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The ionization energies of a hydrogenic donor in a GaAs- Ga1-xAlxAs cubical quantum 

dot system are obtained for various cross-sectional geometries. We have investigated 

the metal -insulator transition in such a system by considering the simultaneous 

effects of pressure and geometry. It is observed that, the ionization energies are 

increased due the geometry effect. Consecutively, the metal insulator transition 

couldn’t occur for lower concentration of donor impurities. We present the results for 

infinite confinement. 
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1. INTRODUCTION 
 

In the last few decades, there has been considerable interest in the study of 
impurity states in low dimensional quantum well systems due to their 
impending applications in electronic and optoelectronic devices [1-3]. The 
binding energy of shallow donor impurities in nanoscopic systems depends on 
materials, geometry, size and shape [4, 5]. The position of the impurity has a 
strong influence [6]. Schweizer et al. [7] have produced rectangular transversal 
section GaAs-(Ga, Al)As quantum well wires and quantum dots. The more real 
zero dimensional quantum hetero structure (cubic dot) was studied by Ribeiro 
and Latg´e [8]. Oyoko et al. [9] studied donor impurities in a parallelepiped-
shaped GaAs-(Ga, Al)As quantum dot. Kasapoglu et al. have studied the 
geometrical effects on shallow donor impurities in quantum well wire [10]. 
Jeyakumar et al. have investigated the effect of geometry on diamagnetic 
susceptibility of a hydrogenic donor in GaAs-(Ga, Al)As systems[11].  
 Doping in quantum dots (Qdots) plays a vital role when Qdots are used for 
various technological applications such as optoelectronic, magnetic, biological 
and spintronic applications. Optical properties of Qdots can be varied by 
changing the amounts [12] and the positions [13] of dopants in the Qdots. In 
the last few years, theoretical investigations on MIT in GaAs-Ga1 – xAlxAs 

quantum wells have been reported by several investigators. The purpose of 
the present work is to see, how the metal insulator transition (MIT) may 
affect due to the geometrical effect and pressure. Within our knowledge, the 
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influence of simultaneous effects of hydrostatic pressure and geometry on 
the MIT in a GaAs cubical quantum dot has not been reported. 
 This  paper  has  been  organized  as  follows.  In  Section2,  the  model  and  
calculations is described. The Results and discussion is given in Section 3. 
Finally, a brief conclusion is given in Section 4. 
 
2. MODEL AND CALCULATIONS 
 

The Hamiltonian for a screened donor impurity in a GaAs cubical quantum 
dot is given by 
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where m* is the effective mass of the donor electron in GaAs dot and e(r) is 
the dielectric screening function. The second term in Eqn.(1) which is 
responsible for the phase transition. We assume Thomas-Fermi dielectric 
screening function, which can be written as 
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Here l is screening parameter, which is related with density of states [n(x)] 
at Fermi energy is given by,  
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The third term in Eqn.(1) which confines the donor electron within the 
quantum dot. The confining potential is given by 
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Here Rx, Ry and Rz give the dimension of the system along x, y and z axes. 
The ground state wave function for Hamiltonian (H) can be written as  
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where N is  the normalization constant  and a is the variational parameter. 
The Schrodinger equation is solved by variational method and the áHñ can be 
written as 
 áHñ = áTñ + áVñ + áVD(r)ñ (6) 
 

where áTñ is the expectation of kinetic energy which can be written as, 
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The expectation of impurity potential energy is given by 
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The expectation of confining potential energy is áVD(r)ñ = 0. To obtain the 
ionization energy, H is minimized with respect to a and  is  calculated  by  
using the following formula. 
 

 min                                         ion subE E H= -  (9) 

 
where Esub is  the  sub  band  energy  which  is  calculated  from  the  following  
formula for different dot geometries. 
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2.1 Effect of hydrostatic pressure 
 

Application of hydrostatic pressure modifies dot size, dielectric constant and 
effective mass in the following way [14]. 
 

4
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where P is expressed in GPa. 
Using these variations the binding energy and the donor ionization energies 
of dot were obtained for 30 Kbar pressure using the variational method as 
explained above. 
 The effect of the diamagnetic susceptibility (cdia) of a hydrogenic donor 
is calculated by using the following formula [15].  
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where c is the velocity of light (which is equal to 137au and e = 1 in atomic 
units), and ár2ñ is the mean square distance of donor electron from the donor 
ion. By making use of previous results the cdia values for an infinite cubical 
quantum dot are estimated. For infinite barrier model we use the expression, 
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3. RESULTS AND DISCUSSION 
 
The results obtained are shown in Figs. 1-4. The ionization energies of a 
hydrogenic donor in a cubical quantum dot for two different geometries 
such as G1(Rx, Ry, Rz) and G2(Rx, 0.5Ry, Rz) are presented in Fig. 1. It is 
noticed that the donor ionization energy increases when the dimension of 
the system along y axis  (Ry) is reduced by half. This is mainly due to the 
compression of wave function. Also the donor ionization energy decreases as 
the dot size increases. This type of variation is common to all quantum well 
systems with infinite barriers [16].  
 

 
 

Fig. 1 - Variation of ionization energy with radius for two different geometries 
 

 The variation of ionization energy with donor impurity concentration is 
shown in Fig. 2 for an infinite cubical quantum dot with three different 
cross- sectional geometries namely G1(Rx, Ry, Rz), G2(Rx, 0.5Ry, Rz) and 
G3(Rx, 0.25Ry, Rz).Here the R is  taken  as  200  Å. The ionization energy 
increases as the impurity concentration decreases. MIT (ionization energy 
goes to zero) takes place very quickly when there is no geometrical effect is 
included. It is concluded that as such the inclusion of geometrical effect has 
no vital role in the studies of MIT. 
 The variation of ionization energy with donor concentration in the 
presence of simultaneous effects of pressure and geometry on a cubical 
quantum dot is shown in Fig. 3. In this case, the cubical quantum dot may 
shrink due to application of pressure and geometry effect. It is reflected in 
the  estimation  of  binding  energy  and  in  turn  affects  MIT  of  a  cubical  
quantum dot. It is noted that, the ionization energy is almost constant when 
the donor impurity concentration goes to high for three different 
geometries. Where R is taken as 1000 Å. 
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Fig. 2 - Variation of donor ionization energy with concentration for three different 
geometries 

 

 Fig. 4 exhibits MIT through diamagnetic susceptibility of a donor in a 
GaAs-GaxAl1-xAs infinite cubical quantum dot of size R = 1000 Å with the 
geometry of G4(0.5Rx(P), Ry(P), Rz(P)).. As expected, cdia diverges at a 
critical concentration (Nc).This trend is evident from Fig.4. It is observed 
that MIT takes place at (Nc) of 1018 cm–3when pressure and geometry effects 
are included. At present there are no experimental or theoretical results we 
couldn’t compare our results with the existing literature. 

 

Table. 1 – Variation of effective mass, dielectric constant, and well size of GaAs with 
pressure 
 

Sr. 
No 

Pressure 
(Kbar) 

m*(p) 
(a.u) 

e (p) 
(a.u) 

L (p) (a.u) 

L (0) = 1000 Å 

1 

2 

3 

4 

5 

0 

10 

20 

30 

40 

0.067 

0.0724 

0.0783 

0.0847 

0.0915 

12.65 

11.77 

10.89 

10.01 

9.13 

1887 

1882 

1877 

1872 

1867 
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Fig. 3 - Variation of donor ionization energy with concentration for three different 
conditions 
 

 
 a b 
 

Fig. 4 - MIT through diamagnetic susceptibility (a), MIT through ionization energy (b) 
 
4. CONCLUSION 
 

In conclusion of this paper, we have investigated the metal insulator 
transition in GaAs-Ga1 – xAlxAs  cubical  quantum  dot  under  simultaneous  
effects of hydrostatic pressure and geometry by making use of a variational 
method. It is found that the binding energy increased when the Ly 
dimension  of  the  system  along  y  axis  is  reduced  by  a  half  and  a  quarter  
irrespective of the donor impurity concentrations. In order that, the metal 
insulator transition couldn’t occur quickly at lower concentration of donor 
impurities in the presence of geometry effect. We believe that our 
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investigation on simultaneous effects of hydrostatic pressure and geometry 
on metal-insulator transition in a GaAs cubical quantum dot will stimulate 
more experimental investigations on these aspects. 
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