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Theory of photoluminescence from modulation-doped self-assembled quantum dots
in a magnetic field

Arkadiusz Wojs* and Pawel Hawrylak
Institute for Microstructural Sciences, National Research Council of Canada, Ottawa, Canada K1A 0R6

~Received 1 November 1996!

We study the effect of free carriers on photoluminescence from modulation-doped self-assembled quantum
dots. Exact diagonalization studies of up toN58 electrons and a single exciton in InAs self-assembled dots,
and a Hartree-Fock calculations for up toN520 electrons, are carried out. The total spin and total angular
momentum are found to oscillate with the number of electrons. The photoluminescence spectrum is calculated
and the band-gap renormalization in zero-dimensional systems is discussed. The tendency of electrons in
degenerate, partially filled electronic shells to maximize the total spin leads to a strong dependence of the
spectrum on the number of electronsN, the magnetic fieldB, and the polarization of light.
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I. INTRODUCTION

An epitaxial growth of strained InAs layers on GaAs
unstable and leads to a spontaneous formation of InAs-
quasi-two-dimensional islands.1 The shape, and hence th
electronic properties, of these self-assembled quantum
~SAD’s! depend on growth conditions.1–9 SAD’s in the
shape of pyramids,2,3 disks,4 and lenses1,5–8 have been re-
ported. We study here a class of lens-shaped InAs SA
investigated recently by the single electron capacitance,6,8,10

far-infrared ~FIR!,6,10 and photoluminescence ~PL!
spectroscopies.1,6–8,11 In the capacitor structures6,8,10 an ex-
ternal gate and a modulation-doped back layer allowed
charging of SAD’s with electrons. The changes in capa
tance monitored the number of electronsN. The FIR spec-
troscopy measured internal transitions of few-electron co
plexes in SAD’s.10,11 The FIR transitions were a fingerprin
of the electronic structure ofN electrons in the dot. The
electronic structure was shown11 to depend strongly on the
occupation of electronic shells, with an oscillatory behav
of the total spin and the total angular momentum in acc
dance with Hund’s rule. A combination of high-intensity P
of undoped SAD’s and capacitance spectroscopy8 allowed
for the determination of the valence-hole energy spectr
The combination of capacitance, photoluminescence,
high-intensity photoluminescence verified a basic picture
shells12 of electron and valence-hole states in lens-sha
SAD’s.

It is interesting to ask at this stage how the photolumin
cence from modulation-doped SAD’s can be used directly
understand the correlated electronic states in 0D syste
There has been already preliminary theoretical work on
optical properties of correlated electrons in quantum d
with small confinement in a strong magnetic field.13–15Here
we concentrate on the experimentally available system
InAs self-assembled dots. Using exact diagonalization te
niques we investigate the effects of electron-electron
electron-valence hole interactions on the photoluminesce
spectrum of an InAS SAD charged with many electrons. W
show that the PL spectrum measures the spectral functio
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a hole in the correlated electronic state of the SAD. Becau
in agreement with Hund’s rules, a partially filled electron
shell acquires a maximum total spin, the PL turns out to b
sensitive function of the number of electronsN, the magnetic
field B, and the polarization of light.

II. THE MODEL

We study the interband recombination of a single elect
valence-hole pair, confined in a modulation-doped se
assembled quantum dot. The electron valence-hole pair
teracts with additionalN21 electrons. To describe the initia
state we consider a system ofN electrons and a single
valence-band hole, confined in a quantum dot and interac
via Coulomb forces.13–15 The final state corresponds to
system ofN21 electrons and a photon. Using compos
indicesi to describe single-particle statesu i &, the initial-state
many-particle Hamiltonian can be written as

H5(
i

« i
eci

†ci1(
i

« i
hhi

†hi1
1

2 (
i jkl

^ i j uVeeukl&ci
†cj

†ckcl

1(
i jkl

^ i j uVehukl&ci
†hj

†hkcl . ~1!

The operatorsci
† andci (hi

† andhi) create and annihilate a
electron~a valence hole! in the single-particle stateu i &. The
first and the second terms in Eq.~1! describe the kinetic
energy of electrons and a valence hole in the dot, and
third and fourth terms describe the electron-electron a
electron valence-hole scattering. Here^ i j uVukl& are the two-
body matrix elements of the electron-electron16 ~ee! and
electron valence-hole13 ~eh! Coulomb interactions, respec
tively.

The PL intensityE(v) as a function of the photon fre
quencyv is given by the Fermi’s golden rule:

E~v!5(
f

z^n f uPun i& z2d~Ei2Ef2v!, ~2!
13 066 © 1997 The American Physical Society
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55 13 067THEORY OF PHOTOLUMINESCENCE FROM . . .
where un i& and un f& are the initial and final states of th
system, with corresponding energiesEi and Ef ~we take
\51). The interband polarization operatorP5(kl^ku l &ckhl
removes an electron valence-hole pair from the ground s
un i& of the photoexcited system. The selection rules are h
den in the electron-valence hole overlap matrix elem
^ku l &. Since there is only a single valence hole we can de
a purely electronic initial stateun i

k&5( l^ku l &hl un i&. The op-
eratorP creates a hole in the initial state:Pun i&5(kckun i

k&,
and the PL spectrum can be viewed as the spectral func
of this hole.

A. Single-particle states

The single-particle electronic statesuk& and the electron
valence-hole pairs~excitons! in lens-shaped self-assemble
quantum dots have been described in Ref. 12. The nume
calculations12 show that the Fock-Darwin states are a go
approximation to the single electron and single-hole state
a perpendicular magnetic field. The Fock-Darwin sta
unm,s& and energies «nm,s5V1(n1 1

2)1V2(m1 1
2!

1gmBsB are those of a pair of harmonic oscillators. T
last term is the Zeeman energy. The frequencies of the
oscillators are V65 1

2(V6vc), where V25v0
214vc

2 ,
vc5eB/m* c is the cyclotron frequency,m* is the effective
mass, andv0 measures the effective confinement ener
appropriate to electrons or valence holes. The angular
mentum for electrons isRe5me2ne , and for valence holes
is Rh5nh2mh , opposite due to the opposite charge of
valence hole. An important property of the Fock-Darwin e
ergy levels is that they form degenerate shells at the va
of the magnetic fieldB for which V15pV2 with
p51,2, . . . ; at B50 ~i.e., p51) we label these shell
s,p,d, f , . . . .

For typical 200 Å diameter InAs/GaAs dots the confini
potentials arev0e550 meV for electrons andv0h525 meV
for holes.8,10Up to five shells of bound electron and valenc
hole levels were observed.8,10 The difference between th
electron and hole confinements partially compensates the
fect of different effective masses, and the correspond
electron and hole Fock-Darwin orbitals overlap almost
actly.

The three characteristic energy scales appearing in
Hamiltonian~1!: the kinetic energy ('50 meV! greater than
the Coulomb energy ('30 meV! which is much greater than
the Zeeman energy ('0.1 meV/T! allow for a systematic
perturbative calculation of energy levels.

B. Many-particle states

The interacting, initial many-particle statesun i& are ex-
panded in the basis of the noninteracting configurations
N electrons and a single valence hole:u i 1 , . . . ,i N ; j &
5ci1

† •••ciN
† hj

†uvac&, where uvac& stands for vacuum. The

states are labeled by the total angular momentumR, the z
component of the total spin of electronsSz

i , and by the hole’s
spin sh , being good quantum numbers of the system. T
valence hole mixes different electronic total angular mom
tum states. The Hamiltonian~1! is diagonalized numerically
in each eigensubspace (R,Sz

i ,sh).
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We study the recombination from the lowest-energy st
of the initial system. In this initial ground state the total sp
of a partially filled shell (5total electron spinSi) is maxi-
mized in accordance with Hund’s rule. The Hund’s rule
verified numerically for up to thef shell, and used further fo
approximate calculations for larger numbers of electro
Since forSiÞ0 the ground state is degenerate with respec
Sz
i , in the following we assume a weak magnetic field r
moving this degeneracy, and leading to a single lowe
energy configuration with a specified maximumSz

i . The
magnetic-field induced spin polarization of the partially fille
shell will be shown to lead to a strong sensitivity of the P
spectrum to the polarization.

The final states ofN21 electronsun f&, created by the
annihilation of a single electron valence-hole pair in the st
un i&, are expanded in the basis of electron configuratio
u i 1 , . . . ,i N21&5ci1

† •••ciN21

† uvac&. The final states are als

classified by their total angular momentum and sp
(R,Sz

f).

C. Photoluminescence

The emission of light from the system ofN electrons and
a single valence-band hole is due to the annihilation of
electron valence-hole pair in the presence ofN21 excess
electrons. The orbital selection rules are given by the ove
of electron and valence-hole Fock-Darwin orbita
^nemeunhmh&'dnenhdmemh

. The form of the interband polar

ization operator @cf. Eq. ~2!# simplifies to P;( icihi .
The operatorP can be decomposed into a pair of operato
with definite circular polarizations s1(2) : P1(2)
5(neme

(nhmh
^nemeunhmh&cneme ,↓(↑)hnhmh ,↑(↓) . The initial

and final states connected by the operatorP have the same
angular momentumR, but the electron spinSz differs by
6 1

2.
The recombination process is qualitatively illustrated

Fig. 1. Figure 1~a! shows an example of the initial configu
ration. The initial configuration corresponds to electrons a
a valence hole filling up lowest kinetic energy single-partic
states. For the valence hole this implies a lowest kinetic
ergy stateu00& with two different spin configurations. The
two different configurations correspond to different polariz
tions of emitted light. Because the valence hole relaxed
the top of the valence band, the removal of an elect
valence-hole pairP1(2)un i&'c00,↓(↑)h00,↑(↓)un i& creates a
hole ~vacancy! in the u00& state of the electron system, a
illustrated in Fig. 1~b!. The photoluminescence spectrum co
responds to a spectral function of this hole.

A vacancy in theu00& state corresponds to an excited sta
of the electron system. This excited state may be degene
with a number of other configurations, some of them illu
trated in Figs. 1~c! and 1~d!. The degeneracies of the initia
and final-state configurations give rise to a complex reco
bination spectrum, which depends on the number of e
tronsN.

III. RESULTS AND DISCUSSION

We describe here the results of the numerical calcula
of the emission spectrum. The initial ground stateun i& and all
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13 068 55ARKADIUSZ WOJS AND PAWEL HAWRYLAK
final eigenstatesun f& are obtained through the numerical d
agonalization of the initial and final Hamiltonians for up
N59 electrons. The many-particle states were built from
to 15 Fock-Darwin states corresponding to five shells. T
initial and final Hilbert spaces were limited to all lowe
kinetic energy configurations corresponding to degene
shells plus all excited configurations with the kinetic ener
not exceeding 4v0e . The convergence of calculations wa
guaranteed by the strong quantization of the single-part
energies in the dot, described, e.g., by the ratio of the c
acteristic Coulomb energy to the electron intershell spac
^V&/v0e,^00,00uVeeu00,00&/v0e50.6.

A. Polarization s2

The evolution of the total angular momentumR and the
total spin of electronsSi of the initial stateun i&, as a function
of N, is shown at the bottom of Fig. 2. The oscillations of t
total angular momentum and total spin correspond to
filling up of electronic shells. The total spin of filled shells
zero, but half-filled shells are spin polarized, in agreem
with Hund’s rule. We will show that the maximum-spin co
figuration of partially filled shells has a strong effect on t
recombination spectrum.

In the top frame of Fig. 2 we show the numerically ca
culated emission spectra~full circles! for polarizations2 as
a function ofN. This polarization corresponds to the remov
of a spin-up electron and an increase of the total electro
spinSf5Sz

f5Si1 1
2. The area of the circles is proportional

the intensity of individual transitions. The empty circles co
respond to an approximate calculation. There are two
tures of the evolution of the emission spectrum withN: ~a!
the appearance of plateaus atN5224 andN5629, and~b!
the splitting of the emission line forN.4.

The plateaus can be explained within the sing
configuration approximation~SCA! ~empty circles!. The
SCA corresponds to the emission from the lowest kine

FIG. 1. Energy as a function of angular momentum of electro
configurations forN56: ~a! initial ground state;~b!–~d! degenerate
final states. Open circles indicate holes in shellss andp.
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energy configuration consistent with Hund’s rule. The em
sion energyv has three components:~i! kinetic energy of the
annihilated electron valence-hole pair,~ii ! electron valence-
hole pair attraction, and~iii ! the interaction of this pair with
the excessN21 electrons. In the SCA the first two compo
nents are independent ofN. Due to charge neutrality of the
electron valence-hole complex, the third component
mainly due to exchange. It depends strongly on the spin
electrons in the partially filled shell. Until the shell is hal
filled, consecutive electrons are added with spin down,
creasing the total spin of this shell~equal to the total spin
Si). There is no exchange interaction between the sp
polarized shell and the removeds-shell spin-up electron and
we observe a plateau. After the half filling is reached, el
trons are added with spin up~decreasingSi) and can ex-
change with the removeds-shell spin-up electron. The re
moved electron’s energy decreases with increasing num
of same-spin electrons, until the shell is filled and the n
plateau begins. This effect survives including mixing b
tween configurations, and even though the steps separa
plateaus shrink significantly, it should be observable a
reflection of the shell structure of a quantum dot.

The second effect is the splitting of the emission sp
trum. As indicated in Fig. 2 with an arrow, the splitting a

c

FIG. 2. Emission spectrum for thes2 polarization as a function
of number of electronsN. Areas of circles are proportional to in
tensities of individual transitions. Full circles—exact diagonaliz
tion, empty circles—single-configuration approximation. The arr
shows a splitting of the main peak. Bottom frames: total spin
electronsSi and total angular momentumR in the initial state; filled
shells are indicated.
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55 13 069THEORY OF PHOTOLUMINESCENCE FROM . . .
pears forN>5. The splitting is due to many degenerate co
figurations in the final state. Some of them are shown in F
1. Due to Coulomb interactions these Auger-like configu
tions ~c,d! are mixed with the optical configuration~b!, cre-
ated byP acting on the initial configuration~a!, and contrib-
ute to the recombination spectrum.

B. Polarization s1

Let us now turn to thes1 polarization. In this polariza-
tion a spin-down electron is removed, and the projection
the total electronic spin is reduced:Sz

f5Si2 1
2. Unlike for

s2 , the final-state configurationP1un i& is not an eigenstate
of the total spinSf and has finite projections on a pair o
subspaces:Sf5Si1 1

2 andS
f5Si2 1

2. Thes1 emission spec-
trum splits therefore into a pair of subspectr
E(v)5a1E1(v)1a2E2(v), corresponding to the fina
states from the twoSf subspaces. The subspectra a
weighted by the overlaps of the spin function
a65 z^n f uTSi61/2un f& z2, where the operatorTS projects onto
spin S. The subspectrumE1 repeats thes2 spectrum~but
with a reduced intensity!, and the subspectrumE2 appears
only in this (s1) polarization.

The photoluminescence spectrum measured at any p
ization is a combination of the two subspectra, withE1 ap-
pearing in thes2 channel, and bothE1 andE2 in the s1

channel. IfSi50 ~closed shells in the initial state!, i.e., for
N52,6,12,20,. . . , E1 andE2 are identical and the photo
luminescence spectrum is insensitive to the polarizat
However, the polarization of the spectrum strongly depe
on the polarization of the spinSiÞ0.

The emission spectrum for polarizations1 is shown in
Fig. 3. The two componentsE1 andE2 are marked with full
and empty circles, respectively. The inset shows result
SCA for a larger number of electrons. TheE1 spectrum has
been discussed already. There are two different features
pearing in theE2 spectrum:~a! the emergence of the lower
energy line atN53, and~b! the emergence of the highe
energy line atN59. The emergence of the lower-energy lin
for N.2 is related to the spin configuration of the partia
filled shell. The removed electron in thes shell has its spin
parallel to the spin of electrons in the partially filled she
and therefore the energy difference is proportional to
energy of exchange interaction between these two shells
andp for N53).

The emergence of the higher-energy line atN59 is a very
different effect. The recombination spectrum shown up
N58 always involved excited final states, with a hole~va-
cancy! in the zero angular momentum stateu00& of the s
shell. When thed shell begins to fill, a second zero angul
momentum stateu11& becomes available. Hence, a lowe
energy state of the final configuration, with the hole relax
from thes shell to thed shell, becomes optically active du
to the mixing via the Coulomb interactions. The position
the new line is governed by the large kinetic energy o
corresponding single electron excitation (;2v0e5100
meV!.

Figure 3 collects all the features in the photoluminesce
spectrum, appearing with increasing number of electronN
~charging of the dot!, discussed throughout this section:~i!
band-gap renormalization and the plateaus in the main l
-
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~ii ! splitting of the recombination line toward lower energ
for N.2, proportional to intershell exchange energy;~iii !
splitting of the main line toward lower energy atN.4, due
to mixing of a number of degenerate configurations; and~iv!
splitting of the emission line toward higher energy
N59, due to coupling with the ground state of the fin
system.

C. Band-gap renormalization

We now turn to the problem of the redshift of the em
sion line with an increasing number of electronsN, i.e., the
band-gap renormalization. Having verified through nume
cal diagonalization that the SCA describes fairly well t
energy of the emission line, we can use the SCA to ext
the calculations to largeN.

In the inset to Fig. 3 we show the results forN51220,
i.e., for up to four electronic shells completely filled in th
initial state. The full circles show the position of the ma
emission peak, i.e., the subtraction energy of ans-shell ex-
citon. For closed valence shells in the initial sta
(N52,6,12,20,. . . ) these energies fall on the dashe
~square-root! curve. The curve corresponds to the exchan
interaction of ak50 electron in a two-dimensional electro
gas:*d2kVee(k)n(k);AN. Due to a large gap in the single

FIG. 3. Emission spectrum for thes1 polarization as a function
of number of electronsN. Areas of circles are proportional to in
tensities of individual transitions. The spectrum has been reso
into two total-spin subspaces~full and empty circles!. Arrows show
splittings of the main peak. Inset: single-configuration approxim
tion.
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13 070 55ARKADIUSZ WOJS AND PAWEL HAWRYLAK
particle spectrum, the bare exchange energy of filled sh
appears to well describe the band-gap renormalization
function of the number of electronsN. However, for partially
filled shells the renormalization is modified by correlati
energy. The correlation effect is largest for the maximu
valence-shell spinSi , which coincides with the half filling of
this shell (N54,9,16,. . . ).

D. Effects of magnetic field and temperature

The magnetic field removes degeneracies of electro
shells and induces crossing of Fock-Darwin levels. The
moval of the shell degeneracies destroys the maximum-
configurations within the partially filled shells. We will con
centrate on the emission in thes1 polarization channel; the
s2 polarization, requiring a population of spin-flipped hole
occurs only at a finite temperature.

The calculated emission spectra forN5128 and
B50230 T are shown in Fig. 4. The full circles show emi
sion from the ground state with (R,Si) as the initial ground
state configurations and with the vertical lines showing
corresponding intervals ofB. One can follow the smooth
evolution of the spectrum with increasing field and the
fects of the field-induced transitions in the initial state, d
scribed in detail for the system of electrons in Ref. 11. T
open symbols show emission from excited states, with e

FIG. 4. Magnetic-field evolution of the emission spectra
N5128 electrons in the initial state. Areas of symbols are prop
tional to intensities of individual transitions. Vertical lines sho
transitions in the ground state of initial systems, with the total s
of electrons and total angular momentum indicated as (R,23Si).
Full circles—ground state recombination, empty circles a
squares—valence-band hole trapped in thep shell.
lls
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ic
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e

-
-
e
c-

trons relaxed to their lowest-energy configuration, but
valence hole trapped in either of theu01& and u10& states of
the p shell. The nonequilibrium population of valence hol
would allow for a direct recombination with the equilibrium
electrons.

The exact calculation of the photoluminescence from
cited initial states requires a knowledge of the complica
relaxation processes in the system. Assuming a qu
equilibrium reached during cw excitation, the initial stat
are populated according to the Boltzmann distribution w
an effective temperatureT. The quasiequilibrium emission
spectrum is then given byE(T,v);( ie

2Ei /TEi(v), where
the summations are over all possible initial eigenstates of
system, including all possible spin and angular moment
subspaces. The magnetic-field evolution of such spectra
culated forN5123 andT5ve550 meV are shown in Fig.
5. In order to account for a large number of closely spac
transitions, discrete peaks have been broadened with Ga
ians with the width of 2 meV.

The main difference between the three spectra in Fig. 5
apart from the discussed earlier band-gap renormalizat
significant broadening of peaks with increasingN due to a
rapidly increasing number of optical transitions from excit
initial states. ForN52 a new peak (v533.2 meV at
B50) emerges below the main line (v537.5 meV at
B50). The peak corresponds to the recombination from

-

n

d

FIG. 5. Magnetic-field evolution of the emission spectra f
N5123 electrons in the initial state assuming Boltzmann distrib
tion of initial states with an effective temperatureT5v0e550
meV.
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55 13 071THEORY OF PHOTOLUMINESCENCE FROM . . .
excited state with an electron and a valence hole in ths
shell and one extra electron in thep shell. The total spin of
electrons isSi51, and therefore the transition energy is low
ered by the exchange interaction. ForN53 the broadening
destroys the simple structure of a pair of peaks atT50,
shown in Fig. 4.

IV. CONCLUSION

Using exact diagonalization techniques we have stud
numerically the photoluminescence spectrum from
modulation-doped self-assembled quantum dot as a func
of the number of electronsN. The total spin and total angula
momentum of the ground state of an exciton and excess e
trons oscillate as a function of the number of electrons, w
the total spin reaching a maximum for partially occupi
electronic shells. The photoluminescence spectrum has
related to the spectral function of the hole~vacancy! created
in this correlated electron ground state. We have shown
y
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f
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there are oscillations and splittings of the photoluminesce
spectra, which can be directly related to the number of e
trons in the dot and to electron-electron interactions. T
dependence of the band-gap renormalization on the num
of carriers has been determined. We have studied the ev
tion of the emission spectra with the magnetic field and
effect of the nonequilibrium population of valence-ba
holes. The polarization of calculated spectra is very sensi
to the spin polarization of electronic configurations in t
dot. It is hoped that this work will stimulate future exper
ments.
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