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a b s t r a c t

The hydrostatic pressure (P) influence of the degenerate energy states inside an inverse parabolic
quantum dot (IPQD), with and without an external magnetic field, was performed within the frame of
the effective mass approximation. Our theoretical results showed that the effect of relatively high
pressure clearly appeared to induce a crossing between the excited states in the strong confinement
region. But in the weak confinement region, such crossing disappeared and, in addition, the excited
states got reordered. In the presence of an external magnetic field the hydrostatic pressure modified the
crossing points of the degenerate states. We investigated the electron-heavy hole transition energy. It
displayed a blue shift with increasing the pressure values and the magnetic field strength. But it showed
an adhesive red shift by increasing the IPQD size.

© 2017 Published by Elsevier B.V.

1. Introduction

In recent years, the theoretical and experimental studies in
nanotechnology have investigated the low dimensional quantum-
structures such as semiconductor quantum well (QW), quantum
well wire (QWW) and quantum dot (QD). These studies developed
understanding of their optical, electronic, and magnetic properties.
Away from the known widely and well-examined QW hetero-
structures, which have parabolic confinement potential shape [1,2],
half parabolic potential [3], graded potential [4], V-shaped potential
[5], the inverse parabolic quantum well (IPQW) potential shape
[6e9] have been produced and studied. The IPQW is grown by
molecular-beam epitaxy, using the digital technique [10], or using
the analog technique [11]. Most of the existing literature on the
fundamental physical properties of the IPQW have increased lately
because such confinement potential gives the possibility to realize
high performance optoelectronic devices [12e14]. We believe the
previous work on the inverse parabolic quantum well [IPQW] po-
tential in low dimensional systems is very limited [7,15,16]. It is
worthwhile to mention that the authors of Ref. [15], investigated
the effects of the hydrostatic pressure and the external magnetic
field on the donor binding energy in an inverse parabolic (IP)

quantum well. Thus we may say, the previous work on IP
confinement potential in QD is very rare, except the calculation of
the transition energy under the magnetic field effect given by S. A.
Safwan et al. [17]. The application of magnetic field and external
perturbation like the hydrostatic pressure is an effective way to
change the confined carrier state energy in nano-structures
[18e20].

In this work, we examine the degenerate excited states of car-
riers under the effect of a hydrostatic pressure and an external
magnetic field simultaneously, and the carriers are confined in a
GaAs cylindrical quantum dot with an IPQC potential. Through, our
calculations, we considered strong and weak confinement regions
which are specified according to the QD dimensions. We are con-
cerned about the perturbation which occurred due to the hump of
the inverse parabolic potential. This hump is created in our exam-
ined QD by adding a percentage of Al content (xc) to the dot center,
such hump acts as an electrical perturbed potential inside the in-
verse parabolic QD [16,21].Wewould like to emphasize that in such
IPQD, we solved Schrodinger equation within the effective mass
approximation, without considering the G-Хmixing band because:
Firstly, we examined the electronic states inside a considerable
wide QD, where the smallest considered radius is R ¼ 10 nm that is
almost 20 times the QD-GaAs lattice constant. TheG-Хmixing band
takes place in the very narrow QD, therefore the electron states
localized in the barrier when the hydrostatic pressure is applied
[22,23], but in the case of the three dimension IPQC potential the* Corresponding author.
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electron stays inside the IPQD at relatively high pressure. Secondly
the QD structures have a small pressure coefficient than the bulk
material and the QW structures [24e26].

Before we proceed, we would like to stress what makes this
work unique. Firstly, we examined theoretically the electronic
excited state energies of confined carriers in IPQD. Secondly, we
studied such excited state energies under the effect of a hydrostatic
pressure and an external magnetic field. The present paper is
organized as follows: We write in section 2 our theoretical model,
section 3 presents our results with a discussion. At last, we give our
conclusion in section 4.

2. Theoretical model

Considering an electron confined in a cylindrical quantum dot
with an inverse parabolic (IP) potential, under the effect of a hy-
drostatic pressure, or simultaneously a pressure and an external
magnetic field, we investigate the electronic state energies of the
charged particles (electron or hole) and their transition energy.
Within the effective mass approximation the Schrodinger equation
for such confined electron in IPQD is given as:
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here r is its radial direction, and 4 is the electron azimuthally angle
direction, respectively. The symmetric gauge within the vertical
static magnetic field B is A ¼ B�r
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A ¼ ð0;A4;0Þ. The confinement potential in the in-plane Vðr; PÞ,
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here R and 2L represent the radius and the height of the IPQD,
respectively. Vi

0 is the barrier potential height and is given by:
Vi
0 ¼ QcDE

G
g ðx; PÞ in (eV), where Qc is the parameter of the con-

duction band offset. DEGg ðx;PÞ as a function of both the pressure (P)
and Al content x [20], represents the total band-gap difference
between GaAs-QD material and the barrier material Ga1�xAlxAs at
G point, and can be written as:
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here Vi is the potential strength inside a quantum dot (potential
hump) induced by adding Al content xc to the dot center, let s ¼ xc

x
¼ Vi

Vi
0
[16].

According to the adiabatic approximation; The wave function
Jðr; z;4Þ, may be separated into two independent functions as;
Jðr; z;4Þ ¼ f ðr;4ÞgðzÞ;where f ðr;4Þ is the solution of the following
in-plane equation inside the QD ðr � R). Including the confinement
potential Vðr; PÞ, we get
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Outside the QD (r>R), we can write,
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Defining,
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After some algebra, the solution of equation (3-a) is given as:
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where m represents the orbital quantum number of the system,
m ¼ 0; ±1; ±2;… , here M is the Hypergeometric Kummer's
function. Similarly, we get the solution of equation (3-b) outside the
QD as:
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where U is the confluent hypergeometric function, the normalized
constants C1 ; and C2 ; determined by applying the boundary
conditions.

Applying the boundary conditions to the in-plane solutionwhen
r ¼ R, we get the following transcendental equation:

finsidef
0
outside � foutsidef

0
inside ¼ 0 (4)

The numerical solution of equation (4) gives the state energies
Ern;mðPÞ, where each state energy is labeled by the radial quantum
number n and the orbital quantum number m. The total energy of
an electron confined in IPQD is given by:

EeðPÞ ¼ Ern;mðPÞ þ Ezn1
ðPÞ: (5)

where Ezn1
ðPÞ; and gðzÞ are the eigenvalues and the eigenstates of

the Hamiltonian in the z-direction, see details in Ref. [17]. In the
same procedures, we can obtain the total energy of the heavy hole
considering its effective mass and its charge sign.

3. Results and discussion

Using the methodology for the GaAs- QD embedded in
Al.35-Ga.65 As, the Al concentration in the barrier material is taken
as x¼ 0:35.We choose the conduction band offset Qc ¼ 0:57 so that
the confinement potential barrier are Ve

0 ¼ 0:57DEGg ðx;PÞ eV for
the electron, Vh

0 ¼ 0:43DEGg ðx;PÞ eV for the heavy hole, and the
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