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SIMULTANEOUSLY EFFECTS OF ELECTRIC AND 

MAGNETIC FIELDS ON THE DONOR POLARIZABILITY IN 

GaAs SPHERICAL QUANTUM DOTS 

Liliana M. BURILEANU1, Gabriela C. TIRIBA2 

The simultaneous effects of the applied electric and magnetic fields on the binding 

energy and polarizability of a donor impurity in spherical GaAs quantum dots with 

parabolic confinement are investigated by using the variational procedure, within 

the effective mass approximation. The results are reported for two different quantum 

dot radii and different positions of the impurity inside the quantum dot. Our results 

show that spherical dot impurity binding energy and the polarizability can be tuned 

by means of the applied external electric and/or magnetic field, which can be used 

in the semiconductor device design. 

Keywords: Polarizability; quantum dot; hydrogen like impurity; electric and 

magnetic fields. 

1. Introduction 

In recent years, the quantum dot-like nanostructures have led to an unprecedented 

development of optoelectronic devices such as infrared photodetectors [1], 

quantum dot lasers [2], single photon sources [3], single electron transistors [4], 

solar cells [5], and light emitting diodes [6].  

There is also a special interest on the impurity atoms that are added to 

heterostructures because they significantly increase the number of charge carriers 

modifying the properties of the host material. The presence of a hydrogenic 

impurity in a semiconductor nanostructure allow us to change its electronic and 

optical properties, such as donor binding energy, electronic structure, 

photoionization cross section, and second-order optical nonlinear properties. In 

addition there are studies of the influence of external electric and magnetic fields 

applied on these heterostructures because such fields change the confining 

potential of the charge carriers and can provide valuable information about the 

hydrogenic impurity states. There are many articles [7-38] dealing with these 

topics. 

The subject of the impurity polarizability is treated in some of them. Morales et al. 

evaluated the shallow-impurity polarizability in asymmetric GaAs/GaAlAs double 

quantum wells under electric field and hydrostatic pressure [25]. Peter 
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investigated the effect of electric and magnetic fields on the donor binding 

energies and polarizability of an on-center shallow donor in finite-barrier 

GaAs/AlGaAs nanodots [26] and in CdxinMn1-xinTe/CdxoutMn1-xoutTe spherical 

quantum dots (the effect of the electric field only) [27]. 

The binding energy and the polarizability of a donor impurity in double quantum-

well wires under the action of the hydrostatic pressure and applied electric field 

were studied by Tangarife and Duque. They found a strong dependence of these 

quantities on the confinement potential and the applied electric field direction [28-

29]. Khordad et al. [30] calculated the polarizability of a hydrogenic donor 

impurity in a ridge quantum wire. Their conclusion was that the binding energy 

and the polarizability of the impurity strongly depended on the confinement 

potential, the impurity position and the electric field direction. 

The effect of an applied electric field on the binding energy and polarizability of a 

donor impurity in a prism-shaped GaAs quantum dot with triangular cross-section 

was theoretically investigated by Cristea and Niculescu [31]. Their study shows 

that an electric field applied along the dot axis strongly changes the spatial 

distribution of the electron wave functions, the subsequent energy levels and the 

donor polarizability. 

Satori et al. [32] studied the influence of an applied electric field on the ground 

state binding energy and the polarizability of a hydrogenic impurity located at the 

center of a spherical quantum dot with both infinite and finite height confinement 

potentials. 

In this paper we present our studies about the polarizability of a hydrogenic 

impurity located in a GaAs/AlGaAs spherical quantum dot under joint action of 

electric and magnetic fields. Calculations are made within the effective mass 

approximation by using a variational procedure for some dot radii and different 

positions of the impurity inside the dot. Compared to similar papers previously 

published we study the electron probability density in the absence/presence of the 

impurity as a function of the applied fields. Then these results are used to explain 

the polarizability behavior of this nanostructure. We show that, the binding energy 

and the polarizability are modified by the applied electric and magnetic fields. 

2. Theory 

We consider a GaAs/Ga0.7Al0.3As spherical QD and an inside hydrogenic donor 

impurity under the combined action of static electric and magnetic fields. We 

assign the reference frame origin to be in the dot center, and consider that the 

impurity may have any position on the Oz axis inside the dot. We choose the 

applied fields to point toward the negative z-axis.  
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The quantum system acquires cylindrical symmetry and the electron position is 

denoted by the vector  , ,r z  . The form of confinement potential of the 

electron is:  

  2 2
0

1
, , *

2
confV z m r    ,       (1) 

where *m  is the electron effective mass, 0 2*m R
   is the frequency of 

confinement potential for spherical QD of  radius R and 2 2 2r z   . 

In the effective mass approximation, when the electron is subject to the electric 

and magnetic field action, the electron Hamiltonian has the general form: 

 
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In order to exactly solve the corresponding Schrödinger equation we drop the 

Coulomb energy term for moment and write this reduced Hamiltonian in 

cylindrical coordinates: 
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Here ˆ
zl  is the z-component of the angular momentum operator, e is the 

elementary charge, F is the electrostatic field strength, 2 2
04c     where 

*
c

eB

m
   is the cyclotron frequency, and B is the magnetic field strength. 

The solution of the 
*Ĥ corresponding Schrödinger eigenvalue equation can be 

written as        , , ,z f z        and these two functions are [39, 40]: 
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In Eqs. (4) and (5) / *s m  ,  , ;F a b x  is the confluent hypergeometric 

function, n is the radial quantum number, m is the magnetic quantum number, 

 
znH z  is the Hermite polynomial and zn  is the harmonic quantum number. 

The electron eigenenergies are given by 
2 2

, , 0 2
0

1 1

2 2 2 2 *z

c
n m n z

m m e F
E n n

m

    
          
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In what follows we will only refer to the ground state of the electron whose wave 

function and energy are denoted by 0  and 0E  respectively. 

In the presence of the impurity the Hamiltonian given by Eq. (3) must be 

completed with the Coulomb energy term 
2 1

4 i

e

r r
 

 
, depending on the 

impurity position  0,0,i ir z . The eigenvalues of this Hamiltonian Ĥ  cannot be 

exactly found so that an approximate method should be used. We apply the 

variational method using the following trial functions [28]: 

     0, , ; , , exp[ ]i iz z z r r         ,     (7) 

where   is the variational parameter depending on F, B, and iz . 

We obtain the minimum energy of the electron in the presence of the impurity and 

the applied fields namely the ground state energy of the complete system: 

min

ˆ
min

W H W
E

W W
        (8) 

and the electron binding energy as the difference between the ground-state energy 

without impurity and this minimum energy  

0 minbE E E  ,        (9) 

where for short,  , , ; iW z z    . 

This new ground state wave function W may be also used to calculate the dot 

polarizability due to the applied fields in the impurity presence. 

The electron cloud electric moment due to the applied fields is defined as [26]: 

0 0
( )
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       pF F

P ez ez F      (10) 

so that the dot polarizability p  is [25, 28-31, 41]: 
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3. Results and discussion 

In what follows, the required parameters used in our calculations are [42]: 

0* 0.0665m m , and 12.4r  . 

The effect of the electric and magnetic fields on the electron cloud localization in 

the absence of the impurity is shown in the Figs. 1 and 2. 

Fig. 1 shows the cross section of the probability density in z = 0 plane (denoted as 

xOy plane) for the electron ground level under different strengths of applied 

magnetic field. The results for R = 8 nm and R = 10 nm are presented in the left 

panel and the right panel, respectively. The circles drawn with dashed line 

represent the QD boundary. 

In the absence of any applied field (Figs. 1(a) and (c)) the wave function is largely 

confined around 0r


, but with increasing QD size the confinement potential 

overall decreases as the fourth power of its radius. 

The effect of the magnetic field (Fig. 1(b) and (d)) on the electron density 

distribution in the absence of the electric field consists in a stronger confinement 

of the wave function around the center of the QD compared with the state without 

applied field. 

Changing the observation plane, from xOy to xOz, the effects of applied fields can 

be better revealed (Fig. 2). As the electric field strength increases (Figs. 2(a) and 

(c)) a shift of the electron oscillation center in the opposite field direction occurs 

but the electron cloud spherical symmetry is preserved. The shift is larger for 

bigger QD radius at given field strength. 
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Fig. 1. (Color online) The cross section of the electron probability density for the ground level of 

spherical GaAs QD without impurity under different strengths of the applied magnetic field 

directed along the negative z-axis. The observation plane is xOy. The left panel is for R = 8 nm, 

and the right panel for R = 10 nm. The circles drawn with dashed line represent the QDs boundary. 
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The presence of the magnetic field reduces the spherical symmetry to an 

ellipsoidal symmetry (Fig. 2(b), (d)). Thus, the effect of these two fields 

simultaneously applied consists in a shift of the oscillation center and an electron 

density distribution of ellipsoidal shape. The ellipsoid becomes more elongated in 

the field direction as the QD radius and the magnetic field strength increase. 

The presence of a hydrogenic impurity into the QD generates the appearance of an 

electric multipolar structure whose polarizability we calculate.  
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Fig. 2. (Color online) The cross section of the electron probability density for the ground level of 

spherical GaAs QD without impurity under different strengths of the applied electric and magnetic 

fields directed along the negative z-axis. The observation plane is xOz. The left panel is for R = 8 

nm, and the right panel for R = 10 nm. The circles drawn with dashed line represent the QDs 

boundary. 
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Fig. 3. (Color online) The binding energy of the on-center donor impurity in spherical GaAs 

quantum dots with parabolic confinement, versus the applied electric field strength. The results are 

for two different spherical dot radii: (a) R=8nm and (b) R=10nm. Several values of the magnetic 

field strength are considered. 
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The Fig. 3 shows the dependence of the binding energy of the on-center 

impurity on the applied electric field strength for the same two already considered 

QD radii and several magnetic field values.  

We note a decrease of the binding energy as the electric field strength increases 

and an increase of this quantity as the magnetic field value grows. This behavior 

can be explained by considering that the electric field may induce an enlarged 

dipole length while the magnetic field has contrary effect. Other authors [25, 26, 

32] have also reported similar results. 

The Figs. 4 and 5 show the same analysis given in Figs. 1 and 2 but in the 

presence of the impurity located at the center of QDs. The effects of the applied 

fields on the electron energy and distribution already shown generally remain the 

same in the presence of the impurity. 

However there is a difference that worth to be highlighted. In both sections (z = 0 

and y = 0 planes) there is an evident tendency of the electron cloud to stay near 

the impurity position. As result a notable difference from the Figs. 2 (b) and (d) 

appears: the density distribution takes the shape of an asymmetrical ellipsoid (a 

drop-like shape) with the sharp part directed toward impurity located in the QD 

center. In Figs. 5 (a) and (c) although the magnetic field is absent, we note a drop-

like shape of the density distribution because the static electric field shifts the 

oscillation centre but the Coulomb interaction directed toward the impurity 

position opposes this trend. 
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Fig. 4. (Color online) The cross section of the electron probability density for the ground level of 

spherical GaAs QD with on-center impurity under different strengths of the applied magnetic field 

directed along the negative z-axis. The observation plane is xOy. The left panel is for R = 8 nm, 

and the right panel for R = 10 nm. The circles drawn with dashed line represent the QDs boundary. 
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Fig. 5. (Color online) The cross section of the electron probability density for the ground level of 

spherical GaAs QD with on-center impurity under different applied electric and magnetic fields 

directed along the negative z-axis. The observation plane is xOz. The left panel is for R = 8 nm, 

and the right panel for R = 10 nm. The circles drawn with dashed line represent the QDs boundary. 

 

The binding energy dependence on the impurity position inside the 

quantum dot is shown in the Fig. 6. The impurity position varies between -R and 

+R along the direction of applied fields for the dot radii 8R  nm (the left panel) 

and 10R  nm (the right panel). The magnetic field strength values are 

0,10, 20B  T and the electric field strength values are 0, 10, 20F  kV/cm 

marked by (a), (b), (c) respectively, on the curves. 

The effects of the applied fields generally remain the same as in the discussed 

case of the on-center impurity when the impurity is located in 0iR z    

domain, namely the binding energy monotonically decreases when electric field 

strength increases. For 0F   it can be seen that the binding energy has the 

maximum value when the impurity is located on the dot center; the electric field 

presence leads to getting the binding energy maximum for other positions outside 

the dot center when the impurity location is in 0 iz R   domain. 

In the on-center donor position case the polarizability due to the electron cloud 

versus the electric field strength both in the absence and presence of the magnetic 

field is plotted in Fig.7 for two dot radii. One can note that the polarizability 

increases as the QD radius and electric field strength increase while the opposite 

effect of the magnetic field is quite low. 
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Fig. 6. (Color online) The binding energy versus the donor position iz  along the direction of 

applied fields for F = 0, 10, 20 kV/cm marked by (a), (b) and (c) respectively. The results are for 

two different spherical dot radii: R=8 nm (the left panel) and R=10 nm (the right panel). Several 

values of the magnetic field strength are considered. 
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Fig. 7. (Color online) The polarizability versus the applied electric field strength for on-center 

donor impurity in spherical GaAs quantum dots with radial confinement. The results are for two 

different spherical dot radii: (a) R = 8 nm and (b) R = 10 nm and for three magnetic field strengths 

( B = 0, 10 T and 20 T). 
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When the impurity is on the quantum dot center in the absence of the applied 

electric field the electron cloud has a spherical symmetry due to elastic and 

Coulomb potentials and it is additionally confined around this position by the 

magnetic field. The applied electric field moves the electron cloud toward positive 

z-axis and as a result, the average value z  and the polarizability increase.  
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Fig. 8. (Color online) The polarizability versus the impurity position iz  along the direction of 

applied fields for F = 5, 10, 15 kV/cm marked by (1), (2) and (3) respectively. The results are for 

two different spherical dot radii: R = 8 nm (the left panel) and R = 10 nm (the right panel) and for 

three magnetic field strengths ( B = 0, 10 T and 20 T). 

 

The polarizability dependence on the impurity position along the direction of 

applied fields inside the quantum dot is shown in the Fig. 8 for different electric 

and magnetic strength values. 

We firstly note that also in this case, the influence of the magnetic field on the 

polarizability values is very weak for the considered dot radii and magnetic field 

strengths.  

The effect of the electric field on the polarizability is different if the impurity is 

displaced in the positive or negative way of the z-axis due to the distinct way of 

effect combination of the Coulomb field and applied electric field. The impurity 



Simultaneously effects of electric and magnetic fields […] in GaAs spherical quantum dots   279 

Coulomb field makes a deformation of the electron cloud when the impurity is 

displaced in any other position inside the quantum dot and F = 0. 

For the negative zi impurity positions the effect of the applied electric field is a 

monotonous increase of z  values and polarizability. When impurity is closer to 

the dot center the cloud deformation is smaller and so is its polarizability. 

The effect of the applied electric field on the electron cloud is slightly different for 

the positive zi impurity positions. The change of the cloud average position values 

first decrease until the Coulomb field deformation effect is compensated by that of 

the increasing applied field; then, when the cloud center overpasses the impurity 

position, the z  values increase again for higher F. Therefore, the polarizability 

curves show minimum values when the impurity position approximately coincides 

with the electron cloud center. 

4. Conclusions 

In summary, in the present work we have studied the effects of applied 

electric and magnetic fields on the donor impurity related polarizability in GaAs 

spherical quantum dots. 

The behavior of the polarizability can be understood in terms of the localization 

properties of the electron cloud, properties that can be modified by the applied 

electric and magnetic fields and depending on the QD radius, too. The electric 

field shifts the electron oscillation center, reduces the electron-impurity pair 

binding energy and as result increases the polarizability. The magnetic field has 

the opposite effect: it induces an ellipsoidal symmetry that makes the mean 

electron-impurity distance to be shortened, increases the binding energy, resulting 

in smaller polarizability values. These applied field effects are more evident when 

the QD size is larger as it is expected. 

Our results show that the polarizability values for the impurity fixed positions 

inside the quantum dots can be significantly controlled by the applied electric and 

magnetic field strengths. 
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