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Magneto-optical transitions in nanoscopic rings
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Near-infrared spectra of self-assembled quantum rings are calculated usktgthreethod with rectangular
band-offset potentials in three dimensions. The effective-mass model with energy-dependent mass is employed
for the electron states and the four-band Hamiltonian for the hole states. Two different ways to include the
magnetic-field interaction term in the four-band Hamiltonian are compared. Our calculations describe well,
gualitatively, the absorption spectrum measured by Pettatsah[H. Petterson, R. J. Warburton, A. Lorke, K.
Karrai, J. P. Kotthaus, J. M. Garcia, and P. M. Petroff, Physid& &10(2000]. and the photoluminescence
magnetoresonances recently achieved by kfaétl.[D. Haft, C. Schulhauser, A. O. Govorov, R. J. Warburton,

K. Karrai, J. M. Garcia, W. Schoenfeld, and P. M. Petroff, Physid88FL65(2002]. The possibility of finding
the “optical” Aharanov-Bohm effect in the state-of-the-art self-assembled InGaAs quantum rings is also
discussed.
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[. INTRODUCTION electron states energy by an amount that for the studied
quantum rings, is larger than the energy corrections from
Recent advances in nanoscopic fabrication technique€oulomb interaction$,lattice mismatch-induced strain, and
have made it possible to grow self-organized InGaAs nanorpiezoelectric effect§. Therefore, we will employ energy-
ings with “volcano” Shape§f7 These nanoscopic rings may dependent mass in the Hamiltonian for electrons.
be the best-suited quantum structures for investigating the It should be finally pointed out that although single-band
electronic and optical properties of nonsimply connectednodels have be?elg ?E_)SZSSUTed in most cases to study the hole
quantum systems in a magnetic fié:%as they are in the energy levels>*7972526=%hn nanostructures, unlike in two-
scattering-free and few-particle limit. The large body 0fd|m§n3|onal superlattlces, the effects of the valence subband
work, both experiment&t” -3 and theoretical;1014-34  mixing between I|gh§ holgLH) and heavy holgHH) are
which has investigated these structures since they were firdfiportant at thel’ point** By neglecting the LH-HH cou-
synthesized, reflects the great interest that the possible apPling in InGaAs, we would introduce a significant error in
plications of nanoscopic quantum rings have drawn. the estimation of the hole states enerdiéand we would
Whereas lots of theoretical study has been devoted to a@lS0 miss allowed channels for dipole transitions. In our
count for far-infrared electron transmission spectra in a magPresent calculations, we take into account the valence sub-
netic field?®°3*3jittle effort has been made so far to pro- band —mixing = by  considering a four-bandk-p
vide a theoretical background to the existing experiments oflamiltonian™ ) _
interband transition¥ This is somewhat surprising if we  We carry out calculations of the near-infrar@dR) spec-
consider that these transitions are the basis for the applicd@ of an InGaAs quantum ring in order to qualitatively de-
tion of quantum dots as laser emittéPstorage device®~3  scribe the results reported by Pettersoral."* Moreover, by
fluorescence markefé etc. The underlying reason may be including a perpendicular magnetic field, we account for the
connected with the difficulty to explain experimental data®xperimental data reported in Ref. 12. Two different ways to
with the simple models usually employed in the literatureinsert the magnetic interaction term in the four-band Hamil-
such as the two-dimensional effective-mass model of ringonian, namely, the traditional Luttinger appro&thereaf-
with parabolié®18-25or double-wefi®®confining potential. ter referred to a$d;) and our recent propo$él(hereafter
In these models, the characteristic frequency of the radidieferred to aH,,) are employed. We find that the calcula-
confinement and the nanostructure radius are fitting paranilons performed with the latter are in better agreement with
eters, and one cannot control the effects of real lateral widtfhe experiment. Finally, we investigate the possibility of ob-
and inner radius of the ring, which has been proved to senserving the so-called “optical” Aharanov-Bohm effétt**
sitively change the energy states of both electtbmmd  in the InGaAs quantum ring. Our results show no trace of
holes® In the present paper, we use a truly three-this effect for the given size of the ring and low values of the
dimensional model with an appropriate cylindrical square-magnetic field, which is also in agreement with experintént.
well potential?® which has already described the far-infrared
spectroscopy of quantum rings successftiiy Il. THEORY
The strong nonparabolicity of the InAs conduction '
band®*! and, then, that of InGaAs, prevent the use of the The electron states are described by means of the one-
parabolic band approximation, since it overestimates théand effective-mass Hamiltonian with energy-dependent
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A B experiment is obtained when using the LH and HH masses
(M guu=v1£27y,) in the quadratic magnetic term and
an average of the HH and LH masses nfd/= vy
—43/%/3/1) in the linear terms. The corresponding Hamil-
tonianH., is shown in Table I. In these equatios, is the
guantum number of the projection of the total angular mo-
mentumF=L +J onto the field axis;] is the Bloch angular
FIG. 1. Shape of the investigated quantum riagand quantum Momentum §=3/2) andL is the envelope angular momen-
lens (b). The ring height is 2 nm, the internal hole diameter 30 nm,tum. For sake of comparison, we also empldy (Ref. 45
and the external diameter 80 nm. The lens height is 6 nm and theTable 3 of Ref. 4% Equation(1) and the set of equations
diameter 20 nm. These shapes and sizes correspond to the naf®nsidered for the hole states have been solved numerically,
structures measured in Ref. 11. using the finite-difference method on the two-dimensional
grid (p,2) in cylindrical coordinates. The discretization of
(nonparabolit mass and envelope function approximation.the differential equations yields eigenvalue problems of
The corresponding equation in cylindrical coordinates, in-asymmetric huge and sparse maitrices, which have been
cluding a magnetic field perpendicular to the ring planesolved by the iterative Arnoldi solv&rimplemented in the
reads, in atomic units, ARPACK packagé’®
The electron wave function, in cylindrical coordinates, is

1. (B Bm
2M*(Eqm)  8M*(Eqm) 2m*(Enp)

Ve =12, (p.2)e™|So), 3

where femz(p,Z) is the eigenvector of Eq(l) and |So)

1 : . .
+ 5 1gg Bo+V(p,2)~Enm, fﬁ’mzz 0, (1)  =IS)|o) is the Bloch function for electrons, withr=« or
The hole wave function reads
wherem,=0, =1, £2,... is thequantum number of the
projection of angular momenturnonto the magnetic field Fz+312 _
(B) axis, n is the main quantum numbeg is the Lande ‘leZ= > f',QAZ(p,z)e'MZ‘f’|3/2,JZ>5JZ(FZ_MZ), (4)

factor, V(p,z) is the quantum dot potential corresponding to Mz=F,~3/2
the geometry shown in Fig. 1, amd*(En,mz) is the energy-

Wheref',l,I (p,2) are the components of the four-band Hamil-
dependent electron effective mass definetf by :

tonian eigenfunction an8/2,J,) are the Bloch functions for

holes.
m*(Enm,) Optical transition rates between the conduction- and
m*(E, - =0) valence-band states are calculated without including exciton
n.m; effects?® The optical transition matrix element, if we con-
E  4+ENE. . +E.+A E +2Acn/3 sider unpolarized lighti.e., we add all three,y,z compo-
_( nm, Eg)(Enm, T g+ As0) (B sd3) , nents of the transition momerand transitions to botfSa)
Eg(Eg+Aso)(Enm, T Egt+2A50/3) and|Sp) states, is just
v ) ) 2
e 2: e
where m* (E, m, =0) is the electron effective mass in the |<\I,F£|p|\PFz>| ‘% fmszzpdde% Om,M,
vicinity of the band edgekE, and Agq stand for the energy _g2 p2g 5
band gap and spin-orbit splitting, respectively. T eht “mM ®)

The valence subband mixing is taken into account by con- o . .
sidering the two-bandactually four band with spink-p where S5, |52the electronz-hole overlap arf@ is thg Kane
Hamiltoniar?#for the hole states. It results in a set of four PArameter,P*=|(S|p,[X)|* Note that the selection rule
coupled partial differential equations pnandz In a recent Om,M, selects, if any, only one of the four components of the
papef}ﬁ we discussed several different ways of induding thehOle function. In order to obtain a smooth absorption spec-
magnetic-field interaction in the multiband Hamiltonian. In trum, we replaced, v in Eg.(5) with a Lorentzian func-
the case of the four-barld p Hamiltonian, this interaction is tion of energyE, i.e.,
enclosed in the diagonal elements of the multiband equations
only, so that the usual quadratic plus two linear Zeeman-like . N 5
terms appear. It is not the case for the higher-number-of- (Pe [Pl Ve ) |P=SPP————, (6)
bands Hamiltonians, where nondiagonal elements are also ’ 1+4E_Eeh
involved#® At the first glance, one would employ the LH and
HH masses in the magnetic terms. We also pointed out in
Ref. 46 that other mass coefficients may be also considerewhere Een is the e-h pair energy, Een=En m tEq
In this paper, we show that especially good agreement with-E, ¢ _, 15 andI' is the transition half-width.
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TABLE |. Four-bandk-p EFA valence Hamiltonian in cylindrical coordinates.

+ # 10 (F~157? # F,~054 #? 2F, 0
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Il. RESULTS the atomic force micrograph of uncapped quantum rings.

According to Ref. 11, an 80 nm outer diameter, a 30 nm
inner diameter, atha 2 nmheight have been used. We also
Although the ring morphology has been confirmed by dif-investigate a lens-shaped quantum dot of 6 nm height and 20
ferent microscopy techniquéshe question about a possible nm diametefsee Figure ()]. Both ring and lens are made
shape change after the quantum rings are covered to corff INGaAs embedded in a GaAs matrix. The electron band-
plete the necessary layer structure deserves to be asdessédige effective mass employed)(E, r, =0)=0.05 (Ref.
Far-infrared spectra have been thoroughly evaluated and thé4), is close to the average effective masses predicted for
seem to support ringlike electronic propertieRecently, InGaAs cut-torus shaped rintjsand lens-shaped dotéThe
Pettersoret al!! carried out NIR measurements of quantum conduction-band offset is set to 0.77 eV, roughly 70% of the
rings in order to confirm the ringlike geometry. Comparisonband-gap difference between pure InAs and G&Asor the
of neutral exciton energy structure of covered rings with thavalence band, the InGaAs Luttinger parameters*ang
of lens-shaped quantum dbtsvas qualitatively consistent =11.01, y,=4.18, and y;=4.84. The corresponding
with the expected properties of a quantum ribgt it could  valence-band offset is 0.38 eV, and splitdff,,, 0.36 eV.
still be argued that all their ring data corresponded to dot$-or simplicity, the electron and hole effective masses are
with smaller vertical dimension and larger lateral exteWe  considered homogeneous in the entire structure. Since the
simulate their transmission spectrum in this section by calinAs energy band gap is 0.42 eV and that of GaAs 1.52 eV,
culating thee-h interband transitions of a quantum ring and a reasonable value of 0.86 eV is used for the InGaAs nano-
a lens-shaped quantum dot. structures studied.
The shape of the ring we investigate is a cut torsese Figure 2 shows the calculated absorption spectrum for the
Figure 1a)]. This geometry corresponds to that observed inquantum ring(thick solid line and the quantum lenslotted

A. Absorption spectrum
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than that of the lens. We also predict this increment, although
N our estimated oscillator strength ratio of 4.5, a bit larger than
the experimental value of 2.9, is close to other calculations

on related systent$ A better fit would probably be achieved
by including strain forcese-h Coulomb interaction, or ring
eccentricity effects, which have been proved to modify the
wave function distributiorf:>42

An apparent discrepancy between our calculation and the
experimental data for excited states of the ring comes across.
However, we should point out that recent evidedcés
strongly suggest that the high-energy peaks of the experi-
mental ring spectrum do not really belong to excited-state
Energy (eV) transitions of the ring, but to the ground-state transitions of a
n§econd typeof ring. This is most likely due to a bimodal

ring (thick solid line and quantum lengdotted ling with sizes distribution in the vertical confinement of the grown rings.

same as those measured in Ref. 11, and absorption spectrum of a In Fig. 2 we also present the calg:ulate_d gbsorption Spec-
nearly flat InGaAs quantum ler{¢hin solid line. trum for a lens-shaped quantum ddtin solid ling with the

same outer diameter and height as the quantum ring, namely,
|ine)_ A broadening parametd?:S meV has been used to 2nm hE|ght and 80.0 nm diameter. The results reveal that the
account for the size distribution in actual InGaAs self-0scillator strength of the fundamental transition of this lens
assembled nanostructures. would be far less intense than the peak which is observed in

For the quantum lens, the leftmost peak arises at 1.082 e¥he experiment. Therefore, our model supports a ringlike
This peak corresponds to the transition to the electron grounghorphology, discarding a simple oblate lens, as the one giv-
state 1=1, m,=0) from the lowest dipole-allowed hole iNg rise to the experimental data in the near infrared.
states (all the low-lying hole states withF,=—1.5, It is worth mentioning that our model, in contrast to the
—0.5,0.5,1.5). As the energy increases, we observe othéne used in Ref. 30, does not need .to arbitrarily f|t_ confine-
groups of peaks nearly evenly spadgéde energy distance Mentw parameter, or make assumptions on the ratio of con-
between two consecutive groups being about 90 m&sch tr|but|_ons from_ the HH and LH states in order to co_r_rectly
group includes transitions from holes to a given electrorflescribe the ring energy structure. It should be additionally
state. The different groups correspond to electron states witpiréssed that the parameter fitting carried out in Ref. 30 as-
increasing values dfim,| but the samen, i.e., transitions to sumed that the rightmost peaks of the ring spectrum originate
(n=1, m,=0) appear at about 1.08 e\ 1, |m,|=1) at from trar71§|2t|ons to excited states, an assignment no longer
about 1.17 eV, =1, |m,|=2) at about 1.26 eV, etc. Tran- Pelieved
sitions involving electron states witm=2 are usually
weaker. Some of these transitions appear in the same energy
region as the group of peaks corresponding to transitions to
(n=1, |m,|=1) electron states. For example, the transitions The switch on of a magnetic field perpendicular to the
corresponding to then=2, m,=0) electron state appear at growth plane of the quantum rings is of special interest be-
about 1.24 eV. cause the diamagnetic properties eh pairs confined in

In the case of the quantum ring, we only see a stronguch a topology are expected to lead to Aharanov-Bohm
single peak at 1.314 eV. This peak originates from transition$AB) effects. However, there is still some uncertainty on the
involving the electron ground and the lowest azimuthal ex-ossibility of observing these AB phenomena in quantum
cited statesif=1, m,=0, =1, ...). Thefirst transition to  ring excitons:>*>"1"2>?Recently, Hafiet al'* measured the
the n=2 electron state appears at 1.406 eV. However, thighotoluminescence emission of quantum ring neutral exci-
peak cannot be detected in the experiment, due to the tunndPns as a function of the applied magnetic field. We simulate
ing of carriers into the wetting layer produced by photonsthis experimental spectrum using the same ring parameters

Absorption
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FIG. 2. Calculated absorption spectrum of an InGaAs quantu

B. Magnetophotoluminescence spectrum

with energies beyond 1.4 eV. as in the previous calculations. The Larfdetor we employ
The main features of our simulated spectrum agree veris the estimated average for the lowest state of a cut torus,
well with experiment(Fig. 2 of Ref. 1). with sizes similar to that we investigatéwhen no magnetic

(i) In the experiment, the fundamental transition arises afield is appliedg= —3.94% Such a value of the Landac-
1.31 eV for rings, and slightly below 1.1 eV for lens. This is tor yields very small Zeeman spin splitting. Then, we do not
consistent with our calculated values of 1.314 eV and 1.082eed further refinements on the Laniéetor description to
eV, respectively. qualitatively reproduce experimental data. For the valence-
(i) In the experiment, first excited transition for the lensband hole states calculations, we use the above-mentioned
is about twice as intense as the fundamental transition. In oudamiltoniansH, (Table |) andH, (Table 3 of Ref. 46 The
calculations, the ratio between first excited and fundamentaiesultinge-h pair energies are shown in FiggaBand 3b),
transitions intensity is 2.2 for the lens. respectively. It comes from Fig. 3 that,, describes the
(ii) In the experiment, the oscillator strength correspond-experiment(Fig. 1 of Ref. 12 better thanH_. Thus, Hey
ing to the fundamental transition of the rings is quite strongewields diamagnetic behavior for tteeh pair states in agree-
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FIG. 4. Energy spectrum of the lowest-lyiggh pairs vs mag-

B(T) netic field. Only the states which become fundamental for some
value of the field are represented. The states are labeleanpy (
F,). Solid lines correspond to states involving heavy hole compo-
nents of the hole function. Dashed lines correspond to transitions
involving light hole components. The dotted line corresponds to a
“dark” ground state. The magnetic-field interval for which this one

is the ground state is grey shaded.

B(T)

FIG. 3. Calculated photoluminescen@.) emission spectra of
a quantum ring vs a perpendicular magnetic fié&l.PL spectrum
obtained withH,,. (b) PL spectrum obtained withl, .

ment with the experiment, which is not the caseHigr. The
latter Hamiltonian predicts a strong stabilization of the
lowest-lying hole states with increasing values of the magthe optical AB effect is a quasi-one-dimensional model with
netic field. This is reflected in the calculated photolumines-one-band approximation for the hole stet&s? The quasi-
cence(PL) emission as a peak redshift, which is not ob-one-dimensional model cannot account for the electron and
served in the experiment. In contralst,, yields a small blue hole wave functions compression gnwith increasing mag-
shift for the PL peak, in fairly good agreement with the netic field®* which we have checked to be significant for
experiment? As a matter of fact, the measured experimentallnGaAs nanorings. Moreover, the one-band approximation
PL peak exhibits a slightly stronger diamagnetic shift thanfor the hole states misses some of the allowed channels for
the calculated on& shown in Fig. 8a). The inclusion oe-h  dipole transitions. Therefore, we employ here a more realis-
Coulomb interaction and other minor effects might accountic model that takes into account both ring thickness and
for this discrepancy. Nevertheless, it should be stressed thatH-LH coupling.
this difference in diamagnetic shifts is just seveuaV/T?. We investigate the optical AB effect in a ring of the same
Therefore, no matter what the number of refinements wéize and defining parameters as used in the preceding sec-
would introduce in our theoretical model, the actual inaccutions. The electron states are calculated by means of1&q.
racy on the experimental determination of nanostructuregnd the hole states are calculated usig. The electron
sizes and shapes is the accuracy limiting factor of the result§Pin splitting would equally affect all the low-lying energy
levels, leaving results qualitatively unaltered. Thus, the elec-
tron spin-splitting term is dropped in these calculations. Fig-
ure 4 shows the lowest-lying-h-pair energy-levels versus
Figure 3 encloses the calculated ring PL energy transitionthe applied magnetic field. The symmetry of the states is
versus magnetic field given by both,, and H, Hamilto- represented byni,,F,), wherem, is the azimuthal quantum
nians. In both cases, the slope of the calculated PL energyumber of the electron state aRd is thez projection of the
transitions is almost constant with the field, so that no cleatotal angular momenturf of the hole. In the figure, a clear
evidence of AB oscillations in the PL spectrum is predicted.aperiodicity in the ground-state angular momenta sequence,
This is in agreement with previous theoretical studies, whicHor increasing values of the field, can be seen. For magnetic-
also predict negligible AB effect amplitudes for the actualfield values below 0.9 T, the ground-state symmetry is (O,
nanorings radii and field€:*>?However, an optical conse- —1.5). This symmetry changes inte-(L,— 1.5) between 0.9
guence of the AB oscillations has been recently pointedl and 1.5 T and then keeps on changing at irregular intervals
out?=2*The “optical” AB effect holds when the magnetic as the magnetic field increases. We illustrate this ground-
field induces successive symmetry changes in the electrostate symmetry change in Fig(e, where the electrofup-
and hole ground states. In general, these symmetry changpsr pari and hole(lower par} lowest-lying energy levels are
occur at a different rate for electron and hole states, due tdepicted for magnetic field values up to 9 T. The mass of
their distinct masses and lateral separation, so that certaimoles, heavier than the mass of electrons, leads to magnetic-
values of the magnetic field may lead to ground-state excifield windows, for a given ground-state symmetry, wider
tons not fulfilling the interband selection rules. This would than those of electrons. We have also carried out calculations
turn into a suppression of the PL emission in certainusingH_. They show almost no width difference between
magnetic-field windows. Unlike other AB phenomena, thethe windows of electron and hole ground staisse Fig.
optical AB effect is expected to be detectable with single-do(b)]. The underlying reason is thel; leads to anticrossings
PL spectroscopy. The theoretical model used so far to justifyor the hole states which provide LH character to the hole

C. Optical Aharanov-Bohm effect
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ground stategthe mass of an InGaAs LH is 0.052, very the PL of Fig. 3. On the other hand, the proximity between
close to the electron mass, 0.05). Conversily, does not the predicted “dark” ground state and “bright{dipole-
yield such anticrossings and the hole ground states mainlgllowed state energies may conceal the optical AB effect
show HH character in this case. As a consequence, k. 5 due to phonon-induced energy levels coupling. However, at
shows significant width differences between the electron anehe temperature of experimental quantum ring PL measure-
hole magnetic-field windows for a given ground-state sym-ments '=4.2 K), these phonon-induced phenomena should
metry. In what follows, we will only consideH., since it not be important. We then expect that the optical AB effect

better describes the PL spectrum. The ground state in Fig. &yyid be detected in InGaAs quantum rings for relatively low
occasionally involves LH components of the hole wave func'magnetic fields.

tion (dashed lines A simple one-band model with HH mass
cannot account for these states. The suitability of a multiband
Hamiltonian, which includes the HH-LH coupling, is hence
confirmed.

All the e-h pairs follow, up to 9 T, thes,, v selection We calculated near-infrared spectra of an InGaAs nanor-
rule, as can be seen in Fig. 4. This is in agreement with thing, modeled as a cut torus, by using thep method with
experiment? where no magnetic-field induced quenching of rectangular band-offset potentials in three dimensions. For
the PL was detected for the same ring radii and fields ashe electron states, the one-band effective mass model with
those we study here. Additionally, we explored & pair  energy-dependent mass and, for the hole states, a four-band
ground-state symmetry for higher values of the magneti¢4amiltonian was employed.
ﬁeld, |00king for a trace Of the Optical AB effeCt. Our CaICU' We provided theoretical understanding to a number Of
lations reveal a dipole-forbidderdark e-h pair ground  guantum rings NIR experimental observations. First, the ab-
state, (-8,—5.5), in the vicinity of 14 T(dotted line in Fig.  sorption spectrum of the quantum ring was calculated in ab-
4). Notice that the magnetic-field window of this “dark” ggnce of magnetic field. Two different lens-shaped quantum
state is quite narrowabout 0.8 T and that its energy differ- dots spectra were also included for comparison. Our results

ence with the first excited states is lower than 1 meV. Theshow excellent agreement with a recent experiment carried

!nclusmn of further refinements in the theoretical mod_el may ¢ by Pettersoret all! We confirm that the intense peaks
imply a rearrangement of the energy levels and this rear; : ) .

. . they observed at high photon energies cannot be assigned to
rangement might, in turn, remove the dark ground state,

However, the major effects we have not considered in ouf! flat quantum dot, giving then support to ringlike geometry.

model are the Coulomb interaction and the strain and piezogecond’ the PL emission spectrum of the quantum ring ver-

electric potentials. The Coulomb interaction has been thecSUS Perpendicular magnetic field was calculated. We com-
retically proved to reduce the-h separatio® In principle, ~Pared two different ways of including the magnetic-field
this effect could shift the predicted dark ground state toward$erm in the valer?ce-bazr;d Hamiltonian: the traditional one,
higher magnetic-field values. On the contrary, the strain andePorted by Luttingef*® and our recent proposd. We
piezoelectric potentials can drastically increasedHever- ~ found that the latter gives better agreement with the
tical and lateral separation in a quantum ririg.This lateral ~ experiment? We investigated the optical AB efféct®®in
separation would be larger than the one we estirfizaecly ~ the quantum ring. No trace of this effect was detected for
0.5 nm for the ground state &=0 T), leading to an en- magnetic-field values up to 9 T, which is in agreement with a
hancement of the-h symmetry change rate difference. The recent experimental PL spectrdfFinally, our model pre-
compensation between the Coulomb interaction and strairdicts that the optical AB effect may be seen for currently
piezoelectrical potentials could be partly responsible for theealizable quantum rings and moderate magnetic-field
accuracy and reliability of our calculations, as can be seen istrenghts.

IV. CONCLUDING REMARKS
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