radiation Hamiltonian responsible for the creation of a pho-CDE state concentrates the strength of the charge monopolar

ton and annihilation of ae-h pair. Its matrix elements are
given as*

transition (from |i) to |f)), and the SDE state concentrates
the strength of the spin monopolar transitigmith no spin

155314-5



A. DELGADO, A. GONZALEZ, AND D. J. LOCKWOOD

PHYSICAL REVIEW B69, 155314 (2004

AE; (meV)
304+
— sl = ——
S CDE (99 %) 35%)
[ 204 —
— = = — CDE —
— 20%) SDE(4%) 151 SDE (94 %) — (0% FIG. 1. Spectrum of final
(% (50 %) — 1% states in the model qdot.
CDE (100 %)
SDE E— SDE
[ — 10 T _—
——(8%) — —— 6%
(88 %) (88 %)
SDE 5T SDE
1 1 1 1 1 1
Al=-2 Al=-1 Al=0 Al=0 Al = Al=2
ASz=1 4S;=1 4AS;=1 AS,=0 A4S, = AS,=0

flip). The rest of the states shown correspond to SPE’s. Naion of the group should correspond té &), i.e., the renor-
tice that, in general, collective excitations are isolated frommalized oscillator energy iBw,~9 meV.

SPE's. The fine structure of the SPE peak is shown in Fi@) 3
For the intermediate states, we take a nominal band gaglong with the density of final-state energy levels. In this
Egap= 1560 meV. This gap is renormalized by Coulomb in- case, the monopolar polarized Raman spectrum was calcu-
teractions. We define the renormalizBf, , as the energy of lated withI';=0.1 meV. The depolarized spectrum is shown

the lowest intermediate state. Note that this convention majn Fig. 3(b) (In fact, only the energy interval corresponding
not coincide with the experimental definition of the effectiveto the SPE peak is shown. The SDE peak is outside this
gap in terms of the position of the exciton line. interval). Histograms with a step of 0.1 meV are used to
represent the level density. Although E4) refers to collec-
tive excitations, we have used its implications to correlate
. the polarized Raman spectrum with the level density of
I\_/Iea_lsurements of _eIectronlc/Raman spectra when the las harge monopolar SPE’s, and the depolarized spectrum with
excitation energyhv; is belowEg,, have not, to the best of he gensity of monopolar spin excitations. The Raman spec-
our knowledge, been reported for qdots. In the present segz, reproduce quite accurately the details of the level density

tion, however, we show that such measurements could prgp poth cases. A general remark concerning Fig. 3 is that the
vide information for both collective excitations and SPE’s in

gdots. Raman intensities for both kinds of excitations show

A. Raman spectra below the effective band gap

comparable magnitudes. { [T al=0,48=0f
Note that we use only the resonant contributionAtg, 0.080+ —e—hy, - 1579 mev S Eplized
Eq. (1), in spite of the fact that the present situation does not ; +:1j1:§§ Ez\vf b/ 'x‘ 7
correspond, strictly speaking, to a resonant protess. 0.025 - T j' ¥ -
We have the possibility of computing the spectrum for & J K‘
each multipolarity of final states. Results will be presented ins (o0 ] 1
. . . . " : 14 \ CDE
this way, although in an experiment all the multipolarities g J \
can be observed in the same spectrum. = med 7 \ 7% i
We show in Fig. 2 the polarized Raman spectrum for % ,7’ 1 7 ‘x‘
monopole final state excitations, computed with; = 7 oy ;’ v
=0.5 meV.Eg,, in this situation is 1599.2 meV. The inci- ' I | M%» % %
dent(and backscatterg¢dingle is equal to 20°hv; is swept i o £ N J R
. . . . 0.005 "¢ =" A % |
in a 30 meV interval belowEy,,. Notice the monotonic

increase of intensities dsv; rises. One peak corresponding
to the CDE, and a second one related to the SPE’s are ok
served. In the latter case, there is a group of energy level:
contributing to the peak in the figure. We may think of this
set of levels as a Coulomb-renormalized oscillator shell. As FIG. 2. (Color onling Polarized monopolar Raman spectrum
we are dealing with monopole excitations, the average posibelow band gapI(;=0.5 meV).

Raman shift (meV)

155314-6



SEMIQUANTITATIVE THEORY OF ELECTRONIC RAMAN . .. PHYSICAL REVIEW B69, 155314 (2004

ST e === pressed in the Raman spectra. Quadrupole final states, on the
4x10%2 hv, = 1594.2 meV - (a)], contrary, show magnitudes comparable to monopolar peaks.
= I Ngrares 4 " The fact that even multipoles are favored in the Raman
‘§ 34 polarized g spectra is understood in terms of the even parity of final
s , 8 [5 g states in a two-photon process. On the other hand, spin-
s L, | 5 flipped final states are reached only as a consequence of
= £ valence-band mixing. Wévirtually) create an electron and a
5 = hole, whose dominant componentrig, and annihilate the
£ same hole and an electron with opposite spin. The amplitude

1 of the latter process is proportional to the minority compo-

0 L — 10 nent of the hole wave functiory,,. It means that the am-

—
16.0 165 170 175 180 185 19.0 195 20.0

]
plitude squaredA;|? will be proportional to| x,|?.
1.6x10° —T T T T T T T T 3 :

ool Ehij These calcu.lations show that experimental measurements
4 of the electronic Raman spectra with below-band-gap exci-
12 tation can provide valuable information on the collective
states and SPE’s of gdots. Furthermore, below-band-gap ex-
citation can overcome the problem of overlap with the in-
tense photoluminescence observed under resonant excitation.
The peak maxima exhibit a continuous but not very marked
o0 . increase in intensity with excitation approaching the band
' h gap (see Fig. 2, indicating that excitation around 30 meV
below the gap is sufficient. The other notable feature of these
=l -l S calculations, apart from the marked differences predicted in
160 165 17.0 175 180 185 19.0 195 20.0 Raman intensities of the polarized and depolarized multipo-
lar components, is the fine structure of the SPE Raman peak
(see Fig. 3 It would be interesting to probe all these aspects
FIG. 3. (Color online Polarized and depolarized monopolar Ra- €xperimentally.
man spectral(;=0.1 meV) and comparison with the density of
energy levels.

0.8 L

Intensity (arb. units)
Number of states

0.0

Raman shift (meV)

B. The extreme resonance region

intensity of the depolarized peaks is about three times lower In the present section, we consider Raman scattering

than the intensity of the polarized ones. whenhv; moves in a 30-meV window abO\Eéap. We will
Depolarized spectra for spin-flipped monopolar and dipo-call this interval the “extreme resonance” window.
lar final states are shown in Figs(a# and 4b). Polarized Figure 5 shows a polarized Raman spectrum correspond-

spectra for dipolar and quadrupolar states are shown in Figing to charge monopolar final states. As in Fig. 2, we used
4(c) and 4d). The shell structur@?!is clearly seen in these I';=0.5 meV. Two characteristics of Fig. 5 make it very
figures. Dipolar and spin-flipped final states are strongly dedifferent from Fig. 2:(i) Peak intensities are not monotonous

SDE (a)}

3x10°1 aI=0,48, =1 25x 10" Al=1,48,=0 (el
depolarized polarized
251 I 20
) z ]
E 201 5 15/
2 £
3 154 £
=y 2 1.0
é 1.0 L 2
2 2
£ 5] [ £ os] CDE
hu, = 1594.2 meV u
0.0 r T T T y T 0.0 T : T T T y . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30 FIG. 4. Raman spectra in different channels
‘ : : : : (b') . . . . : ) (I't+=0.1 meV). The incident laser energy is
6| Al=-1,48,=1 L 2| al=2,18,-0
Bx1079 sepolarized 15x10%)  ved” . 1594.2 meV.
N B 12
5 5 CDE
§ SDE g 0.9
< 4l s
2 >
a £ 064
£ 5
c -
= 2 E 0.3_12.0 185 19.0
0 r ; T r T T 0.0 T T ; ? . T
¢ 5 10 15 20 25 30 0 5 10 15 2 25 30
Raman shift (meV) Raman shift (meV)
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0.10 1 L 1 s 1 L 1 05 1 1 ' | L | s |

—— hv, = 1599 meV Al=0,A5=0 AE, (meV) E',, =1599.2mev
polarized 4 o=
1 —e—hv = 1604 meV I = 16.60
hv, = 1609 meV 04495 4780 =
0084 --w--hv, = 1614 meV B v 14 1830 ‘
- hv, = 1619 meV = 7+ 18.40 N
7 —0-hv, = 1624 meV re] 039 4 18.75 /i B
= k- hy, = 1629 meV 5 i i\
5 006 - Z al
g 2 024 ‘ L
© ) ,
8 @ | )
= o ;
e = 0.1 polarized B
0.0 : enanens
0.5 L 1 1 1 L | L |
| AE{ (meV) E'_-1599.2 meV - T
= 1650 It I
& 041 o 1755 -
. + 1805 | /\
Raman shift (meV) 3 + 18.60 S
5 L
FIG. 5. (Color onlineg Monopolar polarized Raman spectra \":
(I't=0.5meV) in the extreme resonance regioﬁaap<hvi = L
! =
<Egapt30 meV. g
with respect to variations dfv;, and(ii) the position of the
maximum in the SPE peak moves slightly withy;. Both

properties are related to resonances in the intermediate state
Resonances in the intermediate states can be better vist

alized if we follow the Raman intensities of the peaks shown Laser energy (meV)

in Fig. 3. For this purpose, we computed monopolar Raman ) ) )

spectra with[';=0.1 meV and varyindiz; with a 0.5 meV FIG. 6. (Qolor _o_nlln_e The dependence dw; of the intensity of

step. The results are drawn in Fig. 6. The monotonous inSFE Peaks identified in Fig. 3.

. , L X
crease of peaks in theew;<Eg,, region is apparent in the states are weak in the Raman scattering under extreme

. f ) ) )
figure. On the other hand, fdrv;>Eg,, the intensity varia- 05003082 Raman spectra in the extreme resonance region
tion with laser excitation energy is much more complicated,,k similar to the spectra shown in Fig. 4, but with SPE

The intensities_ of the individual SPE components rise and).os much higher than collective ones and selectively en-
fall markedly with laser energy, as has been observed expens

v, Thi o ibuted o individual anced for particular values &ifv; . A comparison with the
menta_ y- T 1S _va_rlatlon IS _attrl uted to Individual resonance ensity of energy levels would lead to results very similar to
occurring within intermediate states lying close to the ban

hose of Fig. 3.
gap as the incident light energy sweeps through them. The Y

effect is particularly noticeable fohy;~1616 and 1626
meV. In the associated intermediate states, the addegair
has zero total angular momentum projection, and the hole is As mentioned in Sec. IIG, we assume that; experi-
basically a heavy hole. Notice that the same intermediatences a sudden increase whep,> Eéap+tho. As a re-
states are responsible for the strong enhancement of Ramaalt, the contribution of these statesAg , Eg. (1), loses its
intensities in both the polarized and depolarized geometriesesonant character even whiem; sweeps this energy range.

A spin monopolar SPE Raman peak is followed as a funcit means that peak intensities become smooth functions of
tion of hy; in Fig. 7(b). For comparison, we have also given hy;, as for below-band-gap excitation. Both collective and

!

the productd(f[Hg_ [int)(int|H__ |i}|? for each intermedi- SPE Raman peaks decrease in intensity fiof>Eg,,
ate state, and the absorption strengifiat/H; ,[i)|? (the +hw o (as compared with values at extreme resongrine

upper panél The optical absorption coefficient is defined th€ SPE peaks are more strongly depreééigure 8 shows
according to a typical spectrum atv;=1642 meV.

Nevertheless, a modest increase of the peak intensity for

Tl hv; well aboye the band gap may result not only from large
m (82 values of|(f|A._, |int)(int/A,_|i}|2 but also from relatively

int int small level broadeningas compared with the neighboring
Figure 7 shows that, in the present situation, peaks in théevels. There could be a set of intermediate states in which
optical absorption coincide with peaks in the Raman intensil’;,; takes relatively small values. One can think, for ex-
ties, which leads to the conclusion that the latter are relatedmple, of the lowest state in a subband, let us saykthe
to incoming (absorption resonances. Note that from Fig. =2 electron subband. Intersubband transitions due to pho-
7(b) it follows that interference effects among intermediatenon emission are not as fast as intrasubband transitfons.

- T T T T T
1590 1600 1610 1620 1630

C. Raman spectra 40 meV above band gap

“(E):izm [(int/Hg_,[i)[?
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0.35 T T T T T T T T T T T T
(a)l12
0.30
1.0 :(g\
N 0254 5 —_—
A g 1
= 08 ©
. 020+ &
@ o
i 0.6 §
€ 0154 S
\Y 8
= g0 [0
]
(@)
0.05 4 | 0.2
0.00 . —l bl 0.0
1600 1605 1610 1615 1620 1625 1630
1 s 1 " 1 s 1 " 1 " 1 s |
0.012 4 —T— AEf =18.60 meV Los
o | depolarized . O
./_\ 0.010 1 —_
. T Lo4 2
5 1 5 . . . . .
T 0008 /\ x r s FIG. 9. Schematic representation of incoming and outgoing Ra-
£ ] HA \ 03 g man resonances.
X 0.006 / N \'._ h L ‘é
sdA I ] b 1 ko) . . . .
£ 0004' ./ \./ \-\/ \ o2 E intermediate states are located at excitation enerfigs
.004 r g ¥ = . .
*I; | /.f/ v v \ I 8 +E;. One can think of these states as an exciton on top of a
= G55 /" ’ Fot @ collective excitation or, conversely, a collective electronic
X ] _,13\ -JW' ju | “ - excitation on top of an excitoff. The X in this case may
oooo Ll Pl Nl |, b |4Jll " 0.0 correspond to an absorption peak in the extreme resonance
1600 1605 1610 1615 1620 1625 1630 region or We” above band gap
Laser energy (meV) The resonant enhancement of these “exciton plus plas-

mon” states can be due, again, to big numerators or small
denominators in Eq(l). Relatively smalll’;,; could be re-
lated to the collective nature of these states or to the relative
isolation from neighboring levels.
Consequently, th&;,; of the lowest state in the subband is  To illustrate the effect of resonant enhancement of Raman
relatively small. We will call these states “excitonic” states, peaks, we show in Fig. 10 the intensity of the CDE peak as
X. If the product(f| A%, X)(X|FiZ,|i} is not small, a peak in @ function ofhv; . The entire range of variation is shown for
the Raman intensity will appear. In the interpretation of Ref.completeness, i.e., below-band-gap excitation, extreme reso-
8, this is an “incoming” resonance. nance, and well-above-band-gap excitation. In the extreme
On the other hand, “outgoing” resonances correspond tde€sonance case, the enhancement is related to absorption

emitted photons with energ&x, as shown in F|g 9. The maxima as mentioned above. On the other hand,]f/q)“Ne”
above band gap, we pick up an intermediate state with en-

FIG. 7. (Color onling (a) Absorption in the model gdotib)
Intensity of the spin monopolar Raman peak withE;
=18.6 meV as a function diiy; .

1 " 1 L 1 " 1 " 1 " 1
hv, = 1642.25 meV
0.10 4 - T &= T & T ¢ & T T ¢ T v T &I
CDE 0018+ AE; = 21.99 meV - 0.35
N 0.0164 —
% 008 L A 1 ro%0 &
-‘% = 0.0144 | %
E] 5 1 o A BB Loos 2
P T 0012+ £
& 0.06 - - € 1 | =
& v 0010 020 &
> =
g A ooos ] S
c £  0.008- T
(0] 2= 45 2
£ o004 - 3 ] - g
kS £ 0.006 5
E i +0.10
= 0.004 H
Y
0.02 B - 1 —/,r I0.05
N 0.002 +
| polarized geometry | | ” | | §
Al=0,A8,=0 0.000 A 1ALl - 0.00
0.00 T T T T T T T T T T T T 1570 1580 1590 1600 1610 1620 1630 1640 1650
0 5 10 15 20 25 30 Laser energy (meV)
Raman shift (meV) ) )
FIG. 10. (Color onling Intensity of the CDE monopolar Raman
FIG. 8. Raman spectrum in the polarized geometly; ( peak as a function dfiv; . An outgoing resonance at 1642 meV is
=0.1 meV) for well above band gap excitation. modeled.
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ergy Ex+Ecpe, Where the exciton leveX corresponds to APPENDIX: MATRIX ELEMENTS OF THE KOHN-
the absorption maximum at 1620 md¥see Fig. 7a)], and LUTTINGER HAMILTONIAN

Ecpe~22 meV is the energy of the charge monopolar col- | the present appendix, we give the matrix elements of
lective state. For this state, we chdsg=2 meV. The ef-  the Kohn-Luttinger Hamiltonian entering ELO). Results

fect is an enhancement of the intensity around 1642 meV, agre presented for the more general case when a magnetic
shown in the figure, that according to Ref. 8 is an outgoingie|d B is applied in thez direction. We use the following set

resonance. of parameter$?
This calculation reveals that the dependencd’gf on

E;, may dictate the qualitative features of Raman scattering

yvith \{vell—above—band—gap excitation. A cqnsistent treatment y1=6.790, y,=1.924, y,=2.681,
in which thel';,, are computed for eadint) is left for future

study.

y=(72+ 792, k=12, q=0.04.
IV. CONCLUSIONS
This theoretical investigation of the role of resonance ex- The Kohn-Luttinger Hamiltonian has the following struc-
citation in electronic Raman scattering from qdots has reture in them; variable:

vealed many hitherto unsuspected features and details. In
general terms, the Raman intensities of the SPE’s, CDE’s,

and SDE’s are strongly affected when the incident light en- Hsyo S R 0

ergy is swept from below, through, and above the quantum st H 0

dot band gap. Incoming resonances produce a rapid variation Hor = 172 (A1)
in intensity for excitation energies just above the band gap, KL R' 0 H_y, -S

and outgoing resonances are predicted for higher excitation 0 Rt —st H_ g,

energies, as observed experimentally. In fact, observation of
the Raman intensity of just one SPE, for example, as a func-
tion of the incident light energy, can provide precise detailsThe H terms are diagonal in oscillator ad indices. They
of the optical absorption spectrum and density of states. Thgre given by
role of damping in the intermediate states has been shown to
be a significant factor in determining these resonances and
deserves further theoretical analysis. Mo(y1+ 2)
Another aspect of this work is the unraveling of the com- Ht3,2=ﬁQem—(2k+|lh|+ 1)
plexity of features in polarized Raman spectroscopy of qdots. 0
This spectral complexity in dots with large numbers of elec- 2 K272
trons has been evident from the first experiments. These cal- +——(y1—2y5)—
culations have shown what excitations dominate in which 2m L2
polarizations and point the way to a better control of what is
measured in future experiments. * g
Experimentally, the predicted selective resonances have
advantages and disadvantages. By employing resonance ex-
citation, a particular final state can be enhanced over its com-
panions and thus make it easier to identify. On the other Ma(y1— v2)
hand, the rapid variation in intensity of the individual and Hillzzﬁﬂem—o(2k+|lh|+1)
numerous SPE’s makes it difficult to uniquely identify them.

_ fiwge Me(y1+ 72)
2 mg

In

27q
3k+ e B, (A2)

In this regard, the fine structure evident for SPE’s from these #2 kgfn'z fiwee Ma( 1= ¥2)
calculations should be explored by performing high- tom(nt 2y) =~ > m Ih
resolution Raman spectroscopy in future. The best situation 0 L 0

for evaluating the SPE’s would be for an excitation energy q

about 30 meV below the band gap, where some overall reso- *ugl k+ 7 B, (A3)
nance enhancement occurs but the contribution from band-

gap photoluminescence would be weak. No such experi-

ments have been performed to date. wherem, is the electron mass in vacuumg is the atomic

Bohr magneton,w.. is the electron cyclotron frequency,

Q= w2+ w?J4, andk, |, are the radial and angular mo-

mentum quantum numbers corresponding to the 2D oscilla-
Part of this work was performed at the Institute for Mi- tor state.

crostructural Scienceg$VS), National Research Council, Ot- The matrix elements of thB andR operators are written
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