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Abstract 

 

Using a    ion model in an N-type semiconductor and a product 

Gaussian wave function with two variational parameters, closed analytical 

expressions are obtained for binding energy when the system is subjected 

to intense magnetic fields. The important results obtained are 

enhancement in ionization energy as the magnetic field (B) increased, 

reduction in (e - e) interaction energy as B increased, and enhancement in 

(e – e) – interaction energy with an increase in donor concentration. The 

quantitative estimates of the (e – e) – interaction in a magnetic field is a 

new result, which is discussed in the light of MIT and superconductivity. 
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Introduction 

 
Magnetic field is an important probe in the 

investigations on properties of materials for a long 

time [1]. A renewed interest has recently been 

observed, especially in doped semiconductors, with 

a view to understand Metal – Insulator Transition 

(MIT) which is seen as a precursor to 

superconductivity [2, 3]. MIT occurs primarily due 

to two different mechanisms. One is the Mott 

transition driven by electron – electron (e – e) 

interactions and the other is the Anderson transition 

occurring due to randomness in impurity distribution 

[4, 5].  Another interest stems from the observation 

of MIT in low dimensional semiconductor systems  
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such as quantum wells in hetero structures [6, 7], which 

contradicts the celebrated scaling theory [8, 9]. Recently 

a new Mott criterion for MIT in intense magnetic fields 

has been proposed [3]. Randomness and correlation 

effects were introduced  as a consequence of the 

Hubbard model results [10, 11]. The  theoretical  field 

formulations with approximations     in the evaluation or 

computer simulations [9, 12] were published earlier.  In 

the present work, we considered a simple  ion model 

in doped semiconductors and include (e - e) – interaction 

in the Hamiltonian in a strong magnetic field. 

 

Experimental 
 

 Model and calculations 

 

The effective mass theory (EMT) of Kohn and Luttinger 

is  fairly   successful  in  providing  the  shallow    donor   

http://dx.doi.org/10.1016/j.arabjc.2011.01.034
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spectra in semiconductors [13, 14]. Though several 

attempts have been made in the past to overcome 

certain short comings of the EMT, especially in 

many – valley semiconductors, no satisfactory theory 

free from criticism has emerged yet [14, 15].  Within 

the EMT, a ion (ie., a donor with an additional 

electron presumably from a neighboring donor ) as 

shown in Fig 1  is described by the Hamiltonian     

                              (1) 

where  is the Thomas – Fermi screening parameter, 

 is the static dielectric constant of the 

semiconductor and m is the effective mass pertinent 

to the conduction band minimum. The (e - e) – 

interaction is described by 

                                   (2) 

omitting the spin – spin interaction. When the 

impurity concentration is high, the adjacent impurity 

orbits overlap forming an impurity band and the 

Hubbard model explains how correlation effects lead 

to MIT [16]. In a magnetic field,  Eq (1) becomes 

     

                                                                 (3) 

In writing the above Hamiltonian we have used (i) 

cylindrical coordinates and (ii) a system of units in 

which    is the unit of length and  

  is the unit of energy. The     is the 

cyclotron frequency given by   We have 

also defined a dimensionless parameter for magnetic 

field, ,  where R is the effective Rydberg 

in a semiconductor,  given by                                                                        

 . 

  In the above system of units  H1  becomes 

                           (4) 

Hence the total Hamiltonian for the    ion is 
                                                                                             

                                                           
(5) 

The Thomas – Fermi screening parameter 
     

(5) 

contains the donor concentration ,  ,  

 

where    is the density of electron states 

at the Fermi energy . In our system of units,  

.   We solve the 

Schrödinger equation with Eqo(5) as the Hamiltonian, 

choosing the variational method. The variational  

ansatz is chosen as       

                                        (6) 

extending the calculations [2, 3]. Here a and b are the 

variational parameters which extremalise the ground 

state energy. The normalization constant N and the 

ionization energy are given by     

and 

                              (7) 

Note that the energy is now in units of effective 

Rydberg. The ionization energy is the energy required 

to push the electron from the lowest binding energy 

level into the lowest Landau level. The effect of the 

electron spin is to shift the lowest Landau level,  

,  by – , where    is a Bohr magneton. 

Hence Eqo (7)  is modified to  

               (8) 

 

 After a lengthy calculation, we obtain              

                                                                                (9) 

where . In evaluating certain 

integrals we have used the mean value theorem of 

calculus  [17, 18]. 

 

Results and discussion 
 

For every donor concentration and for different 

magnetic fields,  has been computed and 

the results are presented in Fig 1. We notice that the 

‘ionization energy’ increases in a magnetic field. As 

the donor concentration increases this energy 

decreases. These results are similar to those obtained 

earlier [2, 3], except for the contribution from electron 

spin.  The  spin  contribution  itself  is small, 0.316R, 
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with three electrode system of glassy carbon as the 

working electrode, a platinum wire as auxiliary elec-

trode and Ag/AgCl as the reference electrode. Tetra-

butylammoniumperchlorate was used as supporting 

electrolyte. The interaction between copper compl-

exes and CT DNA were studied using electroche-

mical and electronic absorption techniques by keepi-

ng the same concentration of copper complex. 

 

SOD activity  

 
In vitro SOD activity was measured using alkaline 

DMSO as a source of superoxide radical (O2) 

andNitrobluetetrazolium (NBT) as O2 scavenger. In 

general, 400 µl sample to be assayed was added to a 

solution containing 2.1 ml of 0.2 M potassium phos-

phate buffer (pH 8.6) and 1 ml of 56 µM NBT. The 

tubes were kept in ice for 15 min and then 1.5 ml of 

alkaline DMSO solution was added while stirring.The 

absorbance was then monitored at 540 nm aga-inst a 

sample prepared under similar condition except that 

NaOH was absent in DMSO. A unit of SOD acti-vity 

is the concentration of complex or enzyme, which 

causes 50% inhibition of alkaline DMSO mediated 

reduction of NBT. 

 

Molar conductance 
 
The molar conductance data of the copper complex 

was measured in DMSO solution (0.001 M). The 

value fall in the range of 26 Ω
−1

cm
2
mol

−1
, which is 

the expected range for nonelectrolytes. Thus, the 

present complexes are non-electrolytic in nature as 

evidenced by the involvement of acetate group in 

coordination. This result was confirmed from the che-

mical   analysis   of   CH3 COO
−  

 ion   is   notmistri-es 

of metal ions in the complexes based on theposit-ions 

and number of d-d transition peaks. In the electr-onic 

spectra of metal complexes, the wide range of bands 

are due to transition of -HC=N-, charge trans-fer 

results from electronsinteraction between the metal 

and the ligand which involves either a metal to ligand 

or ligand to metal electron transfer. 

 

 

 

 

 

 

when γ = 1. The parameters chosen are m = 0.3m0 

and , where m0 is the free electron mass. 

Two points that emerge from Fig 1 are, (i) as the 

donor concentration increases the ‘ionization energy’ 

decreases leading to MIT at a critical concentration. 

Experimentally, for P donor in Si, the critical donor 

concentration (Nc) is 3.74 X 10
18

 cm
-3

 [19] , when γ = 

0), and (ii) for any donor concentration, as the 

magnetic field increases the critical concentration 

also increases, showing that one requires a higher 

magnetic field to bring out MIT.   The (e – e)  

interaction which is the third term in Eq (9) is plotted 

for different magnetic fields and donor concentrations 

in Fig 2. The interaction energy decreases as the 

magnetic field increases. This energy is of the order 

of 1 to 2% of Eion , for donor concentrations less than 

10
16

 cm
-3

. Only for  it is about 16%. Hence 

in intense magnetic fields, in the semiconductor 

region, the (e – e) – interaction may be dropped. The 

reason for this small value may be seen in the 

following way. The value of  corresponds to a 

magnetic field of 154 T is Si, which is very high. The 

cyclotron radius for this magnetic field turns out to be 

14 Å, approximately. However, for N = 10
15

 cm
-3

, the 

average separation between electrons, r12, becomes  

6000Å , if one equates  to 0.0062 R . −0.762  

 
Fig 1 Ionization energy in effective Rydberg defined 

as the energy required to remove an electron from 

ion in Si.  

 

For a given magnetic field, as the donor 

concentration increases, the interaction energy 

also increases. From the above we observe that 

only for  , the interaction energy is 

appreciable,   10% or more. This shows that the 

effect of high donor concentration and the effect 

due to magnetic field are competing factors. 

While the former brings electrons closer due to 

overlap of orbits of neighbouring donor sites, the 

latter appears to keep them apart since all 

coulomb interactions (both repulsive and 

attractive) are small perturbations under intense 
 

magnetic fields. Ultimately, the effect due to 

concentration wins and MIT occurs. 

 

 
 

Fig 2 Electron – electron interaction energy as % of Eion  

 

The above results have a bearing on 

superconductivity [20, 21]. While the destruction 

of superconductivity in a strong magnetic field is 

known, several recent experiments have shown the 

occurrence of superconductivity in ferromagnetic 

materials [22, 23]. Interestingly, superconductivity 

in strong magnetic fields in heavily doped 

semiconductors has been predicted [24]. A typical 

value obtained by Rasolt [24] is Tc  0.5 K for N 

 10
18 

cm
-3

 in a magnetic field of 1 MG. which 

corresponds to  ,  approximately. 

Superconductivity in heavily doped 

semiconductors, both in bulk and in quantum well 

systems has been clearly established [25, 26]. 

However, it is the conjecture of Rasolt which is the 

motivation for the present work. It is the phonon 

assisted (e – e)  interaction which is at the root of 

BCS theory for superconductivity. But we notice 

that in a strong magnetic field the electron – lattice 

interaction becomes weaker [27] and as the present 

work indicates the (e – e)  interaction also becomes 

weak. This softening of the electron-lattice 

coupling has not been considered by Rasolt. Hence 

the phonon assisted BCS mechanism, and 

consequently the low value obtained for Tc is 

questionable. The triplet pairing (in a strong 

magnetic field) of electrons leading to 

superconductivity should occur by invoking other 

mechanisms. 
 

The scenario that emerges from the present work is 

that we have a collection of nearly spin polarized 

free electrons influenced by a strong magnetic 

field, separated from each other by a large distance 

of about 6000 Å for γ = 1 when N = 10
15

 cm
-3

. 

After metallization occurs, superconductivity may  
 

 



14          M. Muthukrishnaveni,  N.  Srinivasan 

 

            

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

arise due to any non–phonon mechanism with a 

triplet paring of electrons. 

 

Conclusions 

 

MIT in doped semiconductors in intense magnetic 

fields has been investigated within the simple 

EMT, considering a  ion model. The electron – 

electron interaction has been calculated 

variationally. Closed analytical expressions are 

obtained for the case of Thomas – Fermi potential 

and (e - e) - interaction. The interaction energy is 

usually less than 1.5% of the ‘ionization energy’ 

for all magnetic fields investigated when the donor 

concentration is less than about 10
16

 cm
-3

. For 

higher concentrations the interaction energy 

becomes large, as much as 16.5% for  . Even in 

this case, when , the interaction energy is 

approximately 1%. Hence we conclude that the    

(e – e) – interaction may be dropped in the 

evaluation of the ground state energies of donors 

under intense magnetic fields. However, in the 

metallic region , this becomes 

appreciable. 
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