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Magnetoexcitons and correlated electrons in quantum dots in a magnetic field
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Magnetoexcitons interacting with strongly correlated electronic states in quantum dots in a strong magnetic
field are studied. Exact calculations relate the absorption and emission of few-electron artificial atoms to
magnetic-field-induced phase transitions between “magic” states. For large compact droplets, the coupling of
magnetoexcitons to low-energy excitatiof@glge magnetorotopgeads to a strong enhancement of the oscil-
lator strength at the Fermi lev@fFermi edge singularifyboth in absorption and in emission on acceptors. The
condensation of edge magnetorotons signals the reconstruction of the droplet and is accompanied by different
structures in the absorption spectruyf80163-182@06)03040-9

[. INTRODUCTION mentum’ transitions in few electron artificial atoms.
We show that, in analogy with the optical study of the

Electrons in quasi-two-dimensional semiconductor quaninteger and fractional quantum Hall efféctpptical probes,
tum doté form artificial atoms. These atoms interact with hamely, absorption and emission, can be used to study di-
elementary excitations of the semiconductor, such as excl€ctly incompressible “magic” states in few-electron atoms
tons. We investigate here the interaction of excitons withand edge reconstruction in large dots. A basic picture is de-
electrons in quantum dots. Excitons can become a usefieloped for the chiral Luttinger liquid that sheds light on
probe of electronic states in artificial atoms, particularly inotherwise inaccessible problems, e.g., the Fermi edge
high-quality self-assembled ddtsn these dots both elec- singularity* in an interacting electron system involving a
trons and holes are confined and charging with free cafriergnobile valence hole. The differences between the electron
can be achieved without introducing unnecessary and largend the hole spectral functions of a compact droplet are dis-
potential fluctuations, inherent in modulation doped quantuntussed and related to the creation of a mobile exciton and to
dots. A detailed account of the interaction of an artificialthe acceptor related recombination spectrdifine effects of
hydrogen atom and an exciton, including the effect of thespin and polarization of light are also discussed.
magnetic field and the polarization of light, has already been
given? Here we extend these calculations to excitons in
many-electrorartificial atoms in a magnetic field. We give a
detailed account of an exciton in a few-electrow={3) ar- We start by considering the two-dimensional quantum
tificial atom. This atom undergoes a series of magnetic-fieldelot® containingN electrons confined by an effective para-
induced phase transitions between different angular momenmpolic potential, with a characteristic eneray, . A magnetic
tum states, recently observéd via single-electron field B is applied normal to the plane of the dot. The single-
capacitance spectroscopy. For large quantum dots we coparticle Hamiltonian corresponds to a particle moving in a
centrate on excitons as a probe of edge reconstruction gfarabolic potential and in the presence of the magnetic field.
gompad‘g s]pir;-polarized dots and r;]ence edge states of t\Nolrt can be exactly diagonalizéd? with single-particle ener-

imension.a electron systems in the integer quantum Halliqg Emn=Q.4 (n+1)+Q_(m+2) and eigenstatelsn, n; o)
Sﬁec.t.regm%. Stable 'cofr_ml)o?ct droplets are forrggd for hof two harmonic oscillators and electron spin The fre-
dersiee i magret il ranges corespendng 1 Miuencis are. ~[0=0.)2 (11 for the res of nis
(filling factor v=1). In compact droplets electrons occupy work). The @e 1S the cyclotr_on energyl,0=.1/(m* w)* is
) the magnetic lengthm* is the effective mass, and

all successive lowest angular momenta states, forming \/—2—2 L ,
=\ w:+4wg. The kinetic energy- ) _ decreases with the

compact uniform density droplet. The droplets are a simpl C ) . .
b y P P P magnetic field, while the Coulomb energy increases with the

realization of a chiral Luttinger liquid° By varying a mag- o . >
netic field one can drastically increase the role of Coulomghadnetic field. The Coulomb energy is measured in units of

interactions. This drives the droplet of a chiral Luttinger 8<change energ&oley\/ﬂaolleﬁ,. where Ry is the effec-
liquid”® through a series of transitions that can be interpretedVe Rydberg,2a02 = the effective Bohr radius, and

as a reconstruction of the droplet edges. The reconstructiorit=lo/(1+4wg/wc)™™ is the effective magnetic length.
corresponds to a breakup of a uniform charge density of thdhe same applies to valence-band holes photoexcited in a
droplet. This complex behavior is due to the competition ofduantum dot. The valence-band holes are characterized
the electron-electron interactions, Zeeman, and kineti®y characteristic frequencie€2?=pg0. and energies
energy>®112The competing interactions, tunable by the ap-En,= —[Q'L(n+3)+ Q" (m+3)] (with the semiconductor
plied magnetic field;®11%ead to a series of incompressible gapEg set to zerd. Since holes have the opposite charge to
ground states with “magic angular momentum” values. Theelectrons, the angular momentum of holes is opposite to the
dot reconstruction is synonymous with “magic angular mo-angular momentum of electrons.

1. MODEL
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simple picture becomes of course much more complicated

— b due to electron correlations.
—T_ After denoting the creatiorfannihilation) operators for
- _ = electrong(holes in state§m> by ¢/ (c,,) andh! (h,,) the
o |Fermilevel Hamiltonian can be written as
= AN
(0] S-au SRR
e I vb

H=> Enclcm+ENhIh,
m

- +1 > (my,my|Vedmy,my)e! ¢l coc
Fermi level _ . 2m1,m2,m3,m4 1,M2[VeeM3,Myg)Cpy Cry Cm Cim,
Py _———
o holesS wm t T
uc_| — + E (mlvszlveh|53am4>cmlcm4hszhs3v (1)
W m1.S2,83,My
0] SuANN\N
———
——
012345678911 12131415 where (m;,m,|Vedms,m,) are the electron-electron Cou-
m lomb matrix element€ and (m;,s,|Venlss,m,) are

electron-hole Coulomb matrix elemeftdhe conservation
FIG. 1. Schematic picture of single-particle energigg for  of angular momentum in the Coulomb scattering of electrons
electrons(ch) and valence holegvb) in the dot as a function of  gyarantees thatn,+m,=mz+m, and for electrons scat-
angular momentunm. Vertical arrows indicate possible optical tered by valence holes, —s,=m,—ss. While it is possible
transitions. Upper frame, compact dot; lower frame, reconstructeij0 compute the electron-hole scattering matrix elements, we
dot. . ’
relate them to the electron-electron matrix elements
as (M, Sp|VerS3 Mgy = — a(my,s5|Vedsz,my),  where
a=|Veil/Vee measures the ratio of the electron-hole to

electron-electron interaction. The parametecan be tuned

the plane of the dot, photoexcited valence holes localize o e : :
negatively charged acceptdfs®:/-8The acceptor complex Ei/e 33 an electric field applied perpendicular to the plane of

is charge neutral and a very weak perturbation of the electron
system. In the recombination process an electron from the
guantum dot recombines with the valence hole leaving a

negatively charged acceptor and a “hole” in the electron
droplet’ Ill. ELECTRONIC STATES

In a sufficiently strong magnetic field we restrict the Hil- Let us first discuss theN+ 1)-electron system for a

bert space to spin-polarized single-particle state% . ; : . C o

_ . L aximally polarized spin configuratidg,=(N+1)/2 and an
|m>—|m'°’l> originating from th? lowest Landau levef. electron system with one spin-flip excitati®&=(N—1)/2,
As an illustration, the single-particle spectra of seven elec;

trons and a single valence-band hole are shown in Fig. 1from the_ point of VieV.V of charge and spip e>.<citations. Th_ese
where the electron energiés,, and hole energieErr‘n are are the final electronic states after the injection of an exciton.
shown forQ" =0.20_ . The linear dispersion and the pres-
ence of a single branch of excitations resembles a chiral Lut-
tinger liquid.

The dashed areas correspond to occupied electron states
and the vertical arrows indicate allowed interband optical The total angular momenturR=X;m; of the electron
transitions. In the case of a compact seven-electron droplelystem is a good quantum number and we can label our
[Fig. 1(a)] these transition&ue to phase-space blockjreye  many electron states Hy. For N+ 1 electrons the compact
possible only outside the physical area of the dot or, alternadroplet is formed by electrons filling up all lowest angular
tively, into states higher than the Fermi level. The electronianomentum state$Gy, 1)=I1"_,cl|0), with the angular
part of this transition can be viewed as edige excitatiorof momentunRY *1=N(N+1)/2. There is only one state with
a compact N+ 1)-electron droplet, i.e., with the seventh thjs total angular momentuR} ** and hence it is an exact
electron removed from the=6 state and promoted to the many-electron  state. Following earlier  bosonization

m=10 state. , schemeg’® we form the many-electron statefM,p)
A very simplified picture of a reconstructed dot is shown it total angular momentunR=RY*1+M by creating
in Fig. 1(b). The reconstruction corresponds to the introduc- 0

. ; . one-pair |I;k;)=c ¢, |G and two-pair |I,lkok
tion of holes (unoccupied statgsinto the bulk of the dot. Tp,r [1aka)=ci G| _N+_1> pair {121 1koky)
Correspondingly, one expects a new absorption line to ap= Ci,C1,Ck,Ck,|Gn+1) excitations out of the ground state
pear in a reconstructed dot as indicated in the figure. Thi$Gy, 1):

If a layer of acceptors is introduced at a distadctom

A. Charge excitations



54 MAGNETOEXCITONS AND CORRELATED ELECTRONSN. .. 11 399

(a) First are one-pair—one-pair matrix elements, which de-

IM,p)= IEk A:\fk‘;“lkﬁ fine a collective excitation spectrum of magnetorotons
171
l1—k=M e ’ ’
" (kil 1| Vedlike)= 8111, Sk (21T = 24T = (I 1Kl Vedkil1)
P i, Blilillaikeka) @ H1KkalVedi kD), @

2ol =M with the Hartree-Fock self-energy® ™ ==(Im|Vedml)

Herel;>N labels excited states above the last filled state at-(Im|V.dIm). The diagonal part of the scattering matrix
m=N andk;<N labels holes in the compact ground state.element describes a difference of Hartree-Fock self-energies
The excitation spectra of theN(+ 1)-electron system with a of an electron atn=1, above the Fermi level and a hole at
compact ground statés,, ;) are obtained by diagonalizing m=k; inside the compact dot. The off-diagonal element de-
the electron-electron Hamiltonian in the space of one- andcribes a difference betweenrepulsive exchangand at-
two-pair excitations. They are exact uphtb=9, where the tractive directscattering.

first three-pair excitation occurs. The matrix elements of the (b) Then there are two-pair—two-pair matrix elements,
electron-electron Coulomb interaction are given by the fol-which define the spectrum of magnetoroton pairs, including
lowing possible bound states:

(kgkal 15| VE Il 1kok) = 8111, 8111, Sk, dicri, {2 DAY {8z, sk, ™ Sty ok H = (12l 1| Vel 21 1)

(1211 Vedl i)} {611,811, = 611,811 H(Kika|Ved koki) = (KiKo| Ve Kiko)} + 8111, Sk,
X{ = (I 2ka| Ved K3l 2) +(12Ka| Vel 2k3) } + 8111, Okt (! 2K1|Vedkal2) = (I 5ky| Ved I2k)}
+ 8111, Ok d +( 2K1|Vedkal2) = (1 5ky| Ved I 2kp)} + 111, Ok = (! 2K1[VedK1l2)

+ {15k |Vedl ki) + o1,{4termg + 5y {4termg + 4, {4termg. (4)

This matrix element describes Hartree-Fock energies of twenomentunR= R§+l+ M are formed analogously to the pre-
electron-hole pairs and direct and exchange scattering be&ious case of S,=(N+1)/2, as the one-pair
tW(?e)nl;fheT " t i ol t Imykq)=cl 1Cq|Gn+1)  and  two-pair  |m,likoky)

¢) Finally, there are one-pair—two-pair matrix elements,_ _+ -
which define the decay of magnetoroton pairs into one-pair_ ”‘ZTC'liCkﬂC"li'GN+l> electron-hole excitations out of

excitations: the spin-polarized compact ground stgBay . 1):
(ki 1] VETN ol 1kok1) = Sicric, { (1 1Ka| Ved 1l 2) M, p)Y= mzk mlk1|mlkl>
1071
— (11Kl Vedlol 1)} + dicrk, Mk
X{—=(11kq|Vedl4l2) + > Dl ik, | Mol 1koKy).  (6)
My 11,Ko>kq
+(lika|Vedl2l1)} merhieial
+ 5|i|1{+<k2k1|Vee|ki|2> Thg o_ne-pair excitgtiohnlk%) is now a spin-flip ex_citation,
while in the two-pair excitation there is one spin-flip and one
—(KqKo|Ved K1)+ 817, charge excitation. We have adhered here to our notation,
12 which requires excited spin-down electrons to have angular
X {—(KoKq|Ved Kk}l 5) momental;>N, but spin-up electrons are allowed all pos-
sible angular momentay, . Thus single-electron states origi-
+(k1ko|Ved kil2)}- (5  nating from the lowest spin-up Landau leyed,0,7) are also

included. Contrary to the spin-polarized case, where due to

the Pauli principle we had only excitations with positive

M, now the additional branch of excitations with negative
We now consider a possibility of optically injecting elec- M appears, which corresponds to spin-flipped electrons mov-

trons with reversed spin, i.e., the total spin\bt 1 electrons  ing towards the centeof the dot.

is now S,=(N—1)/2. The many-body electronic states The excitation spectrum of theN( 1)-electron system

[M,p)Y with one reversedup) spin and with total angular with S,=(N—1)/2 is obtained through exact diagonalization

B. Spin-flip excitations
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of the total Hamiltonian in the above one- and two-pair ex-energy of the spin-down electron and the Hartree energy of
citation basis. The spectrum is hence exact up tdhe spin-flip electron and the term defining the attrac(ulie
M=6—N, where the first three-pair excited state appearstect) scattering of the excited spin-flipped electron with the
While including higher excited states is straightforward, thehole left in the compact droplet

approximate spectrum obtained with only one- and two-pair

excited states is fairly accurate fdd even far exceeding (k;m}|Vedmiky)=6mm Sk {SH —3HF}

6—N. Among the eigenstates there are ones belonging to the e !

subspace with total spi8=(N+1)/2, with energies differ- —(mik|Vedkimy), (7)
ent from the corresponding eigenenergies of the spin-

polarized system only by the Zeeman shift, and ones belongwhich defines a spectrum of spin-flip collective excitations;
ing to the subspaceS=(N—1)/2. Below we list the (b) two-pair—two-pair, containing all possible scattering pro-
Coulomb matrix elements between the states of our b@is: cesses for four quasiparticlésvo electrons with opposite
one-pair—one-pair, being a difference in the Hartree-Foclspins and two holes with parallel spjns

(kikal 1Ma|Ved Mol 1koKy) = Sy, 8111, i, Sutie {2, + 210 — Sy — 2iTH Sty Sigin{Mal 1 Ved lima) + 8111,
X{ = i, (Maka| Ved kM) + (Moky | Ved kaMa) dicri, Sk, (Mako| Ve kimy)
—(M3ky| Ve Kim2) Sicric, b+ Omym, {+ 8111, ((Kaka| Ved koK) — (Kiko| Ved kik3))
= Sk, ((11Ko| Ved Kol 1) = (11Ko| Ved I 1k3)) + 8iri, ({1 1K1 | Ved K3l 1) = (1K1 | Ved I 1k3))

+ 8k, ((11Ka| Ved kil 1) = (1 1Ka| Ved I 1K1)) = Sk, ({1 1K Ved kil 1) = (I 1ka| Ved I iki)) b (8)

and (c) one-pair—two-pair, describing decay of two-pair ex-h'lc!|Gy)|0)h=h/c!cy|Gy.1)|0)n, i.e., they correspond

citations into one-pair excitations to electron-hole pair excitations of thé&l{1)-electron sys-
L, ) tem, withM =m-—N, in the presence of a valence-band hole
(kimi|Ved Mol 1koke) = + 5kik1<m1k2|vee| FLY with angular momentum m. Hence all optically active final

, states of the electron-valence-hole system can be written as
- 5kik2< MiK1|Vedl1my)

+ Smrm,{(Kika|Vedkyl 1) )= X > DipIM,p)N+M),
M=0 p '
_<k1k2|vee||1ki>}' (9) ©
. . . . f
The Coulomb matrix elements for spin-flip and charge exci- ZMZO lEk Al D mel S| G+ 1) 0)n
tations are clearly different from the charge-charge excita- B Ilflkvl Y
tions in scattering events involving two excited electrons
with opposite spin. £ + bt
+ Lk B11, ok, N+ MCTLCT Chy iy G 1) O)n |
IV. ELECTRONS AND A VALENCE-BAND HOLE l1+12—ky—ky=M
We next consider the eigenstates of electrons in the pres- (10)
ence of a single mobile valence-band hole. These eigenstates,, | ience-band—hole potential mixes electronic states
can be labeled by a total angular momentRg=R—m;_ from different electronic angular momentum subspaces. The

The same total angular momentum corresponds to man
electronic angular momenta, i.e., the valence hole potenti
mixes many electronic subspaces.

In the absorption process, illustrated in Fig. 1, an [ey o+E", D!
electron—valence-band—hole pair is added to the ground state - ~M.p " =N+MI=M.p
|Gn) of the N-electron system without changing its total

roblem can now be written in terms of a many-electron
annier equation

angular momenturRy , but possibly changing total electron + 2 (M,PiN+M[Ve|M',p";iN+M ’>D:v|r,pr
spin. Hence optically active states of thBl 1)-electron M%p
and one-valence-band—hole system belong to Hilbert spaces = Efle\/I o (12)

with a total angular momentumR,= Rg and spin
S,=(N+1)/2 orS,=(N—1)/2. For light polarization inject- whereey, , and|M,p) are exact many-electron energies and
ing a majority spin electron these states are of the formeigenstates for a given total spin projectin
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The absorption spectrumA(w) probing theN electron  (ground-stateenergy of N+ 1) electrons and a holé() is
ground statéGy) of the initial system can now be written in measured from the lowest energy of the+41) electron

terms of the excitations of theN(H 1)-electron compact systemEﬁfl. E; contains a renormalization of all electron
ground state as energies due to the introduction of the valence hole.
. 5 In the absence of electron—valence-band—hole interac-
tions, the emission spectruB(w) is simply a spectral func-
— T T l
A(“’)_Z <f IVIE:O PN+ mCN+MCN GN+1> [O)n tion of a hole(empty statgin the (N+ 1)-electron dot. The
spectral function is related to the probability of creating a
X Ef—(0—puy)], (12 hole (removing an electrgnin an occupied single-particle
. . . orbital m of the N+1 dot: E(w,m
where uy=Egs,—ES° is the chemical potential of thl |m (.m)

) . =>|(f|lc,|G 28 Es+w—ESS,], i.e., to the imaginar
electron droplet and the final-state energies are measures Kflcnl Gn s L Er + 0~ B2, ] ginary

rt of the retarded Greens functi@{m, ) of the dot. The
frog; the ground-state energy of thl ¢ 1)-electron system calculation of the electron—valence-band—hole system re-

(ENT1)- . quires the matrix elements that describe the scattering of
_In the absence of electron—valence-band—hole interag;q_ ang two-pair excitations by the valence hole. For charge
tions, the absorption spectrum(w) is simply a spectral gy citations we find(a) one-pair—one-pair matrix elements,

function of the N-electron dot. The spectral function is \yhich define scattering of magnetorotons by a valence hole
simply related to the probability of adding an extra electron

into a  single-particle orbital  |m): A(w,m)
=3{(flcH GNP Ei—ESS-w], i.e., to the imaginary part
of the retarded Green'’s functidB(m,w) of the dot.

In the emission process, we assume that the system of
N+1 electrons and one valence-band hole, excited into its — 8 (kam{ Ve mk),  (14)
set of final state$f) in the absorption process, relaxes to its 11
lowest-energy state prior to the recombination. The relax- 0o
ation takes place due to interaction with phonons. WhereAmh is simply a Hartree energy of the valence hale

Hence we can divide the low-temperature absorption an@ue to interaction with all electrongb) two-pair—two-pair
emission processes into the following phasés:we start matrix elements, which define scattering of magnetoroton
with an N-electron ground state of angular momentumpairs by a valence hole
Ra=RY; (i) in the absorpton of a photony
(Ne+y—Ne+X) the system ofN+1 electrons and one (mp|(kiksl1l5|Vep|lol1koks)|my)
valence-band hole is created with the same angular momen-

(mpl(kl 1| Venll 1ke)[mp) = 5|i|15kikl5m;]mhA:|1h

+ S, (1M Ve mpl 1)

tum asR,; (iii) through the interaction with phonons the :5'5'25Ii|15kék25kikl5mr’1mhA2h+{5kik15kék2_ Sicik, S}
system relaxes to its ground state, with a new angular mo- . s Vel
mentumRg, determined by electron-electron and electron— x{+ 5I1I1<|2mh|veh| Myl 2) = 8y (1amy, 7e"02)
valence-band—hole interactions; afigt) the electron-hole L, .

pair recombines emitting a photolN €+ X— Ne+ ), leav- = 8171, {1 2mp| Ver Mal 1) + 817y (11mp | Ver| Mal 1)}

ing all possible excited states of theelectron system with , ,

the same angular momentuRg . {811,611, = 011,011, H — S (KoM | Ver| Minkz)

At finite temperature and/or finite excitation power one
observes the recombination from states corresponding to all
possible values of the total angular momentum, including the
total angular momentum value correspondingRje= R} . In
the compactN-electron ground state the exciton can be cre- _ ) ) ) )
ated only outside the compact droplet the Fermi leve] ~ and(c) one-pair—two-pair matrix elements, which define the
however, through scattering with phonons, the valence-banglécay of bound magnetoroton pairs into one-pair excitations
hole moves from the edge of the dot into the certep of ~ Via valence-hole scattering
the valence bandlowering its kinetic energy and increasing
its Coulomb attraction with electrons. Therefore angular mo{my|(kil1|Vep 12l 1Kokq)[mp)
menta of initial states in absorptiorR{) and emission

+ Sk, (KoM  Ver| MKz} + S, (kamig [ Ven| Miks)

= Sk, {Kimp [ Ven/mnky) }; (15

(Rg) differ. = 811,{= Sz (kamp| Ve mil o)
The emission spectrum from the lowest-energy state of
the N-electron and one-exciton system is given by n 5k£k2<k1mrl1|veh| Myl o))+ B,
% 2
E(w)=> ‘< > hcn i> SEi+w—uy—E], X{+ Sz, (koM Ver Ml 1) = S, (Kamp | Ver| Myl 1)}
f m=0
(13 (16)

where againuy is the chemical potential, the final-state en- For spin-flip excitations the Coulomb matrix elements de-
ergies E; of the N-electron dot are measured from the scribing scattering of spin-flip excitations and magnetorotons
ground-state energy of thé-electron doESS, and the initial by the valence hole differ from similar processes involving
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only charge excitations, as quasielectrons excited over the

edge of the droplet are now distinguishable having opposite 057 B=2Tesla —
spins:(a) one-pair—one-pair, 047 _— — =
’ [ H Eo 087 ( ) _———:_
<mh|<klml|veh| mlkl>|mh> = 5mim1 5kik1 5mt'1mhAmh w 0.2 a ___:_.._
0.1+ —
+ Sk (11} | Ver/ mpm T —
k1k1< 1Mp[Ver| Mymy) ood T N=3, S,=3/2
~ Sy Ky Ver Mk 321012346567 é_s‘;_
17) 057 ==
. _ 0.4 . =
(b) two-pair—two-pair, g 03 (b) = i
(miKkikal 1Mol VE Mol 1koky) M) 027 =
0.1 _
H = —_—
= Omym, 9111, Ok, Ok, Oy mhAm, +{ Oictic, Sz, 0.0+ T N=4, S =2
;o 0.5 — =
= Bty Ok, H 811, (MM [ Ve mpmy) 04 __ﬁ
: — __ - —
; u ¥ N —_— =0
+ 5m2m2<| 1mh|vehlmhI v} ﬁ 22_ (C) - —
+ 8111, mpmy{ = Sk, (KoM | Ver| Mnks) 0.1 o ——:%Z
, , , , 0.0----e e T N=4, S,=
+5k’k1<k2mhlveh|mhk1>+5k’k2<klmh|veh|mhk2> — T T T T T T 7
2 1 3-2-10 123456 7 89
= Sk, (Kimp | Ver/mnky)}; (18 M

FIG. 2. Electronic excitation energies as a function of excess
angular momentunM for N=3,4 electrons at a magnetic field
B=2 T: (a) charge excitations of alN=3 compact droplet(b)
charge excitations of alN=4 compact droplet, anéc) spin-flip
excitations of arN=4 compact droplet.

and(c) one-pair—two-pair,
(MAI(KE 3 VE Myl 1Kok ) [my)
= 817 m,{ Oz, (KoM | Ver| Myl 1)

— 5k£k2<k1mrlq|veh| Myl 1)} (19 As an illustration, gharge and spin—ﬂip excitation.sp_ectra
of electron droplets witlN= 3,4 electrons in a magnetic field

B=2 T are shown in Fig. Zin all the following figures the
parameters taken for computations: effective masses, dielec-
tric constant, etc., are appropriate for GaAs, confining fre-
_ _ . quency wy=2.1 meV both for electrons and holes and

It is useful to analyze a simple example. Below we listoh — g o0 ) These are the initial- and final-state excitation
states for low angular momentd for N=4 electrons with spectra for the absorption process in Me 3 electron dot in
m=0,1,2,3 occupied: the absence of electron—valence-band—hole interactions. For

V. RESULTS AND DISCUSSION

A. Excitons and “magic states” in artificial atoms

. ) . spin-polarized systemd=igs. 2a) and 2b)] the minima at
M|l ko) (1211 5koKy); M=3 (R=6) for N=3 andM =4 (R=10) for N=4 cor-
0:[3,3); respond to sets of magic angular momenta, i.e. momenta that

will become new ground states at higher values of the mag-

1:|4,3); netic field® In the spin-flip spectrunfiFig. 2(c)] we observe

2:/5,3,4,2);

3:6,3),|5,2),|4,1);

that the ground state has negative endrggasured from the
compact spin-polarized statdour electrons with total spin
S=2 become unstable at this magnetic field.

In Fig. 3 we show the energy spectrum of the exciton

interacting withN=3 electrons as a function of the total
angular momentum foB=2 T. We indicate the different
subspaces corresponding to absorptiBp,E R,) and emis-
5:8,3,.../6,4;3,2,|5,4;3,2. sion (Ry= Re).
Figure 4 shows the absorption spectrum of a compact

The two-pair excitations start & =4 and their number N=3 electron dot atB=2 T and a reconstructed dot at
quickly exceeds the number of one-pair excitations. The firsB=4 T. Insets show occupanciggm) of single-particle
three-pair excitation occurs atl=9. Without electron- states approximately equal to charge density of the dot. The
electron interactions all excited states corresponding to anergy of the photonw includes the zero-point energy
given M are degenerate, with enerdy Q2 _ . The electron- 3 (1+8)Q of the exciton, but the gagg between valence
electron interactions remove this degeneracy. and conductance bands has been set to zero. The reconstruc-

4:17,3,16,2,|5,1),|14,0)|5,4;3,2;
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FIG. 3. Excitation spectrum for the system of four electrons and o«
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state angular momenta for initial states in absorption 0 . —— . —
(3e—3e+X) and emission (8+ X— 3e), respectively. 1 2 3 4 5 6

tion of the dot corresponds to a transition between magic

angular momentum statd®=3 and R=6, observed indi-
rectly in single-electron capacitance measuremehtor a

magnetic field (Tesla)

FIG. 5. (a) Evolution of absorption(black dot$ and emission
(empty dot$ spectra folN=3 (3e+ X« 3e) with increasing mag-

compact dot the strong lowest-energy peak corresponds feetic field. The areas of the dots are proportional to the intensities

the creation of an exciton at the edge of the drofétFig.

of the peaks. The solid lines connect lowest-energy peaks in absorp-

7(a)]. For a reconstructed dot the exciton can be injectedion and highest-energy peaks in emission: the separation between

inside the ring formed by electronsf. Fig. 7(c)], minimiz-

them is the absorption-emission shifb) Corresponding plot of

ing the kinetic energy and increasing the attraction betweeground-state_angular momenta for the initial states in absorption
the hole and electrons. Hence an additional low-energy peald®) and emission (8+X).

Absorption
N
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compact dot
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reconstructed dot
B=4Tesla, R=6

]

iy

i
gyl

: A
o_,l

FIG. 4. Absorption spectrum of a compaddt 3 electron dot at
B=2 T and a reconstructed dotBt=4 T. Insets show occupancies

| 4—-‘—!—-,-‘-—-»:

15 -1.0
{(w-u)/Eo

in the absorption spectrum appears as a direct signature of a
transition between magic states of the dot.

In Fig. 5a) the evolution of the absorption and emission
spectra as a function of the magnetic field is shown. Figure
5(b) shows the corresponding values of the angular momen-
tum of the 3 and the 2+ X ground states. The solid lines in
Fig. 5a connect lowest-energy peaks for absorption and
highest-energy peaks for emission. TBe=2 and 4 T ab-
sorption spectra were already shown in Fig. 4. In Fig) 5
we can see more clearly that the magnetic-field-induced tran-
sitions in the three-electron syste(from R,=3 to 6 at
B~2.5 T and fromR,=6 to 9 atB~4 T) led to new low-
energy lines in the absorption spectrum.

The emission spectra are much simpler than the absorp-
tion spectra due to a strongly limited number of final states
satisfying conservation of total angular momentum. For
magnetic fields up to 4.5 T the initial state of the system has
angular momenturRg=6, being almost exactly the product
of the four-electron compact stat€,) and a valence hole
occupying them=0 orbital. There are only three possible
final states withRc=6, so there are only three peaks in the
emission spectrum. Moreover, the highest-energy peak has
the largest oscillator strengtti|hqcoli) and is most visible.
ForB>4.5 T the initial state undergoes a transition to angu-
lar momentumRg=9 and the number of final states in-
creases to 6. However, just like for low magnetic fields, the
transition to the compact ground state of the three electrons
has much higher intensity than to all others.

The fact that the series of “magic” angular momenta for

f(m)=(clcm of single-particle states approximately equal to thethe four-electron and one-hole system is similar to that of

charge density of the dot.

three electronsK=6,9,12,. . .) corresponds to the fact that
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this system can be well approximated as the charge-neutral -1.00 PRI B S RGP T B A
electron-hole paifexciton residing in the center of the dot 1e, R A . MM
and surrounded by the ring of three electrons. For higher -125] RS ERFEEREEEERE
magnetic fields the three-electron ring expands and the inter- : . ....... . ’ ’ 8 ‘
action between the exciton and the rifigcluding exchange e 0] *®e@e "‘0?? S
between the electron bound to the hole and the surrounding = = 1 R A
electron$ becomes weak. Hence, with each transition in the 3 ] R T e eo o ®
initial state to higher angular momentuRg , the final state 2 '1'75'_ e *°
can be increasingly well approximated by the product of the ] %. o’ 4 (a) S.=
three-electron magic ground state for the angular momentum -2.00 z
Re and the ground state of an exciton. 1 R= T R= R=
Comparing the spectra in Fig(& with the discontinuous -2.26 P
changes in angular momentuR), (curve for 3&) and Rg '1'00; S ; SRR ERREERR
(curve for 3+X) we can observe that for the magnetic IBEARERRRERE! EEEUEEEE
fields at whichR,= Rg the edges of absorption and emission Sl IR f AR ‘ ERN ‘
spectra coincide. The optical transitions giving the lowest- {. o 4" R ' : 3 ! ' ! !
energy absorption and the highest-energy emission occur be- w” 1504 & . = #eé o2t 0y ‘ iidid H
tween the absolute ground states of theahd &+ X sys- E oo i is gee I
tems. The Stokes shift between absorption and emission 3 -176- é : I seé” 7
processes is absent. ] é. 8t b) S.=
However, as the discrepancies betw&nandRg occur, 200] o ®® - -
we should see the Stokes shift between absorption and emis- R= zr R=6 R=
sion, reflecting nonradiative relaxation of the-8X system. <226 e —— ———
This shift is fairly large for low magnetic fields (E3=5 1 2 3 a4 5 6
meV for B=2 T), where in the relaxation process the magnetic field (Tesla)

valence-band hole, created at the edge of the compact drop-
let, moves towards the center of the dot lowering its kinetic FIG. 6. Evolution of absorption spectra for three electrons
energy and increasing attractive interaction with electrons. (3e—3e+X) with increasing magnetic field. The areas of the
The effect of the spin of the photoexcited electron con-black dots are proportional to the intensities of the peaks. Vertical
trolled by the polarization of |igﬁti5 illustrated in Fig. 6. arrows indicate magnetic-field-induced transitions in the initial
Figure 6 shows the evolution of the absorption spectra fofhree-electron system, between “magic” states with angular mo-
spin-polarized and spin-unpolarized cases. While in the cas®@entaR=3, 6, and 9. Two frames correspond to two different
of the spin-polarized stateS{=2) only empty states are al- curcula_r polan_zatlons of the photom_a) electrons in the final state
lowed for the creation of the exciton, for a spin-flip electron &€ SPin polarized an) a photoexcited electron has reversed spin.
(S,=1) no such restriction holds and the electron-hole p(,inID.ccupatlon.numbers of initial and. flngl states for peaks marked
can freely penetrate the entire area of the dot. This effect ig”th open circles(a)—(c) are shown in Fig. 7.
clearly visible when the initial state is compa&<2.5 T).
For S,=2 the exciton is created above the Fermi level: for Since in the case db,=1 the photoexcited electron can
B=2 T the peak marked with an open cirdecorresponds be distinguished from three initial-state electrons due to op-
to an exciton created at the edge of the droptete Fig. posite spin, we can observe in Figicya slight difference
7(a)]. For S,=1 the low-energy spin-flip exciton can be in- between the charge distributions of the photoexcited electron
jected inside the droplet: fdB=2 T the peak marked as and a valence hole. This is a consequence of the fact that for
indicates the final state with the hole in the center of the dothe spin-unpolarized system, even at fixed charge distribu-
surrounded closely by four electrofsee Fig. 7c)]. Such a tion of the hole and all electron@ninimizing total kinetic
configuration minimizes the kinetic energy of the whole sys-energy and direct interaction enejgshere is still the free-
tem. The resulting difference between energies of first abdom to adjust the electronic spin distribution to maximize the
sorption peaks for the two light polarizations is clearly vis- attractive exchange interaction.
ible in Fig. 6. ForB=2 Titis AE=0.44,=4.4 meV. The Around B=2.5 T the initial-statdN=3 electron compact
interaction energies for states markedaaandc are roughly  droplet breaks forming a ring with an empty hole in the
equal since, for few-electron dots, the increase of thecenter and consequently, for magnetic fields higher than 2.5
electron-hole attraction for an exciton created in the centel, both polarizations of light may lead to the creation of an
and the loss of exchange energy due to flipping of the spimxciton occupying central low-energy orbitals. In the case of
almost cancel each other. Hence the noninteracting pictur&,=2 we hence observe the appearance of a new strong
whereAE is just the difference between kinetic energies ofabsorption peak at low enerffior B=2.5 T marked a¥, the
an electron-valence hole pair on thre=0 orbital and on the corresponding occupation-number graph in Fid)¥, being
Nth orbital; AE=N(1+ 8){)_, offers a fairly good approxi- a direct indication of the reconstruction of the dot. For
mation (for N=3 andB=2 T this is 0.4&;). Hence the S,=1 the change in the spectrum is much less dramatic and
splitting of absorption lines for two different polarizations now the lowest-energy peak corresponds to the electronic
provides a good measure of the number of cariéris the  configuration with total spir6=2. Hence the difference in
dot. energies of the first peaks for both light polarizations is only
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FIG. 8. Electronic excitation energies as a function of excess
angular momenturvl for N=9, 10, and 15 electrons at a magnetic

field B=2 T. Corresponding filling factors for the ground states:
FIG. 7. Occupations of single-particle staté@m) (approxi- v=1.

mately equal to the radial charge distributidor initial 3e states

(narrow black barnsand final 2+ X stategwide bar$ in absorption

for N=3. Corresponding peaks are marked with open circles in Fig.

6. (a) The initial three-electron state is compact and the exciton withdroplets withN=19, 10, and 15 electrons in a magnetic field
the electron’s spin down can be created only outside the drgpjet. B=2 T are shown in Fig. 8. The first two spectra are the
The initial state is a ringR=6) and the exciton can be created in initial- and final-state excitation spectra in the absorption for
the center of the dot independently of spio) The spin of photo-  the N=9 electron dot. TheN=15 spectrum illustrates the
excited electron is reversedifferent pattern of bajsand the exci-  lack of sensitivity of calculations to the number of particles.
ton can be created inside the compact droplet. The low-lying excitation spectra foN=9,10,15 show a
well-developed maximum and minimum reminiscent of
tagnetorotons in the integer quantum Hall effcthere is

g@ single edge magnetoroton branch and a branch of bound
of the three-electron ring. magnetoroton pairs at higher angular momentum

Comparing the charge distributions in the final and initial (M ~10—18) and energy.
states for the transition corresponding to p&ekEig.7(b)], To better understand the nature of the energy spectrum we
we observe that not only the photoexcited electron fills theshow in Fig. 9 the full excitation spectrum, the one-pair ex-
free space inside thé=3 electron ring, but additionally the citation spectrum, and a two-pair excitation spectrum for
hole attracts electrons closer to the celtétiakeugeffecd. In ~ N=10 electrons aB=2 T. The one-pair excitations form
consequence, the state of four compact electt@g and  characteristic branché$.These branches can be labeled by
the hole occupying then=0 orbital is a very good approxi- the position of the excited electron. Hence the lowest branch
mation of the actual state. is associated with excitations consisting primarily of an elec-

The next reconstruction of the three-electron ground statéron deposited at the outer edge of the dot and a hole travers-
(from Ry=6 to 9 takes place arounB=4 T. As seen in ing the interior of the dot. The two-pair excitation spectrum
Fig. 6, the fairly small change in the absorption spectra reshows a minimum amM = 10 characteristic of bound states.
flects the fact that this reconstruction corresponds only to an The compact ¢= 1) ground state becomes unstable when
expansion of the already existig=3 electron ring due to the Coulomb energy begins to dominate the kinetic energy
the increasing strength of Coulomb repulsion and decreasingeing optimized in the lowest angular momentum ground
kinetic energy. state. This transition manifests in soft modes, i.e., when the
excitation energy becomes negative and ‘“magnetorotons”
condense to form a new ground state. The dot undergoes
“edge reconstruction” at this point.

We now turn to larger dots. As an illustration of low-lying In Fig. 10 we show the energies fbk=15 as a function
spectra for larger dots, the excitation spectra of electromf the magnetic field. With increasing the magnetoroton

the small Zeeman shift. Both spectra shown in Fig. 6 are
however, still clearly distinguishable, as f8§=2 there is a

B. Excitons in a compact
and reconstructed chiral Luttinger liquid
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FIG. 9. Excitation spectra for 10 electroqs at a magnetic figld FIG. 11. Occupations of single-particle staf¢m) for the mag-
B=2 T: (a) total spectrum, with up to two-pair electron-hole exci- netoroton minima shown in Fig. 10ta) first excited state at
tations out of the compact droplet includet) one-pair excitations; B=2.5 T M=7; (b) ground state aB=3 T, M =24. Empty bars
and (c) two-pair excitations. correspond to a compact state.

minimum develops in the excitation spectrum. In Fig(a)1

we show the occupation of single particle statesSide of the dot. The correlated nature of this state is evident

in the spreading of the charge of the hole and of the electron.

f(m)=(c!cn) for the stateV =7 corresponding to the mag- " == .
netoroton minimum. The charge distribution corresponds td Nally, when the magnetic field increases further, the
owest-energy state becomes either the one- or two-pair ex-

a hole penetrating the dot and an electron added to the out:
cited state.

In Fig. 10 we show the situation where the lowest-energy
state is the two-pair excited stateMt=24. The charge dis-
tribution f(m) for this “frozen” magnetoroton state is
shown in Fig. 11b). It consists of holes spread in the center
of the dot with electrons added to the edge of the dot. For a
chiral Luttinger liquid, i.e., for the compact dot at=1, we
find a behavior that is not sensitive to particle number.

Examples of absorption spectra of a compact dot with
N=9 electrons aB=2 T are shown in Fig. 12. In the ab-
sence of electron-hole interactiopg=0, Fig. 12a)], the
absorption spectrum simply corresponds to a spectral func-
tion of a composite particle: edge magnetoroton and a
valence-band hole. The energies correspond to the total en-
ergy of the complex while the oscillator strength reflects the
particular way the electron is being added to the system. The

E/E,

E/E,

02 first peak corresponds to adding an electron to the Fermi
01 level, the second peak corresponds to adding an electron to
g ’ the first excited staté1=1. In both cases these are exact
w00 many-body states and have an oscillator strength of unity.
-0.14 T T = When an electron is added further from the center of the dot,
os B = 3.0 Tesla it becomes a part of the low-lying excitation of the
V. T 1

o s o 5 20 25 30 (N+1)-electron dot: the edge magnetoroton. These excita-
M tions are here at energies comparable tahe 1 excitation.
Hence the second peakl(=1) is broadened by edge mag-
FIG. 10. Evolution of excitation spectrum for 15 electrons in an N€torotons, while at higher energies edge magnetoroton pairs
increasing magnetic field. ABB=2.5 T there is a well-developed contribute. The modulation of the density of states visible in
magnetoroton minimum & =7. At B=3 T the ground state is the the absorption spectrum is also illustrated by displaying a
reconstructed state withl =24 (frozen magnetoroton broadened absorption spectrysolid line). The modulation
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i>

] Since the hole is tightly bound to the acceptor, the matrix
0.5 elementsP,,, do not depend strongly on the localized state
] |0) of the valence hole nor on the actual electron sfatg
] and we shall assumi,,,= Py= const.
0.0 +——<4—2—11. We also note thathgcpli)=cp|Gnig) is the
0.00 0.25 0.50 0.75 N-electron state with a well-defined total angular momentum
R=RY"*—m, whereR} " is a fixed angular momentum of
the initial (N+ 1)-electron state. Since the total angular mo-
mentum of finalN-electron state$f) is a good quantum
number E(w) is simply a spectral function of a holempty
statg in the (N+1)-electron droplet with angular momen-
tum m; (m; is the difference between the initial and final
total angular momenjeacreated in the dot by the removal of
an electron:

2
S(Ei+w—E)).

(20

E Pomho1Cm,
m=0

E(w)ZEf ‘<f

1.0

Absorption

Absorption

(w-p)/E,

E(0)=P52 [(flcm|Gns)PS(Ei+w—E). (21)
FIG. 12. Absorption spectra of a compact nine-electron dot at f

B=2 T (a) in the absence of electron-hole interactians 0 and

(b) in the presence of electron-hole interactiams-1. The case

a=0 corresponds to an electron spectral function, modified by th

valence hole kinetic energy.

This allows us to relate the emission spectrum to intrinsic
eelectronic properties of a quantum dot.

Let us examine the recombination spectrum from a com-
pact droplet. We express the creation of a hole inNhel
compact droplet statemfl|GN+1) by the creation of an

of the density of states is not significant in comparison to theelegtron-hole pair excitation of thi-electron compact state
cmfl|GN>=|Nmf>. The hole spectral function of an

density of states of the noninteracting system. This can be Ny ] )
traced back to the small overlap of the excitation created byN+ 1)-électron dot can be written in terms of the charge
adding an electron away from the edge of the dot with edgé&Xcitation spectrum of ah-electron dot:

magnetorotons. In edge magnetorotons an electron is always

added to the edge of the droplet.

When the electron-hole interaction is switched on E(w)=P§Z [(flen Cm, | |GNIPS(Er+ @ —puy), (22
(a=1), the oscillator strength of the lowest-energy transi-
tion growths, strongly resembling a Fermi edge SingularityWhereE are theN-electron droplet excitation energies mea-
(FES. Of course, the FES discussed here is due to a Iarggureol frfom the ground state apdy=E;(N+1)—E(N) is
number of correlated many-electron states ofitfteracting : 0

. ._the chemical potential of thi-electron dot. The final states
electron systenand not due to a change of noninteracting f) are expanded in one- and two-pair excitations and the

single-particle states indu_ced by the attractive potential o amiltonian, including a repulsive acceptor potential, is di-
the valence hole. In fact, in the absence of electron-electroggonalized exactly in this basis. The matrix elements deter-
interactions responsible for edge magnetorotons, there is NQine spectral weights. They involve an overlap of final states
FES present here due to the gap in the single-particle €XCIt) with electron-hole pair excitatiofNm). This electron-
tation spectrum. The excitonic effects of course persist. e pair excitation involves the removal of an electron from
The shift of the transition reflects the renormalization of 5, occupied state in the bulk of the dotnatm, and depos-
electron energies by the attractive valence-hole potentia|ting it at the edge of the dot an=N. These are simply
The repulsive influence of an extra electi@nagnetoexciton  giates that contribute most to the low-lying excitations of the
is charge neutralis hidden in the chemical potentigl. The compact dot: edge magnetorotons. In Fig. 13 we show the
contribution of edge magneto-rotons appears as a shoulder & itation spectrum, @=2 T, of the N-electron compact
higher energies. droplet in the absence of final-state interactions and the cor-
responding hole spectral functidB(w). The edge magne-
torotons correspond to a group of states around
w~—0.1E,. The second group aroune~ —0.24E, corre-
sponds to edge magnetoroton pairs. An important conclusion
We now illustrate the effects of interactions on the recom-rom this figure is that the hole spectral function has a very
bination with acceptors. The emission spectri(w) for a  strong overlap with low-lying excitations of the compact dot.
given position of acceptors given by summing all final This is to be contrasted with the electron spectral function,
stategf) with energiesE; according to Fermi's golden rule which shows a very weak overlap with edge magnetorotons.

C. Recombination on acceptors in a compact droplet
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FIG. 14. Emission spectra of a compatt 10 electron droplet
In Fig. 14 we show the recombination spectrum(afa (a) without electron-electron interaction®) with electron-electron

noninteracting compact dropleth) an interacting compact interactio_ns_but no finite state interactions, degimpurity aver-

droplet but without final-state interactions, i.e., no interaction@9ed emission.

with acceptor; andc) an interacting compact droplet includ-

ing the interaction with the acceptor in the final state, aver-

aged over all possible acceptor positions within a single dotparyin states. The exact numerical calculations have been

The interaction of electrons with the acceptor was approXiwa ried for theN=3 electron dot in strong magnetic fields.

mated by(m[Vacdm)= (M, mg|Vedmo,m), where 5=0.5 £ 4 |arge number of electrons an expansion in one and two

measures the strength of the interaction and all acceptor pPRyige magnetoroton states was used to describe electron ex-

sitions(p®)~m; are equally probable. We see that the emis—jiations, but the coupling with an exciton has been treated

sion spectrum of the noninteracting system is drasncallyexacuy_

changed by electron-electron interactions. Instead of reflect- |, 5 strong magnetic field electrons form compact spin-

ing the zero-dimensional density of single-particle states, thg|arized droplets. Increasing the magnetic field leads to

spectrum is strongly enhanced at the Fermi endf@rmi  (ansition between incompressible magic states of few-

edge singularitydue to the emission of edge magnetorotonsg|eciron dots and a reconstruction of the edges of large dots.

This is a shakeup effect in this strongly correlated systeMyye show that these phenomena can be directly observed in

The shakeup appears to survive by averaging over differenferhand absorption and emission in the form of additional

acceptor positions provided that the acceptors are sufﬁmentlkgeaks in the absorption spectrum.

far away from the dot. The multiplet structure reflects edge ¢ absorption-emission spectrum of compéchiral

magnetoroton pairs. The spectrum corresponding to an i”di:uttinger liquid droplets shows an enhancement of the os-

vidual acceptor configuration of a small number of acceptorg;jiator strength at the Fermi level. This enhancement is a

in a single dot could be observed using near field opticalyanifestation of the Fermi edge singularity in strongly cor-

microscopy. related and interacting electron systems. The Fermi edge sin-
gularity is accompanied by spectral features related to edge
magnetorotons.

VI. CONCLUSION

In summary, a theory of strongly coupled magnetoexci- ACKNOWLEDGMENTS
tons and correlated electrons confined into quasi-two-
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