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We investigate theoretically the effects of electron-electron interactions on excitonic absorption in charged,
lens-shaped, self-assembled quantum d8%D). The electronic shells of SAD are filled witN electrons
according to generalized Hund’s rules. In absorption, an exciton is added to the electronic system. The
electronic part of the exciton couples in a nontrivial way to resonant electronic configurations of SAD through
direct and exchange interaction while the mobile valence hole contributes through the entanglement of many-
electron configurations. The two processes result in an excitonic absorption spectrum that reflects the filling of
electronic shells. These processes are illustrated by detailed calculations of absorption spectra for few-electron
complexes.

[. INTRODUCTION figurations. The splitting can be traced to spin polarization of
half-filled shells. Recent experiments by Schmaéttall!

The absorption of a photon in a semiconductor creates aconfirmed only some of the theoretically predicted features
electron in the conduction band and a hole in the valencéke band-gap renormalization. Other features due to correla-
band. An electron and a hole bind to form an exciton and theions remained obscured by inhomogeneous broadening. In a
absorption spectrum is proportional to the density of states afelated recent work, Warburtcet al*?> measured absorption
this composite particle. When free carriers are present in thepectra of ensembles of charged quantum dots as a function
conduction band the absorption is quickly modiffeBor a  of the number of electronsl in the dot. His experiments
localized valence hole the absorption spectrum evolves fromicely demonstrated the Pauli exclusion principle, i.e., that
excitoniclike to a Fermi edge singularitfES.>? Much has  once electronic shells are fully occupied the absorption pro-
been understood about the FES because the problem of nocess into these shells is blocked. Simple mean-field calcula-
interacting electrons coupled to a localized valence hole isions of a few-electron and single-hole configuration reason-
exactly solvablé.However, in quasi-two-dimensional semi- ably well described the energetic shifts of the
conductor systems neither electron-electron interactions nanhomogeneously broadened absorption spectrum as a func-
the finite hole mass can be neglected and our understanditipn of the number of carrierd. Detailed calculations that
of the effect of free carriers on optical absorption iswould address the role of electron-electron, electron-hole,
limited 3~® We can further our understanding of the effect ofand finite-hole mass on the absorption spectrum have not
electron-electron interaction on excitonic absorption bybeen carried out yet. Recent progress in optical spectroscopy
studying simpler systems with limited Hilbert space whereof individual quantum dot§~2°where spectra are no longer
electron-electron and electron-hole interactions can bebscured by inhomogeneous broadening, warrants such a
treated in a systematic way. A quantum ‘diiited with elec-  calculation.
trons not only offers such an opportunity but is also an in- In this work we calculate optical absorption spectra in
teresting electronic system in its own right. An ability to charged lens-shaped self-assembled quantum dots. The
control, and hence detect, individual charges in selfsingle-particle levels of electrons and of holes form degen-
assembled quantum ddoiSAD) is essential for a wide range erate electronic shells. Electrons fill up the dot according to
of applications, from single electron transistors and memogeneralized Hund’s ruleS.We calculate absorption spectra
ries to quantum gatésFor these reasons interband optical using different approximate schemes and compare with exact
properties of quantum dots charged with electrons have beealculations. We find that when an exciton is added to a
investigated experimentally=*? and theoretically>=1" In  partially filled shell it is resonant with many-electron and a
this work we focus on excitonic absorption in charged self-hole configurations with the same energy. The resonant con-
assembled quantum dots. Emission spectra and excitons figurations are generated by a valence hole relaxation com-
charged quantum dots have already been investigated usitgned with excitation in the electron system. The interaction
exact diagonalization techniqu&st’ The emission spectra with resonant configurations breaks up the exciton and it
showed spectral features related to the filling of electroniceases to be a well-defined quasiparticle. In this case the
shells. In particular, partially filled shells led to a splitting of results of approximate calculations are not trustworthy.
the emission line due to mixing of resonant final-state conWhen the shell is full the absorption is blocked and only
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absorption to higher empty shells is possible. Detailed calcuio;,j oj| ved ko ,l o) for electron-electron and
lations of the absorption spectra as a fingerprint of the numio; ,j oj| ver koj ,107) for electron-hole scattering. These
ber of carriersN establish interband spectroscopy as a sensiquantities are measured in units W§= 7 (ag/lerf) RY*
tive probe of the number of electrons and the electronic= ﬁ(asmmy*, with ag the effective Bohr radius,

structure of the dot. Ry* the effective Rydberg, ant¢;=1/\/2Q.m* the char-
acteristic length scale of the SAD. Although the electron-
Il. SINGLE-PARTICLE STATES electron and electron-hole Coulomb matrix elements depend

Sinale-particle states in self-assembled quantum dots d on the detailed form of the single-particle states and the form
gie-p q Gt the interaction, the best starting point is the case of sym-

pend on growth conditions that control facetting, alloy com- : : T iy
position, size, and shape. We focus here on a model of len rTJetrlc interactions: ~ {i.j|vedk,1)=(ij[vn/k.l) ~ and

shaped quantum dots that is sufficiently general to b Lifverk,1)=(i ’k|ve‘%“ ’.|>' As d_lscussed n Ref' 29 one can
choose the symmetric interactions characterized by a single

applicable to a wide class of zero-dimensional §ystems. .I?alue ofVy. Therefore, we are left with the smallest possible
lens-shaped self-assembled quantum dots the single-particle

states|n,m) for electrons in the conduction band and holesnurnber of parameters in the theory, the ratio of Coulomb to

in the valence band can be well approximated by those of glectron kinetic energy/o /{1, and the ratio of the hole ki-

ol Tamon cscos b St mamran 21 1T 1 0 ke ey of e ety
m.?* The energy spectrum is given by, ,=Q(n+m+1). P P P

The single-particle states form degenerate shells with energgG/tggsaljaEt{J/mNdz%tsm%\\//e(éi;? g%a;gggkiﬁgséggngggera%?:nd
cT Vo .

separatior) whenevem+m=0,1,2 ... .HereQQ=Qy, is 0 /0.~05

the electronic shell spacing for electrons and for holes. we™h" =7 ="

identify these shells as p,d,e,f, . ... Theangular momen-

tum of Sing|e partic|e states ise: ne_ r'ne and rh: _nh IV. MANY-PARTICLE STATES AND HUND’'S RULES
+m, for electrons and holes, respectively. IN QUANTUM DOTS

In the literature, different values for energiBs and{l, In the initial ground state the total spin of a partially filled
for self-assembled dots have been reported. Reference 2 is maximized while the total angular momentum is
found(2,=12.4 meV and),=3.7 meV as good parameters minimized in accordance with Hund's rule generalized to
to model their experiment. On the other hand, authors of Re SAD. The generalized Hund's rule has been predicted and
26 foundQe~3O meV finthNJ'S meV as being good ef- qrified numerically in Ref. 15. We calculate the electron
fective parameters, while Ref. 27 repor@d~50 meV and  ymper dependence of the absorption spectra starting from a
(,~27 meV. Hence, depending on fabrication method andingle configuration consistent with Hund’s rules. The appli-
growth condition quantum dots show ratios of the valencegqpijity of this approximation and breakdown of Hund’s rule

and conduction-band energy spaciilg/Q.<1. are tested by a detailed calculation of the absorption spec-
trum to a correlatedN=4 ground state as a function of the
. MODEL HAMILTONIAN strength of Coulomb interactions.

The interacting, final many-particle statés;) are ex-

The Hamiltonian describing the interband optical absorp; anded in the basis of the noninteracting configurations of

Lo process i modulaton dope sef asseribled el 1 clecons and a singe valence ..,

: S many € g . ““=hlc! .. .c¢] t|vad), where|vac) denotes vacuum. These
ing composite indices={n; ,m;} to describe orbital quan- UL P } ) )

tum numbers andr; to describe spin, the Hamiltonian in configurations can be also written in a more physically trans-

second quantized notation reads parent way by emphasizing the optically created electron-
hole pair h/c! and enumerating different many-particle
4
processes’
HZZ SieCiTO'-CiO'-—’—E Srhro-hio’-
1} ! ! io'i ! !
1 . Ivf>=2i AthCFIvG>+JEkI Bj iihlclelcilve)+ .
+ E i,j,k%ri 7 <|J |vee|k|>ci(ricj(rjck(rjcl(ri (2)

- (i | verlKIYCT BT By, 1 . The fir§t set of processes _corresponds to injecting an op-
ij.KLo o] en ioj oy ko~ tically active electron-hole pair to empty statésabove the
ground state with amplitud‘éif . These processes correspond
The operators:iTUi(cigi) and h?ai(higi) create(anihilatg an  to absorption in the presence of a frozen Fermi @ezzen

electron and valence hole in the stéite;) with single par- ground state The second series of processes corresponds to

ticle energye; . indirect electron-hole pairs1], ¢/ with momentum —k

The first two terms on the right-hand side of BEd)  coupled to what appears to be a one pair excitatibnc,
describe the kinetic energy of electrons and a singlevith momentum+Kk. This one pair excitation is, however,
hole. The third term accounts for Coulomb interac-coupled to an additional photoexcited electron. The photoex-
tions among electrons and the fourth term describes the irsited electron can be turned into a well-defined excitation of
teraction of electrons with the valence hole. The interactionshe N+ 1 electron system by adding an extra electron at the
are given by the two-particle Coulomb matrix elementsFermi level |F). Redefining our ground statéug)y. 1
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=cl|ug) allows us to write our final states in terms of exci-

tations of theN+ 1 electron state: X la) N=0
|Uf>:Ei AifhiT(CiTCF)lvé>N+l - — — -
v~ 7
_w 9
+]_§k:| ij,k,|h;r+k(0;rcr+kc|0|:)|UG>+ R € )! _4_—_ — 4
: - : . il 2 -
This way of defining our final stat¥semphasizes the fact _ ¥
that the photoexcited electron is an indistinguishable particle A 1 M-/
in the final N+ 1 electronic system. It enters as part of an == A
excitation of the system. The first and the second contribu-
tions can now be viewed on the same footing as one pair and YT TV W
two pair excitations of théN+ 1 electron systems. The va- - - -
Lo . £ e
lence hole clearly entangles these excitations. Obviously = I _—_| ) _—_|>
there are many other excitations besides the ones listed here. A A s

In exact diagonalization of small systems all excited states ) ] ) o
are taken into account. The states are labeled by the total FIG. 1. All possible configurations of an electron-hole pair with
angular momentunR, the z component of the total spin of total angular momentuR=0 on three lowest shells in the conduc-
eIectron:S‘z, and the hole’s spiwr, . The Hamiltonian(1) is tion and valence band.

diagonalized numerically in each eigensubspaReS(, oy,).
Equation(3) and exact diagonalization helps us to identify
important processes that play a role in extended systems.

2
Alw)=2 | 2 Bli(n:sfuiles,vehn)

X 8(w—[E(N+1)—EG(N)]). 5
V. OPTICAL ABSORPTION SPECTRUM (= [&( )=&(N)D) ®
We see that the oscillator strength of the optical transition
has contributions coming from electronic configurations be-
longing to different electronic Hilbert spaces. This kind of
interference effect is responsible for the Fermi edge singu-
larity in the optical absorption of two-dimensional electron
gases, even in the absenceeeé interactions’ In this work,
Alw)= E [(vr| PHvg)Po(w—[E(N+ 1) — Eg(N)]). we focu_s on the effect of electron-electron interactions on the
f absorption spectrum.

The absorption spectrum(w) of a photon with fre-
quencyw due to transitions from an exact ground statg)
of a charged SAD to all final statds;) is given by the
Fermi’s golden rule:

(4)
The summation is over many-body+ 1 electron and one VI. RESULTS AND DISCUSSION
hole final state$v;) with energy&;(N+1). The ground state )
of the Charged dot before absorptior‘ ﬂ@> and its energy is We now turn to the results of calculations of the absorp—

&s(N). The initial ground and final states are coupledtion spectrum as a function of the number of carriers.
through the interband polarization operatorP’

=3,,¢/,h]_,. The magnitude of this coupling is the oscil-
lator strength of the optical transition between the ground )
and the final state. This operator adds an electron hole pair 10 understand the absorption spectra of charged SAD's,

into the ground state of the system. It can be decomposef€ Must first understand the excitonibl £0) absorption
into two operatorsP’ =3¢l ,hf ., , with definite cir- case** There are two classes of electron-hole pairs: bright
cular polarization of I%gr)1tzr+1 &%’7 ’_m) and dark. To introduce these classes it is enough to consider

The final statesv;) are written in the basis of the product OnlY the three lowess, p, andd shells with a total of six
of theN+ 1 electron stately) with total angular momentum orbitals, as shown in Fig. 1. All calculations will be carried

R® and a single valence-hole stat§vac) with angular mo- out in this 5|mple model_ (_)f SAD. In the optical _absorptlon
h o . process only direct transitions are allowed, creating electron-

mentum r¢. Addition of an electron-hole pair does not . . .
hole pairs with zero angular momentum. However, an exci-

. e h Wn is composed of all pairs with total angular momentum
mentum of the fln'aI. _statch +£S is equal to the gngular zero. In addition to the six optically active configurations
momentum of thfe |[r1|t|al stat®g . Then, we can Wfr't¢”f> there are two other configurations. They involve a Helec-
:E|,S:R|e+r2=ReGBI,shSUS|VaC>|UI>N+l- Amplitudes By s are  tron) in the zero angular momentum sta@®) of the s shell
determined by e-h scattering between these many-particiend a hole(electron in the zero angular momentum state
electron hole states. The optical absorption spectrum cajil) of thed shell.

now be expressed in terms of only electronic degrees of free- Hence an exciton is composed of eight states with zero
dom as total angular momentum:

A. Excitonic absorption in undoped SAD
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|a)=h{o cdo IVao, |AY=a), (7)
by=h{,.cly|vad, |c)=hl,cl, |vad, 1
| > 017 Oll| > | > 107 lOll > |B)=E(|b>+|c)),
|d>:h(T)2TC$2¢|VaC>1 |e)=h£ch2rOl|vaC>, 6
N 1
[f)=h1yciylvao, |C)=E(|b>—|c>), (8
lg)= hIncgoﬂvac% [h)= hgoTCIu|VaC>-
Figure 1 shows both the six optically active and two dark D)= i(|d>+|e>+|f))
electron-hole configurations. In optically active configura- V3 ’
tions charge distribution of an electron and a hole is identical
and they do not interact with other charges. Dsukandd-s 1
configurations involve different orbitals of an electron |[E)=—=(|d)—|e)),
and a hole. This leads to a spatial imbalance in the charge V2
distribution of the electron and the hole. The repulsion of an 1
electron by other electrons is not compensated by the attrac- _ - B
tion of the hole and these pairs interact with charges. In this IF) \/§(|d>+ l&)=2[f)), ©
sense we can call them charged electron-hole pairs. The en-
ergy of each dark configuration appears to be very different 1
from any of the bright configurations even in the absence of [HY=—(|g)+|h)),
e-h interaction. For example, the-p configuration has ki- 2

netic energy 2).+ 2, while the energy of the-d configu-
ration is Q.+ 3€,. However, when we form a new state G)= i(| y—[h)) (10)
|H) as a linear superposition afd and d-s configurations J2 9 '
|[H)=(1/y/2)(|g)+|h)) we generate a state with energy
1(Q+30)) + 1 (Q,+30,)=20.+20Q,. Even more sur- Only states|A), |B), and |D) have finite oscillator
prisingly these configurations are degenerate wit@nand  strength. This is seen by expanding the interband polariza-
e-h interactions are switched on. This rather counterintuitivetion operator in this new basisP'|vag =|a)+|b)+|c)
result implies that irrespective of the quantization of electront |d)+|e)+|f)=|A)+ y2|B)+ /3| D). The three states can
and hole kinetic energy the dark exciton is always degeneratee identified with the three available shells within our model.
with optically active transition involving electrons and holes State|A) corresponds to the shell, statgB) to thep shell,
on p orbitals. The interaction between these configurationsind state|D) to the d shell. One can show that in Jacobi
will make both these states optically active and leads to @oordinates the exciton Hamiltonian separates into two
splitting of the exciton transition into the shell without the  blocks: one 55 block and one &3 block. The five
breaking of geometrical symmetry. coupled states involve the three optically active sta&s;

To gain further insight into the structure of an exciton let|B), |D), and two dark state§F) and|H). Denoting the
us make a transformation into a basis of coherent excitokinetic energy of thee-h pair ast=Q.+Q}, the matrix
states for each sheff. The coherent exciton states are representation of; in the subspacéA),|B),|H),|D),|F)}
equivalent to Jacobi coordinates for two and three particlesis

2
t=Vo —\2(0.25v5)  +2(0.25/p) 12(0.378/) \[5(0.0933/0)
2 1
—/2(0.25v,) 2t—0.879/, —0.125/, - \[5(0.4688/0) - ﬁ(o.moa/o)
2 1
+1/2(0.25v,) ~0.125/, 2t—0.875/, 5(0.0938/)  ~ ﬁ(o.2344/0) (11)
1 2 2
ﬁ(os?a/o) —\/3(0.4688/0)  \/5(0.0938/)  3t-0.796%  2(0.011%)

2 1 1
\[5(0.0933/0) — —-(0.14068/,) —-——=(0.2344/,)  \/2(0.011%,) 3t—0.7715/,

V3 V3
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=) O=0/2 strong and one weak. The ratio of the oscillator strength of
A e h e . . . .
5 this transitions is due to the weak coupling between the co-
herent exciton stat¢D) and state|F). If a higher energy
6 O O O O shelle was included thel shell transitions would be further
® . g split due to darkp-e transitions. To conclude this section, the
Py () ) optical excitonic absorption of an empty SAD is strongly
- 4 modified by the combined effect of the shell structure of the
o conduction and valence band, and the interaction between
excitonic configurations.

4 & O 3 O O B. Absorption in charged SAD-frozen ground-state
$ approximation

We now move to the optical absorption spectrum as a
function of the number of electrord. We focus mainly on
2 ® o_ polarization of light, theo, calculations can be done
following the same procedure. Tle. polarization is chosen
27 O @) 0 0 to inject electrons with spin down, parallel to the arbitrarily
chosen spin-down polarization of the ground state. Warbur-
® ton et al® calculated absorption spectra by assuming that
1 the initial state is given by a single electronic configuration.
® The final state consisted also of a sinble-1 electron and a
B _ ® valence-hole configuration. The next level of approximation
o o often used in the study of absorption in semiconductors is to
T T T T include the electron-hole scattering of the photoexcited
G 1 0:3 1 electron-hole pair in the presence of a frozen Fermi sea. The
VO/Qe VO/Qe electrons in the Fermi sea block the states available to the
photoexcited pair. This results in a bound state below the
FIG. 2. Excitonic optical absorption in the SAD for different Formi level, the so-called “Mahan exciton.” We, therefore,
e-h interaction strength, and quantization of electron and hole engi5rt our investigation of the carrier dependence of the ab-
ergy- sorption process by approximating the ground state by a

We see immediately that there are two relevant states witfingle_configuration consistent with the generalized Hund's
kinetic energy 2 for a p shell and two relevant states with rules. The final states consist of configurations corresponding

kinetic energy 3 for ad shell. The coupling of states inm to a photoinjected electron-hole pair and a frozen ground

shell is an order of magnitude stronger than the coupling oft@t€: This frozen ground-state approximati#GSA is
states in ad shell. Thed shell states do not include dark t_ested against exact diagonalization studies in the last sec-

excitons. The five final optically active excitonic states) t|or\1N ith i | N=1 in the SAD. Th

are written as a linear combination of the basis stdt@s: e start wit jUSTt one electroN=1 in the - 1he
—cf|A)+CLBY+CL|D)+CLF)+CLIH).  Amplitudes ground statd.uG)=cooyL|vac> corresponds to an electron in
Cif are the eigenstates of the exciton Hamilton{ad). All the lowest smgle-p_artlcle_ IeyéDO}, with spin down. The
five states contribute to the absorption spectrékf) energy, the total spin projection, and the angular momentum

N f f f12 - . _ of the ground state aré;(1)=., S,=—1/2, andR=0,
=2(|Cpt \./ECBJF \/§.CC|. oo Ey). The absorption spec respectively. In theo_ polarization we inject an electron
trum A(w) is shown in Fig. 2. Empty circles correspond to a

. ; : : : X with spin parallel to the spin of the electron in the ground
noninteracting and dark circles to an Interacting exciton. Thestate. We construct final states of two electrons and a hole by
different spectra were calculated for different SAD param

. . . ‘keeping one of the electrons in the ground st@@. To
eters: Q,/Q,={1,0.50 and different e-h interaction ; e : .
strengthsVo—{1,0.5/ Q. . In the absence of interactions the make contact with low-lying bright and dark exciton states

N i ) : described previously and with the notation used in the ex-
transition energies are equally spaced in unitsOgf+ Q. P y

: . ) ansion of the final state wave function, let us write our
=2(,. The oscillator strength of the spectral lines increase ;
. . . o >~ Wwave functions as
linearly with the photon energy, reproducing the joint density

o
1

oo
[

of states of an empty dot. The inclusion of i scattering by = hglLCng|UG>! c)= h’erlC‘erHvG),
changes the absorption spectrum. The attractive electron- v T

hole interaction redshifts transition energies and leads to ad- dy=hl.cl v eV=h!_cl |v

ditional structures in the spectrum. The oscillator strength in ) =hoz Coal[ve). - 1€)=hzo;C20,[ve)

the p-shell absorption is almost equally distributed between |f>:hInCIu|UG> (12)

the p-p-like transition |B) and thes-d-like transition |H).

We wish to emphasize that the splitting of theshell tran- M=ht e lud=hi. et (et ¢ v

sition is an exciton feature not related to the splitting of I 00 1”' 67 =Moo, Coo; (Car oop)|ve)-

single particle levels but to the presence of higher-energydA comparison with states of an exciton shows that the state

shells. |a) is missing due to the Pauli exclusion principle and ab-
Absorption into thed shell is also split into two lines, one sorption into thes shell is blocked. The two transitionb)
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S o, q lation of the p shell with one electron. We can chose the
ground state to bpug)=cly, o, Clo,|vac), with total angu-
lar momentum and total spin projectioR=1 and S,
=—1/2. The one state of thp shell is occupied and the
photoexcited electron has only one state to go into. There is
no mixing of final state configurations ®th scattering. In
1000l00 0 0C|o o the absence of an electron, the mixing lowered the energy of
L

Total spin
N N
| L
i
i

(@]
in]
in]
in]

the p-shell exciton. The lack oé-h scattering is, however,
s compensated by the exchange of the photoexcited electron
'Y X X with the electron already present in a partially filled shell.
The compensation leads to the energy of the absorption line
being insensitive to the filling of the shell, in contrast to
mean-field result!® The second line due to the daskd
exciton configuration has a very small oscillator strength be-
cause the dark exciton energy is far from resonance with the
bright exciton configuration. The same principles operate for
a larger number of electrons. Figure 3 shows the total spin of
the ground state as a function of the number of electrons and
He calculated absorption spectra in the frozen ground state ap-
(=0 proximation for up toN=12 electrons. These calculations
-— illustrate the blocking of phase space available to transitions,
01 2 3 4 5 6 7 8 9 the renormalization of energy due to direct and exchange
Initial number of electrons N interactions, and the cancellation of excitonic and band-gap

_ _ renormalization effects due to phase space filling in partially
FIG. 3. Optical absorption spectra of the self-assembled quangied shells.

tum dot calculated within the frozen ground-state approximation, as
a function of the number of electrons in the dot. The total spin of ) ) ) )
the ground state as a function of the number of electrons is indi- C- Correlation effects in the optical absorption spectra

cated.o_ polarization. Optical absorption spectra obtained so far were calculated
in the FGSA, which assumes that an exciton remains a well-

and|c) into thep shell, and transition&d), |e), and|f) into defined quasiparticle in the presence of extra electrons. _The
the d shell are present. In addition, there is a dark configul€Sults capture some of the effects like energy renormaliza-
ration|h), but no configuratiofg), which is now identical to  tion, phase space blocking, and phase space filling, and ap-
configuration|e). Configuration|h) can be also viewed as pear interesting and convincing. Unfortunatgly, we WI|.| shqw
excitation of electron-hole pairs with angular momentumthat the concept of an exciton as a well-defined quasiparticle
compensated by the excitation from the ground state. Thig"‘_‘"s in the interacting electron system. In this section we
configuration can no longer be combined with conﬁgurationd'sc'v'sS the effect of electron-electron and electron-hole in-
|g) to form a resonant configuratidht), and its energy and teractloqs, and the entangling of electronic conﬂ_guratlons by
oscillator strength are sensitive to the presence of an eled® mobile valence hole beyond the FGSA. We first study the
tron. The calculation proceeds in a similar fashion to the'®9ime of strong confinement where the ground state is very
calculation of an exciton. We define coherent exciton coorWell approximated by the single configuration consistent
dinates and diagonalize the Hamiltonian in this basis. ThVith Hund's rules. In the second part we study the break-
p-shell configurationB) and|H) mix and thep-shell ab- down of Hund’s rules and its manifestation in the absorption
sorption peak splits into two peaks. Theé=1 absorption —SPectra.
spectrum is shown in Fig. 3. The oscillator strength of the
two peaks depends on the ratio @f, /Q,. 1. Breakdown of FGSA

Let us now increase the number of electronblte2. The We start to relax the requirement of having an electron in
ground statglvg) is a doubly occupied00) orbital |vg) the frozen ground state in the simplest casBlefl electron.
=C$O,Tc$%|vac}. The total angular momentum B=0 and  The ground stat{az;e)zcgoﬂvac) corresponds to an electron
the total spin projection i$,=0. The final state configura- in the lowest single-particle lev¢d0), with spin down. The
tions are the same as in the previous chisel. The only angular momentum of the ground stateRs=0. We con-
difference is the charge of the ground state. Because the daskruct the two electron and one hole states of a charged ex-
configuration/h) contains an electron and a hole in different citon as products of electron and hole occupied states with
orbitals, its energy is sensitive to the charge in the dot. Theotal angular momenturR=0. There is a total of 16 states.
bright configurationB) is not sensitive to the charge so the We list them and their kinetic energies measured from the
energies of two configurations become different, and the twmoninteractings-s transition in Table 1.
configurations are no longer in resonance. The oscillator All states separate into groups corresponding to main op-
strength of optical transitions in theshell is much stronger tical transitions with energies() .+ n{},, plus transitions to
than the dark one, as shown in Fig. 3. Absorption in dhe excited electronic state®() .+ n{,+ 2., which form rep-
shell resembles the case Nf=1. licas of main transitions. Because tiseshell is occupied

Charging the dot witiN=23 electrons leads to the popu- there are no transitions to tiseshell. ForQ .= Q4 transitions

[6)]
|
o
o
L

o~
|
O
O
O
O

£/,
(9]
o
[ J

- ®

- @




PRB 61

EFFECTS OF ELECTRON-ELECTRON INTERACTICHN. . .

13759

TABLE |. Configurations of two electrons and one hole.

Re Ry, 2 Electron states 1 Hole states Energy Energy(igreQ,
0 0 |11,00 |00) 20, 2
0 0 |10,0) |00) 20, 2
0 0 |20,02 |00) 40, 4
0 0 |11,00 |11 2Q0+2Q, 4
0 0 |10,01 |11 2Q0+2Q, 4
0 0 |20,02 |11 40.+2Q 6
1 -1 [10,00 |10) 1Q.+1Q, 2
1 -1 [10,11) |10) 30.+1Q, 4
1 -1 |01,20 |10) 3Q0.+1Q, 4

-1 1 |01,00 |01 1Q.+10, 2

-1 1 |01,11) |01) 30.+1Q, 4

-1 1 [10,02 |01) 30.+1Q, 4
2 -2 |20,00 |20) 2Q0+2Q, 4
2 -2 |20,11) |20) 4Q0.+2Q 6

-2 2 |02,00 |02) 2Q0+2Q, 4

-2 2 |02,11) |02) 40.+204 6

to the p shell with energy 2). are fourfold degenerate. To the Pauli exclusion principle and absorption into gtehell is
make contact with low-lying states described previously inblocked. The two transitionib) and|c) into thep shell are
the FGSA we write the fourfold degenerate subspace as

|b)= hgl,TCgl,1|vG>v

[h)=hio;Cdo, (C111C00s)|v6).

li)= hgo,TCIoi(Cgl,TCoo,T) lvg)

These configurations are shown in Fig. 4. A comparison Wiﬂ'{

lc)y= hIO,TCIO,1|UG>!

13

states of an exciton shows that the stateis missing due to

o N=1 s
e AR
Vi Ve I 11

PR

N=2
o ol g
Y e %m
K
AR A
t}t R _X_m k)
=3

R A AN A A P
Vb |h) |1 [m)
RASRIIR LIS,

present. There is a dark configuratidr that has an electron
frozen in the ground state. However, a new configuralipn
appears. This new configuration does not have an electron in
the initial ground state and was not included in the FGSA.
The configurationgh) and |i) can be viewed as indirect
excitation of electron-hole pairs with angular momentum
compensated by the excitation from the ground state. Neither
configuration |h) nor |i) is optically active. However,
hroughe-e ande-h interactions the optically active configu-
ration |B)=(1/1/2)(|b) +|c)) acquires a spectral weight at
energies corresponding to all three configurations. &gr
=}, the oscillator strength is divided among only two con-
figurations and the absorption peak is split into two main
peaks. The spectrum, shown in Fig. 5, looks similar to the
spectrum of an exciton and to the spectrum in FGSA. How-
ever, its dependence on the ratio of kinetic energies and on
interaction strength is quite different. For example, the oscil-
lator strength of each of the three transitions is independent
of the strength of Coulomb interactions but does depend on
the ratio ofQ./Qy,.

We follow the same procedure fdf=2,3,4. The relevant
low-lying configurations foN=1-3 are shown in Fig. 4. In
each case, new configurations clearly marked with a box in
Fig. 4, appear. These configurations involve electrons ex-
cited from the initial state, and were not included in FGSA.
A closer inspection of these new configurations reveals a
simple principle. We excite an optically active electron-hole
pair, e.g.p-p. We next search for all possible states that have
the same energy and total momentum as the optically excited
one. These pairs can be generated by relaxing the valence
hole to the lower-energy state while simultaneuosly exciting
an electron that absorbs both the energy and momentum.
Due to many electronic degrees of freedom there can be

FIG. 4. Final-state configurations fot=1,2,3 electrons and a Many states that satisfy this condition. Rdr2 we find a
photoexcited electron and valence hole. Configurations shown iand ofn=4 additional states, with hole relaxed to the top
boxes are beyond the frozen ground-state approximasiorpolar-

ization.

of the valence band, as shown in Fig. 4. The stites|c),
|h), and|i) are familiar from theN=1 case. The new states
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FIG. 5. (a) Exact and(b) FGSA absorption spectrum for SAD ;_f |9> _ |10> |1]> 1 |12>
with N=1,2,3 electrons for different values of kinetic energy for — — —_ — —— - —
holes and for electrongr_ polarization. 4 - — — 4 — —

FIG. 6. (a) Electronic configurations foN=4 electrons in the
|j) and|k) are obtained by rotating the minority spin elec- lowest kinetic energy state compatible with Hund’s rule and low-
tron in state|li) among the three orbitald. The single opti-  lying excitations (b) Low-lying states foN+1=5 electrons plus a
cally active configuration interacts strongly with the band ofvalence-hole.
states and the absorption spectrum breaks into a band of
peaks. The interaction of this band of dark states with bright The absorption spectrufieq. (5)] is modified due to the
ones, and the absorption spectrum, depends strongly on tigdtanglement of the electronic configurations in the intial
ratio Q./Q;, but is independent of the strength of Coulomb State, namely,
interactions. The calculated absorption spectra are shown in
F.Ig. 5 for two representatwg values 9f,. The same analy- A(w)=2 Z BIfSAiG N+1<||C;, li)n
sis follows for N=3 for which resonant configurations are | Tsi s
shown in Fig. 4 and absorption spectra in Fig. 5. The same
principles apply to higher number of electrons. Te- 4

spectra are discussed in the next section. _ The oscillator strength of the optical transitions has contri-
The ConC|U8|0n from these Ca|Cu|atI0nS IS tha.t ne|ther th%utions Coming from a” the possible many_electron Configu_
mean field nor the FGSA works in the description of therations in the initial state. Hence many of the final states,
absorption spectra. This is because the photoexciteghich do not couple to the single configuration given by the
electron-hole pair is resonant with many electronic configu+und’s rules, now have a finite overlap with the correlated

rations and an exciton is no longer a well-defined quasiparg|ectron state. To the interference effects due-toscatter-
ticle. ing in the transition matrix element we need to add the in-

terference effects coming from tleee entanglement of con-

2. Correlations in the initial state figurations in the initial state.

. . I The first application of Hund’s rules takes place fér
Here we study the effect of correlations in the initial State=4. We, therefore, illustrate the effect of correlations in the

and the effect of the breakdown of Hund’s rules on the ab- .. . :
; I lcul h f -
sorption spectra. The ground state of theslectron system Initial state by calculating the absorption spectrum for a par

tially polarizedp shellN=4. The lowest kinetic energy state

e o o i Tra b o e ooy eneryt=00.. and he frst excied states, Fiaving an
pace. P xcess of kinetic energy equal to=2()., are both shown

e S
by the total gngulgr momentgﬂﬁN,H 9f the Iovyest kinetic ._in Fig. 6(a). ExcitedN=4 electronic states separate into two
energy F:onflguratlon comGpaubIe with Hund’s rules. Th'sgroups: (i) four configurations 25 with singly occupied
leads to:|ve) =2 pe- RS AN [v)n - As we can see, all the orbitals, and(ii) three configurations 68 with doubly oc-
excited configurations have finite amplitudé$ determined  cupied orbitals. Configurations in grot differ only by the
by the e-e interaction. position of the spin-up electron. Alternatively, we can think

2

X 8(w—[E(N+1)—Eg(N)]). (14)
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Correlated Uncorrelated hole. All other states can be regarded as one electron-hole
pair excitations|3) being an excitation of stat®); |2), |4),
and|6) are excited states of configuratifid); |5), |7), and
|8) are excited states ¢10).
Figure 7 shows the optical absorption spectrum obtained
: for correlated ground statéeft pane) for different values of
@ o the ratioVy/Q.. For comparison, the optical absorption ne-
® ; : : glecting correlations are also shown in the right panel. The
Q i . absorption spectrum for a correlated ground state shows a
L 0 ‘ B ‘ ° band of peaks corresponding to initial and final states in Fig.
’ 6. New optical transitions appear due to the interference ef-
6 ° fects in the optical matrix element. These transitions slightly
= broaden main peaks. Up ¥,/Q.=<2.5, the effects of cor-
thge/z : thge/z relations is small. The ground state is dominated by configu-
ration|1) consistent with Hund’s rules and neglecting corre-
. lations in the ground state does not lead to significant
05 1 15 2 25 3 05 1 15 2 25 3 changes in the absorption spectrum.
Vo/Qe Vo/Qe For Vy/Q.>2.5 the_ ground state is no longer dgscribed
by Hund’s rules and is a quadruplet. The absorption spec-
FIG. 7. Optical absorption fo=4 electrons in the SAD with  trum changes drastically at this point to reflect the changes in
o_ polarized light. Left: correlated initial state. Right: ground state the ground state.
given by a single configurationr_ polarization.

~Qe o

-@ee-
0 00

e 90

of these states as generated by the hopping of the spin-up
electron on a four orbital plaquette. Vil. SUMMARY

The Hamiltonian oN =4 interacting electrons was diago-  \ye investigated the effects of electron-electron interac-
nal_lzed within the H|IberF space shown in Fig. 6 for different +jons on excitonic absorption in charged, lens-shaped, SAD.
ratios of Coulomb to kinetic energy,/(e. The ground The electronic shells of SAD were filled witN electrons
state forV,/Q.=0.5 is very well approximated by the low- according to generalized Hund's rules. In absorption, an ex-
est kinetic energy configuratiof) with |AT|?=0.985. In-  ¢iton was added to the electronic system. The electronic part
creasing the strength of Coulomb interactions/tgfQl.=1  of the exciton coupled in a nontrivial way to resonant elec-
gives|A$|?=0.895. Configuration{2), |7), and|8) have a  tronic configurations through direct and exchange interac-
small contribution to the ground statd$|?=0.011,|AS|>  tion. The mobile valence hole contributed through the en-
=0.042, andAg|?=0.042. Increasing the value of Coulomb tanglement of many-electron configurations. For partially
interactions penalizes doubly occupied configurations and ffilled shells the valence hole relaxation coupled with spin
vors singly occupied configurations. The quadruplet configuselated excitations of the electronic system led to a break-
ration composed of configuratiof)—|5) becomes the low- down of exciton as a meaningful quasiparticle.
est energy configuration fory>2.50 . The resulting complex absorption spectra are specific to

We now turn to the absorption spectrum. In Figh)ewe the number of electrons and their interaction in a quantum
show all final-state configurations built from configurations dot.
shown in Fig. 6a) by the addition of an electron-hole pair.
These configurations can be viewed as excitations of the
ground state in the presence of the photoexcited electron-
hole pair. They are allowed because valence hole recoils and
absorbs energy and momentum. In Fig. 6 stdfecan be The authors thank G. Aers(NRC), M. Bayer
obtained from the optically created configurati®), excit-  (Wuerzburg, and A. Wojs (Tennessee for discussions.
ing a spin-up electron from stat@0) to state]10). Thisnew  G.A.N. thanks the Institute for Microstructural Sciences for
configuration corresponds to an electron-hole pair excitatiomospitality and Fund@o de Amparo aPesquisa do Estado
of the ground state coupled with the relaxation of valencede S Paulo(FAPESP-Brazjl for financial support.

ACKNOWLEDGMENTS

1G. D. Mahan, Many-Particle Physics2nd ed.(Plenum, New 6G. A. Narvaez, J. A. Brum, and P. Hawrylak, Rroceedings of

York, 1990. the 24th International Conference on the Physics of Semicon-
2M. Combescot and P. Nozies, J. Phys(Parig 32, 913 (1971D. ductors, Jerusalem, 199&dited by D. GershoniwWorld Scien-
3p. Hawrylak, Phys. Rev. B4, 3821(1992. tific, Singapore, 1999
4S. A. Brown, J. F. Young, J. A. Brum, P. Hawrylak, and Z. 7L. Jacak, P. Hawrylak, and A. WojQuantum Dot Springer-
Wasilewski, Phys. Rev. B4, R11 082(1996. Verlag, Berlin, 1998 R. C. Ashoori, NaturéLondon 379, 413

5J. A. Brum and P. Hawrylak, Comments Condens. Matter Phys. (1996; P. M. Petroff and S. P. Denbaars, Superlattices Micro-
18, 135(1997. struct. 15, 15 (1994; M. Kastner, Phys. Today6 (1), 24



13762 GUSTAVO A. NARVAEZ AND PAWEL HAWRYLAK PRB 61

(1993; T. Chakraborty, Comments Condens. Matter PHy. 18p, Hawrylak, inProceedings of NATO Advanced Research Work-

35(1992. shop, Optical Properties of Semiconductedited by M. Sad-
8p. Hawrylak, S. Fafard, and Z. Wasilewski, Condens. Matter owski, M. Potemski, and M. Gryuber¢Iluwer, Dordrecht,
News7, 16 (1999. 2000, p. 319.

9D. J. Lockwood, P. Hawrylak, P. D. Wang, C. M. Sotomayor- 1A, Zrenneret al, Phys. Rev. Lett72, 3382(1994.
Torres, A. Pinczuk, and B. S. Dennis, Phys. Rev. Léf.354 20D, Gammoret al., Science273 87 (1996); 277, 85(1997); Phys.
(1996. Rev. Lett.76, 3005(1996.

105, patel, A. S. Plaut, P. Hawrylak, H. Lage, P. Grambow, D.?!M. Bayer et al, Phys. Rev. Lett82, 1748 (1999; A. Kuther
Heitmann, K. von Kilitzing, J. P. Harbison and L. T. Florez, et al, Phys. Rev. B58, 7508(1998.

Solid State CommuriL01, 865 (1997. 22| Landinet al, Science280, 262 (1998.
11K, H. Schmidt, G. Medeiros-Ribeiro, and P. M. Petroff, Phys. 23E . Dekelet al,, Phys. Rev. Lett80, 4991(1998.
Rev. B58, 3597(1998. 24, Zrenneret al, J. Electron. Mater28, 542 (1999.
2R, J. Warburton, C. S. by K. Karrai, J. P. Kotthaus, G. 2°A. Wojs, P. Hawrylak, S. Fafard, and L. Jacak, Phys. Re®%4B
Medeiros-Ribeiro, and P. M. Petroff, Phys. Rev. L&8, 5282 5604 (1996.
(1997. 264, Lipsanen, M. Sopanen, and J. Ahopelto, Phys. Re\61B
Bp, Hawrylak and D. Pfannkuche, Phys. Rev. Lég,. 485(1993. 13868(1995.
A, Wojs and P. Hawrylak, Phys. Rev. &1, 10 880(1995. 2’s. Raymond, S. Fafard, P. J. Poole, A. Wojs, P. Hawrylak, S.
5p. Hawrylak, A. Wojs, and J. A. Brum, Phys. Rev.58, 11 397 Charbonneau, D. Leonard, R. Leon, P. M. Petroff, and J. L.
(1996. Merz, Phys. Rev. B54, 11 548(1996.
18, Wojs and P. Hawrylak, Phys. Rev. 85, 13 066(1997). 28K, H. Schmidt, G. Medeiros-Ribeiro, M. Oestreich, P. M. Petroff,
17R. J. Warburton, B. T. Miller, C. S. g C. Badefeld, K. Karrai, and G. H. Ddler, Phys. Rev. B4, 11 346(1996.

J. P. Kotthaus, G. Medeiros-Ribeiro, P. M. Petroff, and S.2°P. Hawrylak, Phys. Rev. BO, 5597 (1999.
Huant, Phys. Rev. B8, 16 221(1998. 30A. Wojs and P. Hawrylak, Solid State Commur0, 487 (1996.



