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Abstract 
The electronic and optical properties of the coaxial square quantum well wires were examined depending on their 

geometric parameters under external fields. Within the effective mass approximation, the finite difference and the variational 
methods were used in the calculations. The external fields such as electric, magnetic and laser fields affect the shape of the 
electronic wave function, and they also vary the energy states depending on their intensity. Thus, the blue shift in the total 
linear absorption coefficients can be provided as well as the photon energy. 
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INTRODUCTION 

Many studies have been devoted to 
semiconductor nanostructures which can be 
classified as quantum wells, quantum wires 
and quantum dots. They can be used in 
various electronic and photonic applications 
due to their rich physical properties [1-8]. 
Recently, advances in crystal growth techniques 
used for low-dimensional nanostructures 
have made it possible to obtain new 
arrangements of these structures with 
various semiconductor alloys and in various 
geometrical forms such as T-shaped, V-shaped, 
square and parabolic cross-sectioned shapes 
[9-12]. Additionally, research on multilayered 
quantum nanostructures is another direction. 
Mikhail and El Sayed [13] used different 
methods to calculate impurity states in 
spherical multilayer quantum dots. Karki et 
al. [14] reported barrier height effects in 
coaxial quantum wires under magnetic field. 
The effects of geometric size and magnetic 
field on coaxial cylindrical wires were 
investigated by Rezaei and Karimi [15]. Boz 
et al. [16] studied the geometric effects in a 
multilayer quantum dot with spherical cross-
section under a magnetic field. Effects of 
electric field on impurity states in coaxial 
square 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 wire have been 

presented by Aktaş et al. [17]. Kes et al. [18] 
reported the electronic properties of a 
coaxial QWW with an insulating layer under 
electric field. In recent years, research on the 
interaction of intense laser fields with 
electrons in semiconductors has increased 
with the emergence of high-power tunable 
laser sources. One of the such sources is free 
electron lasers (FEL). The effect of intense 
high-frequency laser field on physical 
properties in low-dimensional structures has 
been investigated in previous studies [19–
22]. Again, in previous studies, it has been 
shown that the potential profiles of quantum 
structures intensely affect linear and non-
linear absorption coefficients [23,24]. The 
effect of optical absorption coefficients on 
square quantum wires under laser field was 
investigated by Bekar et al. [24]. 

It is aimed to obtain the energy states 
and wave functions of an electron in square-
section coaxial quantum wires, and to find 
the total linear absorption coefficients of all 
allowed transitions under external fields. 

 
THEORY 
The structural view of the coaxial 

square quantum wires studied here is given 
in Fig.1. The system consists of two coaxial 
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equilateral square 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 wires separated by 
a 𝐴𝐴𝐴𝐴𝑥𝑥1𝐺𝐺𝐺𝐺1−𝑥𝑥1𝐴𝐴𝐴𝐴 layer. The outer 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 wire 
is also coated with a layer of 𝐴𝐴𝐴𝐴𝑥𝑥2𝐺𝐺𝐺𝐺1−𝑥𝑥2𝐴𝐴𝐴𝐴. 
The 𝐴𝐴𝐴𝐴𝑥𝑥1𝐺𝐺𝐺𝐺1−𝑥𝑥1𝐴𝐴𝐴𝐴 layer creates a finite 
potential as the 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 wires are connected 
allowing an electron to tunnel between 
them. 

 
Fig. 1 The cross-sectional view of the coaxial wire 

 
The Hamiltonian of an electron in the 

quantum wire system described in Fig.1, is 
given by under the magnetic field 𝐵𝐵�⃗  and 
electric field 𝐹⃗𝐹 applied to the structure 
𝐻𝐻0 = 1

2𝑚𝑚∗𝑐𝑐2
�𝑝⃗𝑝𝑐𝑐 + 𝑒𝑒𝐴𝐴�

2
+ |𝑒𝑒|𝐹𝐹𝐹𝐹 + 𝑉𝑉(𝑥𝑥,𝑦𝑦)          (1) 

where m* is the electron effective mass and 
e the elementary charge. Magnetic vector 
potential gauge 𝐴𝐴 was chosen 

𝐴𝐴 = �−
1
2
𝐵𝐵𝑦𝑦𝑥𝑥� ,

1
2
𝐵𝐵𝑥𝑥𝑦𝑦��            ,             (2) 

and V(x, y) the finite confining potential for 
electron given by  
𝑉𝑉(𝑥𝑥,𝑦𝑦)

= �

0, 0 ≤ 𝑥𝑥 < 0.5𝑎𝑎∗ 𝑎𝑎𝑎𝑎𝑎𝑎 0 ≤ 𝑦𝑦 < 0.5𝑎𝑎∗
 𝑉𝑉0, 0.5 ≤ 𝑥𝑥 < 1.0𝑎𝑎∗ 𝑎𝑎𝑎𝑎𝑎𝑎 0.5 ≤ 𝑦𝑦 < 1.0𝑎𝑎∗         

0, 1.0 ≤ 𝑥𝑥 < 1.5𝑎𝑎∗ 𝑎𝑎𝑎𝑎𝑎𝑎 1.0 ≤ 𝑦𝑦 < 1.5𝑎𝑎∗  

 𝑉𝑉0, 1.5 ≤ 𝑥𝑥 < ∞  𝑎𝑎𝑎𝑎𝑎𝑎 1.5 ≤ 𝑦𝑦 < ∞  (3)
 

 
If one use 𝑎𝑎∗ = ħ2𝜀𝜀/𝑚𝑚∗𝑒𝑒2 and 𝑅𝑅∗ = 𝑚𝑚∗𝑒𝑒4/2ħ2𝜀𝜀2  
as the units of reduced length and energy, 
respectively, while laser field vector 
potential is to be  

𝐴𝐴 = 𝐴𝐴0 cos(𝜔𝜔𝑑𝑑𝑡𝑡) 𝑥𝑥�             ,             (4) 
and for 𝑝⃗𝑝 = −𝑖𝑖ℏ∇��⃗ , the Hamiltonian in Eq.1 
can be expressed in the form of 

𝐻𝐻0 = −∇2 + 𝜂𝜂𝜂𝜂 + 𝛾𝛾2
(𝑥𝑥2 + 𝑦𝑦2)

4
+  𝑉𝑉𝐷𝐷𝐷𝐷(𝑥𝑥,𝑦𝑦)    ,   (5) 

where 𝛾𝛾 = 𝑒𝑒ħ𝐵𝐵(2𝑚𝑚∗𝑐𝑐𝑅𝑅∗)−1, 𝜂𝜂 = |𝑒𝑒|𝑎𝑎∗𝐹𝐹(𝑅𝑅∗)−1, 
and 

     𝑉𝑉𝐷𝐷𝐷𝐷(𝑥𝑥,𝑦𝑦) ≅
𝜔𝜔𝑑𝑑

2𝜋𝜋
� 𝑉𝑉(𝑥𝑥,𝑦𝑦, 𝑡𝑡)𝑑𝑑𝑑𝑑
2𝜋𝜋/𝜔𝜔𝑑𝑑

0
 

≅
1

2𝜋𝜋
� 𝑉𝑉(𝑥𝑥 + 𝛼𝛼0𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑦𝑦)𝑑𝑑𝑑𝑑     .          (6)
2𝜋𝜋

0
 

 
Then, the wavefunctions 𝛹𝛹𝑛𝑛(𝑥𝑥,𝑦𝑦) and 

energy levels 𝐸𝐸𝑛𝑛 of the electron can be found 
from the Schrödinger equation  

𝐻𝐻0𝛹𝛹𝑛𝑛(𝑥𝑥,𝑦𝑦) = 𝐸𝐸𝑛𝑛𝛹𝛹𝑛𝑛(𝑥𝑥,𝑦𝑦)               .         (7) 
All energies and wavefunctions were 
calculated by the finite differences method.  

The linear optical absorption coefficient 
is 

𝛽𝛽(𝜔𝜔)

= ℏ𝜔𝜔�
𝜇𝜇

𝑛𝑛𝑠𝑠2𝜖𝜖0
�

𝜎𝜎�𝑀𝑀𝑖𝑖𝑖𝑖�
2𝜏𝜏𝑖𝑖𝑖𝑖−1

�𝐸𝐸𝑖𝑖𝑖𝑖 − ℏ𝜔𝜔�2 + ℏ2𝜏𝜏𝑖𝑖𝑖𝑖−2
 �       .    (8) 

The dipol matrix element 𝑀𝑀İ𝑓𝑓 in Eq.7 is 
given by 

𝑀𝑀𝑖𝑖𝑖𝑖 = 𝑒𝑒� � 𝛹𝛹𝑖𝑖(𝑥𝑥,𝑦𝑦) 𝑥𝑥 𝛹𝛹𝑓𝑓(𝑥𝑥,𝑦𝑦)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
+∞

−∞

+∞

−∞
   .     (9) 

 
RESULTS 

The electronic and optical properties of 
the coaxial square quantum well wire 
structure were obtained under the electric, 
magnetic, and laser fields. The Rydberg 
energy and effective Bohr Radius were used 
as 𝑅𝑅∗ = 5.83 𝑚𝑚𝑚𝑚𝑚𝑚, and 𝑎𝑎∗ = 100 Å, 
respectively. The structural constants are 
 𝑉𝑉0 = 41 𝑅𝑅∗, the electron density  𝜎𝜎 =
3𝑥𝑥1022𝑚𝑚−3, the refractive index 𝑛𝑛𝑠𝑠=3.2, the 
relaxation coefficient 𝜏𝜏𝑖𝑖𝑖𝑖 = 0.2 𝑝𝑝𝑝𝑝, and the 
optical intensity 𝐼𝐼 = 0,3 𝑀𝑀𝑀𝑀/𝑐𝑐𝑚𝑚2. 

In Fig. 2, the first ten electronic energy 
levels are shown as functions of electric field 
intensity. The background energy 𝐸𝐸1 follows 
a constant course until the electric field 
increases to ~12 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐, then it shows a 
linear decrease with increasing intensity for 
fields larger than this threshold intensity. 
The energy states 𝐸𝐸2 and 𝐸𝐸3 exhibit a crossing 
at an electric field strength of ~15 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐. 
Another crossing is also observed between 
the energy states 𝐸𝐸9 and 𝐸𝐸10 at ~16 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐.The 
𝐸𝐸7 and 𝐸𝐸8 are degenerate until the electric 
field intensity increased up to 10 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐. 
 



308 
International Scientific Conference “UNITECH 2023” – Gabrovo 

 
Fig.2 Electric field effect on first ten energy states. 

 
Another interesting point in Fig.2 is 

that, the energy states 𝐸𝐸3 and 𝐸𝐸4 are 
degenerate, and the 𝐸𝐸2 is very close to these 
two energy levels when there is no electric 
field. Fig.3 presents the wave function of an 
electron in the 𝐸𝐸2 level in three dimensions 
when no external field is applied for that 
case. The wave function exhibits a 
symmetrical distribution mostly localizing 
on the outer corners of the structure. Fig. 4 
compares the wave functions of the electron 
in the degenerate 𝐸𝐸3 and 𝐸𝐸4 as in-plane 
contour plots. These wave functions, which 
are essentially identical, but have 900 of 
rotational symmetry with respect to each 
other. 

 
Fig.3 The three dimensional representation of electronic 
wavefunction at second energy level.  

 
Fig.4 The two dimensional footprints of electronic 

wavefunctions at third (the left-hand side) and fourth (the 
right-hand side figure) energy levels. 

Application of a magnetic field, like 
electric field, is another probe that 
characterizes the electronic and optical 
properties of low-dimensional structures. 
The change of energy states of the structure 
consisting of coaxial quantum wires 
modelled here depending on the applied 
magnetic field intensity is reflected in Fig. 5. 
The 𝐸𝐸1 energy state follows an almost 
constant value course with increasing 
magnetic field intensity compared to other 
energy states. The degeneracy of 𝐸𝐸3 and 𝐸𝐸4 
energy levels come across in no-field is 
applied becomes permanent, this time up to 
a value of approximately 1.7 𝑇𝑇. In addition, 
in the structure with a potential depth of 
 𝑉𝑉0 = 41 𝑅𝑅∗, at high magnetic field 
intensities, all excited energy levels, 
especially 𝐸𝐸10, climb towards this depth 
value. Another interesting point is that, as a 
general trend, energy states that increase 
exponentially with the magnetic field show 
a plateau in the high mid-range intensities. 

 
Fig.5 Magnetic field effect on first ten energy states. 

 
Apparently, potential profiles of low 

dimensional structures can be altered and 
controlled, and so their electronic and optical 
properties, by laser fields [19-22]. With this 
motivation, the electronic properties of the 
structure targeted to be examined are shown 
in Fig. 6 as functions of laser field intensity 
in addition to the electric and magnetic field 
applications. This time, while 𝐸𝐸1 shows a 
curvilinear behavior with a minimum with 
increasing laser field intensity, it becomes 
degenerate with 𝐸𝐸2 in areas larger than 
0.4 𝑎𝑎∗. Depending on the increasing laser 
field intensity, in the energy states from 𝐸𝐸8 
to 𝐸𝐸10, a tendency to exceed the  𝑉𝑉0 = 41 𝑅𝑅∗ 
depth with a rapid climb, that is, to release 
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the electron from where it is confined, is 
observed. 

 
Fig.6 Laser field effect on first ten energy states. 
 
Optical properties are discussed in this 

study on the basis of calculating linear 
absorption coefficients as functions of 
photon energy. The total linear absorption 
coefficient in the coaxial wires without 
electric field and with 10 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐 and 20 𝑘𝑘𝑘𝑘/
𝑐𝑐𝑐𝑐 field strengths are shown in Fig.7. The 
total linear absorption coefficient means the 
addition of all possible transitions. It is 
observed that in the absence of an electric 
field, all transitions occur with three peaks in 
the 0 − 35 𝑚𝑚𝑚𝑚𝑚𝑚 photon energy range. For the 
10 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐 field strength application, the 
number of peaks decreases by two, while a 
small shift towards higher photon energies is 
observed. For a field strength of 20 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐, 
the three peak appearance returns and the 
photon energy range increases to 0 − 75 𝑚𝑚𝑚𝑚𝑚𝑚. 
The total absorption coefficient was also 
calculated under 0.25 𝑎𝑎∗ and 0.5 𝑎𝑎∗ laser 
fields. However, the results are not given 
here for the sake of brevity because they 
were very similar to those obtained for 
10 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐 and 20 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐 electric field 
strengths. 

 
Fig.7 The linear absorption coefficients in the coaxial 

wires without electric field and with 10 and 20 kV/cm field 
strengths. 

The results shown in Fig.8 show the 
behavior of the total linear absorption 
coefficient under two different magnetic 
field intensities. For 𝐵𝐵 = 1 𝑇𝑇esla, the energy 
range in which all transitions expands to 0 −
70 𝑚𝑚𝑚𝑚𝑚𝑚 range, while the coefficient shows a 
slight increase compared to its no-field 
values. 

 
Fig.8 The linear absorption coefficients in the coaxial wires 
without magnetic field and with 1 and 2 Tesla field 
strengths. 

For 𝐵𝐵 = 2 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, two well-defined peaks  in 
the narrow 100 − 150 𝑚𝑚𝑚𝑚𝑚𝑚 range are observed 
and the photon energy range occurs with a 
large increase. Meanwhile, the application of 
2 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 increases the absorption coefficient 
approximately seven to ten times compared 
to its magnitudes at no-field and 1 𝑇𝑇esla field 
strength. 

 
CONCLUSION 

The electronic and optical properties of 
the coaxial quantum well wire, which has a 
symmetrical structure, were determined 
depending on the variations in the energy 
states due to externally applied electric, 
magnetic and laser fields. The material 
composition of the wire was chosen to be 
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺/𝐴𝐴𝐴𝐴𝑥𝑥𝐺𝐺𝐺𝐺1−𝑥𝑥𝐴𝐴𝐴𝐴. It was observed that 
external fields applied to the structure 
created significant characteristic changes in 
the energy states depending on their 
intensity. In particular, high magnetic field 
intensities can increase the total linear 
absorption coefficient maxima by up to 10 
fold compared to those obtained at low 
magnetic field intensities. 
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