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Quantum rings under magnetic fields: Electronic and optical properties
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Electronic and optical characteristic energies of semiconductor quantum rings in the presence of magnetic
fields were determined by adopting distinct potential models to describe the ring confinement and considering
different geometric confinement parameters defining the quantum ring. It was found that the ground-state
energy becomes independent of the ring radius once the internal ring hole is present, because it is the strength
of the lateral confinement that determines its subsequent behavior. The optical spectra for large and narrow
guantum rings exhibit a set of resonances governed basically by the strength of the radial confinement. The
presence of a magnetic field produces a notable enhancement of the resonance intensities.

Increased development of semiconducting growth techerostructures immersed in a semiconductor matrix. The sys-
nology makes possible the fabrication of very small nanotem results in a model very similar to a cylindrical quantum
structures exhibiting high quantum confinement. As its elecdot’ (QD), except for the internal cavity of the ring which
tronic states present a complete discrete nature, they can Bgiarantees a stronger radial confinement than the corre-
viewed as natural candidates for optoelectronic devices andgonding one defined by a QD of the same size.
large number of work has been done on semiconductor het- The effective-mass Hamiltonian describing an electron in
erostructures of reduced dimensidnRecently, nanostruc- @ quantum ring, under the presence of a magnetic feld
tures similar to rings in reduced scale were grown via high-applied in the axial direction, can be written as
resolution electron-beam lithography technicfuaad have

been characterized by low-temperature photoluminescence 1 (. |el.)\2
measurements. On the other hand, quantum riQg¥s) are H=——p+—A +Vquw(2) +Vialp), D
natural systems to study quantum interference phenomenon 2m ¢

in transport properties. Actually, a metallic ring of mesos-
copic dimension in an external magnetic field exhibits anwith A being the vector potential and* the electron effec-
equilibrium current which is periodic in the Aharanov-Bohm tive mass. We have modeled the QR by a square-well poten-
flux.3~> The magnetic response of a GaAs/Bh _,As me- tial in the z direction, Vaw(2), and a lateral confinement
soscopic ring was experimentally repoftedith a periodic  potential V| 5(p), wherep is the in-plane coordinate. This
signal which is the signature of a persistent current. Also, théast potential has been chosen as a square-well potential
effects of electron-electron interaction on the persistent curtSWP), given byV| ,(p) =0, if p1<p=<p;+pqw, and equal
rent in a mesoscopic QR subjected to a magnetic field wat V, otherwise,p; being the internal radius of the ring and
discussed by Chakraborty and Pietilaiheand theoretical pqw the length of the lateral quantum well, and a cylindrical
studies on the optical-absorption spectra have been presentpgrabonc potential(CPP, given by V| .(p)=3m* wé( p
by Halonenet al.® taking into account repulsive scattering _pring){ with pying being the center of the parabolic con-
centerg. _ . . ) . finement potential and the geometric frequency that de-
Motivated by a wide variety of interesting physical phe- termines the strength of the ring lateral confinement. This
nomena in QR’s we present here a theoretical study of eleGonfinement is measured through the parameses,
tronic and optical properties of thesellow-dimensior)al_sys—:\/W*wg which corresponds, in the case of a bidimen-
tems. The energy spectrum of the QR is calculated within thgjona| harmonic oscillator, to the ground-state expectation
effective-mass approximation, including the effect of an ex~,5)ye of the lateral coordinate.
ternal magnetic field applied in the axial direction of the ring  The electronic envelope wave function, solution of the
and neglecting excitonic effects and the presence of impurigjgenvalue problem defined by the Hamiltonian in ER,
ties. Quantum rings can be theoretically modeled by the Susan pe written asl ,(z,p,¢) =P (2)R/(p, ), | being the
perposition of two confining potentials: One in thairec-  phitg quantum number and,(z) the quantum-well solu-

tion, define_d by the grovvth of GaAs and @&, _,As Iaye_rs, tions along thez direction. The functiondR|(p,¢) are the
and other in the lateral direction. The adequate choice fogg) tions of the lateral eigenvalue problem

modeling this last potential should be guided by the experi-

mental growth techniques used to achieve the ring geometry.

Two models for the lateral ring confining potential are dis- HiaRi(p, @) =EjaRi(p, ). 2
cussed: a cylindrical parabolic potenti@PP that is more

suitable for etched heterostructures, and a cylindrical square- In the following we discuss the two model potential cal-
well potential (SWP that is appropriate for describing het- culations.
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FIG. 1. Lateral electron energies for a GaAs/Sla_,As QR as 150 0 )
a function of the ring radius for different values pf,,. Full and ‘:'.
dashed curves correspond to the infinite and finite square-well = i
model, respectively, whereas the dotted lines denote the results fol- - Lo
lowing the parabolic model. £ oo ST
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=
Taking into account the asymptotic behavior of the wave 'i;
function in the QR interfaces, the solutions of the eigenvalue g 501 .ol
problem of Eq.(2) are given byR,(p)=r,(p)e"*, with s el
I-n;;l';.H
Cili(pBy) if p=<p; P =504 BT0T
r(p)=14 AdilpBo) +BY(pBo) If p1spsp, (3) % 100 200 300 400 500
DKi(pB1) it p=po, Pung(A)

where p,=p;+pqw, Jy and Y,, are Bessel functions, FIG. 2. Electronic lateral spectrum of a QR as a function of the
whereasl|; and K, are modified Bessel functions of théh ring radius using the CPP model fpg,,;=50 A and for(a) B

order. The parameter B, (B1) is defined by =0 and(b)B=10 T. Thel=0 state is shown by dark squares.
(2M*E /22 ([2m* (V,—Eja)/12]"9. The energies
are obtained by solving the transcendental equations which _ )
results from applying standard boundary conditions for the Ri(p.e)=e"¢> Appl!le mrdm )
wave functions defined in E¢3). m
The set of\ ,, parameters is fixed priori to cover the physi-
CYLINDRICAL PARABOLIC POTENTIAL AND B#0 cal range of relevant radii associated with the lateral confine-
ment. The maximuniminimum) value of this set of param-
In this case a magnetic field applied in the axial directioneters was taken as being two order of magnitude larger
is considered. Choosing the symmetric gauge&oin the  (lower) than the value of those characteristic lengths. This

effective-mass HamiltoniafEqg. (1)] we have method allows us to obtain simultaneously the ground and
excited states and the convergence of each state is controled
2 by varying the number of Gaussian functions in the expan-
h ho. 1 : : . .
Hig= — —— V2+ | +=m* wiff(P*Po)Z sion. To obtain accurate energies and wave functions we
2m* 7 2 2 have used a maximum set of 26 Gaussians. The problem
reduces then to solve a set of coupled homogeneous linear
2 ) - . .
. 2 Yc equations for the coefficients of the expansfdp, given by
T M werr—5Pos 4)
8 w?
AN 4+ 1][D_,y(a)+D_ @)
where w.=eB/m*c is the cyclotron frequencypes; is an % mNmey | LB + 11D -2 (@) 211+ (@)]

effective frequency given byets= (w;+ wZ/4)2 and pg -
:(wélwgff)p,ing. To _solve the Qigen_value probl_em we ex- _Zﬁmm’[ZELat_ﬁwd B Tﬂ)fp%
pand the lateral functioR(p,¢) in a linear combination of

Gaussian functiofiscentered inp, and defined by different

values of the standard deviation parameter, XD _o(ij+1)(@)

=0, (6)
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FIG. 3. Magnetic-field dependence of the electronic spectrum of Photon energy (meV)
a QR with p,ing=300 A andpc,,=50 A. The continuous line 9y
shows the staté=0. ©)

Pmg=500A

with Bmmr:]./}\m“'l/)\mr, a=—p0\/2,8mm/, wé p"ng=3003 -
= wweifl Wg N! being the normalization factors, and

mm’
D, the first-order parabolic cylindrical function. M
The interband absorption spectra are obtained by calculat-

—J\\MWW\/\/\‘\""’V\

Peor=90 A

ing the transition probability per unit time for transitions 'g',

from hole to electron states, following the dipolar approxi- £ M

mation, and neglecting excitonic effects. For the case of § T T T

holes, an in-plane (Ord,) and az-direction (0.377n,) ef- < BosT

fective mass are considered whereas for electrons we have % M

used m*=0.066m, (my being the free-electron mass s T e S

Lorentzian curves of width 2.0 meV were adopted in the < Be

absorption coefficient calculation to take into account ther- Y, WSSOV s e W

mal and other scattering effects. PSPPI A S VN
A first analysis of the lateral electron energies of QR’s

with different internal radius adopting the SWP model indi- T - T : T

1700 1800 1900

cates the characteristiCpr,V feature, a typical effect of the
guantum confinement. As expected, the energies reach limit

values exhibiting the behavior of rectangular and cylindrical £ 4. Optical spectra of a GaAs/@d, ,As QR for magnetic
quantum wires as the internal radius increases and decreasggids up to 15 T. In(a) Pring=500 A andpeon=50 A (bold

respectively. The electronic energies of GaAs/@a ,As  |ineg and 70 A (light curves and in(b) peon=50 A andp;ing
QR’s with different lateral confinement and fé=0 are =300 A (light curves and 500 A (bold lines.

shown in Fig. 1 as functions of the mean ring radiug .

Different cylindrical ring potential models were used: finite rier square-well model yields lower lateral energies than the
(for GaAs/Gag gAlp35As) and infinite square wells and the infinite well and parabolic models; a finite barrier potential
parabolic one. The confinement parameters for the SWinposes a limit for the energy value of the bound states in
model, (p1,pqw), @and the CPP modelp(ing,pcons), are re-  the well. Moreover, in the high confinement regime, for
lated via the following expressiongi;ing=p1+pqw/2 and  pg,=50 A, the large differences between the lateral ener-
Pconi=Pqw! , the last equivalence coming from the stan-gies obtained by using infinite models and a finite potential
dard relation between the lengths associated with a harmoniodicates that an adequate choice of the potential must take
potential and an infinite square-well potential. It should beinto account the conditions under which the annular confine-
noted that the energies do not depend on the particular ringnent is achieved.

radius except for rings with small internal radius. In this In what follows the effects of applied magnetic fields on
regime, however, the energies exhibit an opposite behavidhe lateral energies of GaAs QR’s are analyzed using the
for the different adopted models. In the SWP model the latparabolic model The results presented in FiggaRand Zb)

eral energies decrease, indicating a transition to a lower corshow the dependence of the lateral energies on the ring ra-
finement regime. In this limit the QR becomes a cylindricaldius, for a ring confinement gf.,,=50 A, and forB=0

QD, and for that model the lateral confinement is ngwy,2. andB=10 T, respectively. In theguantum dotimit (pying

On the other hand, fop,j,q=0 in the parabolic model, one =0) the energy spectrum is expected to exhibit two essential
gets a double-confined QD. It also can be noticed that for alfeatures: the energy difference between the lowest ltwo
considered values of the lateral-confinement, the finite bar=0 levels (marked with large black squares in the figure

Photon energy (meV)
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should correspond to72v4 while the minimum energy dif- field the energy separation between the two main peaks for
ference between two states would be givenfly,, which  the ring of width 50 A is twice the corresponding one for
occurs for momentum angular values differing by unity. Forthe 70-A ring, reflecting a pf,,; dependence. For each
increasing values of the QR radius the energy spectrum abpectrum, the position of the main resonances are basically
most preserves the mentioned energy separatiori af,Zor ~ determined by the lateral confinement being almost indepen-
the marked =0 levels but other solutions appear betweendent of the ring radius as can be seen in Figp) 4vhere the
then, reducing the corresponding energetic spacing and efesults for the absorption coefficient for rings of two differ-
larging the density of energy levels in the spectrum. In theent radii, and for a fixed value of the radial confinement are
limit of very large ring radius as compared with the ring shown..lt can be noticed in both figure_s an en_hancement o_f
Width (pring> peony) it is possible to treat the problem as the the opt|c.al resonances as the magnetic flel_d increases, this
superposition of a one-dimensional parabolic potential, witreffect being more pronounced for a large radius ring. Optical
a confinement parameter given py, s and an infinite well ~€xperimental measurements on quantum rings under applied

potential of widthL =2mping - magnetic fields may certainly be used for determining the
In the presence of a magnetic field the spectrum changedeometrical characteristic of QR's.
drastically[see Fig. 20)]. The magnetic field breaks the de- I summary, the electronic energy spectrum has been

generacy between the states with positive and negative affudied as a function of different parameters defining the QR
gular momentum and the ground state becomes a state wiffometric confinement. In the high lateral-confinement re-
I<0, depending on the confinement ring parameters. Thi§ime, the results show a strong dependence on the potential

can be understood considering the limit of an ideally narrownodel adopted, indicating the importance of taking into ac-
ring for which p.o,—0 and the eigenvalues are given’by count the conditions under which the annular confinement

E=(h%2m* przmg)“ +(Pr2ing/2PE)2a pf=ﬁc/eB being the Was achieved for an adequate choice of the model. We have

Landau radius. A more complex spectrum is obtained for 40und thatin the case of very narrow QR's with large radius
finite-width ring due to the presence of the levels associated® €nergy levels in the spectrum accumulate near those en-

with the lateral degree of freedom. Similarly to the case of€r9y States mainly defined by the potential associated with
B=0 fOr ping>pcont the energy spectrum is essentially the radial confinement. Moreover, the presence of an axial

given by a superposition of the energy levels of a onemagnetic field increases the ring lateral confinement, provid-
dimensional ring under a magnetic field, and the energy levind & Very structured density of states. As a consequence,

els associated with the radial confinement. The most remark@/9€ and narrow QR’s present optical spectra governed
able feature is the accumulation of the energy levels neghainly by the strength of the lateral confinement exhibiting

those states. This property of the density of states great{f€ll-defined resonances which are clearly enhanced for in-
influences the optical behavior of QR’s as will be shown®'€asing magnetic fields. These are quite interesting results

below. The same characteristic behavior discussed above f&Ce it might be possible to obtain characteristic spectra of
exhibited by the energy spectrum as a function of the magh'ghly confined systems, like QDs, by means of these rather
netic field as shown in Fig. 3, for @ying=300 A and mesoscopic systems. Taking into a(_:count the increasing
peon=50 A where the =0 state is shown by the continu- num_ber of nanostructure growth _technlques,_ and considering
ous line. The lifting of the degeneracy is clearly exhibited in € interesting transport and optical properties that QRs ex-

the energy spectrum in the presence of a nonzero magnet| lboit, we believe the present theoretical study helps us to
field which is marked by an arrow in the figure. etter understand the electronic and optical properties of

The interband absorption spectra of distinct quantumthose systems and their future optical-electronic applications.

rings modeled by the cylindrical parabolic potential are
shown in Figs. &) and 4b), for magnetic fields up to 15 T.
The zdirection confinement was described by a quantum- This work was partially supported by Fondo Nacional de
well potential of width equal to 40 A . Figure(@ displays  Ciencias, Grant No. 1970119 and No. 1990271, by Univ. F.
different spectra for QR’s defined by;,,=500 A andtwo Santa Maria, Grant No. 991111, by Univ. de Santiago de
different lateral confinement given by.,,=50 A (bold  Chile, Grant No. 049631 PD, by Fundacion Antorches/Vitae/
lines) and 70 A (light curves. In the absence of a magnetic Andes, Grant A-13562/1-3, and by CNPq.
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