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a b s t r a c t

Using the finite element method, the effect of magnetic fields on the donor states and transition energies
in a InAs/GaAs quantum dot coupled to its wetting layers is investigated. Results are obtained for differ-
ent impurity locations. We found that the diamagnetic shift of the ground state energy increases mono-
tonously with the applied field and can be described by a simple function which interpolates between the
low and high magnetic-field behavior. Frequencies associated to the transitions between the S-like
ground state and P� (P+) excited states range in terahertz region and show a magnetic field-induced
red (blue) shift, irrespectively of the impurity position.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor quantum dots (QD) have been widely investi-
gated in the last decades because of their potential applications
in electronics [1], photo-detection and optoelectronics [2,3], quan-
tum information [4,5], engineering [6] and medicine [7,8]. Of par-
ticular interest are self-assembled QDs since their special
properties open new area of possibilities for high-performance
optoelectronic devices. Due to the 3D confinement, QDs exhibit
quantized states of energy with high lifetime for excited states.
Moreover, these structures allow both z- and in-plane-polarization
of the conduction intraband transitions so that Stranski-Krastanov
growth method can be utilized to create QD-based devices in THz
range [9,10]. These advantages make self-assembled QDs a subject
of intensive study both experimentally [11–13] and theoretically
[14–16].

Magnetic field is an important tool used to control and modu-
late the intensity output of the optoelectronic devices since it
can be experimentally applied in a well controlled way. Many stud-
ies reported on the electronic properties as well as on the linear
and nonlinear optical absorption of QDs induced by the externally
applied magnetic fields [17–25].

Investigations of the effect of hydrogenic impurity in such con-
figurations are also important, since their presence influences the
electronic mobility and optical properties. Under the confinement,
the dopant position can tailor the electronic and optical properties

of the system. The impurity can be located on (off) the center of
symmetry to get a symmetric (asymmetric) situation, or near the
boundary of the QD to get surface-like states (edge states) of this
system. An important number of theoretical and experimental
researches focused on the impact of the impurity states on the
quantum nanostructures properties, in the presence of external
perturbations [26–34]. However, up to now, only few reports were
involved in studying the external fields effect on the electronic
states in QDs coupled to their wetting layers (WL). Sabaeian
et al. [14] discussed the dependence of energy eigenvalues of S-
and P-states and interlevel P- to -S transition energy on applied
vertical electric field in a semi-spheroid-shaped InAs/GaAs QD cou-
pled to its WL. Diamagnetic susceptibility of an off-center hydro-
genic donor impurity confined by pyramid and cone-like GaAs/
Ga0.5In0.5As QD grown on a GaAs WL have been investigated in
[35]. In our previous work, we analyzed the asymmetric Stark shift
in an InAs/GaAs dome-shaped QD with WL for different impurity
positions [16] and optical nonlinearities associated to hydrogenic
impurities in InAs/GaAs self-assembled QD under applied electric
fields [36]. Very recently [37], energy eigenvalues, transition ener-
gies, and transition dipole moments of impurity-free truncated
pyramidal-shaped InAs/GaAs quantum dots under a vertical mag-
netic field were presented.

To the best of our knowledge, there are no reports on the elec-
tronic properties of donor impurity (on-surface or on-center) local-
ized in self-assembled InGaAs/GaAs QDs subjected to a magnetic
field. The present work attempts to fill this gap in the literature
by a detailed investigation of the electronic probability density,
energy levels, transition frequencies and diamagnetic susceptibil-
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ity of hydrogenic donors in a dome-shaped InAs/GaAs QD coupled
to its WL and subjected to a magnetic field.

The outline of the paper is as follows. In Section 2 we describe
the theoretical framework. The numerical results and discussion
are presented in Section 3. A brief summary is given in Section 4.

2. Theory

In this study, a dome-shaped InAs/GaAs QD with radius
R ¼ 7 nm grown on a 2 nm wetting layer is considered (see inset
of Fig. 1a). The z-axis which pierces the dot through its center
and is perpendicular to the plane of the wetting layer represents
a symmetry axis for the system.

In the presence of a hydrogenic impurity and under magnetic
fields, the Hamiltonian of the system is given by

H0 ¼ 1
2m� ð~pþ e~AÞ2 þ Vðx; y; zÞ � e2

4pe0erj~r �~rij ð1Þ

where

m�ðx; y; zÞ ¼ m�
InAs; in QD

m�
GaAs; elsewhere

�
ð2Þ

is the effective mass, and

Vðx; y; zÞ ¼ 0; in QD
DEc; elsewhere

�
ð3Þ

is the potential energy. DEc is the conduction band offset between
the InAs and GaAs and the last term in Eq. (1) is the Coulomb inter-
action between the electron and the hydrogenic donor located at~ri.

We assume a vertical magnetic field ~B ¼ Bẑ (see Fig. 1). Using the

Coulomb gauge ~A ¼ ðB=2Þð�yx̂þ xŷÞ the Hamiltonian becomes:

Ĥ ¼ p̂2
x þ p̂2

y þ p̂2
z

2m� þ eB
2m� ðyp̂x � xp̂yÞ þ e2B2

8m� ðx2 þ y2Þ þ Vðx; y; zÞ

� e2

4pe0 erj~r �~rij : ð4Þ

We note the presence of two different terms related to magnetic
field in the Hamiltonian operator: a liniar Zeeman term that cou-
ples the motions along directions perpendicular to the magnetic
field (sometimes called paramagnetic term [32]) and a parabolic
magnetic potential, which enhances the confinement of the elec-
tronic wave functions in the transverse plane, usually called dia-
magnetic term.

Fig. 1 shows the shape of the potential energy profile without
(a) and with (b) applied magnetic field, including the Coulomb
interaction associated to an on-center impurity. A sketch of the
geometry of the nanostructure: (QD +WL + GaAs matrix) is
inserted in Fig. 1a. The S ! P transition – studied in the following
– is also indicated in both cases. In our computations, the position
of the impurity atom is considered either on z-axis or on x-axis.

The Schrödinger equation with the Hamiltonian given by Eq. (4)
is numerically solved using the finite element method. The mesh

Fig. 1. Confinement potential including the Coulomb interaction associated to on-center impurity for InAs/GaAs QD without (a) and with applied magnetic field (b). Inset is a
sketch of the InAs QD with its WL (darker gray) imbedded in a GaAs matrix (light gray).

Fig. 2. The energy levels (continuous lines, left scale) and the probability of finding the electron inside the dome (dashed lines, right scale) versus the magnetic field: (a) S –
state; (b) P� and Pþ states, respectively. Results are for a QD without impurity.
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