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H I G H L I G H T S

� Analysis of the energy spectrum of magneto-excitons bound to an impurity in nanorings.
� Exciton–donor interaction in nanorings quenching the Aharonov–Bohm oscillations.
� The impurity produces a marked redshift of the lower peaks of the density of states.
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a b s t r a c t

We analyse the alteration of the density of states of the light- and the heavy-hole magnetoexcitons due
to the presence of an impurity donor in InAs quantum ring. It is shown that the donor provides a
noticeable redshift of the lower peaks of the density of states, corresponding to the vibrational states of
the exciton bound to the donor, while the effect on the higher energy levels related to a relative
electron–hole rotation is mainly reduced to the splitting of the twofold degenerate states. Energies
dependencies on the external magnetic field, applied along the growth direction show that the exciton–
donor interaction leads to the flattening of the curves of the Aharonov–Bohm oscillations of the lowest
energy levels and to diminishing of their amplitudes. This effect is more pronounced for heavy-hole
magneto-exciton.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fabrication of nanometer-sized lithography defined semicon-
ductor quantum rings (QR) realized in the last decade has
generated interest in the Aharonov–Bohm (AB) effect for excitonic
complexes [1]. The possibility to control individual excitations in
quantum dot structures is an indispensable prerequisite for the
new field of quantum information processing in a semiconductor
environment, in which exciton complexes could be implicated as
intermediate states. As it was shown in a number of experimental
and theoretical studies, a neutral exciton confined in QR [2]
exhibits the AB effect resulted from the rotation of carriers at
opposite directions by means of the tunneling through barriers of
the Coulomb potential that is generated by the external magnetic
field. In this work we present a comparative analysis of the AB
oscillations of the energy levels of the light- and heavy-hole
magneto-excitons, and of changes in these oscillations that pro-
duces the presence in QR of a donor impurity. We show that the

donor, placed in QR, provides a quenching of the AB oscillations of
the lower energy levels of the exciton, similarly to one for the
electron in QR with single and coupled donors, revealed previously
[3], being this effect more pronounced for the heavy-hole mag-
neto-exciton than for light-hole magneto-exciton.

2. Theory

In order to assess the experimentally relevant domain of
parameters we adopt a simple model of a narrow ring, in which
its height h and width w are significantly smaller than the
centerline’s radius R, basing on arguments presented in Ref. [4]
in which the dimensions of the ring are associated with the
pattern of the carriers pathways which form a narrow region
along the rim of the ring-like structure, shown schematically in
Fig. 1. In this case, which we call the structural adiabatic limit, 3D
wave equations for the exciton can be separated and the analysis
of its low-lying states is reduced to solving a simpler problem of
1D rotation of two particles, whose positions are given by polar
coordinates of the hole ϑh and the electron ϑe [4]. By using the
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exciton effective Bohr radius an

0 ¼ ℏ2ε=μ e2 as the unit of length,
the effective Rydberg Ryn¼ e2=2ε an

0, as the energy unit and
γ ¼ eℏB=2μ c Ryn, as the unit of the magnetic field strength, being
μ¼mn

em
n

h=ðmn
eþmn

hÞ the reduced mass, the Hamiltonian which
describes the electron–hole pair rotation along the QR’s centerline
can be expressed simultaneously both for the unbound exciton as
η¼ 0 and for the exciton bound to donor as η¼ 1 in the following
form [4]:
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Within the framework of the adiabatic procedure which we use in
order to obtain simplified 1D Hamiltonian (1), the actual momenta of
inertia Ii ¼ μir

2; i¼ e;h, diamagnetic term γ2r2=4 and the Coulomb
potential Vc should be replaced by following approximate expressions

Ii � μiR
2
, γ2R

2
=4 and VcðϑÞ � 2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2=4þR

2
sin 2ϑ=2

q
, respectively,

being R
2 � R2þw2=12 [5].

The Hamiltonian (1) is separated completely in the case of the
unbound exciton (η¼ 0) and partially for the exciton bound to the
donor ðη¼ 1Þ in the center-of-mass and relative coordinates
Θ¼ ðIhϑhþ IeϑeÞ=I; ϑ¼ϑh�ϑe; I¼ Ihþ Ie. The eigenfunctions
ΦðΘ;ϑÞ and eigenenergies E of the Hamiltonian (1) then are

solutions of the follwing wave equation:
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It is seen that for QR without impurity ðη¼ 0Þ the variables ϑ
and Θ in the Hamiltonian (2) can be separated, the magneto-
exciton energy is sum of two terms corresponding to the center-of
mass and the relative motions, respectively. The center-of-mass
energy is equal to ECMðMÞ ¼M2=I, where M ¼ 0;1;2;… are values
of the dimensionless angular momentum, while the relative
motion energy can be found only numerically. In our numerical
work we solve the separated part of Eq. (2) by using the Fourier
series expansion method. For QR with the impurity Eq. (2) is
solved directly by means the method of the double Fourier series
expansion.

3. Results and discussions

In order to analyse the effect of the bonding to donor on the
magneto-exciton spectral properties in QRs, we have performed
numerical calculations for low-lying energy levels as functions of
the external magnetic field. The values of the physical parameters
pertaining to InAs material used in our calculations are: the
effective mass of the electron men� 0:026m0, and for light and
heavy holes, mHLn� 0:026m0 and mHHn� 0:45m0, respectively;
the dielectric constant, ε� 13 and the gap between the valence
and conduction bands Δ¼ 0:41 eV [6]. The values of the effective
Bohr radius and the effective Rydberg corresponding to these
parameters are a0n� 26:3 nm and Ryn� 2:1 m eV, with μh � 0:5
for the light hole and μh � 0:026, for the heavy hole, respectively.
Below we present some results of our calculations for the low-
lying energies of unbound and bound donor to the excitons
confined in InAs QR with centerline radius R¼ 40 nm, height
h¼ 6 nm and width w¼ 10 nm.

In Fig. 2 we display the curves of the density of states ρðEÞ
which we have calculated in our numerical work through the
following relation:

ρðEÞ ¼∑
k

1
π

Γ

ðE�EkÞ2þΓ2 ð3Þ
Fig. 1. Scheme of volcano-shaped nanoring.
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Fig. 2. Density of the excitonic states of the heavy-hole excitons (on the left side) and the light-hole excitons (on the right side) confined in QR with parameters indicated in
figure. Solid lines correspond to the free excitons and dashed lines to the excitons bound to the donor. The arrows are guides to the eye in order to follow the redshift of A, B,
and C peaks and the splitting of peak D generated by the donor.
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