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Theory of excitonic artificial atoms: InGaAs/GaAs quantum dots in strong magnetic fields
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We develop a theory of excitonic artificial atoms in strong magnetic fields. The excitonic atoms are formed
by N electrons and holes confined in a quantum dot. The single-particle levels are described by the Fock-
Darwin spectrum in a magnetic field. The magnetic field induces crossing of energy levels and allows us to
engineer degenerate shells. We apply exact diagonalization techniques to calculate the magnetic-field evolution
of the ground state of thid-electron-hole complex and its emission spectra. We focus on degenerate shells and
show that excitons condense into correlated states due to hidden symmetry. We relate the Fock-Darwin spec-
trum, hidden symmetries, and direct and exchange interaction among particles to the emission spectra as a
function of number of electron-hole paiexcitation power and magnetic field.
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I. INTRODUCTION tonic atoms in strondd, which will be presented in this pa-
per.

With the high quality of their optical properties, self-  We organize this paper as follows. In Sec. Il, we introduce
assembled quantum dotSAQD's) (Ref. 1) are considered the single-particle spectrum. In Sec. lll, we describe the
attractive candidates for optoelectronic applications, includHamiltonian of many-exciton systems and the method of
ing quantum-dot lasér;* quantum dot infrared cpnfiguration interactiofCl) for the calcqlation of multigx— .
photodetectors, single-photon devicds® and gates for Citon states of dots. In Sec. IV, we discuss the excitonic

quantum computing SAQD’s self-organize in the process of artificial atom corresponding to magnetic-field-engineered
epitaxial growth of the semiconductor materials with differ- 4€9eneracy. Semianalytical results for the low-lying multiex-
ent lattice constant@.g., INAs/GaAs 1 We focus in this citon states are discussed in detail. The numerical calculation

ff magnetophotoluminescence spectra is carried out. In Sec.
2-5-nm height:>1213Since InAs as a low-band-gap mate- V, magnetic-field evolution of the chemical potential of the

rial with direct gap is embedded by the high-band-gap mate€Xcitonic artificial atom is calculated using exact diagonal-
rial GaAs, not only electrons but also valence holes are conization technique and discussed in detail. A generalization of
fined. Under high excitation, electrons and holes localize i€ theory is carried out to describe the excitonic states, in-
lens-shaped quantum dots and form strongly interacting ex/2/Ving the magnetic-field-engineered degeneracy, with a
citon complexes with “atomiclike” propertie¥:5The prin- higher exciton number and magnetic fields. We conclude in
ciple underlying the energy spectrum of excitonic artificial Sec. V.

atoms is the existence of a hidden symmgtig).14~1°The

HS applies to quantum dots with well-defined shells of de- Il. SINGLE-PARTICLE STATES

generate single-particléSP levels. The nature of electron

. e L In the effective-mass approximation, the effective confin-
and hole energy levels can be identified by the application of . ) .
the magnetic gf:]i>elld. In weak magnetic fielésthe Eﬁell de- MY potential of lens-shaped SAQD's can be well approxi-

generacy is lifted due to the orbital Zeeman effect, whichm"iteg b%/ aztwoz-dlmensmnal harmonic potenﬁ‘avﬂ(x,y)
=3sMpwi(x“+y“), where g=e/h denotes electron/hole,

resolves the SP states with different orbital angular momen- 2 A ) )
tum, and the HS is broken. The orbital Zeeman splitting ha@"dMp andw, are the effective mass and confinement fre-
been successfully observed by previous magnetodUuency. The(SP spectrum in tbe presence of the magnetic
photoluminescence experiments in various types of quanturfield normal to the dot planB]|z can be solved exactly and
dots®-22 These experiments indicated a possibility of de-expressed as a spectrum of two harmonic oscillators, the
stroying degeneracies existingBt=0 and creating new de- Fock-Darwin(FD) spectrei’®

generacies at higher magnetic fields. However, to be able to

observe and resolve the shell structure of the quantum dot EP o= (N+1/2)+ 0 (Mm+1/2),

ensemble, a high magnetic field as well as a high quality of

uniformity of quantum dots are required. The required magWith guantum numbersi,m=0,1,2.., and spinr=+1/2.

netic field should correspond to the cyclotron energy compatiere the two frequencies are given by = Jop+ (wf/2)?

rable to the energy spacing of electronic states in quanturtt @£/2= ofj+ wf/2 (0” = wfi— wf/2) with hybridization
dots. By exploiting the post-growth annealing to reducefrequencywf; and cyclotron frequenchw?|=eB/mjc. The
energy-level spacirfg and high magnetic fields up to 30 T, a energy gap of a semiconductor is omitted here for brevity.
successful observation of complete energy spectra of magndhe canonical angular momentum for an electtbole) is
toexciton complexes, including a clear observation ofgiven byLﬁlmzn—m(Lﬂlm= m—n). The spin-related terms,
orbital-Zeeman splitting and magnetic field engineered deZeeman and spin-orbit coupling, are weak and hence ne-
generate shell structures, has been realize®&Raymond glected here. This leads to doubly degenerate FD states due
et al?* This motivates our development of a theory of exci-to spin.

work on InAs lens-shaped dots, with 10—20 nm diam an
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(a) \E{,,g $€’3 3;554 Ill. MULTIEXCITON SYSTEM
> To study excited states of the quantum dot, we replace the
2 many-electron Hamiltonian by the electron and hole Hamil-
tonian. By treating electron and hole levels in the effective
mass one-band approximation, we neglect the valence-band
m/m‘: mixing effects and neglect electron-hole exchange. This al-

lows us to focus on many-body effects and their evolution
2 <.‘ with the magnetic field. The many—electron-hole problem in
this work is studied using the configuration interacti@)

method. The many-particle configurations are built using the
Fock-Darwin SP states introduced in the previous section.

05 05 1 15 2 The interacting Hamiltonian is diagonalized exactéxact
@, [ m, diagonalizatiohin a given basis of configurations. Taking a
sufficiently large number of configurations as a basis in ex-
_ panding the ground and excited states of the interacting
b)) @ =9, =0 (c) =2 Hamiltonian, it is possible to obtain electronic states of a
d multiexciton system with high accuracy. In order to gain
gt — — - = —_ more physical insight, analytical expressions describing ex-
pt=— =P — - d- citonic states in a magnetic field are derived by treating the
s L = s L weak Coulomb interactions as perturbation, and identifying
" — —r and retaining only a few relevant configurations.
22-101 2 -101 2 3

Angular momentum

FIG. 1. (a) Fock-Darwin spectrum, in which shell structures are The Hamiltonian of a multiexciton svstem in the lanauade
formed at some special magnetic fields with cyclotron frequencies y guag

®c1,We2,.-, (D) the three lowest shells, as,.=0, and(c) the four of second quantization can be written as
lowest shells, asv.=w.,, are schematically shown in tHe—L

A. The model Hamiltonian

diagram. H=2 Efc/ci+ > E'hhi— 2> Vil hihe
i i ikl
At B=0, the states with quantum numbers satisfying 1 1
+m=t and the energyw; are degenerate and form a shell +5 > Vincte e+ > > Vinhhhedy, (D)
with degeneracyg,=t+1 (t=0,1,2,3..). These shells are ikl ikl
labeleds,p,d,f,- - -, respectively. In finite magnetic field, wherei,j,k,| are the indices of FD states. The Coulomb

the degeneracy is lifted by the orbital Zeeman effect whichmatrix element is defined by
makes the values ab, andw_ different. At special values

of B=B?, where w” =s0” with s=2,3,..., a newshell VEE = (ni,miin; ,my|V g In, miiny my)
structure is formed agaitsee Fig. 1 This happens as cyclo-

tron frequency has the value)fz[(s—1)/\/§]a)ﬁza)gS EJ fdr‘;dfz¢i(ﬁ)*¢j(r';)*[e2/(€|r'1_r';|)]
(corresponding to the magnetic fieBfxmtws ). As o

=w.s, the lowest shellwith g,>1) consists of the state ka(r—;)l/ﬂ(r—;),

(1,0) and the one of the lowest Landau levelsjO, R

If the effective masses and confinement frequencies ofvhere ¢s(r) is the wave function of the FD state arddi-
electrons and holes satisfy the relationship we=mj wy,, electric constant¢= 15 is taken for InA% The operators;”
we haveBg= BQEBS. The shell structures of electron and (h;") andc; (h;), respectively, create or annihilate the elec-
hole states are formed at the same magnetic field. In othdron (hole) in the conductionvalence state|i) with SP ki-
words, electrons and holes possess the same FD structurestic energyE; . The matrix element of Coulomb interaction
except only for different energy scale. between electrongholes (V&€ or V') is given by

1 5R . (_1)né+mé+”2+m2 min(nl,ni) ”i n, min(mlymi) mi
L "R
(nimi;n§m§|V|n2m2;n1m1>=( ) P ( )( ) ( )

T !
lh/niimiingtmytnsimainyt my!  pi=o o) lpy) =0 P2,
min(n,,n) ' min(my,m5) ’
o ol el [oell-3]" vl
X > ! > ! -=| T{p+3], )
P2 p3=0 Ps P3/ \ P3 ps=0 Pa P4 P4 2 P 2

where |y=[4/(2m* wy)]Y% Ri=m|+m,—n,—nj), Re=m;+m,—n;—n,, and ZD=m;+m,+m;+mj+n;+n,+n]
+n,—2(p,+ P+ ps+pa). The Kronecker delta functioﬁiRLRR on the right-hand-sidéRHS) ensures the conservation of

235330-2



THEORY OF EXCITONIC ARTIFICIAL ATOMS . .. PHYSICAL REVIEW B 68, 235330 (2003

total angular momentum. The strongest interaction is the direct one besstates and is given by,=(00;00V|00;00
o« mwy. One can find that, in Eq2), the onlyB-dependent term is the form factol 1~ v2m* w /%. The Coulomb matrix
element for finiteB therefore can be also expressed\§,(B) = \/(wp/we) Vi (B=0). The factor\wj/we(>1) and
strength of\/ﬁ-ﬁ, (B) increase with increasing, because thB field enhances the effective confinement and reduces the average
distance between patrticles.

The matrix element of the Coulomb interaction between an electron and a hole is given by

’ ! ’ ’
1/25RL ,RR( /Aeh/Ae)ne+me+ne+me(_ /Aeh/Ah)nh+mh+nh+mh

’ ’ ! !
Vnitmiing' me!nftming i my,!

min(ne .ng) ' min(me ,my) ’ min(ny, ,ny) ’
n.\/n m.\ [ m n,\ /N,
SRR eI W IR

p1=0 P1/\P1/ py=0 P2/ \ P2/ pz=0 P3/ \ P3

><min(g,m,;) . l(mé)<mh)<ﬁ)p1+pz<ﬂ)%+p4(_E)P F(D+E
pa0 | pg) | pal | Aen Aen ? i

1 (Aeh

el A
E

(neme;npMy[V[npmpy sneMe) = | —+
e

: ()

where (A '=0%(20f), (Ap)) '=0l/(20!) and operator satisfies a commutation relatiorH,Q"]

(Ae —1E%(AE1+A;1)_ The parametera ., A, andA, ~(2Ey)Q*. The exact eigenstates of the multiexciton sys-
are introduced in E) due to the different confinement tem can be constructed a@{)"'4vag). Using hidden sym-
potential for electrons and holes. In harmonic oscillators, thénetries one can construct exact eigenstates of the electron-
extention of the wave function is given mn,m|ré|n,m> hole system on a degenerate shell without the need for any

(14 n+m)/mgef, . Accordingly, the existence of the rela- computation. The deviations from E¢4) due to different
tionshipm wﬁ=mhwﬂ indicates that an electron and a hole ©rbital character of wave functions of each shell and scatter-
e

in the states of QD with the same quantum number hav.
identical envelope wave functions. This leads AQn/A.

=Aen/Ap=1, and makes Eq3) recover the form of Eq.
2).

g from other shells lead to deviations of exact eigenstates
rom multiplicative states. These differences are shown to be
small in what follows.

C. Many-exciton states and configuration interaction

B. Hidden symmetries Hidden symmetries apply only to degenerate shells. The
As was shown in Refs.14-16, the similarity ef e, h FD spectrum leads to a number of magnetic-field-engineered
—h, and e—h interactions Qop/Ae~Aen/Ap~1) in  degeneracies. We will show that the concept of hidden sym-
SAQD’s leads to hidden symmetriésand great simplifica- metries can be extended to magnetic-field-engineered degen-
tions for interacting electron-hole complexes filling degener-eracies. For arbitrary magnetic field no degeneracies exist
ate shells of a quantum dot in zero magnetic field. The H§nd we must resort to numerical methods. To find the energy
results from the commutation relation between the Hamil-2nd eigenstates of ti¢-exciton system, we expand the wave
tonian, Eq(1), and the interband polarization opera@f function in a set of configurations, build the Hamiltonian

=>.c"h' limited to shellt matrix, diagonalize it, and determine the eigenstates and ei-
TR ' genvalues. The configurations are constructed by putting
[H,PT]=~E\P™, (4)  particles, according to the Pauli-exclusion principle,Nh

(>N) SP states. The procedure is repeated as a function of
where Ef'=Ef+E{ — 2,0, 'Vijtx WhereE,, is the energy the number of FD states and energy cutoff until convergence,
of the SP state on sheill Equation(4) holds exactly for 2D for each value of the magnetic field. The number of the con-
electrons and holes in the lowest Landau 1&vahd is well  structed configurations is, however, a huge number for large
satisfied in parabolic quantum dofs™®If Eq. (4) is satis- M [for N exciton, the maximum number of the configurations
fied, N-exciton multiplicative statesR*)"|vag are exact s (M!/[N!(M—N)!])?]. The set of configurations spans our
eigenstates of the interacting shell Hamiltonian with energyHilbert space and determines the size of the Hamiltonian
NEx. The chemical potential of thi-exciton systenEy,  matrix needed to be solved. We can represent the many-
the energy to removéadd an electron-hole pair to the mul- particle states with a proper set of quantum numbers. Since
tiplicative state, is independent bfand does not depend on the configurations with different quantum number are decou-
the filling of the shell. This could be interpreted in terms of pled, we can focus each time only on a subspace spanned by
excitons on a degenerate shell forming a noninteracting gashe configurations with some certain quantum number to re-
In the case of an even number of excitons, one can define @uce numerical cost. For circular dots, total angular momen-
singlet-singlet  biexciton  operator Q*=33, j(¢/\c;;  tum L of excitons is a good quantum number. Neglecting
+ cﬁcﬁ)(hﬁhﬁJr hﬁhfl). The singlet-singletS9S biexciton  spin-orbit interaction, spin-flip processes are not allowed and
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the S, component and the total spin S of excitons, electrons,
and holes are conserved as well. The statés excitons can 5X
be represented bfi,N,L;S", S;S° S5), where " labels A
states in a given Hilbert space. 4A¥X

Because the kinetic energy of electrons is proportional to L
we and the Coulomb energy tWox\wf (<\we for B ‘5X;a>
=0), strong confinement in dots leads to weak Coulomb =7
scattering Vo/Q0<1Q=w.+wy) among nondegenerate SIA
levels. With the small value o¥,/Q) and charge neutrality — v
of each electron-hole pair, different configurations are
coupled only through weak exchange Coulomb interactions
and ground states are dominated by the configuration with A
lowest total SP energy. In numerical calculations, we first - AXY
sort configurations according to the total SP energy and take A¥
as a basis only those with energy lower than cutoff energy
E.u.t- The cutoff energyE. is increased until ground-state =7
energy converges. Fortunately, the typical value of the ratio
V,/Q for SAQD’s is less thary due to strong confinement e Vs
and converged results of GS can be obtained with small
value of E; (few Q higher than the lowest total energy of . . . . -L
configurationy and reasonable numerical cost. -1 0 1 2

5X;b)

\d

Angular momentum
IV. MULTIEXCITON COMPLEXES IN MAGNETIC

FIELDS FIG. 2. The two configurations with lowest energy fér=5X

asw,~w,. The filled down(up) triangles denote electrons with

spin down(up). The empty down(up) triangles denote holes with
The main difficulty is the understanding of exciton statesspin down(up).

on degenerate shells. Let us first analyze a representative

case of a doubly degenerate shell. The doubly degenerat&ro configurations are coupled and the ground state is a lin-

shell atB=0 is thep shell. In a magnetic field the degen- ear combination of state6X;a) and |5X;b), i.e., | psx)

eracy is achieved whenever the=1m=0) state crosses ~c>%|5X;a)+c;*|5X;b). Assuming that the electron and

the (m,n=0) states. The first magnetic-field-induced degen-hole states with the same quantum number have the same

eracy corresponds to the magnetic-field range wpérél,0) (envelopg wave function, the Hamiltonian in the basis of

andd~ (0,2 states are almost degenerate.{- w.,). The |5X;a) and|5X;b) is given by

number of the excitons filling these two levels I8

=5X,.,8X. This case corresponds to relatively low energy

and low magnetic field and is most feasible in experiments. Hsx=

The analysis can be easily generalized to other cases with a

larger number of excitons and higher magnetic fields.

A. Energy spectra

.
Eax+Eg- —VB,4

. (5

+ o=
—Vghd X E4x+ Ep+

Here, E4x is the total energy oN=4X filling the core
1. N=5X levels. Ep+EEfO—21,0 is the energy of a single exciton

; X e h tptd

For N=5X, in the magnetic field arounB, (wf~w?, " the p* state €1q= Eiot Elg‘)’ghp ) ' corr(:chted
=wg/42), there are two relevant configurationi§X;a)  bY thefsf”'e”erg)?l,o:Vgep FHVeR VR VER
and [5X;b), with lowest total SP energy, as schematically =2VB.P *+2V2 *, andEy4-=Eg,— 3, is the corrected
shown in Fig. 2. In these configurations, the two lowest SRenergy of an exciton in thed™ state Eézz E§ ot Eg,z
states(0,0)(s statg and (0,1) (p~ state are fully filled by _yddTd g s P T ysdT X P d T ysd X
four particles and the topmost particle occupies eigheror eh 02" Tee ee hh hh
d~ states. The situation is quite similar to th& Jor B
~0. The difference is that the latter has only one filed

=2V 4 X+ 2vSd Xy The notation of the Coulomb inter-
actions is intended to label corresponding orbitals and the

. . ot -nt
state and the topmost occupied shell isprhell, consisting  type of interaction:VE, p+ 9=(10;10V,r/10;10, VB

° € 8
o 'Fl)'hea?v(\j/g Io?/flz'gss(states correspond to electrghole) E<10;0]1VBB|10;0]>, V;%;XEQO;OQVBBHO;OQ, Vgh::* :
=(02;02V 2; VP & *=(02:01V 2; VEg X

occupying states with different angular momentum. The (02;02V¢4/ 0202, Vg (02;01V5402:01), Vigg

magnetic field induces a transition between the two states (02:00V;/02;00.  Since VE* 'X:Vﬁh_d *, we use
with different quantum numbers leading to a cusplike chang@nly subscript ‘€’ to denote both for brevity. The two con-
in the ground-state energy. However, when the two states af@urations are coupled to each other throughehen inter-

occupied by an electron and a hole, the total angular momeraction, VP, ¢ *=(02;04V,|10;10, which is responsible

tum L=0 both for|5X;a) and|5X;b) configurations. The for electron-hole scatteringThe resulting two-level Hamil-
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tonian Eq.(5) is similar to the effective two-level Hamil-
tonian describindN=3X in B~0 corresponding to one ex-
citon in the degenerate shell. SS
The two eigenvalues obtained by solving E®) are
Ecy=Eux+ (Eq + Ep)/25 V(Eq- —Epe) 24+ (VB4 %)2 -AY —
(Eix=E2% is the GS energy and the correspond- &% -A¥ IT
ing eigenstates are given by )=1/\/(c2+c?)(c,|5X;a)
+ci|5X;b)) with c,=VP ¢ X and ¢ =(Eq-—E,p+)/2 A
+ V(Eq —Ep+) %4+ (V2,0 *)2. When magnetic field in- o A¥
duces degeneracy of quasiexciton energy le#gls=E,+,
the eigenstates argt)=1/\2(|5X;a)*+|5X;b)) and EZy =
=E4X+(Ed7+Ep+)/21V§:d X, The ground staté+) is
exactly the same as that given by HS and createB byi.e., A¥
|+)=P*|4X). This indicates that the HS in finite magnetic e
field requires the degeneracy of the states guasiexciton ‘6X;b>
on the topmost shelly-=E+ in this casg, instead of that
of SP statesE,;=E,,). Since the asymmetry of the states e TS
(p* andd™) on the magnetic-field-engineered shell leads to ¥ —A-
VPP sy TdTd gng s >3, Eq-=Ep+ occurs asw, -A¥
>wg,, Where €5ot+El )~ (ES,+EN)=(VP P 43, ) +¥
— (V¢ 4 943,,)>0. A¥ S
The numerically calculated energy spectralfbr 5X are =¥ 6X - A
shown in Fig. 4a). For small (large) B, where E4->E+ ‘ ’C>
(Eq-<Ep+), the ground statg+) is dominated by5X;b) A&
(I5X;a)) and the GS energyESe~E x+ Ep+ (ESg~Eax & A
+E4-). Neglecting the weaB dependence of particle inter-
actions,Ey+ (E4-) has almost the samB dependence as
that of Fock-Darwin SFE; o (Eg ), increasing(decreasing
with B in this B regime. The effect of interaction with the
N=4X core excitons results in the renormalized energy and’c™ “c2:
magnetic field.
If |Eq-—Ep+| is comparable to the interaction@;d X
the two states are highly hybridized. Sir€g- andEy4- with
the oppositeB dependences make a comparable contribution -
to EZ,, theB dependence dz, becomes very weak in this +hig,hgz)|4X), @)
regime. A sharp cusp in the electron spectrum is replaced by, 4
a gradual and smooth evolution of the exciton spectrum with

6X

FIG. 3. The configurations with lowest energy f=6X as

1
16X;b)= E(Cfmcgzl + ngwcfol)ﬁ(hfmhgm

the magnetic field. The range of the weBkdependence in 6X:cy=(ch et ) (hh hs ) 4X). 8
magnetic field reflects the strength of the electron-hole scat- [6Xic)=( 021021 oz, 02T)| ) ®
tering matrix elemenvggd_'x. Expanding the & states in terms of the three configura-
tions |6X;a),|6X;b),|6X;c) leads to the Hamiltonian given
2. N=6X by
For N=6X, the configurations with lowest total SP en- E., _zvpgdix 0
ergy are those with two core states filled by four excitons and L € L
two excitons in a half-filled shell consisting of orbitgs Hex=| —2VB, 9 Ep —2VB, XL, (9)

—d~. The states of the two excitons can be classified ac-

. . : 0 —yPIdx E
cording to total spin of electrons and of holes as sin§et( eh ¢
=0)-singlet§,=0) (SS9, triplet(S.=1)-triplet(S,=1)  \here Ea=Eux+2E,+, Ep=E x+Ep++E4-
(T'I_'), smglet-trlplet(ST), or triplet-singlet(TS). The configu- Lo X EZE LoE. and VP9 x—ypid X
rations with lowest total SP energy foXeSS, -TT, and -TS ee o mcmEaX d= ee eh
states are shown in Fig. 3. =VP & X |f Eg-=Ep+=E,q, the thre? eigenvalues are
The three SS configurations are given by given by Ess1=Eax+2Eq—2VP 4 X Egqo=Eax

+2E,4, Egqs=Eax+2Epq+4VP ¢ %, and the correspond-
P ing eigenstates  are |ss1)=1/{3(|6X;a)+|6X;b)
|6X;8)=(C101C10,) (19 N101)[4X), 6 +]6X;c)), [ss2=1/2(—|6X;a)+|6X;C)), [s83)=1/\6
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(|6X;a)—2|6X;b)+|6X;c)). The results are similar to that ~ The configuration for the TT state is shown in Fig. 3. The
of 4X in B=0.*The lowest SS statss 1) is equivalent to energy of the TT state is given bl =E,x+ Ep++Edf

Q7 |4X). —2VP 4 X having an energy lowered byV® @ * from
If |Ed——E +| is nonzero but still comparable to exchange E. and almost the samB dependence as that &, as
energy VP Ta” *, the 6X states are strongly hybridized. As shown in Fig. 4b). AsEy4-=E,+, Ey is equivalent to that of
Eg-—Ep+>VP o (<VP fd” ), the eigenvalues approach the SS lowest state and both are the GS. However, including
the values of diagonal elements, i.€ss1~Eax+2Ep+ }Ehe chltkt)erlng to hrl]ghg]résct‘e”s the |0r\]N5%TTs is lower than f
~ ~ ptd- x t and becomes the omparing the lowest energies o
(EES:?N Efi)ierZ?EEd? zESS?ESISEiXELIZXEJFF) +1J'rhidc;|§t}fated en. SS,TT, and TS states, we find that the lowest singlet-singlet

ergies ofN=6X SS states are denoted by solid lines in Fig.State is the GS of % in all of the B-regime, i.e. Egs

4(b). =Ess1-
We now turn to the TS configuration shown in Fig. 3. The

energy of the TS state is given Wy=E x+E,++E4-.

The energy of the TS state has a weak B dependence in the For N=7X, there are two configurations with lowest total

whole regime and the same value as that of the first excite8P energy forS=0,L=0, and S;=1/2 (see Fig. 5 The

3. N=7X and N=8X

SS state a&y-=Ey+ [see Fig. 4b)]. Hamiltonian expanded in the configurations is given by
|
_oypdTx ptd~,x
R Eax+2Eg-+Ep+—2Vege -VE,
Hox= ptd x pfd x|’ (10
-VE, Eaxt+Eg-+2E,+—2Vg," -

The form of Eq.(10) is quite similar to that for X, ex-  state, ground and excited, of thd { 1)-exciton system. Ac-
cept for the diagonal elements, including the total energy otording to Fermi’s golden rule, the intensity of PL spectra is
three excitons occupying the™ andp™ states and X GS  given by
energyE,x. An exchange energy appears in the diagonal
elements, because the two particles with the same spin occu- Cin
pyingd~ andp* states coul%l be exchanged. P A(w’N):Z KE(N=DIPTIND)FS(E - Ef~ ).

If Eg-=Ep+, the two eigenvalues are given oy (11
=Eyx+3(Eg-+Ep+)/2—2VP T xpyptdTx (EX —EX s
the GS energy and the corresponding eigenstates |ate
=1/\2(|7X;a)+|7X;b)). The GS|+)=(P*)34X) is con-
sistent with the principle of HS. For|Ey-—E-|

The interband polarization operator is defined By

3 i oUijhi ,Cj— , with dipole momenu; ;= (i|E|j). In the
dlpole apprOX|mat|on we haveu;j~¢; and P~
ptd”x i.oNi +Ci—, Which removes an electron and a hole with
~V . E7x has a smooth evolution with the B field, thesamequantum number andppositespin from the initial
in zinz_ilogy to the N=5X system. As Eq-—Ep+  gstate. The initial state is assumed to be the ground state of the
SVPd X (<P d ), the eigenvalues are given N exciton system/N,i=GS). The transitions to all final
by Eqx=EQs=Eux+2Ey++ Eq —2VP & x (E5L=ELX states of the l—1)-exciton systemiN—1,f) connected by
~E +E ++2Ed7_2Vp+d—,X), Ejy~Eux+Ey++2E4 the polarlza}tlon operator to the initial state are possible. '
VPO X (B~ + 2B+ Eq—2VP 0 ) Without interactions, the energy of an emitted photon is
_ ATXEAX T Smpt T =d A equal to the total kinetic energy of the recombireeelh pair
There is only ?ne eonflguratlonl fod=8X, in which all . the same quantum number, i.8o=ES+E", and the
states up to the_p —d" shell are filled. The enedrg); of the PL has the same spectrum as that oféheh pair. In reality,
N=8X system isEGs=Esx+2(Eq-+Ep+) —4VE" ¥, the PL spectrum from an interactiidgrexciton dot exhibits
more complicated features due to interactions. Figure 6
_ shows the representative calculated PL spectra for initial ex-
B. Magnetophotoluminescence spectra citon numbersN=18 and the magnetic field corresponding
To calculate the photoluminescend®l) spectra, we first to the electron cyclotron frequenayi=0.5w,. The emis-
numerically calculate the ground and excited states for &ion spectra correspond to electrons occupying successive
given number of excitonsl using the exact diagonalization nondegenerate states as indicated in Fig).For a given
technique. We assume fast relaxation of electron-hole pairexciton number, the spectra are composed of a number of
so that theN-exciton system relaxes to the ground state bepeaks corresponding to removal of electron-hole pairs from
fore e—h recombination takes place. The emission of a pho-occupied orbitals. The peaks with highest energy correspond
ton during recombination of one—h pair from the ground to the transitions from the GS of ti¢— exciton to the GS
state of theN-exciton system involves the transition to a final of the (N—1)-exciton system, and usually have high inten-
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14 1 | L 1 1 N 4 3 ﬂ'/
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@
é 36 N=1—>0 ¥
L O n 1 ﬂ n 1 1
3.4 -0.5 0.5 1.5 25
3.2 w/Q
3 | FIG. 6. Calculated PL spectra from the dots with various exciton

0.5 06 07 08 09 1.1 1.2 numbers and in the magnetic field witb{=0.5w,. The o and
“)ce/‘”e particle number are denoted in the Fock-Darwin spectrum of Fig.
1(a) by the vertical dotted line and filled circles, respectively. Ar-

FIG. 4. (a) The calculated energiéeelative toE ,5) of 5X states ~ rows indicate the peaks resulting from the GS-to-GS transitions.

and some other relevant energié®. The calculated energidgela-

tive to E;x) of 6X singlet-singlet(SS, triplet-triplet (TT), and  state excitons. Such average spectra, and their evolution with

triplet-singlet(TS) states. The long vertical dotted line guides the magnetic field, are well represented by considering only the

eye to find the magnetic field8;) whereP™ andd™ levels cross  main PL peaks at highest energy. Hence, the following analy-

(E10=Eqp). HS occurs in the higher magnetic field shifted®y.  sis will be focused on the PL peaks corresponding to the

from the magnetic field. GS-to-GS transition. The transition energy is defined as the

chemical potential of th&l-exciton system by

sity. The PL peaks at lower energies result from the transi-

tions from the GS of thé\ exciton to many excited states of un=Eds— Eds ™, (12)

the (N—1)-exciton system. They overlap with GS-to-GS

transitions for lower exciton number and result in broadeningvhere Efs is the ground-state energy of tieexciton sys-

of emission lines which average over the number of initial-tem.

—_

C. Chemical potential

X According to theEXgs calculated in Sec. IV A, the
chemical potential for the exciton numb&r=5X,6X (N

=7X,8X) in low magnetic fields whereEy-—Ep+

+q— . .
AX >\VP i i( is given by us,ue~Ep+ (m7,u8~Eq-
’7X' a> &% —2V+pdij ). In high magnetic fields wherd&y-—Ep+
’ <VP X j‘ we have ,u&-,,,ufﬁEd—+ 7and My, pug~Ep+
YA AY —2VP 9 X The renormalization 2P ¢ * for high exciton
A¥ numberN=7X,8X is due to particle exchange. Since the
Coulomb-interaction terms inuy are very weakly
A e B-dependent, the B evolution gfy is dominated by the
= AY S ay kinetic energiesE s, or Eq,, and very close to that of the SP
spectrum. One hence can expect a SP-likeck-Darwin
|7X;b> spectrum of PL from the ensemble of many-exciton dots in
FA most magnetic fields where no level crosses. In the condition
T of HS (Ep+ =Eq-=E,q), the GS energy of th&-exciton
V— e system N=5...8X) is given byEgg=Ex+ (N—4)(Epq

ourations wi —VP 4 X and the chemical potentials given hy,=E
FIG. 5. The configurations with lowest energy fr=7X and L ), a e chemical potentials given = Epq
8X aswe~ w2 —VP ¢ X independent oN.
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FIG. 8. The magnetospectra of chemical potentialsl-@ixciton
dots forN=1...,1X and the same dot parameters as those for Fig.
7, calculated using the technique of exact diagonalization. The thick
solid line with the B dependence of the®™ SP energy E,o) is
shown for comparison witk ,+-like chemical potentials. The filled
circles on the line denote the position where the SP leyels,
B (Tesla) =(1,0) and (On) (m=2,34)], cross. Due to particle interactions
the hidden symmetry, whepey curves stick, occurs with the renor-
FIG. 7. The calculated chemical potential of tNeexciton dot ~ Malized fields and energies. The double-arrow lines show the renor-

for N=5,...,8 and w.~w.,. The dot parametersiw,  Malization of the magnetic field.

=33meVw,=6.6 meV,m} =0.05m,, and my; =0.25m,. (a) The

result calculated in the simplified model, in which only the [P the high field and the high-field part @fs and ug into the
and d~ levels are consideredp) the result calculated using the low field (see th%ﬂwzvpﬂr,x in Fig. 7).

exact diagonalization technique and taking into account the seven
lowest SP(doubly degenerajestates.Au denotes the offset be-
tween the two extrapolated lines and reflects the strength of e
change energy® ¢ *. B, is the magnetic field where SP stafe’s
and d~ are degenerateByg is the magnetic field where hidden
symmetry occurs.

The uy's calculated using the exact diagonalization tech-
nique are shown in Fig.(B). Seven doubly degenerate low-
Xl'ying SP levels are used to build up the configurations. Con-
vergence of calculated results is achieved with a small cutoff
energy of configuration, which is & w.+ wy,) higher than
the lowest energy of configuration. Compared with Fig),7

Numerical calculation based on the method of Cl is car-We find that the calculatedy's in Fig. 7(b) are further renor-
ried out. For simplicity, we first consider only tige’ andd~ ~ Malized. This is mainly due to the finite self-energigag and
SP levels in the calculation. We take the dot parameteys, 2.0, that result from the p_arﬂcle (_axchange involving the f|II§d
=33 meVw,=6.6 meVm! =0.05my, and mj =0.25mj. core states. And, the inequality of the two.self—en.ergles
The parameters are extracted from both PL measuréfent(>10> 202 shifts the Bhs further to the higher field
on InGaAs/GaAs intermixed quantum dots and correspondt™11-4 T). Besides, they's at B~Bys are not any more

ing calculations using eight—barlfdﬁ theory including strain mdepe_ndent 0::\] t;]gthvar)ll S"?htl}ll. W't,h';l due to l\ﬁ)a;:tlde
and Ga diffusiorf’ 2 With those parameters, thpe™ andd ™~ scattering to the higher levels. They's for evenN have

levels form a degenerate shell at the corresponding magnet]lxgwer values than those for odd and the small energy dif-
field of we=w, 5, B,—10.1 T[see Fig.7a]. This simplified rence indicates the weak biexciton bindiig®As a resuilt,

model is the same as that used in Sec. IV except for thézhe py curves overlap each other in a wide range of mag-

disregard of the filled core states, i.e., settiig="3,=0. netic field around,s (between 10.5 and 12)T

: ) 2 Figure 8 shows the calculated, for N=1---12X andB
The numencally calculategiy's are shpwn N F'g' @' we up to 30 T, using the same procedure of exact diagonalization
see that theuy’s for all N reach their local minimum or

maximum and possess the same valu@at10.6 T=B, and the same dot parameters. The overlap@gé curves for

h i higher N occurs again in the higheB where new HS is
where E,+=Eq- and hidden symmetry occurs. The renor- created. The significant renormalizationB)s, indicated by

o . +tpt
malization of Bus (>By) is due to the fact thaV® P % gouple-arrow lines, can be easily indentified by comparing
>V4 9.4 The change ofuy is insensitive tdB~Byg, like  the Bug's with the magnetic fields where SP levels cross. The
that of Egs (see discussion in Sec. JVdue to the strong overlap of the uy's curves indicates that the weakly
hybridization ofp”- andd ™ -like states. Far away from the B-dependent PL peaks from the ensemble of the dots with
Bhs, the B evolutions ofuy’s approach that of SP energies, the N’s are superimposed in a wide range of magnetic field
E1 or Eg,. The renormalization oft; and ug can be iden- and a highly bright, plateaulike feature of measured
tified by extrapolating the low-field part gi; and ug into ~ magneto-PL spectrum is therefore expected in experiment.
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N=2m+1 pin=Epm— VP X, (15)

(1,0) (0,m) AsE,— Ep+(m)>vp+m'x [Epn— Ep+(m)<vp+m’x], apart
- (Om-1) — from the regime of HS, the chemical potentials approach
AY pn=~Ep+(M) [un=~Eq] for N=2m+1 or 2m+2, anduy
_‘!;’ ~Em—2VP™ (un=E,+(m)—2VP™*=E +(m+1)) for N
(0,1 =2m+ 3 or 2m+4, respectively. We find that a generalized
(032& description of theE+-like chemical potential forwg -1
<w.<w;m andN=2m+1,2m+2 can be simply given by

YA pn=Ep+(m). (16

Equation (16) indicates that the renormalization of the
~ YA E,+-like chemical potential increases with increasing num-
— — ber of occupied lowest Landau level and the spectra in mag-
netic field should show a discretelike feature. Tracing the
E,+-like chemical potential for differenN and comparing
-1 0 1 2 m-1 m that with the reference curve of SP energy of phestateE

Angular momentum in Fig. 7, one can easily identify the effect of renormalization
and the relationship to the number of occupied core states.

I ) I ) ' I -Ln;

FIG. 9. One of the configurations for the exciton numiber
=2m+1 andw.~ w¢ m-
' V. CONCLUSION

D. Magnetically engineered twofold degeneracy In summary, we present a theory of exciton complexes in

The above analysis can be extended to consider the geliGaAs/GaAs self-assembled quantum dots subject to strong
eralized cases in which the topmost occupied shell consist®agnetic fields. The energy spectra and chemical potential of
of twofold degenerate states (1,0) andnff), and the filled —magnetoexciton complexes in dots are calculated in a semi-
core shells are the states (0,®,1)- - - (0,m—1) (the lowest analytical manner, as well as numerically using the technique
Landau level, with N=2m+1,..,.2m+4 and o~ w¢ . of exact diagonalization. It was found that the magnetic-field
One representative configuration is shown in Fig. 9.evolution of the chemical potentials dFexciton interacting
The HS occurs asE,+=E,=E,,, where E, is the complexes resembles that of a single-parti€leck-Darwin
energy of the quasiexciton in the (@ states and Spectrum in magnetic fields where degeneracy is lacking.
given by E,=E§ +EOm_med 23Mm le X (Vgnhmd Hovv_ever, the effect of exc_:iton—exciton interaction_ becomes
=(0m,0m|V/Om, Om) v X-(Om,OIIVeeIOm,OI)). The crucial as new degeneracies are created at special values of
energy of a quasiexcnon in the" state, as a function of the magnetic fields. Associated with the magnetically engineered

number of filled core levels, is given by degeneracy, the similarity &—e, h—h, ande—h interac-
tions leads to “hidden symmetries” and condenses the many-

st g exciton complexes into a coherent multiplicative state. As a
Ep+(M)=E§ o+ Ej ;—VB,P 4-2 2 VPLX. (13)  result, the chemical potential of &hexciton dot turns out to

be insensitive to magnetic fields as well as exciton number.
One sees that, with largen, E,, and E,+(m) gain more The theory is extended to apply to the generalized cases with
exchange energy. Furthermore, a h|gher number of corBlagnetically engineered twofold degeneracy with higher ex-
states makes the difference of the interaction part& pf citon number and magnetic fields. The analytical formulas
andE,, larger. As a result, the HSE(,+=E,,) for largerm for the description of the corresponding energy spectra and
occurs at theBys with the cyclotron frequencys, farther ~ chemical potentials in the condition of “hidden symmetries”
from w. . The generalized description of GS energy forare derived.
N=2m+1,..,2m+4 in the condition of HS is expressed as
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