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a b s t r a c t

The theoretical investigation has been carried out on the binding energy of donor asso-
ciated with the electrons con � ned in a Cd1� xin

Mn xin Te=Cd1� xout
Mn xout Te Double Quantum

Well (DQW) as a function of central barrier width for various well dimensions and im-
purity locations in the barrier and the well. The magnetic � eld can act as a tool to
continuously change the interwell coupling inside this DQW systems and its effect on
donor binding has also been studied. Moreover, the polaronic corrections, which is due to
the strong exchange interaction between the magnetic moment of Mn 2þ ion and the spin
of the con � ned carrier, to the binding energy of the hydrogenic donor impurity has also
been estimated with and without the application of magnetic � eld. The binding energy of
the donor impurity is determined by solving the Schrodinger equation variationally in the
effective mass approximation and the effect due to Bound Magnetic Polaron (BMP) is
included using mean � eld theory with the modi � ed Brillouin function. The results are
reported and discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The unique features, such as Giant Zeeman Splitting [1e3] and Bound Magnetic Polaron (BMP) [4,5] due to the strong
exchange interaction between the magnetic moments of the magnetic ions and the spins of band electrons, of Diluted
Magnetic Semiconductors (DMS) has opened the doors for Spintronic device applications. This has made DMS an interesting
test ground for various theoretical ideas since its bandstructure can be tailored so that both the electronic and magnetic
properties can also be investigated. With the advantage of having Molecular Beam Epitaxy (MBE), one can easily fabricate the
Double Quantum Well (DQW) Nanostructured systems with various barrier widths or heights. The modi � cation of the barrier
height in these DQWs made up of DMS materials can be achieved either by adjusting the composition of the alloy used in the
barrier material or by the application of the external magnetic � eld [6] . The presence of a quantised motion in the growth
direction of the DQW structures has a huge impact on their physical properties, which strongly differ from properties of
narrow single quantum wells representing a physical realisation of a quasi-2-Dimensional system. The distinctive behaviour
of DQWs becomes apparent especially when the density of states are modi � ed from 3D to 2D due to the formation of Landau
levels in these structures under the in � uence of high magnetic � eld which has a very profound effects on physical phe-
nomenon in 2D systems. Therefore the DQWs made out of DMS materials provides a new path to explore the rich variety of
phenomena through which one can investigate the role of impurities con � ned in such systems to understand its electrical
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transport and magneto optical properties. Our knowledge about the in � uence of magnetic impurity on semiconductors has
been extended to study the extensive transport properties in DMS heterostructures over the past few decades [1e8].
Considerable attention has been focused by many researchers on the theoretical investigation of the ground state energy of
hydrogenic donor impurity in GaAs/Al xGa1-xAs Single and DQW systems by accounting various effects [9e 15] . Copious lit-
eratures are available on the study of electronic and excitonic states in a DQW with non magnetic materials under the
application of strong magnetic � eld [16e 20] . The magneto-optical study has been carried out by Lee et al. [21] both theo-
retically and experimentally to demonstrate the interwell coupling in DQWs using DMS materials. Haacke [22] et al. have
studied carrier tunnelling in CdTe/(Cd, Zn)Te asymmetric DQW through photoluminescence experiments and demonstrated
the strong dependence of the tunnelling on barrier thickness. Lawrence et al. [23] have demonstrated the tunnelling dy-
namics of exciton in CdTe/CdMnTe asymmetric DQW by time resolved and steady state photoluminescence experiments.
Detailed spectroscopic measurements and their successful theoretical interpretation [5] is favourable for DMS to offer an
appealing opportunity to elucidate how the BMP affect transport phenomena. Therefore it becomes necessary to account this
polaronic corrections to the impurity binding energy and this has been investigated in various DMS heterostructures by many
researchers [24e 28] . But this kind of study has not been touched yet in DQW made from DMS barrier layers especially with
Cd1-xMn xTe. Hence the present work is mainly intended for the study of electronic states of the donor impurity as well as the
in � uence of BMP on the impurity states in Cd 1� xin

Mn xin Te=Cd1� xout
Mn xout Te DQW under the external applied magnetic � eld

for the composition of magnetic impurity like Mn ion of xin ¼ 0.005 and xout ¼ 0.3, where x in and xout are the composition of
Mn 2þ ion in the well and the barrier regions respectively, and also for various impurity locations. The results are computed in
the effective mass approximation using variational technique.

2. Theoretical formalism

2.1. Donor binding energy for various impurity locations

The Hamiltonian of a hydrogenic donor impurity inside the DQW made up of Cd 1� xin
Mn xin Te=Cd1� xout

Mn xout Te DMS
materials in the effective mass approximation in the presence of magnetic � eld applied along the growth direction (z-axis) is
written as

H ¼ H0 þ Hexc (1)

H0 ¼ � V2 �
2
r

þ VBðzÞ þ gLz þ
g2r 2

4
(2)

where g ¼ � u c/2R* (u c e cyclotron frequency) is the parameter of the strength of the magnetic � eld and g ¼ 1 corresponds

to z 30 T; r ¼
��������������������������
x2 þ y2 þ z2

p
is the mean distance of the parent donor atom and the carrier attached to it.

The contribution from the exchange interaction between the electron and the Mn 2þ ion to the Hamiltonian can be written
as [29] ,

Hexc ¼ �
X

i

Jeðr e � Ri Þse$Si (3)

where, Je is the coupling constant for the exchange interaction between the electron of spin se located at re and Mn 2þ ions of
spin Si located at Ri. Using the mean � eld theory with modi � ed Brillouin function [26] , the exchange interaction between the
carrier and magnetic impurity in the presence of an external magnetic � eld B can be written as

Eexc ¼
bN0

2
f � J jxin S0ðxin ÞBsðy1ÞjJ � þ � J jxout S0ðxout ÞBsðy2ÞjJ � g (4)

Bs

�
yj

�
¼

2Sþ 1
2S

coth
2Sþ 1

2S
yj �

1
2S

coth
yj

2S
; yj ¼

Sb
�
�J j

�
�2

2kBTeff
þ

gmBSB
kBTeff

(5)

where, S is the spin of Mn 2þ (¼5/2), N0 ¼2.94 � 1022 cm� 3 and b - exchange coupling parameter and its value is obtained from
the experimental value of the s e d coupling constant, bN0 ¼ 220 meV. Also gMn z 2; kB is the Boltzmann constant and B s(y) is
the modi � ed Brillouin function. For the DMS of arbitrary x, it is inevitable to choose the phenomenological � tting parameters
[29] of saturation value S 0 (xin ¼ 0.005) ¼ 2.11, S0 (xout ¼ 0.3) ¼ 0.52 and the effective temperature T eff ¼ T þ T0 with T 0

(xin ¼ 0.005) ¼ 0.29 and T0 (xout ¼ 0.3) ¼ 14.9.
The various impurity positions (z i) accounted for the study is as follows.

(i) On Centre Barrier impurity (OCB) ( zi ¼ 0)
(ii) On Edge Barrier impurity (OEB) ( zi ¼ Lb/2)
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(iii) On Centre Well impurity (OCW) ( zi ¼ Lb/2 þ Lw/2)
(iv) On Edge Well impurity (OEW) ( zi ¼ Lb/2 þ Lw ¼ Le)

According to the scheme of Fig. 1, the pro � le of the con � ning potential V B (z) for the carriers in symmetric DQW structures
is given as

VBðzÞ ¼

8
>>><

>>>:

0
Lb

2
� jzj �

�
Lb

2
þ Lw

�

V0 jzj �
Lb

2
and

�
Lb

2
þ Lw

�
< jzj < �

(6)

Lw is the width of the each well and L b is the central barrier width and V 0 ¼ 70%DEg
B, where, DEg

B is the band gap difference
with magnetic � eld and is given by Ref. [6] .

DEB
g ¼ DE0

g

�
h exp2g � 1

h � 1

	
(7)

DE0
g is the band gap difference without magnetic � eld. h ¼ e2g0 is chosen with z as a parameter (¼0.5) and g0 as the critical

magnetic � eld which depends upon the value of the composition ‘x’ of Mn 2þ ion. The critical magnetic � eld B0 in Tesla for
different composition is given as B 0 ¼ A enx with A ¼ 0.734 and n ¼ 19.082 which gives the best � t to the extrapolated
experimentally available critical � elds and the band gap of Cd 1-xMn xTe is 1.606 þ 1.587� eV [6] .

The approximate ground state for con � ned donor impurity has been calculated using the variational method. The envelop
function f (z) is considered as

f ðzÞ ¼

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

A exp½bðz þ LeÞ� z � � Le

� B Sin
�
a

�
z þ

Lb

2

�	
þ C Cos

�
a

�
z þ

Lb

2

�	
� Le< z< �

Lb

2

Cosh½bz� �
Lb

2
< z<

Lb

2

B Sin
�
a

�
z �

Lb

2

�	
þ C Cos

�
a

�
z �

Lb

2

�	
Lb

2
< z< Le

A exp½ � b ðz � LeÞ� z � Le

(8)

Here, a ¼ (2m *E) 1/2 and b ¼ (2m*(V 0-E))1/2. The unknown constants A, B and C are found out using the proper boundary
conditions at the interfaces z i ¼ Lb/2 and z i ¼ Le.

The trial wavefunction of the ground state is chosen as,

j ðrÞ ¼Nf ðzÞe�l r (9)

where, N is the normalization constant and l is the variational parameter.

Fig. 1. Schematic view of the potential pro � le for a DQW.
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The lowest energy level E 0 without donor impurity can be computed by solving the transcendental equation [13] .

2 cosðaLwÞ þ
�

m�
1
m

�
sinðaLw Þ �

�
mþ

1
m

�
sinðaLwÞexpð � bLbÞ ¼0 with m¼ m*

w b



m*
ba (10)

mw
* and m b

* are the electron effective masses in the well and barrier region respectively.
The expectation value of H is minimized with respect to l and the binding energy of the donor impurity in the presence of

magnetic � eld is found by solving the Schr €odinger equation variationally, and is given by

EB ¼ Eþ g � � H� min (11)

The CdTe parameters used in our calculation are � ¼ 10.2; m w
* ¼ 0.090. Energies for electron are scaled by effective Rydberg

Re ¼ mw
* e2/2� 2� 2 and the effective Bohr radius a B ¼ � 2� /m w

* e2.

3. Results and discussion

The estimation of <r2> i.e. the effective distance of the carrier from the parent donor atom plays a vital role in determining
the carrier localization in the nanostructured systems. Therefore, one can examine the impact of the central barrier width and
the external magnetic � eld on the behaviour of hydrogenic donor impurity con � ned inside the DQW through the observation
of <r2>. To start with, the variation of the binding energy of a donor impurity con � ned in a Cd1-xin Mn xinTe/Cd1-xout Mn xout Te
DQW and the <r2> as a function of central barrier width for the Mn composition of x in ¼ 0.005 and xout ¼ 0.3 without the
application of magnetic � eld has been calculated and is presented in section 3.1. The effect has been analysed for the two well
widths (i) L w ¼ 50 Å (quasi 2D region) and (ii) L w ¼ 300 Å (almost bulk region) for various impurity positions. The � rst
observation we have made is, irrespective of the well widths, applied magnetic � eld and the impurity positions, when the
barrier width is limited to zero (i.e.) L b / 0 Å, we reproduce the E B of the single quantum well which is available in the
literature [30] as a limiting case. On the other hand, when the width of the central barrier between the two wells is as large as
the bulk value, the symmetric wells are completely decoupled and it makes the donor impurity to behave in a single isolated
quantum well. Therefore, it is apparent from this observation that the interwell coupling is possible only for the narrow
barrier width which should be in the limit 0 Å < Lb < 100 Å which can be seen from Fig. 2a showing a saturation value of E B for
Lb > 100 Å. The behaviour of the donor impurity with the central barrier width can be understood for various impurity lo-
cations in the presence and in the absence of the magnetic � eld as follows:

3.1. DQW under zero applied magnetic� eld (g ¼ 0)

This section discusses the variation of binding energy of the donor impurity when the system is not subjected to the
perturbation due to the external magnetic � eld.

3.1.1. On centre barrier impurity (OCB)
A clear inspection of Fig. 2a indicates that the binding energy decreases as L b increases, when the impurity resides at the

centre of the central barrier.
This is because of the increased <r2> for larger L b which makes the donor atom and the carrier to be weekly coupled due to

the reduction in Coulomb interaction ( Fig. 2b). The inset in Fig. 2b gives variation of <r2> for OEB, OCW and OEW impurities in
different scale.

3.1.2. On edge barrier impurity (OEB)
In the case of OEB impurity, the effect of the central barrier width is almost negligible upto particular barrier width which

can be clearly seen from the � gure that the binding energy of OEB impurity coincides with the binding energy of OCB im-
purity. But when the barrier width crosses the particular value of L b~100 Å, the onset of bulk limit, E B behaves differently
which is discussed subsequently. Initially binding energy decreases as L b increases and thereafter it starts increasing again
and reaches a saturation. This can be understood that when the barrier width increases in between the two wells, the <r2>
increases and results in the reduction of Coulomb interaction between the carrier impurity and the parent donor atom. But
after reaching the critical barrier width of L b ~100 Å, the carrier con � nement is limited in the DQW and makes the donor atom
and carrier to be closed to each other and thereby increasing their Coulomb interaction which results in larger binding energy
in that region.

3.1.3. On centre well (OCW) and On edge well (OEW) impurity
Unlike the other two impurity locations discussed earlier, the binding energy for OCW and OEW impurities follow the

same trend and these two impurity locations are found to favour for the tunnelling of the carriers through the central barrier
layer, which can also be interpreted that the interwell coupling becomes stronger for these two impurity locations as in the
case of non-magnetic DQW [13] . It is worth noticing that the gradual and smooth increase of binding energy occurs upto
Lb ¼ 100 Å but beyond that it becomes saturated. This can be understood in terms of interwell coupling i.e. when the barrier
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width is reduced below the critical value, there is a � nite probability for the carriers to tunnel through the central barrier
layer. But, when the barrier width is increased beyond the critical value, it starts to squeeze the impurity wavefunction more
and the carrier is localized only within the isolated well space of 50 Å and eventually reduces the degree of freedom of the
carrier to move through the entire DQW. Because of this, the distance between the donor atom and the carrier is rapidly
decreased which leads to the strong Coulomb interaction between them and it is almost constant for all the barrier widths
beyond Lb > 100 Å.

The computed results of the binding energy and <r2> against barrier width for L w ¼ 300 Å are displayed in Fig. 3a and b.
It is very clear from the � gure that the binding energy for all the impurity positions exhibit a similar behaviour with

smaller well width like L w ¼ 50 Å with the following exception. The shift in the binding occurs towards smaller barrier width
of Lb ~50 Å when compared with L b ~100 Å as discussed in the earlier case at which the saturation in the binding energy is
observed. This can be substantiated with the fact that once the well width is increased towards the bulk value, the DQW starts
to behave like two isolated quantum wells irrespective of the barrier width which is increased beyond 50 Å.

3.2. DQW under applied magnetic� eld (g ¼ 3, 5 and 6)

As reported in Refs. [21e 23] , one can investigate the interwell coupling in a DQW and its relation to barrier parameters
through the magneto absorption study under the effect of magnetic � eld. Therefore, in order to understand the transitions of
carriers involving both symmetric and antisymmetric states in diluted magnetic DQW systems, it is inevitable to make a
comparative study on the carrier behaviour at various impurity locations under the applied magnetic � eld. Hence this section
is mainly addressed for such discussion. It is well known that the applied magnetic � eld tremendously reduces (Eqn. (7)) the
potential barrier height (333 meV, 67.7 meV, 19.4 meV and 8.4 meV corresponding to g ¼ 0, 3, 5 and 6 respectively) in which
the carrier has been con � ned. When analysing the effect of applied magnetic � eld, one observes that an increase of the
strength of magnetic � eld beyond g ¼ 5 (~150 T) results in the complete delocalization of the carriers con � ned inside the
DQW structures which has been studied for all the impurity locations. For the strength of magnetic � eld g > 5, the unbound
states are formed above the potential barrier height instead of bound states inside the well. Therefore, this fact eliminates the
need to discuss the results for g � 6.

Fig. 2. Variation of (a) binding energy and (b) <r2> against barrier width for lower well dimension L w ¼ 50 Å without the application of magnetic � eld (g ¼ 0) for
the Mn ion concentration of x ¼ 0.3. Graphs have been plotted against various impurity locations (z i).
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3.2.1. On centre barrier impurity (OCB)
Fig. 4 presents the variation of binding energy and <r2> for the OCB impurity as a function of central barrier width for

Lw ¼ 50 Å It is seen from Fig. 4a that, when the barrier width is limited to zero, L b / 0 Å, the binding energy decreases as the
strength of the magnetic � eld increases.

This can be understood from the fact that when the central barrier vanishes, the two QWs effectively becomes the SQW of
width L SQW ¼ 2LDQW and exhibits the same characteristic behaviour ascribed to the SQW under the external magnetic � eld.
An interesting in � uence of magnetic � eld upon the con � nement of the carrier relies on the rapid increase of binding energy
when g increases for Lb > 0 Å, even though the barrier height is reduced due to the applied magnetic � eld as one can justify
from the probability distribution for the impurity located at the centre of the barrier as shown in Fig. 5 (Ia, Ib and IIa, IIb).

The main mechanism by which the magnetic � eld gives rise to the strong localization of the carrier when it resides at OCB
is the strong exchange interaction between the spin of con � ned carriers and the spins of localized Mn 2þ ions. As a result, there
is an existence of ferromagnetic clouds around the singly occupied electronic states which enhances the binding energy and
shrinks the localization radius of localized electrons. When the well width is increased beyond the effective Bohr radius
towards the bulk, the binding energy associated with all g converges to the same value when the barrier width approaches
the bulk limit as one can see from Fig. 6a.

3.2.2. On Centre Well impurity (OCW)
When the Impurity is at OCW, the reduction in the barrier height causes the < r2 > larger and results in very weak Coulomb

interaction between the carrier and the parent donor atom thereby reducing the binding energy with respect to the applied
magnetic � eld as shown in Fig. 7a and b.

Moreover the binding energy increases as the barrier width increases. This is due to the fact that for the thinner barrier, a
greater fraction of the wavefunction starts to penetrate into the central barrier which can be seen from Fig. 8(Ia, Ib and IIa, IIb)
giving

�
�
�j 2

�
�
� against Lb, as demonstrated by Refs. [22,23] justifying the veracity of our model. When the barrier becomes thick,

Fig. 3. Variation of (a) binding energy and (b) <r2> against barrier width for larger well dimension L w ¼ 300 Å without the application of magnetic � eld (g ¼ 0)
for the Mn ion concentration of x ¼ 0.3. Graphs have been plotted against various impurity locations (z i).
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Fig. 4. Variation of (a) binding energy and (b) <r2> against barrier width for lower well dimension L w ¼ 50 Å with the application of magnetic � eld (g ¼ 3, 5 and
6) for the Mn ion concentration of x ¼ 0.3. Graphs have been plotted for OCB impurity.

Fig. 5. Probability density
�
�
� j 2

�
�
� of the donor placed at OCB for various dimensions of the barrier and well under g ¼ 0 and g ¼ 5 for Mn ion concentration of

x ¼ 0.3.
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then the DQW structure effectively becomes two decoupled SQWs and the properties associated with the applied magnetic
� eld becomes the same as that of the SQW thereby one can see the increased binding energy in that region.

When the well width is increased towards the bulk value, there is no much appreciable impact of magnetic � eld on the
binding energy has been noticed ( Fig. 9a) which can be understood from the variation of <r2> as shown in Fig. 9b.

Though the effect due to spin polaronic shift is perceptible for smaller well width of L w ¼ 50 Å as given in the inset of
Fig. 7a, the overall effect on the binding does not alter the trend without considering the spin polaronic shift.

But the effect due to spin polaronic shift as given in the inset of Fig. 9a shows the reverse effect on the trend of the donor
binding without considering the polaronic correction as there is no much effect on the exchange energy when the magnetic
� eld is applied as can be seen from the inset of Fig. 9a.

3.2.3. On edge barrier (OEB) and On edge well (OEW) impurity
When the donor impurity is placed at the interface between the two magnetic semiconducting layers for a given smaller

width like L w ¼ 50 Å, it experiences a striking effect with respect to magnetic � eld which contradicts to other two impurity
locations like OCB, OCW.

There is a drastic increase of the binding energy with respect to magnetic � eld for OEW impurity as shown in Fig.10a when
the barrier width is limited to zero in contrast to the situation for non e magnetic wells [31] . This result can be justi � ed from
the interpretation given by S. Lee et al. [21] and Mukesh Jain [32] as follows: There is a possibility of � nding less number of
antiferromagnetically paired Mn 2þ ions along the interface of the heterostructure, which can effectively contribute to a larger
< Sz > (i.e.) the thermal average of the spin of the contributing ions. Therefore, the magnetization of the material becomes
larger since these ions can easily be aligned in the external magnetic � eld. Hence it can show its in � uence to the full extent
with the carrier through a strong exchange interaction when it resides at the well interface. The results of Fig. 10a can be
justi � ed from the probability distribution for the carrier plotted in Fig. 11(Ia, Ib and IIa, IIb).

Fig. 6. Variation of (a) binding energy and (b) <r2> against barrier width for larger well dimension L w ¼ 300 Å with the application of magnetic � eld (g ¼ 3, 5 and
6) for the Mn ion concentration of x ¼ 0.3. Graphs have been plotted for OCB impurity.
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Fig. 7. Variation of (a) binding energy and (b) <r2> against barrier width for lower well dimension L w ¼ 50 Å with the application of magnetic � eld (g ¼ 3, 5 and
6) for the Mn ion concentration of x ¼ 0.3. Graphs have been plotted for OCW impurity.

Fig. 8. Probability density
�
�
� j 2

�
�
� of the donor placed at OCW for various dimensions of the barrier and well under g ¼ 0 and g ¼ 5 for Mn ion concentration of

x ¼ 0.3.
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But the applied magnetic � eld shows the reverse effect on the carrier con � nement when the impurity is placed at OEB
even though this is the interface between the two magnetic semiconducting layers as this exhibits the behaviour of the donor
binding in a SQW including BMP effect ( Fig. 10b). The in� uence of magnetic � eld is predominant for the larger well width
since it drastically alters the binding energy as shown in Fig. 12a and b. The substantiated argument is given to this point
through the understanding of the behaviour of the carriers in two isolated quantum wells in this bulk limit which does not
favour the tunnelling phenomena to occur.

4. Conclusion

This work presents a comprehensive description of the theoretical investigation on the magnetic � eld induced interwell
coupling in a in a Cd1-xinMnxinTe/Cd1-xoutMnxoutTe DQW materials in which the carrier has been con � ned. To sum up, the
above results presented clearly demonstrate that without the application of magnetic � eld, the binding energy increases as
the impurity position goes from OCB and reaches a maximum value when it is at OCW and starts to decrease when it resides at
well interface. But once the magnetic � eld is applied, it favours the interwell coupling by allowing the penetration of the
impurity wavefunction via central barrier thereby it reduces the binding energy for OCW impurity and shift the binding
energy to higher value for all other impurity locations. These conclusions are further con � rmed from the Fig. 13 which
represents how the binding energy varies with the various impurity locations for various barrier dimensions.

The calculations devoted to the polaronic effects may be helpful to understand how the transport properties of the
con� ned carriers are indirectly altered by the applied external magnetic � eld. It is very clear from the available literatures that
no much effort has been dedicated for such a study exhibited by the DQWs with DMS. Hence this work may give an un-
derstanding of the transport properties accounting the BMP effect associated with the electrons con � ned in a diluted
magnetic DQW systems which can be exploited in various optoelectronic and spintronic devices.

Fig. 9. Variation of (a) binding energy and (b) <r2> against barrier width for larger well dimension L w ¼ 300 Å with the application of magnetic � eld (g ¼ 3, 5 and
6) for the Mn ion concentration of x ¼ 0.3. Graphs have been plotted for OCW impurity.
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Fig. 10. Variation of (a) binding energy and (b) <r2> against barrier width for lower well dimension L w ¼ 50 Å with the application of magnetic � eld (g ¼ 3, 5 and
6) for the Mn ion concentration of x ¼ 0.3. Graphs have been plotted for OEB and OEW impurity.

Fig. 11. Probability density
�
�
�j 2

�
�
� of the donor placed at OEW for various dimensions of the barrier and well under g ¼ 0 and g ¼ 5 for Mn ion concentration of

x ¼ 0.3.
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A B S T R A C T

We study the effect of � -X band crossover due to the application of hydrostatic pressure of a hydrogenic donor
con� ned in a Triangular GaAs/Al1-xGaxAs Quantum Well (TQW) for x ¼ 0.3 and the diamagnetic susceptibility
(� dia) for such an impurity in 1s and some few low lying excited states have been investigated. The Schrodinger
equation has been solved using variational technique in the effective mass approximation. The results show that
the diamagnetic susceptibility ( � dia) of a hydrogenic donor abruptly increases at a particular pressure for 1s and
2p± states but a steady increase for 2s state as a function of applied pressure.

1. Introduction

Triangular Quantum Well (TQW) structures have attracted much
attention in recent years because of their unique properties of quantum
levels which is used for modelling Metal Oxide Semiconductor Struc-
tures. Recently, many theoretical investigations[1 –8] have been devoted
to the study of donor impurity con � ned in a Triangular Nanostructure
systems. The combined effects of hydrostatic pressure and the applied
electric � eld on the binding energy of a hydrogenic impurity states in
GaAs/Ga1-xAlxAs Triangular Quantum Well Wires (TQWW) has been
investigated by Restrepo et al.[9] . Khordad [10] has investigated in his
work that the wire size and pressure have small in� uences on the spin -
orbit interaction of a V-shaped Quantum Well Wire (QWW).

The importance of crossed electric and magnetic� eld applied to the V
– shaped QW on the binding energy of a donor impurity has been theo-
retically studied by Kasapoglu et al. [11] . The fabrication and the
mechanism of any Semiconductor Devices is not possible without
considering impurity states since its energy levels are considerably
different from the bulk which mainly affects the electronic, optical and
transport properties of these devices. Many researchers have focussed
their attention on the experimental [12] and theoretical[13 –24] in-
vestigations of the diamagnetic susceptibility (� dia) of a donor impurity in
Low Dimensional Semiconductor Systems (LDSS) because it acts as a
probe to understand the carrier localization as well as the Semiconductor
to Metal Transition (SMT) in such LDSS. The study on the in� uence of
pressure on the Diamagnetic Susceptibility of hydrogenic donor in some
low – lying excited states in a QW with square con� nement has been

carried out by Nithiananthi et al. [25] . The diamagnetic susceptibility of
a hydrogenic donor in a QW has been investigated by Kasapoglu et al.
[26] including different mass anisotropy parameters and found that the
� dia in such anisotropic materials converges rapidly to the bulk limit as
the well size increases. Considerable effort has been made by Avazzadeh
et al. [27] to analyse the impact of the cross-sectional are of various
QWW on the � dia of the hydrogenic donor impurity and reported that the
absolute value of the diamagnetic susceptibility increases with increasing
cross-sectional area (TQWW) and also observed that the highest energy
gap renormalization corresponds to Triangular cross section only. In the
light of all these works, in the present communication, we report the
binding energy and the � dia of a donor impurity con � ned in a GaAs/Al1-

xGaxAs TQW under the effect of� -X band crossover due to the application
of hydrostatic pressure.

2. Theoretical formalism

The pressure dependent Hamiltonian of the donor electron in a GaAs
Quantum Well in atomic unit is given by

H ¼
� � 2

2m�
w;bðP; TÞ

�
1

� w;bðz; P; TÞr
þ vBðz; P; TÞ (1)

with the � rst, second and third terms are the Kinetic Energy, Potential
Energy due to the ionized donors and the con� ning barrier potential,
which arises due to the band discontinuities when two different materials
are placed adjacent to each other to form the heterojunction
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respectively.where m*w,b is pressure dependent effective mass of elec-
tron in GaAs and is given by Ref.[20]

m*
wðP; TÞ ¼1

��
1 þ 7:51

�
2
�

� wðP; TÞ þ ½� wðP; TÞ þ 0:341�� 1�� (2)

� w(P,T) is the pressure dependent energy gap of GaAs at the� point
and is given by Ref. [20]

� wðP; TÞ ¼1:519þ � �
wP� 5:405x10� 14T2

�
ðT þ 204Þ (3)

where � �
w is the pressure coef� cient of GaAs at the� point.

The effective mass of the AlxGa1-x As barrier is [20]

m � bðP; TÞ ¼m � wðP; TÞ þ 0:083x; x being the Al composition (4)

The pressure dependent dielectric constant for GaAs and AlxGa1-x As
are given by

� wðPÞ ¼� wð0Þexpð� PÞ (5)

where, � wð0Þ ¼� 0ðT0Þexp½� 0ðT� T0Þ�and � bðPÞ ¼� wðPÞ� 3:12 x
Pressure dependent potential energy of AlxGa1-xAs barrier is

vBðz; P; TÞ ¼

8
><

>:

v0ðz; P; TÞjzj
LðPÞ

; � LðPÞ< z < L ðPÞ

v0ðz; P; TÞ ; jzj > L ðPÞ

(6)

v0ðz; P; TÞ ¼
�

� bðP; TÞ � � wðP; TÞ P � P1

xbðP; TÞ � � wðP; TÞ þ S� XðPÞ P1 < P < P2
(7)

The pressure dependent� - X band mixing strength coef� cient [20]

S� XðPÞ ¼S0xðP� P1Þ=P (8)

P1 and P2 are the critical crossover pressures between Xb - band and� b

– band, Xb - band and � w - band respectively.
The variation of Xb band with pressure is [20]

XbðP; TÞ ¼Xbð0; TÞ þ � X
b P (9)

where,� X
b being the pressure coef� cient for the barrier.

The envelop function without the donor impurity inside the TQW is
de� ned as

where, � ¼ 2m�
bðP; TÞ½ðv0ðP; TÞ � E0ðP; TÞ�Þ1=2 and Ai[z], Bi[z] are Airy

functions, E0 (P,T) is the Pressure dependent energy of the lowest con-
duction band. Here the subscript ‘i ’ in f i(z) corresponds to i ¼ 1, 2, 3, 4 in
the respective regions of the TQW. The constants c1, c2, c3, c4 and c5 and
E0 (P, T) are obtained by choosing the proper boundary conditions as
given below:

(i) � f1ðzÞ
� z

�
�
�
�
z ¼� L

¼ � f2ðzÞ
� z

�
�
�
�
z ¼� L

(ii) � f2ðzÞ
� z

�
�
�
�
z ¼0

¼ � f3ðzÞ
� z

�
�
�
�
z ¼0

(iii) � f2ðzÞ
� z

�
�
�
�
z ¼L

¼ � f3ðzÞ
� z

�
�
�
�
z ¼L

The trial wavefunction of the donor impurity for 1s state, 2s and 2p ±

states are given by,

	 1s ¼ N1sfðzÞeð� 
 1srÞ

	 2s ¼ N2sfðzÞð1 � � rÞeð� 
 2srÞ

	 2p±
¼ N2p±

fðzÞ� eð±im Þeð� 
 2p± rÞ
(11)

N1s, N2s, N2p± and 
 1s, 
 2s, 
 2p± are the Normalization constants
and variational parameters for 1s, 2s and 2p± states respectively. � is

the orthogonality parameter which is calculated through � � � 	 *
2s	 1s

� d�� dz ¼ 0.
The variation of the width of the well as a function of the pressure is

given by Ref. [20]

LðPÞ ¼Lð0Þ½1 � ð S11 þ 2S12ÞP� (12)

where S11 and S12 are the elastic constants of GaAs.
The Schrodinger equation is solved variationally and the donor

binding is found from

EBðP; TÞ ¼E0ðP; TÞ � < HðP; TÞ> min (13)

The Diamagnetic susceptibility (� dia) of the hydrogenic donor
con� ned in a GaAs/AlxGa1-xAs TQW in atomic units, is given by Ref.[25]

� dia ¼
� e2

6m*
wðPÞ� 0ðPÞc2

� rðPÞ2� (14)

Though we have investigated the effect of pressure alone on the donor
binding energy as well as the � dia, we have given the parameters as a
function of both P and T and in all our calculation, T is considered
as T¼ 4 K.

f iðzÞ ¼

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

c1e� ðzþ LðPÞÞ ; z < � LðPÞ

c2Ai

" 	
2m*

wðP; TÞv0ðz; P; TÞ
LðPÞ� 2


 1=3	
� z �

LðPÞE0ðP; TÞ
v0ðz; P; TÞ


 #

þ c3Bi

" 	
2m*

wðP; TÞv0ðz; P; TÞ
LðPÞ� 2


 1=3	
� z �

LðPÞE0ðP; TÞ
v0ðz; P; TÞ


 #

; � LðPÞ< z < 0

c4Ai

" 	
2m*

wðP; TÞv0ðz; P; TÞ
LðPÞ� 2


 1=3	
z �

LðPÞE0ðP; TÞ
v0ðz; P; TÞ


 #

þ c5Bi

" 	
2m*

wðP; TÞv0ðz; P; TÞ
LðPÞ� 2


 1=3	
z �

LðPÞE0ðP; TÞ
v0ðz; P; TÞ


 #

; 0 < z < LðPÞ

c5e� � ðz� LðPÞÞ ; z > LðPÞ

(10)

Table 1
Experimental parameters used.

� b(0,T)
(eV)

Xb(0,T)
(eV)

� �
w,b

(meV/Kbar)
� x

b

(meV/Kbar)
Critical pressure S0 (meV)

P1

(Kbar)
P2

(Kbar)

1.755 1.918 10.7 � 1.3 13.5 33.2 250

Fig. 1. The Potential pro� le of the Triangular Quantum Well along the z-axis.
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The parameters used in the calculation are taken from the experi-
mental results [28] and is given in Table 1.

The potential pro� le of the GaAs/AlxGa1-xAs TQW is given in Fig. 1.
The band diagram for the � – X crossover due to the applied hydro-

static pressure in TQW is sketched inFig. 2.

3. Results and discussion

It is seen from the Fig. 3 that the binding energy varies linearly with
the applied pressure upto the � rst critical value (P1 ¼ 13.5 Kbar) for 1s
state with a fall in the binding upto a pressure of 15 Kbar consistently for
all the well widths.

Thereafter it starts to increase with an increase in pressure upto

30 Kbar and again starts to decrease near the second critical pres-
sure (P2 ¼ 33.2 Kbar).

This may be due to the fact that there is no reduction in the barrier
height as presented inFig. 4 upto P1 and thereafter that the barrier height
starts decreasing and the well becomes shallower as a result of the� - X
band crossover due to external pressure.

This is an unexpected trend of the binding energy with the applied
pressure in a TQW as compared to the reported results of Square Quan-
tum Well (SQW) by Nithiananthi et al. [29] . Perhaps, this may be due to
the trend in the variation of subband energy with pressure in TQW as
against the SQW given inFig. 4b.

Moreover, this trend is predominantly seen in the ground state
binding energy rather than for the low lying excited states as shown in
Fig. 5a and b. For 2s and 2p± states, the binding energy keeps on
increasing as a function of pressure upto an applied pressure of 35 Kbar.
The clear splitting up in the binding energy is seen near the � rst critical
pressure for 2p± state when the well width is increased towards the bulk.

Fig. 6 shows the variation of binding energy as a function of well
dimension for the cases with (P1 ¼ 13.5 Kbar and P2 ¼ 33.2 Kbar) and
without (P ¼ 0 Kbar) the application of external pressure in GaAs/AlxGa1-

xAs TQW for 1s, 2s and 2p± states. It is seen from the� gure that the
turnover in the binding energy occurs for 1s state with respect to well
width as in the case of SQW which is an expected one in any low
dimensional systems. One can see from the� gure that there is a shift in
the turnover towards the higher well width beyond the � rst critical
pressure P1. These results can be justi� ed from the fact that the applied
pressure shrinks the well dimension as given in (12) thereby squeezing
the wavefunction causing the binding more.

A similar trend in the binding energy is observed with respect to well
width for 2p ± state also but it is found that the shift in the turnover occurs
around L ~50 Å at narrow well width itself when the pressure is
increased beyond P1 which can be seen from the results presented in
Fig. 6c. But for the 2s state, no turnover is seen upto the pressure of

Fig. 2. Schematic band diagram for the � – X crossover due to the applied hydrostatic pressure in TQW.

Fig. 3. Variation of binding energy of donor impurity against pressure for 1s state for
various well widths.

Fig. 4. (a) Variation of Con� ning Potential of TQW and (b) comparison of Subband Energy of TQW and SQW against Pressure.
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13.5 Kbar and the same occurs when L< 50 Å at pressure P2 as shown in
Fig. 6b. The binding energy of 2s state is considerably less than that of
2p± state. This is due to the fact that the shape of the lobes of the 2p±
orbital is aligned along the perpendicular direction to that of growth axis
(z) so that the repulsive potential of barrier has less in� uence on it when
compared to the 2s state which decreases the impurity energy (<Hmin >)
thereby increasing the binding EB of the carrier. The veracity of our

results have been found by the limiting cases L� 0 and L� � . In both the
limiting cases, the binding energy EB should approach towards 1R*
(5.3 meV) for 1s state and 0.25R* (1.3 meV) for 2s and 2p± state [30] .
The evidence for our calculation can be found by calculating the ratio
between the binding energy of 1s and 2s states for the larger well widths
approaching to 4 which exactly reproduces the results of bulk
hydrogen atom.

Fig. 5. Variation of binding energy of donor impurity against pressure for (a) 2s state and for (b) 2p ± state for various well widths.

Fig. 6. Variation of binding energy of donor impurity against well width for (a) 1s state, (b) for 2s state and (c) for 2p ± state for various pressures.
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The behaviour of the variation of � dia of the donor impurity with the
pressure for 1s state is presented inFig. 7. When the pressure increases,
the � dia increases linearly to a smaller value until the applied pressure
reaches 5 Kbar when the well width is of Lw ¼ 50 Å. When the pressure
goes from 5 Kbar to 10 Kbar, interestingly the � dia increases very rapidly
as shown in � gure. Thereafter, when the pressure is larger than 10 Kbar
(P > 10 Kbar), the � dia is nearly a constant. However, the threshold
pressure at which the diamagnetic susceptibility shoots up rapidly is
shifted to higher pressure values with an increment of 5 Kbar when the
con� ning well width increases from quasi 2D region of Lw ¼ 50 Å to bulk
region of Lw ¼ 300 Å in steps of 50 Å. It is observed that the difference
between the pressure at which the onset of drastic increase in� dia and the
onset of saturation of � dia is always 5 Kbar for all Lw.

The � dia for 2p± state follows the same trend with the applied pressure
as in the case of 1s state which is presented inFig. 8. Interestingly one
� nds from the � gure that the � dia increases rapidly with the applied
pressure for all the well widths and attains the same saturation value of
� dia ~ � 3.25a.u. with the shift of the onset of saturation of � dia towards
higher pressure with the increase of well width.

Unlike1s and 2p± state, the behaviour of � dia with the external applied
pressure for 2s state is almost linear which can be seen form theFig. 9.

Higher the external applied pressure, higher is the� dia and attains the
maximum for pressure of 35 Kbar which leads to the indirect band gap
regime in the bandstructure. The results again have been checked for its

veracity by setting the limiting cases. In the bulk limit, L � � ,
� dia � � 15.82 a.u. for 2s state and� dia � � 11.3 a.u 2p± state. In the limit
L � 0, � dia � � 10.53 a.u. for 2s state and� dia � � 7.52 a.u. for 2p± state
[17] . We could not compare our results with any experimental data as it
is not available explicitly for variation of binding energy with pressure
for TQW.

4. Conclusion

In this paper, the steady and abrupt response of the� dia of a hydro-
genic donor impurity to the applied pressure for various impurity states
have been found. The binding energy of the donor impurity has also been
estimated for various well widths and pressures. The drastic increase of
� dia under pressure and an unexpected trend of the binding energy with
the applied pressure shows the possibility of SMT in such triangular
nanostructure systems for which the present study can be useful. More-
over, the present work may be useful to understand the performance of
Quantum – Well Lasers since it becomes dif� cult to operate in stimulated
emission at pressures corresponding to� – X band crossover of the barrier
and waveguide region [31] .
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a b s t r a c t

We study the effect of magnetic � eld on the Coulomb interaction between the two elec-
trons con � ned inside a CdTe/Cd1-xMn xTe Quantum Well (QW), Quantum Well Wire
(QWW) and Quantum Dot (QD) for the composition of Mn 2þ ion, x ¼ 0.3. The two particle
Schrodinger equation has been solved using variational technique in the effective mass
approximation. The results show that the applied magnetic � eld tremendously alters the
Coulomb interaction of the electrons and their binding to the donor impurity by shrinking
the spatial extension of the two particle wavefunction and leads to tunnelling through the
barrier. The qualitative phenomenon involved in such variation of electron e electron
interaction with the magnetic � eld has also been explained through the 3D e plot of the
probability density function.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The random distribution of magnetic ions over the cation sublattice in Diluted Magnetic Semiconductors (DMS) leads to
important magnetic effects like the formation of Bound Magnetic Polaron (BMP) [1,2] , Giant Zeeman Splitting [3,4] etc … The
effective con � nement of the carrier con � ned in such DMS systems can be manipulated by the modi � cation of the barrier
height either by adjusting the composition of the alloy used in the barrier material or by the application of the external
magnetic � eld [5,6] .

The in� uence of high magnetic � eld has very profound effects on physical phenomenon in Low Dimensional Semi-
conducting Systems (LDSS) like Quantum Well (QW), Quantum Well Wire (QWW) and Quantum Dot (QD) which modi � es the
density of states due to the formation of Landau levels in these structures. Therefore, the nature of the impurity states
associated with such LDSS is a subject of considerable technical and scienti � c relevance because of its potential applications in
Optoelectronic and Spintronic devices. Moreover, the prospect of understanding electron correlations in a simple system like
QW, QWW and QD Helium which are occupied by two electrons in each has been a driving force for much of the theoretical
work since the Coulomb interaction between them leads to unusual magnetic e � eld dependence of the ground state and its
excitations. Many researchers have put their considerable effort to investigate the single and double donor/acceptor impu-
rities widely on GaAs systems [7e 20] . The effective mass theory for helium e like donors in bulk semiconductors was � rst
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carried out by Glodeanu [21] and various experimental studies for the same were carried out by Grimmeiss et al. [22,23] . The
energy spectra of two electrons in a parabolic QWW and QD have been thoroughly studied by G.Y. Hu et al. [24] and D.
Pfannkuche et al. [25] , Metkit et al. [26] respectively. Correa et al. [27] have analysed the spectrum of two electrons con � ned
inside a non-isotropic parabolic QD using the fractional dimensional formulation. Though the role of hydrogen e like donors
in DMS systems have received some attention, studies of the helium e like donors and acceptors [28] have not been paid much
attention. Therefore, studies in this � eld are still important for both theoretical research and practical applications. In the
present communication, an effort has been taken to study how the electron e electron interaction gets affected by the applied
magnetic � eld and alters the binding of the carriers con � ned in a CdTe/Cd1-xMn xTe QW, QWW and QD DMS systems for the
composition of Mn 2þ ion, x ¼ 0.3.

2. Theoretical formalism

De� ning effective Bohr radius a �
B ¼ � 2� 0/m*e 2 as unit of length, effective Rydberg R* ¼ e2/2� 0a�

Bas unit of energy and the
strength of the magnetic � eld parameter g ¼ � u c/2R* (u c e cyclotron frequency), the Hamiltonian for the He e like impurity
con� ned in a CdTe/Cd1-xMn xTe Square Quantum Well/Wire/Dot is written as

Hee ¼ � V2
1 � V2

2 �
2
r1

�
2
r2

þ VBðr1Þ þ VBðr2Þ þ gLz1 þ gLz2 þ
g2

�
x2

1 þ y2
1

�

4
þ

g2
�
x2

2 þ y2
2

�

4
þ

2

j r! 1 � r! 2j
(1)

where, m* is the effective mass of electron in CdTe and r ¼
���������������������������
x2 þ y2 þ z2

p
; � 0 is the static dielectric constant of CdTe.

The effective con� nement potential for QW, QWW and QD is given as,

VB ¼
�

0 jzj � L=2
V0 jzj > L=2

/ Q W

VB ¼
�

0 jxj; jyj � L=2
V0 jxj; jyj > L=2

/ Q W W

VB ¼
�

0 jxj; jyj; jzj � L=2
V0 jxj; jyj; jzj > L=2

/ Q D

(2)

The external applied magnetic � eld strongly alters the difference in the band gap between Cd 1-xMn xTe and CdTe is given
by Ref. [6] .

DEB
g ¼ DE0

g

"
hezg � 1

h � 1

#

(3)

Hence, the strength of the con � nement potential is rapidly reduced and results in the modi � cations of electrical and
optical properties. DEg

B and DEg
0 are the band gap difference with and without magnetic � eld respectively. h ¼ ezg0 is chosen

with z as a parameter (¼0.5) and g0 as the critical magnetic � eld which depends upon the value of the composition of Mn 2þ

ion ‘x’. This critical � eld (in Tesla) for other values of composition of Mn 2þ ion can be obtained using formulae [6] B0 ¼ Aenx

with A ¼ 0.734 and n ¼ 19.082 which gives the best � t to the extrapolated experimentally available critical � elds. The band
gap of Cd1-xMn xTe is given by 1.606 þ 1.587� eV. The envelop function is chosen to be a product of the lowest subband energy
states of the two electrons con � ned inside the QW, QWW and QD and is given by,

f ðzÞ ¼N1s

8
<

:

Bebz1 ebz2 z1; z2 � � L=2
Cosaz1Cosaz2 � L=2 < z1; z2 < L=2

Be� bz1 e� bz2 z1; z2 � L=2
/ QW (4)

f ðx; yÞ ¼N1s

8
<

:

Beb1ðx1þ y1Þeb1ðx2þ y2Þ x1; y1; x2; y2 � � L=2
Cosa1x1Cosa1y1Cosa1x2Cosa1y2 � L=2 < x1; y1; x2; y2 < L=2

Beb1ðx2þ y2Þeb1ðx2þ y2Þ x1; y1; x2; y2 � L=2
/ QWW

fðx; y; zÞ ¼N1s

8
<

:

Beb2ðx1þ y1þ z1Þeb2ðx2þ y2þ z2Þ x1; y1; z1; x2; y2; z2 � � L=2
Cosa2x1Cosa2y1Cosa2z1Cosa2x2Cosa2y2Cosa2z2 � L=2 < x1; y1; z1; x2; y2; z2 < L=2

Beb2ðx2þ y2þ z2Þeb2ðx2þ y2þ z2Þ x1; y1; z1; x2; y2; z2 � L=2
/ QD

Here,
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a ¼

��������������
2m�

w E

Z2

r

b ¼

����������������������������
2m�

bðV0 � EÞ

Z2

s

9
>>>>=

>>>>;

/ QW;

a1 ¼

�����������
m�

w E

Z2

s

b1 ¼

�������������������������
m�

bðV0 � EÞ

Z2

s

9
>>>>=

>>>>;

/ QWW;

a2 ¼

��������������
2m�

w E

3Z2

s

b2 ¼

����������������������������
2m�

bðV0 � EÞ

3Z2

s

9
>>>>=

>>>>;

/ QD (5)

N1s is the normalization constant, B is obtained from the continuity condition and the subscript w-stands for well and b-
stands for barrier.

The approximate ground states for the con � ned two electrons have been calculated using the variational approach. The
variational ansatz is written as

J QW ¼ f ðzÞe� l r
1s ; J QWW ¼ f ðx; yÞe� l r

1s ; J QDf ðx; y; zÞe� l r
1s (6)

where, l is the variational parameter.
The lowest energy level E 0 without donor impurity can be computed by solving the transcendental equation

a tana L=2 ¼ b (7)

The expectation value of H is minimized with respect to l 1s and the electron-electron interaction energy is obtained by
computing

Ee� e ¼ � J QW;QWW;QDðr1; r2Þ
�
�
�
�

2

j r! 1 � r! 2j

�
�
�
�J QW;QWW;QDðr1; r2Þ� (8)

The binding energy of the two electrons in the presence of magnetic � eld is found by solving the Schr €odinger equation
variationally, and is given by

EB ¼ E0 þ g � � H� min (9)

The CdTe parameters used in our calculations are � 0 ¼ 10.2; m *
w ¼ 0.090; R* ¼ 11.76 meV; a�

B ¼ 60 Å.

3. Results and discussion

The variation of binding energy for the He-like impurity con � ned inside a CdTe/Cd1-xMn xTe Square Quantum Well with
and without the application of magnetic � eld (g ¼ 0, g ¼ 3, g ¼ 6) as a function of well width is depicted in Fig. 1 for the
composition of Mn 2þ ion x ¼ 0.3.

It is noted from the � gure that for the case with g ¼ 0, the binding energy increases gradually as the well width is reduced
from the bulk regime towards the Quasi two dimensional regime and it attains maximum when the well width reaches
approximately the effective Bohr radius of the con � ning system (60 Å). This is due to the fact that the impurity potential
energy becomes more negative with decreasing well width which leads to larger binding of the carriers in that regime even
though there is an increase in the kinetic energy of the particles. The variation of Coulomb interaction between the two
electrons as a function of well width is plotted in Fig. 2.

The interaction energy is maximum for the narrower well width where the con � nement is more and thereafter a gradual
decrease is observed as the well width increases since the Coulomb interaction scales inversely proportional to the dimension
of the well as V Coulomb ~1/L [29] . But, when the external magnetic � eld of strength g ¼ 3 and g ¼ 6 are applied, the Coulomb
interaction gets decreased as shown in Fig. 2. This is because, the applied magnetic � eld tremendously suppresses the
con� ning potential barrier (333.27 meV, 67.65 meV, 8.39 meV for g ¼ 0, g ¼ 3 and g ¼ 6 respectively) and thereby shrinking
the spatial extend of the two particle wavefunction which causes tunnelling of electrons through the barrier Cd 1-xMn xTe. In
addition to this, when the strength of magnetic � eld is more the angular momentum gets increased and the electrons in states
with higher angular momentum are further apart from each other and thereby decreasing the Coulomb interaction between
them. The expectation value of binding energy of the two electrons con � ned in a QW also follows the same trend (given in
Fig. 1) with the magnetic � eld as that of the interaction energy. The decrease of the binding energy ( Fig. 1) with the magnetic
� eld can be attributed to the decrease in the kinetic energy, impurity potential energy as well as the subband energy due to
the reduction in the potential barrier height. The variation of subband energy with the magnetic � eld for the two electrons
con� ned inside the QW for various well widths is reported in Table 1.
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Fig. 1. Variation of Kinetic Energy, Potential energy and the Binding energy of the two electrons con � ned inside the QW as a function of well width for g ¼ 0,
g ¼ 3 and g ¼ 6.

Fig. 2. Variation of interaction energy of the two electrons con � ned inside the QW as a function of well width for (a) g ¼ 0, g ¼ 3 and (c) g ¼ 6.
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When the magnetic � eld of strength g ¼3 is applied, the turnover in the binding energy is seen in the Quasi 2D region. This
is because, the reduction in the potential barrier height due to the application of magnetic � eld keeps the expectation value of
impurity potential to be more negative until the well width reaches around the effective Bohr radius when it is decreased
from the bulk value. But, thereafter, it allows the carrier to be far apart from each other and leads to less negative value in the
impurity potential with decreasing well width and therefore the carriers get loosely bound to the donor atom which results in
lower binding energy.

But when the magnetic � eld of strength g ¼ 6 is applied, the binding energy increases as the well width increases and
attains a maximum value around L ¼ 100 Å and thereafter it gets saturated until L reaches 250 Å and beyond that the binding
energy starts to fall again. The reason for this behaviour is the competition between the kinetic energy and the potential

Table 1
Subband Energy vs well width for different magnetic � elds.

Well Width (Å) Subband Energy (meV)

g ¼ 0 g ¼ 3 g ¼ 6

60 63.27 33.42 7.34
100 28.70 18.97 6.08
150 14.39 10.79 4.63
200 8.614 6.90 3.54
300 4.08 3.5026 2.19

Fig. 3. Variation of binding energy for the two electrons con � ned inside (a) QWW, (c) QD and the interaction energy in (b) QWW, (d) QD as a function of well
width for different magnetic � elds.

Table 2
Subband Energy vs Well Width for different magnetic � elds in QWW and QD.

Well Width (Å) Subband Energy (meV)

QWW QD

g ¼ 0 g ¼ 3 g ¼ 6 g ¼ 0 g ¼ 3 g ¼ 6

60 100.807 43.93 7.82 127.945 49.44 8.0013
100 49.648 28.422 7.02 66.844 34.60 7.411
150 26.035 17.5738 5.886 36.224 22.655 6.507
200 15.952 11.77 4.854 22.583 15.684 5.59645
300 7.74 6.27316 3.323 11.57684 8.666 4.080
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energy as shown in Fig.1c. The contribution of the kinetic energy to the total energy is much greater than the potential energy
in the range L < 100 Å and vice versa in the ranges L > 100 Å. But this variation of the binding energy with the well width for
g ¼ 6 is not as rapid as the variation observed for g ¼ 0 and g ¼ 3. This can be understood on the basis of the following
qualitative argument. The strength of the applied magnetic � eld g ¼ 6 is very nearer to the critical magnetic � eld (g ¼ 7.35) at
which the barrier vanishes completely and the QW gets disappeared and the carriers become uncon � ned as in the bulk
system. Moreover, the binding energy for all the values of magnetic � eld converges when the well width is increased towards
the bulk value.

Fig. 4. Variation of (a) binding energy and (b) interaction energy for the two electrons con � ned inside QW, QWW and QD as a function of dimension of the LDSS
for the magnetic � eld g ¼ 3.

Quantum Well = 0  = 6

Quantum Well Wire = 0  = 6

Quantum Dot  = 6 = 0

�� �t��

�� �t��

�� �t��

Fig. 5. Probability density
�
�
�j 2

�
�
� of the He e like impurity con � ned inside the QW, QWW and QD under g ¼ 0 and g ¼ 6 for Mn ion concentration of x ¼ 0.3.
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The graphs for binding energy and interaction energy for QWW and QD are plotted in Fig. 3 for the cases with and without
the application of magnetic � eld and the variation of subband energy for these QWW and QD have also been presented in
Table 2. It is clearly seen from these � gures that the trend of the binding energy with the dimension of the system is as same as
the trend seen in the QW but with the larger magnitude in binding as well as interaction energy as the con � nement of the
system is increased from 2D / 1D (QW / QWW) and then 1D / 0D (QWW / QD). The Binding energy and the interaction
energy for QW, QWW and QD for a typical value of g ¼ 3, has been given in Fig. 4a and b respectively.

This is because, when the con� nement is increased, there is a less possibility for the electrons to undergo tunnelling
because of its highly localized wavefunction. Since the degree of freedom for the two electrons is restricted as the dimen-
sionality of the system is reduced which increases the effective strength of the Coulomb interaction between them and hence
affects the binding energy.

It is worth noticing from all the graphs portrayed above that the binding of the two electrons and their Coulomb inter-
action is tremendously affected by the applied magnetic � eld only when the impurity is con � ned inside the QD rather than in
the QW and QWW. This can be justi � ed as one can note that the magnitude of decrease in the binding energy and the
interaction energy with respect to the applied magnetic � eld increases as the con� nement of the carrier increases from 2D /
1D / 0D. The above said qualitative arguments can be justi � ed from the three dimensional probability function shown in
Fig. 5 for the two electrons con � ned inside the CdTe/Cd1-xMn xTe QW, QWW and QD with g ¼ 0 and g ¼ 6 by noticing, the

�
�
�J 2

�
�
�

decreases when the magnetic � eld is applied and it increases as the dimensionality of the system is reduced.
To conclude, we have calculated the Coulomb interaction between the two electrons con � ned in the LDSS and their

binding to the donor impurity as a function of magnetic � eld. The most appealing feature of the Coulomb interaction in DMS
systems in response to the applied magnetic � eld as compared to other non-magnetic systems may be instrumental in
understanding the strong in � uence of the spectral properties of the LDSS which can be interpreted as transition to Quantum
Chaos and may also shed some light on the fabrication of spintronic devices.
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Abstract  

The effect of different combinations of the concentration of Mn2+ ion in the Quantum 

well   and the barrier  on the Bound Magnetic Polaron 

(BMP) in a Diluted Magnetic Semiconductors (DMS) Double Quantum Well (DQW) has 

been investigated. The Schrodinger equation is solved variationally in the effective mass 

approximation through which the Spin Polaronic Shift (SPS) due to the formation of BMP 

has been estimated for various locations of the donor impurity in the DQW. The results show 

that the effect of the increase of Mn2+ ion composition with different combinations on SPS is 

predominant for On Centre Well (OCW) impurity when compared to all other impurity 

locations when there is no application of magnetic field (�J��� ����), �J being a dimensionless 

parameter for the magnetic field, and the same is predominant for On Centre Barrier (OCB) 

impurity with the application of external magnetic field (�J��� ����������). 

Keywords: Double Quantum Well; Dilute Magnetic Semiconductors; Bound Magnetic     

                        Polaron; Exchange interaction; Impurity Locations 

1. Introduction  

The Diluted Magnetic Semiconductors (DMS) have many unusual features like Zeeman 

Splitting [1], Bound Magnetic Polaron [2], Giant Faraday Rotation [3], magnetic field 

induced metal �± insulator transition due to the exchange interaction between the magnetic 

Mn2+ ions and the confined carrier through sp-d exchange. The formation of spin �± glass 

phase is possible for arbitrarily less concentration of Mn2+ ion (x < 0.2) at low temperatures 

which leads to the frustration of antiferromagnetic interaction between the Mn2+ ions 

resulting in a high magnetization of the material. 
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These unique properties of DMS presents an entirely new set of challenges for the successful 

preparation of the Multiple Quantum Wells and the Superlattices. The modification of the 

barrier height in such QWs made up of DMS materials can be achieved either by adjusting 

the composition x of the alloy used in the barrier and well material or by the application of 

the external magnetic field. Many theoretical investigations [4-7] on the energy levels of 

Bound Magnetic Polaron do already exist. However, no such investigations have been made 

to study the effect of BMP on the energy levels especially in a DQW with respect to the 

impurity position as a function of various combinations of the composition of Mn2+ion in the 

well (xin) and the barrier (xout) of DMS materials in such a way that the difference between 

the two composition (xout �± xin = x) is same.  The present paper attempts for such an 

investigation in  DQW with and without the application 

of magnetic field for the resultant composition of x = 0.1 as a function of central barrier width 

and the impurity positions.  

2. Theoretical Formalism 

The Hamiltonian of a hydrogenic donor impurity inside the DQW made up of 

 DMS materials in the effective mass approximation in 

the presence of applied magnetic field along the direction of growth axis  

(z-axis) is written as 

                                                              (1)  

where �J � �� �«�Zc / 2R* (�Zc �± cyclotron frequency) is the parameter of the strength of the 

magnetic field and �J��= 1 corresponds to �|30Tesla;     is the mean distance of 

the parent donor atom and the carrier attached to it.  

The contribution from the exchange interaction between the electron and the Mn2+ ion to the 

Hamiltonian can be written as [8], 

                                                                                           (2)                                                                                                            

where, Je is the coupling constant for the exchange interaction between the electron of spin se 

located at re and Mn2+ ions of spin Si located at Ri. Using the mean field theory with 

modified Brillouin function [6], the exchange interaction between the carrier and magnetic 



impurity which causes the Spin Polaronic Shift (SPS) in the presence of an external magnetic 

field B can be written as[ 6] 

      (3) 

 ;    

where, S is the spin of Mn2+ (=5/2), N0 = 2.94 �u 1022 cm-3 �D�Q�G�� ����- exchange coupling 

parameter and its value is obtained from the experimental value of the s �± d coupling 

�F�R�Q�V�W�D�Q�W���� ���10 = 220meV [8]. Also gMn���|2, kB is the Boltzmann constant and Bs(y) is the 

modified Brillouin function. For the DMS of arbitrary x, it is inevitable to choose the 

phenomenological fitting parameters of saturation value S0 and the effective temperature  

Teff = T + T0 with T0 for the various concentrations of Mn2+ ion which numerical values can 

be taken from [8]. 

The various combinations (Ci) of xin and xout in such a way that the difference between xout 

and xin is 0.1 (xout - xin = x = 0.1) and the various impurity positions (zi) accounted for the 

study are as follows: 

                                                                           (4)    

and                                           

(i) On Centre Barrier impurity (OCB) (zi = 0) 

(ii)  On Edge Barrier impurity (OEB) (zi = Lb / 2)  

(iii) On Centre Well impurity (OCW) (zi = Lb / 2 + Lw / 2) 

(iv) On Edge Well impurity (OEW) (zi = Lb / 2 + Lw =  

 

The said scheme is shown in fig.1 for which the profile of the confining potential VB (z) for 

the carriers in symmetric DQW structures is given as 



                                                  (5) 

Lw is the width of the each well and Lb is the central barrier width and V0=70% �' Eg
B, where, 

�' Eg
B is the band gap difference with magnetic field and is given by [5] 

                                                                                                                                                            
                                                                                             (6)   

 

�' Eg
0  is the band gap difference without magnetic field. is chosen with �] as a 

parameter (= 0.5) and �J0 as the critical magnetic field which depends upon the value of the 

�F�R�P�S�R�V�L�W�L�R�Q���µ�[�¶���R�I���0�Q2+ ion. The critical magnetic field B0 in Tesla for different composition 

is given as B0 = A enx with A = 0.734 and n = 19.082 which gives the best fit to the 

extrapolated experimentally available critical fields and the band gap of Cd1-xMnxTe is 

1.606+1.587x eV. 

The approximate ground state energy for confined donor impurity has been calculated using 

the variational method. The envelop function f (z) is considered as 

                                      (7) 

Here, �D = (2m*E) 1/2 and  �E = (2m*(V0-E)) 1/2. The unknown constants A, B and C are found 

out using the proper boundary conditions at the interfaces zi = Lb / 2 and zi = Le. 

The trial wavefunction of the ground state is chosen as, 

                                                                                                                    (8) 

where, N is the normalization constant and �O is the variational parameter.  

The expectation value of H is minimized with respect to �O and the SPS of the donor impurity 

in the presence of magnetic field is found by solving the Schrödinger equation variationally. 



 

  

 

 

 

 

 

 

 

Figure 1: Schematic view of the potential profile for a DQW 

 

3. Results and Discussions 

 

The Fig. 2a, 2b, 2c and 2d corresponding to OCB, OEB, OCW and OEW impurity locations 

shows the variation of Spin Polaronic Shift (SPS) against the central barrier width in 

a  DQW for various combinations of xin and xout in such a 

way that the difference between xout and xin is 0.1 (xout - xin = x =0.1). It is noted from the 

figure that the trend of the variation of SPS with the barrier width is as same as the trend of 

the variation of binding energy of the donor  impurity with the barrier width of the DQW 

under zero magnetic field (�J = 0) as given in [4]. An attempt has been made on how the 

exchange interaction between the Mn2+ ions and the confined carrier in a DQW is affected by 

the composition of the magnetic impurity ion (xin and xout) which are varied simultaneously 

as given in (4) both in the well and in the barrier material. For all the impurity locations, the 

SPS increases with the increase of the composition of Mn2+ ion as given in (4) except for the 

combination (C4) of xin = 0.2 and xout = 0.3.  This is because, when the concentration of Mn2+ 

ion in both well and barrier increases, the exchange interaction between the magnetic moment 

of the Mn2+ ions and the spin of the localized carrier also increases which results in larger 

shift in the polaronic energy. This may be justified as follows: When the concentration of 

Mn2+ ions is low , x < 0.005, the interaction between the magnetic moments of the Mn2+ ions 

is very low[9]. Hence, all the Mn2+ ions can contribute to the total magnetic moment with the 

average spin per magnetic ions <Sz>. 
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Figure 2: Variation of SPS against the barrier width for different combinations Ci of  

                    concentration of Mn2+ for composition of x = 0.1 (xout -xin=Ci) in a DQW with a  

                    well width of Lw = 50Å  for (a) OCB, (b) OEB, (c) OCW and (d) OEW     

                     impurities without the application of magnetic field (�J = 0).  

 But when x increases beyond 0.005, spins of nearest neighbour cancels out due to the 

antiferromagnetic interaction between the Mn2+ ions which reduces the number of ions 

contributing to the total magnetic moment. Eventually only an effective concentration   of 

Mn2+ ions which is always less than x contributes to the total magnetic moment. From the 

results reported in [9], one can understand that the  increases upto x = 0.2 and then starts to 

decrease when x increases beyond 0.3. It is because of this fact one gets lower SPS for the 

combination of Mn2+ ions which involves xout = 0.3.  

When the barrier width is limited to zero (Lb �o  0), the rate of increase of the shift with 

respect to the increase of the concentration of Mn2+ ions as in (4) is high, only when the 

impurity is at OCB and OEB when compared to the other two impurity locations. This is due 



to the fact that the DQW effectively becomes the Single Quantum Well (SQW) as Lb �o  0 

and it exhibits the characteristic behaviour ascribed to the SQW. However, when the barrier 

width starts to increase in between the two wells, the rate of increase of SPS is high, only for 

the OCW impurity compared to all the other impurity locations as shown in Fig 2c. 

The results of SPS against barrier width is presented in Fig.3 for Lw = 300Å.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Variation of SPS against the barrier width for different combinations Ci of 

concentration of Mn2+ for composition of x = 0.1 (xout -xin=Ci) in a DQW with a well width of  

Lw = 300Å for (a) OCB, (b) OCW impurities without the application of magnetic field. 

 



It is seen from the figure that the effect on SPS due to the variation of the concentration of 

Mn2+ ion for any combinations (Ci : xout �± xin) is predominant only for the lower well width of 

Lw=50Å rather than for the well width approaching the bulk value like Lw=300Å. 

The variation of the SPS against the barrier width for all the combinations of composition of 

Mn2+ ions and for all the impurity locations under the external applied magnetic field is given 

in Fig.4. It is well known that the applied magnetic field tremendously reduces the confining 

potential (111. 09meV, 7.865meV for �J = 0 and �J��= 0.15 respectively) [5] in which the carrier 

has been confined.  

 

 

Figure 4: Variation of SPS against the barrier width for different combinations Ci of Mn2+  

                 composition of x = 0.1 in a DQW with a well width of Lw = 50Å  for (a) OCB, (b)  

                 OEB, (c) OCW and (d) OEW impurities with the application of magnetic field  

                 ���J��= 0.15).  



When the external magnetic field is applied, the exchange interaction between the Mn2+ ions 

and the carrier is enhanced thereby increasing the shift largely as one can see from the 

numerical values of SPS for both �J��= 0 and �J = 0.15 from the respective figures. The trend of 

the variation of SPS with the barrier width under the applied magnetic field is same for all the 

impurity locations except for OCB impurity with respect to different combinations of Mn2+ 

ions as shown in Fig. 4. 

In the case of OCB impurity as given in Fig.4a, when the combinations of C1 and C2 are 

considered, the SPS increases as the barrier width increases and one observes the reverse 

trend for the combinations of C3 and C4. This is because when the barrier width increases, the 

coupling between the two QWs is reduced which causes the carrier to interact with the Mn2+ 

ions presented in the well material alone. Therefore, only for the combination for which  

xin �d 0.01 alone only can show its influence to the maximum extent with the carrier, thereby 

increasing the shift. But when the width of the central barrier becomes thin, the maximum of 

SPS is observed only for the combinations of C3 and C4 which is due to the strong alignment 

of the spins of Mn2+ ions with the applied magnetic field. It is also worth to note from the 

Fig.4d that the SPS is maximum for OEW impurity as compared to all other impurity 

locations for the combination of C1 and C2. This is because there is a possibility of finding 

lesser number of antiferromagnetically paired Mn2+ ions along the interface of DQW, which 

can effectively contribute to a larger <Sz>. Therefore, the magnetization of the material 

becomes larger since these ions can easily be aligned in the external magnetic field. 

 

 4. Conclusion 

 The calculation of the SPS due to the formation of BMP with and without the application of 

external magnetic field in DQW for various impurity locations and for the different 

combinations of the concentration of Mn2+ ions in the well and the barrier DMS materials 

giving rise to x = 0.1 has been made. From our investigation it has been observed that even 

though the Mn2+ concentration x = 0.1 (xout �± xin = 0.1) determines the effective confining 

potential well of the DQW, the SPS is different and depends on the concentration of Mn2+ ion 

in the well (xin) and in the barrier (xout). The large spin �± splitting of energy levels due to the 

sp-d exchange interaction in such DMS materials corresponds to the far �± infrared (FIR) 

region of the spectrum which causes the possibility of a tunable coherent circularly polarized 



FIR emitter and for the resonant tunnelling devices using superlattices involving wide �± gap 

DMS for which our study may throw some light. 
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Highlights: 

 

�x Impurity states in a Triangular GaAs/Al1-xGaxAs Quantum Well has been studied. 

�x Effect of ���*-X band crossover on the �Fdia of a donor impurity has been investigated.  

�x �Fdia abruptly increases at a particular pressure for 1s and 2p± states. 

�x A steady increase of �Fdia is noticed for 2s state as a function of applied pressure. 

�x This work shows the possibility of SMT in such triangular nanostructure systems. 
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Coulomb Interaction of Acceptors in Cd1-xMn xTe/CdTe 
Quantum Dot 
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Abstract. The investigation on the effect of confining potential like isotropic harmonic oscillator type potential on the 
binding and the Coulomb interaction energy of the double acceptors in the presence of magnetic field in a  
Cd1-xMnxTe/CdTe Spherical Quantum Dot has been made for the Mn ion composition x=0.3 and compared with the 
results obtained from the square well type potential using variational procedure in the effective mass approximation.  

Keywords: Double acceptors, Square well potential, Parabolic potential, Coulomb Interaction energy 
PACS: 73.21.La, 71.15.Nc, 75.75-C, 75.50.Pp, 75.30.Hx.

INTRODUCTION 

One of the best known magnetic semiconductors 
that can be made p-type is Cd1-xMnxTe1.The effect of 
exchange interaction of a hole with magnetic ions on 
the acceptor states which gives rise to Bound Magnetic 
Polaron is a special feature in this Semimagnetic 
Semiconductors. In the absence of magnetic field, the 
spins of the magnetic ions are not ordered and hence 
there is no net exchange interaction of these ions with 
a hole. Recently2 results are available on the Coulomb 
interaction of the carriers in square well type potential 
confinement in Quantum Dots (QD). But still there are 
uncertainties in the nature and type of potential that 
exists in QD. Brey et al.3 and Yip4 have demonstrated 
the evidences for the assumption of parabolic potential 
confinement in QD which is the motivation for the 
present work. In this work, we investigate the effect of 
confining potential like harmonic oscillator type on the 
Coulomb interaction between the acceptors and their 
binding energy in the presence of magnetic field in 
Cd1-xMnxTe/CdTe spherical QD for  Mn composition 
of x=0.3 using variational principle in the effective 
mass approximation. 

 
 

 
 
 

THEORETICAL FORMALISM 
 
 Defining effective Bohr radius aB*= � 2e0/m*e2 as 
unit of length, effective Rydberg      R* = e2/2e0aB* as 
unit of energy and the strength of the magnetic field 
parameter  g = � wc/2R* (wc – cyclotron frequency), the 
Hamiltonian of the double acceptor impurities in 
Cd1-xMnxTe/CdTe QD in the effective mass 
approximation in the presence of magnetic field 
applied along the growth direction is given as 
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The Parabolic confining potential for Cd1-xMnxTe 
Spherical Quantum Dot is given by 
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where R is the radius of the Quantum Dot and 
V0=30%DEg

B, where, DEg
B is the band gap difference 

with magnetic field and is given by2. 
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where DEg
0 is the band gap difference without 

magnetic field given as h=ez� 0is chosen with z as a 
parameter(=0.5) and g0 as the critical magnetic field. 
  
The trial wavefunction for the ground state of double 
acceptor impurities in spherical polar co-ordinates with 
parabolic confinement is given by, 
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where, a=(2m*E)1/2, b=(2m*(V0-E))1/2 and l hh is the 
variational parameter. 
The subband energy (E) is the lowest energy without 
the acceptor impurity which is obtained by solving the 
transcendental equation 
                         0)tan( =+ Raba                    (5)    

                                                 

RESULTS AND DISCUSSIONS 

Fig.1a. gives the variation of Coulomb 
interaction between acceptors confined in a parabolic 
and square well potential in QD in the absence of 
magnetic field (g=0). Fig.1b. gives the same in the 
presence of magnetic field (g=0.075).  

 

 

 

 

 

 

 

 

 

 

 

From these figures one observes that the 
carriers show more interaction in parabolic 
confinement than for square 
well type potential confinement. Moreover, in the 

presence of the magnetic field a turnover occurs for 
the smaller radius of QD. A shift in the turnover 
towards the smaller radius of QD under parabolic 
confinement in the presence of magnetic field 
(g=0.075) has also been noticed. This turnover feature 
is due to the interplay between three forces, the first 
being an attractive force due to the confining potential 
in a dot that tends to confine the holes together, the 
second being the repulsive force due to the Coulomb 
interaction between the hole themselves and the third 
being the magnetic field which reduces the 
confinement and aids the repulsive forces. At a lower 
QD radius the repulsive force gains in strength and 
causes tunneling which in turn reduce the interaction 
energy when the magnetic field is applied.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2a and 2b gives the binding energy of the 
acceptors as a function of dot size without and with 
magnetic field respectively. Fig.2a. reveals the binding 
of acceptor is more in parabolic confinement than in 
square well type confinement in the absence of 
magnetic field justifying the trend of the results of 
fig.1a. In the presence of the magnetic field (g=0.075), 
one sees an enhanced binding of acceptors under 
parabolic confinement than the square well type 
confinement justifying the results of fig.1b.  

 

 

FIGURE 1a. Variation of Coulomb interaction of 
double acceptors vs. dot radius for g=0. 
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FIGURE 1b. Variation of Coulomb interaction of 
double acceptors vs. dot radius for g=0.075. 
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CONCLUSION  

The present investigation can help in understanding 
the mechanism of two particle spectra and the 
formation of Wigner crystal in low dimensional 
systems like Quantum Dot, Quantum Wire and 
Quantum Well. 

 

ACKNOWLEDGMENTS 

The authors thank University Grants Commission, 
New Delhi, India for the financial support under Major 
Research Project. (F.No.42-816/2013 (SR)). 
 

REFERENCES 

1. R.R. Galazka, Physiscs of Narrow Gap Semiconductors, 
Springer, Berlin 294 (1982). 

2.   A. Merwyn Jasper D Reuben, K. Jayakumar, Superlat. 
and Microstruct 52 732–737 (2012) . 

3.    L. Brey, N. F. Johnson, and B. I. Halperin, Phys.Rev.B 
40 10647-10649 (1989). 

4. S. K. Yip, Phys. Rev B 43, (1991). 
 

 
 

FIGURE  2a. Variation of binding energy of double 
acceptors vs. dot size for a) g=0. 

0 50 100 150 200 250 300 350

10

20

30

40

50

60

70

80

90

 

 

B
in

di
ng

 E
ne

rg
y 

(m
eV

)

Dot Size (Å)

 Parabolic Confinement  
 Square Well Confinement

g=0g=0g=0g=0

2a)

0 50 100 150 200 250 300 350

10

20

30

40

50

60

70

80

 

 

B
in

di
ng

 E
ne

rg
y 

(m
eV

)

Dot Size (Å)

Paraboic confinement
 Square well Confinement

g=0.075g=0.075g=0.075g=0.0752b)

FIGURE  2b. Variation of binding energy of double 
acceptors vs. dot size for g=0.075. 

1178



�0�D�J�Q�H�W�L�F���I�L�H�O�G���H�I�I�H�F�W���R�Q���W�K�H���&�R�X�O�R�P�E���L�Q�W�H�U�D�F�W�L�R�Q���R�I���D�F�F�H�S�W�R�U�V���L�Q���V�H�P�L�P�D�J�Q�H�W�L�F
�T�X�D�Q�W�X�P���G�R�W
�3�����.�D�O�S�D�Q�D�����$�����0�H�U�Z�\�Q�����-�D�V�S�H�U���'�����5�H�X�E�H�Q�����3�����1�L�W�K�L�D�Q�D�Q�W�K�L�����D�Q�G���.�����-�D�\�D�N�X�P�D�U��

 
�&�L�W�D�W�L�R�Q�����$�,�3���&�R�Q�I�H�U�H�Q�F�H���3�U�R�F�H�H�G�L�Q�J�V���������������������������������������������G�R�L�������������������������������������� 
�9�L�H�Z���R�Q�O�L�Q�H�����K�W�W�S�������G�[���G�R�L���R�U�J������������������������������������ 
�9�L�H�Z���7�D�E�O�H���R�I���&�R�Q�W�H�Q�W�V�����K�W�W�S�������V�F�L�W�D�W�L�R�Q���D�L�S���R�U�J���F�R�Q�W�H�Q�W���D�L�S���S�U�R�F�H�H�G�L�Q�J���D�L�S�F�S�����������"�Y�H�U� �S�G�I�F�R�Y 
�3�X�E�O�L�V�K�H�G���E�\���W�K�H���$�,�3���3�X�E�O�L�V�K�L�Q�J 
 
�$�U�W�L�F�O�H�V���\�R�X���P�D�\���E�H���L�Q�W�H�U�H�V�W�H�G���L�Q 
�7�K�H���H�I�I�H�F�W���R�I���&�R�X�O�R�P�E���L�Q�W�H�U�D�F�W�L�R�Q�V���R�Q���Q�R�Q�O�L�Q�H�D�U���W�K�H�U�P�R�Y�R�O�W�D�J�H���D�Q�G���W�K�H�U�P�R�F�X�U�U�H�Q�W���L�Q���T�X�D�Q�W�X�P���G�R�W�V��
�-�����&�K�H�P�����3�K�\�V��������������������������������������������������������������������������������
 
�&�R�X�O�R�P�E���L�Q�W�H�U�D�F�W�L�R�Q���R�I���D�F�F�H�S�W�R�U�V���L�Q���&�G����å���[���0�Q���[���7�H�������&�G�7�H���T�X�D�Q�W�X�P���G�R�W��
�$�,�3���&�R�Q�I�����3�U�R�F������������������������������������������������������������������������������
 
�7�K�H���H�I�I�H�F�W���R�I���&�R�X�O�R�P�E���L�Q�W�H�U�D�F�W�L�R�Q�V���R�Q���W�K�H�U�P�R�H�O�H�F�W�U�L�F���S�U�R�S�H�U�W�L�H�V���R�I���T�X�D�Q�W�X�P���G�R�W�V��
�-�����&�K�H�P�����3�K�\�V��������������������������������������������������������������������������������
 
�,�P�S�D�F�W���R�I���&�R�X�O�R�P�E���L�Q�W�H�U�D�F�W�L�R�Q���D�Q�G���.�R�Q�G�R���H�I�I�H�F�W���R�Q���V�K�R�W���Q�R�L�V�H���L�Q���T�X�D�Q�W�X�P���G�R�W�V��
�$�,�3���&�R�Q�I�����3�U�R�F��������������������������������������������������������������������������
 
�&�R�Q�W�U�R�O�O�L�Q�J���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���D�Q�G���L�W�V���I�O�X�F�W�X�D�W�L�R�Q�V���L�Q���L�Q�G�L�Y�L�G�X�D�O���V�H�P�L�P�D�J�Q�H�W�L�F���T�X�D�Q�W�X�P���G�R�W�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W
�H�[�F�K�D�Q�J�H���L�Q�W�H�U�D�F�W�L�R�Q�V��
�$�S�S�O�����3�K�\�V�����/�H�W�W������������������������������������������������������������������������������

 

http://scitation.aip.org/search?value1=K.+Jayakumar&option1=author
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/140/10/10.1063/1.4867697?ver=pdfcov
http://dx.doi.org/10.1063/1.4917985
http://scitation.aip.org/content/aip/journal/jcp/142/24/10.1063/1.4922907?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4872894?ver=pdfcov
http://scitation.aip.org/search?value1=Jasper+D.+Reuben&option1=author
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2759720?ver=pdfcov
http://scitation.aip.org/search?value1=P.+Nithiananthi&option1=author
http://scitation.aip.org/search?value1=P.+Kalpana&option1=author
http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/1665?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/6/10.1063/1.1861954?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/6/10.1063/1.1861954?ver=pdfcov
http://scitation.aip.org/search?value1=A.+Merwyn&option1=author


�0�D�J�Q�H�W�L�F���I�L�H�O�G���(�I�I�H�F�W���R�Q���W�K�H���&�R�X�O�R�P�E���,�Q�W�H�U�D�F�W�L�R�Q���R�I��
�$�F�F�H�S�W�R�U�V���L�Q���6�H�P�L�P�D�J�Q�H�W�L�F���4�X�D�Q�W�X�P���'�R�W��

�3�������.�D�O�S�D�Q�D�������$�����0�H�U�Z�\�Q�������-�D�V�S�H�U���'�� �5�H�X�E�H�Q�������3�����1�L�W�K�L�D�Q�D�Q�W�K�L�����D�Q�G����������������������������������������������
�.�����-�D�\�D�N�X�P�D�U�������

1Nanostructure Lab, Department of Physics, Gandhigram Rural University, Gandhigram-624302, India 
2Department of Physics, School of Engineering, Saveetha University, Thandalam, Chennai- 600104, India  

 *E-mail::kjkumar_gri@rediffmail..com 

�$�E�V�W�U�D�F�W���� �� �7�K�H�� �&�R�X�O�R�P�E�� �L�Q�W�H�U�D�F�W�L�R�Q�� �R�I�� �K�R�O�H�V�� �L�Q�� �D�� �6�H�P�L�P�D�J�Q�H�W�L�F�� �&�G�����[�0�Q�[�7�H�� ���� �&�G�7�H�� �6�S�K�H�U�L�F�D�O�� �D�Q�G�� �&�X�E�L�F�D�O�� �4�X�D�Q�W�X�P��
�'�R�W�����6�0�4�'�����L�Q���D���P�D�J�Q�H�W�L�F���I�L�H�O�G���L�V���V�W�X�G�L�H�G���X�V�L�Q�J���Y�D�U�L�D�W�L�R�Q�D�O���D�S�S�U�R�D�F�K���L�Q���W�K�H���H�I�I�H�F�W�L�Y�H���P�D�V�V���D�S�S�U�R�[�L�P�D�W�L�R�Q�����6�L�Q�F�H���W�K�H�V�H��
�K�R�O�H�V�� �L�Q�� �4�'�� �V�K�R�Z�� �D�� �S�U�R�Q�R�X�Q�F�H�G�� �F�R�O�O�H�F�W�L�Y�H�� �E�H�K�D�Y�L�R�U���� �Z�K�L�O�H�� �G�L�V�W�L�Q�F�W�� �V�L�Q�J�O�H�� �S�D�U�W�L�F�O�H�� �S�K�H�Q�R�P�H�Q�D�� �L�V�� �V�X�S�S�U�H�V�V�H�G���� �W�K�H�L�U��
�L�Q�W�H�U�D�F�W�L�R�Q�� �L�Q�� �F�R�Q�I�L�Q�H�G�� �S�R�W�H�Q�W�L�D�O�� �E�H�F�R�P�H�V�� �Y�H�U�\�� �V�L�J�Q�L�I�L�F�D�Q�W���� �,�W���K�D�V�� �E�H�H�Q�� �R�E�V�H�U�Y�H�G�� �W�K�D�W�� �D�F�F�H�S�W�R�U���D�F�F�H�S�W�R�U�� �L�Q�W�H�U�D�F�W�L�R�Q�� �L�V��
�P�R�U�H���L�Q���F�X�E�L�F�D�O���4�'���W�K�D�Q���L�Q���V�S�K�H�U�L�F�D�O���4�'���Z�K�L�F�K���F�D�Q���E�H���F�R�Q�W�U�R�O�O�H�G���E�\���W�K�H���P�D�J�Q�H�W�L�F���I�L�H�O�G�����7�K�H���U�H�V�X�O�W�V���D�U�H���S�U�H�V�H�Q�W�H�G���D�Q�G��
�G�L�V�F�X�V�V�H�G����

�.�H�\�Z�R�U�G�V�����$�F�F�H�S�W�R�U�����6�H�P�L�P�D�J�Q�H�W�L�F���V�\�V�W�H�P�������4�X�D�Q�W�X�P���'�R�W�����&�R�X�O�R�P�E���L�Q�W�H�U�D�F�W�L�R�Q�����%�L�Q�G�L�Q�J���(�Q�H�U�J�\��
�3�$�&�6�����������������F�V�����������������+�[�����������������/�D�������������3�S

�,�1�7�5�2�'�8�&�7�,�2�1��

�0�D�J�Q�H�W�L�F�� �D�Q�G�� �6�H�P�L���P�D�J�Q�H�W�L�F�� �Q�D�Q�R�V�W�U�X�F�W�X�U�H��
�V�\�V�W�H�P�V�� �O�L�N�H�� �&�G�����[�0�Q�[� 7� H� � � �� � � &� G� 7� H� � � �� Z� K� H� U� H� � � [� � � L� V� � � W� K� H� �
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���P�D�J�Q�H�W�L�F���L�P�S�X�U�L�W�\���0�Q�����4�X�D�Q�W�X�P���'�R�W��
���4�'���� �L�V�� �G�U�D�Z�L�Q�J�� �F�R�Q�V�L�G�H�U�D�E�O�H�� �D�W�W�H�Q�W�L�R�Q�� �G�X�H�� �W�R��
�6�S�L�Q�W�U�R�Q�L�F�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �U�H�D�O�L�]�L�Q�J�� �W�K�H��
�R�S�W�R�H�O�H�F�W�U�R�Q�L�F�� �G�H�Y�L�F�H�V�� �D�Q�G�� �H�[�K�L�E�L�W�L�Q�J�� �W�K�H�� �V�Z�L�W�F�K�� �R�Y�H�U��
� R� I� � � W� K� H� � � V� \� V� W� H� P� � � I� U� R� P� � � W� \� S� H� �–�� �,�� �W�R�� �W�\�S�H��–� � � ,� ,������ �,�W�� �L�V�� �Z�H�O�O��
�N�Q�R�Z�Q�� �W�K�D�W�� �&�R�X�O�R�P�E�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �D�F�F�H�S�W�R�U��
�V�W�D�W�H�V�� �O�H�D�G�V�� �W�R�� �L�Q�F�U�H�D�V�H�G�� �V�L�J�Q�L�I�L�F�D�Q�F�H�� �R�I�� �P�D�Q�\�� �E�R�G�\��
�H�I�I�H�F�W�V���� �7�K�H�� �0�Q�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �L�Q�� �Q�R�Q�P�D�J�Q�H�W�L�F��
�6�H�P�L�F�R�Q�G�X�F�W�R�U�� �J�L�Y�H�V�� �U�L�V�H�� �W�R�� �I�H�U�U�R�P�D�J�Q�H�W�L�V�P�� �D�Q�G��
�P�H�W�D�O�O�L�F���W�U�D�Q�V�S�R�U�W�����&�R�X�O�R�P�E���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K�L�Q���W�K�H���4�'��
�J�L�Y�H�V���U�L�V�H���W�R���W�K�H���S�K�H�Q�R�P�H�Q�R�Q���R�I���&�R�X�O�R�P�E���E�O�R�F�N�D�G�H���R�I��
�W�U�D�Q�V�S�R�U�W���D�Q�G���L�W�V���L�Q�I�O�X�H�Q�F�H���V�W�U�R�Q�J�O�\���G�H�S�H�Q�G�V���R�Q���W�K�H���V�L�]�H��
�R�I���W�K�H���4�'�������0�R�U�H�R�Y�H�U�����W�K�H���L�Q�I�U�D�U�H�G���V�S�H�F�W�U�D���R�I���D�F�F�H�S�W�R�U��
�D�F�F�H�S�W�R�U�� �L�Q�W�H�U�D�F�W�L�R�Q�� �L�Q�� �6�L�� �D�Q�G�� �*�H�� �V�K�R�Z�� �D�� �V�P�D�O�O��
�V�S�O�L�W�W�L�Q�J�� �Z�K�L�F�K�� �F�D�Q�Q�R�W�� �E�H�� �H�[�S�O�D�L�Q�H�G�� �X�Q�O�H�V�V�� �R�Q�H��
�F�R�Q�V�L�G�H�U�V���W�K�H���D�F�F�H�S�W�R�U�V���L�Q�W�H�U�D�F�W�L�R�Q�������,�Q���W�K�H���O�L�J�K�W���R�I���W�K�H��
�D�E�R�Y�H���� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�W�� �Z�R�U�N���� �W�K�H�� �D�F�F�H�S�W�R�U��–�� �D�F�F�H�S�W�R�U��
�&�R�X�O�R�P�E�� �L�Q�W�H�U�D�F�W�L�R�Q�� �L�Q�� �&�G�����[�0�Q�[�7�H���&�G�7�H�� �4�'�� ���E�R�W�K��
�V�S�K�H�U�L�F�D�O�� ���6�4�'���� �D�Q�G�� �F�X�E�L�F�D�O�� ���&�4�'������ �K�D�Y�H�� �E�H�H�Q��
�L�Q�Y�H�V�W�L�J�D�W�H�G�� �L�Q�� �W�K�H�� �H�I�I�H�F�W�L�Y�H�� �P�D�V�V�� �W�K�H�R�U�\���� �7�K�H��
�W�K�H�R�U�H�W�L�F�D�O���I�R�U�P�X�O�D�W�L�R�Q���L�V���J�L�Y�H�Q���L�Q���W�K�H���Q�H�[�W���V�H�F�W�L�R�Q���D�Q�G��
�L�Q�� �W�K�H�� �O�D�V�W�� �V�H�F�W�L�R�Q���� �U�H�V�X�O�W�V�� �D�Q�G�� �G�L�V�F�X�V�V�L�R�Q�V�� �D�U�H��
�S�U�H�V�H�Q�W�H�G������

�7�+�(�2�5�(�7�,�&�$�/���)�2�5�0�$�/�,�6�0��

�7�K�H�� �G�R�X�E�O�H�� �D�F�F�H�S�W�R�U�� �V�W�D�W�H�V�� �D�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\��
�V�R�O�Y�L�Q�J�� �W�K�H�� �K�R�O�H�� �H�I�I�H�F�W�L�Y�H�� �P�D�V�V�� �6�F�K�U�|�G�L�Q�J�H�U�� �H�T�X�D�W�L�R�Q��
�D�Q�G�� �W�K�H�� �&�R�X�O�R�P�E�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�V�H�� �W�Z�R��
�D�F�F�H�S�W�R�U�V�� �L�V�� �V�F�U�H�H�Q�H�G�� �E�\�� �W�K�H�� �E�D�F�N�J�U�R�X�Q�G�� �G�L�H�O�H�F�W�U�L�F��
�F�R�Q�V�W�D�Q�W���H���� �7�K�H�� �H�I�I�H�F�W�L�Y�H�� �P�D�V�V�� �+�D�P�L�O�W�R�Q�L�D�Q�� �L�V�� �Z�U�L�W�W�H�Q��
�L�Q���G�L�P�H�Q�V�L�R�Q�O�H�V�V���I�R�U�P���D�V��

� � � �� � � �� � � � � � � �� � � �� � � � ��� � � �
������� � � �� � � �� � � �� � � � � � � ��V�L�Q �V�L�Q ��� � � �� � � �

�� � � � �� � � �

Hhh

V r V r LB B zr r

r r
Lz

r r

�J

� J � J� T � T
�J

�  � ½���’ ���’ �� �� �� �� ��� ° � °
� ° � °

� � ® � ¾
� ° � °� � � � � � � �
� ° � °��
� ¯ � ¿

�°��
�°
�°

�Z�K�H�U�H�����J��= �«�Z�F�����5��� ���Z�F��–�� �F�\�F�O�R�W�U�R�Q�� �I�U�H�T�X�H�Q�F�\���� �L�V�� �W�K�H��
�S�D�U�D�P�H�W�H�U���R�I���W�K�H���V�W�U�H�Q�J�W�K���R�I���W�K�H���P�D�J�Q�H�W�L�F���I�L�H�O�G���D�Q�G���J� ����
�F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R�����������������7�H�V�O�D����

�7�K�H�� �H�I�I�H�F�W�L�Y�H�� �F�R�Q�I�L�Q�H�P�H�Q�W�� �S�R�W�H�Q�W�L�D�O�� �I�R�U�� �E�R�W�K�� �W�K�H��
�F�X�E�L�F�D�O���D�Q�G���V�S�K�H�U�L�F�D�O���4�'���L�V���J�L�Y�H�Q���D�V����

��

��

��

������
� � � � � � � � � �

� � � � � � � �

B

B

r R
V SQD

V r R

x y z L
V CQD

V x y z L

�½���
�  � o�°�® �!�¯ �°

�¾� �d�° �°�  � o�® �°�!�°�¯ �¿

���� ��

Solid State Physics
AIP Conf. Proc. 1665, 090005-1–090005-3; doi: 10.1063/1.4917985

© 2015 AIP Publishing LLC 978-0-7354-1310-8/$30.00

090005-1



�Z�K�H�U�H�����5�����/���D�U�H���W�K�H���U�D�G�L�X�V���D�Q�G���V�L�]�H���R�I���W�K�H���6�4�'���D�V���Z�H�O�O��
�D�V�� �&�4�'�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �D�Q�G�� �9��� ������ �' �(�J

�%���� �7�K�H�� �H�[�W�H�U�Q�D�O��
�D�S�S�O�L�H�G���P�D�J�Q�H�W�L�F���I�L�H�O�G���V�W�U�R�Q�J�O�\���F�K�D�Q�J�H�V���W�K�H���G�L�I�I�H�U�H�Q�F�H��
�L�Q���W�K�H���E�D�Q�G���J�D�S���E�H�W�Z�H�H�Q���&�G�����[�0�Q�[�7�H���D�Q�G���&�G�7�H���E�\������

� V� R� � � W� K� D� W� �� � � W� K� H� � � V� W� U� H� Q� J� W� K� � � R� I� � � W� K� H� � � F� R� Q� I� L� Q� H� P� H� Q� W� � � S� R� W� H� Q� W� L� D� O� � � L� V� �
�U�D�S�L�G�O�\�� �U�H�G�X�F�H�G�� �D�Q�G�� �U�H�V�X�O�W�V�� �L�Q�� �W�K�H�� �P�R�G�L�I�L�F�D�W�L�R�Q�V�� �R�I��
�H�O�H�F�W�U�L�F�D�O���D�Q�G���R�S�W�L�F�D�O���S�U�R�S�H�U�W�L�H�V�����K�� � �� �H�[�S�>�D�J���@�D�Q�G���D���L�V��
�D�� �S�D�U�D�P�H�W�H�U���D� ���������� �D�Q�G���J���� �D�V�� �W�K�H�� �F�U�L�W�L�F�D�O�� �P�D�J�Q�H�W�L�F��
�I�L�H�O�G�����' �(�J

�%�� �D�Q�G���' �(�J
���� �D�U�H���W�K�H���E�D�Q�G���J�D�S���G�L�I�I�H�U�H�Q�F�H���Z�L�W�K��

�D�Q�G���Z�L�W�K�R�X�W���P�D�J�Q�H�W�L�F���I�L�H�O�G���U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���E�D�Q�G���J�D�S��
�R�I���W�K�H���P�D�W�H�U�L�D�O���L�V���J�L�Y�H�Q���E�\�����(�J�����&�G�����[�0�Q�[�7�H����� ����������������
���������[�� ���P�H�9������ �7�K�H�� �F�U�L�W�L�F�D�O�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G���J���� �G�H�S�H�Q�G�V��
�X�S�R�Q�� �W�K�H�� �Y�D�O�X�H�� �R�I�� �F�R�P�S�R�V�L�W�L�R�Q���� �7�K�L�V�� �F�U�L�W�L�F�D�O�� �I�L�H�O�G�� ���L�Q��
�7�H�V�O�D�����I�R�U���R�W�K�H�U���Y�D�O�X�H�V���R�I���F�R�P�S�R�V�L�W�L�R�Q���F�D�Q���E�H���R�E�W�D�L�Q�H�G��
�X�V�L�Q�J���W�K�H���I�R�U�P�X�O�D�H���%����� ���$�����H�[�S�>�Q�[�@�����Z�K�H�U�H�����$����� ��������������
�D�Q�G���Q� ��������������

�7�K�H���D�S�S�U�R�[�L�P�D�W�H���J�U�R�X�Q�G���V�W�D�W�H�V���I�R�U���F�R�Q�I�L�Q�H�G���G�R�X�E�O�H��
�D�F�F�H�S�W�R�U�V�� �K�D�Y�H�� �E�H�H�Q�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �Y�D�U�L�D�W�L�R�Q�D�O��
�D�S�S�U�R�D�F�K�����7�K�H���Y�D�U�L�D�W�L�R�Q�D�O���Z�D�Y�H�I�X�Q�F�W�L�R�Q���<���L�V���F�K�R�V�H�Q���W�R��
�E�H���D���S�U�R�G�X�F�W���R�I���W�K�H���O�R�Z�H�V�W���H�Q�H�U�J�\���V�X�E�E�D�Q�G���V�W�D�W�H�V���R�I���W�K�H��
�W�Z�R�� �K�R�O�H�V�� �F�R�Q�I�L�Q�H�G�� �L�Q�V�L�G�H�� �W�K�H�� �4�'���&�R�Q�V�L�G�H�U�L�Q�J�� �W�K�H��
�F�R�U�U�H�O�D�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �G�R�X�E�O�H�� �D�F�F�H�S�W�R�U�V���� �W�K�H�� �W�U�L�D�O��
�Z�D�Y�H�I�X�Q�F�W�L�R�Q�V�� �I�R�U�� �E�R�W�K�� �W�K�H�� �V�S�K�H�U�L�F�D�O�� �D�Q�G�� �F�X�E�L�F�D�O�� �G�R�W��
�D�U�H���Z�U�L�W�W�H�Q���D�V��

� � � �

� � � �

� � � �

� > � �� @ � > � �� @
� � � �� � � �� �

� � � �

� � � �� � � �� � � �� �� �
� � � �

� � � �� � � �� � � �
� � � �� � � �� �

� � � �� � � �� � � �

wSQD

bSQD h

wSQD
SQD hh

bSQD

r r

r r

r r

Sin r Sin r
r r

r r

r r
r r

r r r R
r r

r r r R

e eC

eN
e

� E � E

�O

�O

� D � D

� � � �

� � � �

� � � �

�½
�°

� �°
�°
�°

� �¾
�°

� �°���°� �°�®
�! �°�°�¯ �¿

�)

�)

�)
�<

�)

�� r��

��
��
��

��
��
���Z���V�W�D�Q�G�V���I�R�U���Z�H�O�O���D�Q�G���E���V�W�D�Q�G�V���I�R�U���E�D�U�U�L�H�U�������Z�K�H�U�H�����1�K�K��
�L�V�� �W�K�H�� �Q�R�U�P�D�O�L�]�D�W�L�R�Q�� �F�R�Q�V�W�D�Q�W�����D� �����P��(������������
�E� �����P����9�����(���������������O�� �L�V�� �W�K�H�� �Y�D�U�L�D�W�L�R�Q�D�O�� �S�D�U�D�P�H�W�H�U�� �D�Q�G��
�&�K���L�V���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���F�R�Q�W�L�Q�X�L�W�\���F�R�Q�G�L�W�L�R�Q������
�����7�K�H���O�R�Z�H�V�W���H�Q�H�U�J�\���O�H�Y�H�O���(�����Z�L�W�K�R�X�W���D�F�F�H�S�W�R�U���L�P�S�X�U�L�W�\��
�F�D�Q�� �E�H�� �F�R�P�S�X�W�H�G�� �E�\�� �V�R�O�Y�L�Q�J�� �W�K�H�� �W�U�D�Q�V�F�H�Q�G�H�Q�W�D�O��
�H�T�X�D�W�L�R�Q����

�W�D�Q�� �� ��

�W�D�Q�� �� ����

R SQD

L CQD

� D � E � D

� D � D � E

� � �  � o

�  � o
��������������������������������������������������������

�7�K�H���H�[�S�H�F�W�D�W�L�R�Q���Y�D�O�X�H���R�I�� �+�� �L�V���P�L�Q�L�P�L�]�H�G���Z�L�W�K���U�H�V�S�H�F�W��
�W�R���O�� �D�Q�G�� �W�K�H�� �K�R�O�H���K�R�O�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �H�Q�H�U�J�\�� �L�V�� �R�E�W�D�L�Q�H�G��
�E�\���F�R�P�S�X�W�L�Q�J��

� � � �

��
� � � �� � � �� � � � � �� � � �� �

� � � �
SQD CQD SQD CQD

hh
r r r r

r r
E � 

��
� < � <

��
Q�<

�� ���������� ���������� �������� ����������������

�D�Q�G�� �W�K�H�� �E�L�Q�G�L�Q�J�� �H�Q�H�U�J�\�� �R�I�� �G�R�X�E�O�H�� �D�F�F�H�S�W�R�U�V�� �L�Q�� �W�K�H��
�S�U�H�V�H�Q�F�H�� �R�I�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G�� �L�V�� �I�R�X�Q�G�� �E�\�� �V�R�O�Y�L�Q�J�� �W�K�H��
�6�F�K�U�|�G�L�Q�J�H�U���H�T�X�D�W�L�R�Q���Y�D�U�L�D�W�L�R�Q�D�O�O�\�����D�Q�G���L�V���J�L�Y�H�Q���E�\��

��
�P�L�Q

B E HE �J� � � �� ��������������������������������������������������

�7�K�H�� �&�G�7�H�� �S�D�U�D�P�H�W�H�U�V�� �X�V�H�G�� �L�Q�� �R�X�U�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �D�U�H����
�H� � �  � � � �� �� �� �� �� � � P�K�� � �� ������������ �(�Q�H�U�J�L�H�V�� �D�U�H�� �V�F�D�O�H�G�� �E�\�� �K�R�O�H��
�H�I�I�H�F�W�L�Y�H�� �5�\�G�E�H�U�J�� �5�K� � �  � � � P�K�H��� � � �� ��«���H���� �D�Q�G�� �W�K�H�� �H�I�I�H�F�W�L�Y�H��
�%�R�K�U���U�D�G�L�X�V���D�K� ���«���H���P�K�H��������

�5�(�6�8�/�7�6���$�1�'���'�,�6�&�8�6�6�,�2�1��

�)�L�J������ �D�Q�G�� �����S�U�H�V�H�Q�W�V�� �W�K�H�� �E�L�Q�G�L�Q�J�� �H�Q�H�U�J�\�� �D�Q�G�� �W�K�H��
�&�R�X�O�R�P�E�� �,�Q�W�H�U�D�F�W�L�R�Q�� �H�Q�H�U�J�\�� �R�I�� �G�R�X�E�O�H�� �D�F�F�H�S�W�R�U�V�� �D�V�� �D��
�I�X�Q�F�W�L�R�Q�� �R�I�� �G�R�W�� �V�L�]�H�� �I�R�U�� �W�K�U�H�H�� �G�L�I�I�H�U�H�Q�W�� �E�D�U�U�L�H�U��
�K�H�L�J�K�W�������������������������P�H�9���� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �W�K�H��
�P�D�J�Q�H�W�L�F�� �I�L�H�O�G�� �V�W�U�H�Q�J�W�K�� �R�I�� ���J�� � �� ������ ������������ ������������
�U�H�V�S�H�F�W�L�Y�H�O�\�� �I�R�U�� �E�R�W�K�� �F�X�E�L�F�D�O�� �D�Q�G�� �V�S�K�H�U�L�F�D�O�� �G�R�W���� �,�W�� �F�D�Q��
�E�H���V�H�H�Q���W�K�D�W���W�K�H�U�H���L�V���D���U�D�S�L�G���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���&�R�X�O�R�P�E��
�L�Q�W�H�U�D�F�W�L�R�Q���H�Q�H�U�J�\���D�V���Z�H�O�O���D�V���W�K�H���E�L�Q�G�L�Q�J���H�Q�H�U�J�\�� �Z�K�H�Q��
�W�K�H�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G�� ���J���� �L�V�� �L�Q�F�U�H�D�V�H�G���� �V�L�Q�F�H�� �W�K�H�� �D�S�S�O�L�H�G��
�P�D�J�Q�H�W�L�F�� �I�L�H�O�G�� �J�U�H�D�W�O�\�� �D�O�W�H�U�V�� �W�K�H�� �E�D�U�U�L�H�U�� �K�H�L�J�K�W�� �R�I�� �W�K�H��
�4�'���D�F�F�R�U�G�L�Q�J���W�R���H�T�Q������������

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
�)�,�*�8�5�(�� ������ �� �9�D�U�L�D�W�L�R�Q�� �R�I�� �W�K�H�� �J�U�R�X�Q�G�� �V�W�D�W�H�� �G�R�X�E�O�H�� �D�F�F�H�S�W�R�U��
�D�����E�L�Q�G�L�Q�J���D�Q�G���E�����L�Q�W�H�U�D�F�W�L�R�Q���H�Q�H�U�J�\���D�V���D���I�X�Q�F�W�L�R�Q���R�I���G�R�W���V�L�]�H��
�I�R�U���F�X�E�L�F�D�O���D�Q�G���V�S�K�H�U�L�F�D�O���4�X�D�Q�W�X�P���G�R�W���Z�L�W�K���[� ���������I�R�U���J� ������

��

� � � ���e 1� % � ��ûE �ûE (3)� J � J�� 1

� ª � º��
� « � »� 

��� « � »� ¬ � ¼

�� ���� ���� �> ���@ �> ���@ �> ���@ �> ���@ �> ���@ �> ���@

� � � � � � � �� � � � � � � � � �� �� � � �� � � �� �

� � � �� � � �� � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � �� � � �� �

� � � �� � � �� � � �� � � � � � � �

bCQD

bCQD h

wCQD

CQD hh

bCQD

r r Cos x Cos y Cos z Cos x Cos y Cos z

x y z x y zr r C e e

r rr r x y z x y z Le
r r N

r rr r x ye

� D � D � D � D � D � D

� E � E

�O

�O

� 

� � � � � � � � � � � �� 

�� �d
� 

��

��

��

�)

�)

�)
�<

�)

� � � �

� � � � � � � � � � � � � � � � � � � � � � � � � �

������

z x y z L�!

�½
�°
�°
�°
�°
�°
�°
�¾
�°
�°
�°�
�°�°

�® �°
�° �°�¯ �¿

�� ���� ������ ������ ������ ������ ������ ������ ������
��

����

����

����

������

������

������

������

������

������

������

��

��

Dot Size (Å)

B
in

di
ng

 E
ne

rg
y 

(m
eV

)

 Spherical QD

 Cubical QD

�J��� ����
���D

�� ���� ������ ������ ������ ������ ������ ������ ������
��

����

����

����

������

������

������

������

������

������

������

������

������

��

��

Dot Size (Å)

In
te

ra
ct

io
n 

E
ne

rg
y 

(m
eV

)

 Spherical QD

 Cubical QD

�J� �����E

090005-2



�,�Q�� �E�R�W�K�� �F�D�V�H�V�� ���&�4�'�� �	�� �6�4�'���� �W�K�H�� �E�L�Q�G�L�Q�J�� �D�Q�G�� �W�K�H��
�L�Q�W�H�U�D�F�W�L�R�Q�� �R�I�� �W�K�H�� �W�Z�R�� �K�R�O�H�V�� �L�Q�F�U�H�D�V�H�V�� �W�R�� �D�� �P�D�[�L�P�X�P��
�D�U�R�X�Q�G�������c���Z�L�W�K�R�X�W���D�S�S�O�\�L�Q�J���P�D�J�Q�H�W�L�F���I�L�H�O�G�����J��� ���������D�V��
�V�K�R�Z�Q���L�Q���)�L�J�����D���D�Q�G�����E������

�7�K�L�V���L�V���G�X�H���W�R�� �W�K�H���H�I�I�H�F�W�L�Y�H�� �F�R�Q�I�L�Q�H�P�H�Q�W���I�U�H�T�X�H�Q�F�\��
�V�F�D�O�H�V�� �Z�L�W�K�� �W�K�H�� �L�Q�Y�H�U�V�H�� �V�T�X�D�U�H�� �R�I�� �W�K�H�� �G�R�W�� �V�L�]�H��
�����: ���D� � � �� �� /������ �D�Q�G�� �W�K�H�� �W�\�S�L�F�D�O�� �L�Q�W�H�U�D�F�W�L�R�Q�� �H�Q�H�U�J�\�� �G�U�R�S�V��
�L�Q�Y�H�U�V�H�O�\�� �Z�L�W�K�� �L�Q�F�U�H�D�V�L�Q�J�� �G�R�W�� �V�L�]�H�� ���9�&�R�X�O�R�P�E���D�� �����/������
�Z�K�L�F�K�� �P�D�\�� �E�H�� �G�X�H�� �W�R�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �G�H�F�U�H�D�V�L�Q�J�� �W�K�H�� �G�R�W��
�V�L�]�H���� �W�K�H���Z�D�Y�H�I�X�Q�F�W�L�R�Q���L�V���P�R�U�H���V�T�X�H�H�]�H�G���L�Q���&�G�7�H���G�R�W����
�O�H�D�G�L�Q�J�� �W�R�� �W�K�H�� �V�W�U�R�Q�J�H�U�� �E�L�Q�G�L�Q�J���� �+�R�Z�H�Y�H�U�� �E�H�\�R�Q�G�� �D��
�F�H�U�W�D�L�Q�� �Y�D�O�X�H�� �R�I�� �G�R�W�� �V�L�]�H���� �W�K�H�� �Z�D�Y�H�I�X�Q�F�W�L�R�Q�� �L�V�� �V�S�U�H�D�G��
� L� Q� W� R� � � W� K� H� � � E� D� U� U� L� H� U� � � &� G�����[�0�Q�[�7�H���� �O�H�D�G�L�Q�J�� �W�R�� �W�K�H�� �U�H�G�X�F�H�G��
�F�R�Q�I�L�Q�H�P�H�Q�W���R�I���W�K�H���K�R�O�H�V���L�Q���W�K�H���Z�H�O�O���U�H�J�L�R�Q������

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

�)�,�*�8�5�(�� ������ �� �9�D�U�L�D�W�L�R�Q�� �R�I�� �W�K�H�� �J�U�R�X�Q�G�� �V�W�D�W�H�� �G�R�X�E�O�H�� �D�F�F�H�S�W�R�U����
�E�L�Q�G�L�Q�J�� �H�Q�H�U�J�\�� �D�Q�G�� �L�Q�W�H�U�D�F�W�L�R�Q�� �H�Q�H�U�J�\�� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �G�R�W��
�V�L�]�H�� �I�R�U�� �&�X�E�L�F�D�O�� �D�Q�G�� �V�S�K�H�U�L�F�D�O�� �4�X�D�Q�W�X�P�� �G�R�W�� �Z�L�W�K�� �[� �������� �I�R�U��
�D���E�����J� �����������D�Q�G���F���G�����J� ��������������

��
� :� K� H� Q� � � W� K� H� � � V� W� U� H� Q� J� W� K� � � R� I� � � W� K� H� � � P� D� J� Q� H� W� L� F� � � I� L� H� O� G� � � L� V� �

�L�Q�F�U�H�D�V�H�G���W�R�Z�D�U�G�V���W�K�H���F�U�L�W�L�F�D�O���Y�D�O�X�H�����Y�D�Q�L�V�K�L�Q�J���R�I�� �9��������
�W�K�H�� �H�Q�H�U�J�\�� �P�D�[�L�P�X�P�� �V�K�L�I�W�V�� �W�R�Z�D�U�G�V�� �W�K�H�� �G�R�W�� �V�L�]�H����
���������c�����7�K�L�V���E�H�K�D�Y�L�R�U���R�I���W�K�H���H�Q�H�U�J�\���D�V���D���I�X�Q�F�W�L�R�Q���R�I���G�R�W��
�V�L�]�H�� ���I�R�U�� �D�� �J�L�Y�H�Q�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G���� �F�D�Q�� �E�H�� �D�W�W�U�L�E�X�W�H�G�� �E�\��
�W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �I�D�F�W�V���� ���L���� �)�R�U�� �H�[�W�U�H�P�H�O�\�� �Q�D�U�U�R�Z�� �G�R�W�� �V�L�]�H��
���a�����c�����W�K�H���U�H�S�X�O�V�L�Y�H���I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���K�R�O�H�V���J�D�L�Q��
�L�Q���V�W�U�H�Q�J�W�K���D�Q�G���F�D�X�V�H�V���W�X�Q�Q�H�O�L�Q�J�������L�L�����:�K�H�Q���W�K�H���G�R�W���V�L�]�H��
�L�V���O�D�U�J�H�U���������c�������5���/���������c�������D�Q���D�W�W�U�D�F�W�L�Y�H���I�R�U�F�H���G�X�H���W�R��
�W�K�H���F�R�Q�I�L�Q�L�Q�J���S�R�W�H�Q�W�L�D�O���D�Q�G���W�K�H���P�D�J�Q�H�W�L�F���I�L�H�O�G���L�Q�G�X�F�H�G��
�O�R�F�D�O�L�]�D�W�L�R�Q���Z�L�Q���R�Y�H�U���W�X�Q�Q�H�O�L�Q�J���D�Q�G���W�H�Q�G���W�R���F�R�Q�I�L�Q�H���W�K�H��
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�S�D�U�D�P�H�W�H�U �J = �«�Zc/2R* ���Z�F��–�� �F�\�F�O�R�W�U�R�Q���I�U�H�T�X�H�Q�F�\� � �D�Q�G��
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�H�I�I�H�F�W�L�Y�H���P�D�V�V���R�I���H�O�H�F�W�U�R�Q���L�Q���&�G�7�H���D�Q�G���\�[ ���� ��� �U ��
���� �]�U ��� �U �����H�� �L�V�� �W�K�H�� �V�W�D�W�L�F�� �G�L�H�O�H�F�W�U�L�F�� �F�R�Q�V�W�D�Q�W�� �R�I��

�&�G�7�H����V(x) �D�Q�G��V(y)�� �D�U�H�� �W�K�H�� �I�L�Q�L�W�H�� �F�R�Q�I�L�Q�H�P�H�Q�W��
�S�R�W�H�Q�W�L�D�O�V���L�Q�� �W�K�H�� �[���� �D�Q�G�� �\���G�L�U�H�F�W�L�R�Q���� �U�H�V�S�H�F�W�L�Y�H�O�\�� V(x)��
�L�V�� �D�� �V�T�X�D�U�H�� �Z�H�O�O�� �S�R�W�H�Q�W�L�D�O�� �R�I�� �K�H�L�J�K�W�� �9��� � �D�Q�G� �V(y)� � � L� V� � � D� �
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Spin polaronic effect  
 
�� �7�K�H�� �P�R�G�L�I�L�H�G�� �%�U�L�O�O�R�X�L�Q�� �I�X�Q�F�W�L�R�Q���>���@�� �W�R�� �L�Q�Y�R�N�H��
�W�K�H�� �H�[�F�K�D�Q�J�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �F�D�U�U�L�H�U�� �D�Q�G��
�P�D�J�Q�H�W�L�F�� �L�P�S�X�U�L�W�\�� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �D�Q�� �H�[�W�H�U�Q�D�O��
�P�D�J�Q�H�W�L�F���I�L�H�O�G���%�����\�L�H�O�G�L�Q�J���W�K�H���P�D�J�Q�H�W�L�F���S�R�O�D�U�R�Q�L�F���V�K�L�I�W��
�Z�K�L�F�K���L�V���J�L�Y�H�Q���E�\��

�^ �`� ( � ��  � �� ò� ���SN �� x B (y ) �� + �� x B (y ) ���V�S �� �� �� �V �� �� �� �� �V �� ����
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where �� ���� �H�[�F�K�D�Q�J�H�� �F�R�X�S�O�L�Q�J�� �S�D�U�D�P�H�W�H�U���� �6�� �L�V�� �W�K�H�� �V�S�L�Q��
�R�I�� �0�Q��������� ������������ �D�Q�G�� �[�1���� �L�V�� �W�K�H�� �0�Q�� �L�R�Q�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q��
�Z�L�W�K�� �1��� � �  � � � �� �� �� �� ��u� � � �� ������ � � F� P������and ��N����� �� �������� �P�H�9�� �I�R�U��
�&�G�7�H�����$�O�V�R���J�0�Q���|�����D�Q�G���%���L�V���W�K�H���V�W�U�H�Q�J�W�K���R�I���W�K�H���H�[�W�H�U�Q�D�O��
�P�D�J�Q�H�W�L�F���I�L�H�O�G���� �N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q���F�R�Q�V�W�D�Q�W���D�Q�G���%�V���\����
�L�V���W�K�H���P�R�G�L�I�L�H�G���%�U�L�O�O�R�X�L�Q���I�X�Q�F�W�L�R�Q����
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�2�E�V�H�U�Y�D�W�L�R�Q�V���K�D�Y�H�� �E�H�H�Q���P�D�G�H���R�Q���W�K�H���E�L�Q�G�L�Q�J��
�H�Q�H�U�J�\�� �D�Q�G�� �V�S�L�Q�� �S�R�O�D�U�R�Q�L�F�� �V�K�L�I�W�� �R�I�� �W�K�H�� �K�\�G�U�R�J�H�Q�L�F��
�G�R�Q�R�U�� �L�P�S�X�U�L�W�\�� �F�R�Q�I�L�Q�H�G�� �L�Q�� �D�� �4�:�:�� �Z�L�W�K�� �V�T�X�D�U�H��
�F�R�Q�I�L�Q�H�P�H�Q�W�� �D�O�R�Q�J�� �[���G�L�U�H�F�W�L�R�Q�� �D�Q�G�� �S�D�U�D�E�R�O�L�F��
�F�R�Q�I�L�Q�H�P�H�Q�W���D�O�R�Q�J���\���G�L�U�H�F�W�L�R�Q���I�R�U���W�K�H���Y�D�U�L�R�X�V���P�D�J�Q�H�W�L�F��
fields applied along the free direction ‘z’.��
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�O�L�P�L�W�V���D�V���/���o �����D�Q�G���/��� o � f�D�V���G�R�Q�H���L�Q���V�T�X�D�U�H���T�X�D�Q�W�X�P��

�Z�H�O�O�>���@���� �,�Q�� �W�K�H�� �E�X�O�N�� �O�L�P�L�W���� �/� o � f���� �W�K�H�� �E�L�Q�G�L�Q�J�� �H�Q�H�U�J�\��
�(�%�o ���5��� ���������P�H�9���� �I�R�U�� ���V�� �V�W�D�W�H�� �D�Q�G�� �(�%�o ���������5���
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�F�K�H�F�N�H�G���I�R�U���L�W�V���Y�H�U�D�F�L�W�\���E�\���V�H�W�W�L�Q�J���W�K�H���O�L�P�L�W�L�Q�J���F�D�V�H�V�����,�Q��

�W�K�H�� �E�X�O�N�� �O�L�P�L�W���� �/� o � f� � � �� � � U�� �! �o ���� ���
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�D�Q�G�� �L�Q�� �W�K�H�� �O�L�P�L�W�� �/�o �������F�G�L�D�o ������������ �D���X���>���@���� �:�H�� �F�R�X�O�G��
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�H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���D�Y�D�L�O�D�E�O�H���I�R�U���7�U�L�D�Q�J�X�O�D�U���4�X�D�Q�W�X�P��
�Z�H�O�O��

�&�2�1�&�/�8�6�,�2�1�6

�:�H�� �K�D�Y�H�� �F�D�O�F�X�O�D�W�H�G�� �W�K�H�� �%�L�Q�G�L�Q�J�� �H�Q�H�U�J�\�� �D�Q�G�� �W�K�H��
�G�L�D�P�D�J�Q�H�W�L�F���V�X�V�F�H�S�W�L�E�L�O�L�W�\���I�R�U���W�K�H���J�U�R�X�Q�G���V�W�D�W�H���D�Q�G���I�H�Z��
�O�R�Z�� �O�\�L�Q�J�� �H�[�F�L�W�H�G�� �V�W�D�W�H�V�� �R�I�� �D�� �K�\�G�U�R�J�H�Q�L�F�� �G�R�Q�R�U��
�L�P�S�X�U�L�W�\�� �L�Q�� �D�� �*�D�$�V���$�O�[�*�D�����[� $�V� � � 7� 4� :� � �R� I� � � I� L�Q�L�W�H� � �G�H�S�W�K��
�6�L�Q�F�H�� �W�K�L�V�� �V�W�X�G�\�� �U�H�Y�H�D�O�V�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �F�R�Q�I�L�Q�L�Q�J��
�S�R�W�H�Q�W�L�D�O �R�Q�� �W�K�H���F�G�L�D�Z�K�L�F�K�� �F�D�Q �E�H�� �H�[�S�O�R�L�W�H�G �W�R��
�G�H�P�R�Q�V�W�U�D�W�H�� �W�K�H�� �6�H�P�L�F�R�Q�G�X�F�W�R�U�� �± �0�H�W�D�O�� �7�U�D�Q�V�L�W�L�R�Q �D�W��
�F�U�L�W�L�F�D�O�� �F�D�U�U�L�H�U�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �L�Q�� �V�X�F�K�� �Q�D�Q�R�V�W�U�X�F�W�X�U�H�G��
�V�\�V�W�H�P�V��

�$�&�.�1�2�:�/�(�'�*�0�(�1�7�6

�7�K�H�� �D�X�W�K�R�U�V�� �W�K�D�Q�N�� �8�Q�L�Y�H�U�V�L�W�\�� �*�U�D�Q�W�V�� �&�R�P�P�L�V�V�L�R�Q����
�1�H�Z���'�H�O�K�L�����,�Q�G�L�D���I�R�U���W�K�H���I�L�Q�D�Q�F�L�D�O���V�X�S�S�R�U�W���X�Q�G�H�U �0�D�M�R�U��
�5�H�V�H�D�U�F�K���3�U�R�M�H�F�W�����)�����1�R���������������������������6�5������

�5�(�)�(�5�(�1�&�(�6

���� �*���� �=���� �-�L�D�Q�J�� �D�Q�G���&���� �=���� �:�H�Q����Phys. Rev. B����������������������������
��������������

���� �=�K�D�Q�J�� �-�L���\�H�� �D�Q�G�� �/�L�D�Q�J�� �;�L���[�L�D����Optoelectron. Lett.����
����������������������������������

���� �3���� �1�L�W�K�L�D�Q�D�Q�W�K�L�� �D�Q�G�� �.���� �-�D�\�D�N�X�P�D�U����Superlattice
Microstruct����������������������������������������

������ �5�����.�K�R�U�G�D�G����Eur. Phys. J. B��������������������������������������
������ �3���� �+�D�U�U�L�V�R�Q����Quantum Wells, Wires and Dots,�8�.����

�:�L�O�H�\�����������������S�S����������������������
�� ���� ���� ������ ������ ������ ������ ������ ������ ������ ��������

��

��

����

����

����

�����V���V�W�D�W�H
�����V���V�W�D�W�H
���S�“���V�W�D�W�H

����
�U�

� �!
�u��

���
��� �

���
�D

���
X

��

�:�H�O�O���:�L�G�W�K�����c����

http://dx.doi.org/10.1016/j.spmi.2006.07.013
http://dx.doi.org/10.1103/PhysRevB.50.2689
http://dx.doi.org/10.1016/j.spmi.2006.07.013
http://dx.doi.org/10.1007/BF03033674
http://dx.doi.org/10.1140/epjb/e2010-10290-x


2nd Reading

September 9, 2015 7:21 WSPC-277-IJCMSE S2047-6841 1550018

International Journal of Computational Materials
Science and Engineering
Vol. 4, No. 3 (2015) 1550018 ( 13 pages)
c� Imperial College Press

DOI: 10.1142/S2047684115500189

E�ect of geometry on the pressure induced donor
binding energy in semiconductor nanostructures

P. Kalpana, K. Jayakumar and P. Nithiananthi �

Nanostructure Lab, Department of Physics
Gandhigram Rural University

Gandhigram 624302, Tamilnadu, India
� nithyauniq@gmail.com

Received 8 April 2015
Revised 10 August 2015

Accepted 11 August 2015
Published 10 September 2015

The e�ect of geometry on an on-center hydrogenic donor impurity in a GaAs/(Ga,Al)As
quantum wire (QWW) and quantum dot (QD) under the in”uence of �…X band mixing
due to an applied hydrostatic pressure is theoretically studied. Numerical calculations
are performed in an e�ective mass approximation. The ground state impurity energy
is obtained by variational procedure. Both the e�ects of pressure and geometry are to
exert an additional con“nement on the impurity inside the wire as well as dot. We found
that the donor binding energy is modi“ed by the geometrical e�ects as well as by the
con“ning potential when it is subjected to external pressure. The results are presented
and discussed.

Keywords : Quantum well; quantum wire; quantum dot; III…V semiconductors; impurity
levels; hydrostatic pressure; �…X band mixing.

1. Introduction

As a consequence of the quantum con“nement in one, two and three dimensions,
quantum well (QW), Quantum Well Wire (QWW) and quantum dots (QD) have
interesting nonlinear optical properties with large changes in the optical absorp-
tion and index of refraction. All the electronic and optical properties of the semi-
conductor devices depend on the bandstructure and hence, band engineering has
become one of the driving forces in semiconductor physics. Bandgap tailoring in
heterostructures is possible by varying the composition of the constituent element
or by applying external perturbations like temperature, pressure, laser, etc. The
two most important features of GaAs as a micromechanical material are the piezo-
electricity and the possibility of integrating optically active elements monolithically

� Corresponding author.
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[Hjort and Schweitz, 1994]. The e�ect of hydrostatic pressure on the shallow donor
impurities in GaAs/Al x Ga1Š x As low-dimensional systems have been studied exten-
sively by many researchers both experimentally [Burnettet al., 1993] and theoret-
ically [Rezaei et al., 2011; Elabsy, 1994; Nithianathi and Jayakumar, 2005]. Appli-
cation of hydrostatic pressures (P > 35 Kbar) changes the band structures of het-
erostructure semiconductors and converts them from direct to indirect by lowering
the X-conduction band below �-conduction band. This results in the uncon“ned
electrons in the well. It was shown that �…X crossing in”uences donor binding
tremendously, especially at the crossover points. Investigations on the e�ect of
change in the band structures on the electronic and optical properties have been
made extensively [Wolford and Bradley, 1985; Venkateswaranet al., 1986; Perez-
Merchancanoet al., 2007]. Recently, theoretical investigations have been made to
demonstrate pressure induced semiconductor…metal transition in a QW through the
abrupt change in the diamagnetic susceptibility [Nithiananthi and Jayakumar, 2007;
Nithiananthi and Jayakumar, 2009]. In addition to that, the geometrical e�ects on
the low-dimensional systems raise a great attention since it has strong in”uence on
the properties of these systems. The e�ect of the shape of microstructures on the
binding energy was “rst addressed by Bryant [1985] and he studied these e�ects
in QWW. Ribeiro and Latge [1994] made a comparative study on the geometrical
e�ects on the impurities in cubical QD. Many research works have been carried
out on the in”uence of shape e�ects on the electronic and optical properties of
QD [Figen et al., 2009; Chun Yong Ngoet al., 2006; Bolcatto and Proetto, 1999].
A study on the con“nement e�ect on the shallow donor impurity in a QWW has
been carried out by Kasapogaluet al. [2003]. Recently, Rajamohanet al. [2008]
reported the modi“cation of diamagnetic susceptibility under the in”uence of the
shape in nanostructured semiconductor systems. Most recently, theoretical study
of both the pressure and geometrical e�ects on the metal…insulator transition in a
cubical QD has been considered by Rajashabala and Kannan [2011]. Trzeciakowski
et al. [1992] have experimentally demonstrated that GaAs/Alx G1Š x As QWs can
be used as optical pressure sensors upto 40 Kbar in a wide range of temperatures.
The e�ect of hydrostatic pressure which changes the refractive index of the mate-
rial leading to the change in the geometrical cross-section can be exploited as a
transducer [Hjort and Schweitz, 1994]. The in”uence of cross-sectional geometry
is inevitable in the fabrication of devices, since they alter the electron mobility
of the system [Mazumdar et al., 2014]. During the fabrication of devices, one can
have a control over the mobility exploiting these features. In the light of all these
works, in this paper, we report a critical investigation of how the binding energy
of an on-center donor impurity in GaAs/Al x G1Š x As QWW and QD is a�ected by
the combined e�ect of cross-sectional geometry and externally applied hydrostatic
pressure.
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2. Theoretical Formalism

The pressure dependent Hamiltonian of the donor electron in a GaAs QWW and
QD in atomic unit is given by

H =
Š� 2

2m�
w,b (P)

Š
1

� w,b (P)r
+ VB (P), (1)

wherer =
�

x2 + y2 + z2 and m*w,b is pressure dependent e�ective mass of electron
in GaAs well and Alx Ga1Š x As barrier is given by [Elbasy, 1994; Nithianathi and
Jayakumar, 2005]

m�
w (P) =

1
[1 + 7.51{ 2

� w
(P, T) + [� w (P, T) + 0 .341]Š 1} ]

, (2)

� w (P) is the pressure dependent energy gap of GaAs at the � point and is given
by Nithianathi and Jayakumar [2005]

� w (P) =
(1.519 + � �

w P Š 5.405× 10Š 4T 2)
(T + 204)

, (3)

where � �
w is the pressure coe�cient of GaAs at the � point and T = 4 K.

The Al x Ga1Š x As barrier e�ective mass [Adachi, 1985] is given by

m�
b(P) = m�

w (P) + 0 .083x, (4)

where x being Al composition.
The pressure dependent dielectric constant for GaAs and Alx Ga1Š x As are

given by

� w (P) = � w (0)e�P where � b(P) = � w (P) Š 3.12x. (5)

Pressure dependent con“nement potential of Alx Ga1Š x As barrier

VB (x, y, P ) =

�
�

�

0 |x|, |y| � L (P)/ 2

V0(P) |x|, |y| > L (P)/ 2
� QWW

VB (x, y, z, P ) =

�
�

�

0 |x|, |y|, |z| � L (P)/ 2

V0(P) |x|, |y|, |z| > L (P)/ 2
� QD

�
��������

��������

. (6)

The pressure dependent �…X band mixing strength coe�cient

S�X (P) = S0x(P Š P1)/P. (7)

P1 and P2 are the critical crossover pressures between Xb-band and � b-band and
Xb-band and � w -band, respectively.

The variation of X b-band with pressure is

Xb(P) = X b(0) + � b
x (P) (8)

� b
x being the pressure coe�cient for the barrier.
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Choosing the trial wave function of the donor impurity in its ground state as

� 1s = N1s

�
�

�

Cos� |x|Cos� |y|eŠ � 1s r |x|, |y| � L (P)/ 2

B exp[Š� (|x| + |y|)]eŠ � 1s r |x|, |y| > L (P)/ 2
� QWW

�
�

�
,

� 1s = N1s

�
�

�

Cos� |x|Cos� |y|Cos� |z|eŠ � 1s r |x|, |y|, |z| � L (P)/ 2

B exp[Š� (|x| + |y| + |z|)]eŠ � 1s r |x|, |y|, |z| > L (P)/ 2
� QD

�
�

�
,

(9)

where,

� = [2 m�
w (P)E(P)/ 2]1/2 � = { 2m�

b(P)[(V0(P) Š E(P)]/ 2]}1/2,

� = [2 m�
w E(P)/ 3]1/2 � = { 2m�

b(P)[(V0(P) Š E(P)]/ 3]}1/2.

The variation of the width of the well as a function of the pressure is given by
[Morales et al., 2002]

L (P) = L (0)[1 Š (S11 + 2 S12)P]. (10)

The pressure dependent subband energy is obtained by solving the transcendental
equation

tan �L (P)/ 2 =
	

m�
w (P)

m�
b(P)



V0(P)
E(P)

Š 1
�� 1/ 2

. (11)

The normalization constant B is obtained by applying the boundary conditions
at L x = L y = ± L(P)/ 2 on the wavefunction in QWW and L x = L y = L z =
± L(P)/ 2 in QD.

The pressure dependent binding energy is given by

EB (P) = E(P) Š � H (P)� min . (12)

The parameters used in the calculation are taken from the experimental results
[Burnett et al., 1993] and is given in Table 1.

A comparative study of the in”uence of �…X band mixing on the donor binding
in GaAs…Ga1Š x Al x As low-dimensional systems has been made for the following
three geometries of the QWW as GW1 (L x = L y = L ), GW2 ( L x = L, L y = L/ 2),
GW3 (L x = L/ 2, L y = L/ 4) and about “ve geometries of a QD as GD1 (L x =
L y , L z = L ), GD2 (L x = L y = L, L z = L/ 2), GD3 (L x = L y = L, L z = L/ 4), GD4
(L x = L, L y = L/ 2, L z = L/ 4), GD5 (L x = L y = L/ 2, L z = L/ 4).

Table 1. The parameters taken from the experimental results.

� b(0) X b(0) � �
w,b � x

b Critical pressure � 0(T 0)
(eV) (eV) (meV/Kbar) (meV/Kbar)

P1 (Kbar) P 2 (Kbar)

1.755 1.918 10.7 Š 1.3 13.5 33.2 12.74
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3. Results and Discussion

The observations are made in QW, QWW and QD of di�erent sizes by subjecting
them to various pressure fromP = 0 Kbar to 35 Kbar. The behavior of the system
is investigated in three regions say atP < 13.5 Kbar, 13.5 < P < 33.2 Kbar and
33.2 < P < 35 Kbar, and the results are presented and discussed.

3.1. E�ect of pressure on subband energy

�-conduction band of GaAs (well) and Al x Ga1Š x As (barrier) has positive pres-
sure coe�cient and X-band of both the mat erials has negative pressure coe�cient.
Increase of pressure raises �-band and lowers X-band as given in Table 1. With
increase of pressure uptoP1, �…X crossover does not take place and hence, the
potential barrier height remains constant [Burnett et al., 1993]. With increase of
pressure aboveP1, the X-band of barrier drops below �-band of the barrier and
the barrier height becomes shallower which is determined by �…X crossover. Hence,
when P > P 1, subband energy decreases with pressure. Since, subband energy
increases with decrease of width of the well, it is larger for a smaller width for a
certain P which can be seen in Table 2.

3.2. Binding energy with pressure

The binding energy of the donor impurity for di�erent pressure for various sizes of
the wire and dot has been calculated atT = 4 K for x = 0 .3 and the results are
compared with the QW already established result [Elabsy, 1994; Nithiananthi and
Jayakumar, 2005] and are displayed in Figs. 1(a)…1(c), respectively.

3.2.1. Case1: Upto pressure P1

The curve for QW of width L = 50 �A shows that the binding energy increases
linearly with pressure up to P1 (= 13 .5 Kbar), gradually upto P2 = 33.2 Kbar and
starts decreasing thereafter.

This is due to the fact that on the application of pressure up toP1, the potential
barrier height remains constant but the well size reduces as given in Eq. (10).
This increase of energy is well-understood from the variation of conduction band
e�ective mass and the dielectric constant with pressure. Since, the e�ective mass

Table 2. Variation of subband energy with pressure.

P (Kbar) Subband energy ( R*)

QWW QD

GW1 GW2 GW3 GD1 GD3 GD4 GD5

0 0.00211 0.00257 0.00553 0.00275 0.00278 0.00338 0.00594
13.5 0.00200 0.00244 0.00536 0.00261 0.00268 0.00325 0.00585
33.2 0.00092 0.00109 0.00147 0.00107 0.00109 0.00124 0.0015

1550018-5



2nd Reading

September 9, 2015 7:21 WSPC-277-IJCMSE S2047-6841 1550018

P. Kalpana , K. Jayakumar & P. Nithiananthi

Table 3. Pressure dependent parameters used in the calculation.

P (Kbar) m�
w (P ) m�

b (P ) � w (P ) � b(P )

0 0.067 0.0919 12.6545 11.7185
10 0.07115 0.09605 12.445 11.509
13.5 0.07259 0.09749 12.3724 11.4364
20 0.07525 0.10015 12.2389 11.3029
25 0.07729 0.10219 12.1371 11.2011
33.2 0.08062 0.10552 11.972 11.1002

strongly depends on the curvature of band structure, it is modi“ed due to the
applied pressure. The increase of pressure enhances the e�ective mass leading to
the decrease of kinetic energy. Dielectri c constant (� ) decreases with increase of
pressure and leads to low potential energy. Both these e�ects re”ect in the binding
energy calculation and end up with the enhancement in the binding energy upto
pressureP1. These parameters are tabulated in Table 3. The increase in binding
energy with pressure in QWW and QD follow the same trend as QW but with
higher value of binding.

3.2.2. Case2: For P1 < P < P 2

At pressure P (P1 < P < P 2), in the QW system, besides the well size, the potential
barrier height also reduces due to the �…X band crossover in the barrier region as
given in Eq. (7). This results in the small increase in binding energy in this region.
But, when the dimension of the system is reduced to QWW and QD, the e�ect
of �…X band crossover signi“cantly a�ects the binding energy when the size of the
system is 50�A which is seen from the reduction in binding energy.

3.2.3. Case3: For P > P 2

For P > P 2, the system enters into an indirect bandgap regime as a consequence
of the lowering of X minima below the � minima both in the well and in the
barrier. The e�ect of barrier height dominates the other e�ects in this pressure
range and reduces the donor binding after pressureP2. In spite of the e�ect in
e�ective mass and dielectric constant, the reduction in the barrier height reduces
the subband energy and decreases the binding energy thereafter. This is signi“cant
in the narrower well width region which is manifested in Fig. 1. The conduction
band alignment due to the e�ect of �…X mixing on applying pressure can be well
understood from the insets in Fig. 1(c). Similar behavior is observed in QWW
and QD also. When the dimension of the system is reduced from two to one and
zero dimensions, the coulomb interaction between the charge carrier and the host
material is enhanced resulting in the increase of binding energy as expected. It is
observed that the e�ect of �…X band crossover strongly alters the barrier height and
it is prominent in narrow regions in all the three systems. In all these three systems,
one can see that at higher well sizes (L = 300 �A), the e�ect of �…X crossover is

1550018-6
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(a) (b)

(c)

Fig. 1. Variation of donor binding energy as a function of pressure for (a) QW, (b) QWW and
(c) QD.

insigni“cant and there is constant increasein binding energy with pressure re”ecting
the bulk behavior.

Figures (2a) and (2b) give the variation of binding energy with pressure for
various geometries forL = 100 �A and L = 300 �A respectively. When L = 100 �A,
binding energy increases with pressure uptoP1 and starts decreasing thereafter
irrespective of the geometry. But, this variation is drastic in the lower geometry
GW3. When L = 300 �A, there is no signi“cant variation of binding energy with
pressure upto P2. Even beyond P2, there is only a slight decrease in the binding
value, and almost reaches saturation.

Similar behavior is observed in QD also as the geometry GD5 shows a drastic
variation in the binding energy with pressure. This e�ect gradually reduces as the
geometry is increased in steps as seen in Figs. (2c) and (2d).

1550018-7
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(a) (b)

(c) (d)

Fig. 2. Variation of donor binding energy as a function of pressure for QWW (a) L = 100 �A,
(b) 300 �A and for QD (c) L = 100 �A and (d) 300 �A of various cross-sectional geometries.

3.3. Binding energy of wire and dot against size

Figures 3(a)…3(c) give the variation of binding energy with wire size for the three
geometries at zero pressure and at two critical pressures. Similar pro“le is given in
Figs. 4(a)…4(c) in QD for “ve geometries.

Comparing Figs. 3(a) and 3(c), the behavior of binding energy with wire size
is the same. The value of the binding energy is maximum forL = 120 �A for G3
at zero pressure. The peak value shifts to the larger wire sizes when the geometry
is reduced. This is because when the geometry is reduced, the con“nement of the
carrier is increased and hence evenL = 100 �A falls in the quasi-1D region.

The numerical results of the variation of binding energy as a function of cross-
sectional geometry for the wire and dot size of 100�A is given in Fig. 5. for di�erent
values of pressure.

1550018-8
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(a) (b)

(c)

Fig. 3. Variation of donor binding energy as a function of wire size for three di�erent pressure
values of (a) P = 0, (b) 13.5 and (c) 33.2 Kbar for various cross-sectional geometries.

(a) (b)

Fig. 4. Variation of donor binding energy as a function of dot size for three di�erent pressure
values of (a) P = 0 , (b) P = 13 .5 and (c) 33.2 Kbar for various cross-sectional geometries.
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(c)

Fig. 4. ( Continued )

(a) (b)

Fig. 5. Variation of binding energy as a function of cross-sectional geometry for (a) QWW of
L = 100 �A and (b) QD of L = 100 �A.

The rate of increase of binding energy with geometry is considerable atP �
20 Kbar for QWW and at P � 13.5 Kbar for QD. The combined e�ect of pressure
and geometry on the binding energy play a vital role especially in the narrower
QWW (G3), and smaller QD (G5), as one may note from the reduction in the
impurity localization with pressure P > 20 Kbar and P > 13.5 Kbar respectively,
unlike that of other geometries.

We have also demonstrated the degree of localization of donor impurity as posi-
tion probability density |� |2 for various geometries of wire and dot sizeL = 100 �A
in Fig. 6 which clearly justi“es the above discussions.
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GW1:    L=100Å GW2:    L=100Å GW3:    L=100Å 

GD1:    L=100Å GD3:    L=100Å GD5:    L=100Å 

|�| 2

|�| 2

Fig. 6. 3D plot of |� |2 for various cross-sectional geometries of Quantum Well Wire and QD size
L = 100 �A.

4. Conclusion

Summing up, we have presented a theoretical study on the combined e�ect of
geometry and the �…X mixing on the donor impurity binding energy in a GaAs-
Ga1Š x Al x As QWW and QD under the in”uence of hydrostatic pressure. From our
observations we conclude the following. The e�ect of hydrostatic pressure on the
energy levels are strongly dependent on the barrier and well size and mixing of
�…X states is stronger in narrow sized system [Rezaeiet al., 2011]. All the above
behavior of donor impurity, can be well expressed in terms of electron localization,
which is modi“ed by the con“ning potential as a result of �…X mixing and also by
the geometrical e�ects. We expect that this work will be of great help for describ-
ing the behavior of hydrogenic impurities in quantum well wires and QDs with
di�erent geometry, which may be useful in technological applications especially in
sensors. Micromechanical sensors using such heterostrucutres can be achieved by
altering the piezooptic [Issacet al., 1987], piezoelectric [Fricke, 1991], piezoresis-
tive and thermoresisitve properties. Piezoresistive response can be achieved due
to pressure induced transfer of electrons from the high mobility bandgap min-
imum � to low mobility minimum X due to a change in their relative energy.
To model and simulate nanostructure-based micromechanical, piezoelectric pres-
sure sensor, optical pressure sensor, the critical study of pressure and geometry
becomes necessary. This work may be usefulin the fabrication of such devices in that
direction.
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confirming highly stable silver nanoparticles while the XPS reveals the zero oxidation state of nano 
silver. Further, the structural information of formulated silver nanoparticles is characterized through 
HR SEM, TEM that yields 5-10 nm sized nanoparticles. Again the symmetrical distribution of metal 
nanoparticles is thoroughly examined through mapping of TEM. The designed silver nanoparticles 
are highly stable and regularly arranged; and can be employed in various technological applications 
of sensing, drug delivery along with device formulation.

Keywords:AHMT, Silver nanoparticle, Sensing, Drug delivery.

F�g 1 TEM images of regularly arranged silver nanoparticles

DONOR STATES IN SEMIMAGNETIC TRIANGULAR QUANTUM WELL
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Abstract

The effect of Bound Magnetic Polaron (BMP) on the donor binding in a Semimagnetic   Triangualr 
Quantum Well (TQW) as a function of various combinations of the compostion of Mn2+ ion in 
the well (xin) and the barrier (xout) in such a way that xout – xin = x is same has been investigated. 
The binding energy of the donor is calculated using variational technique in the effective mass 
approximation and the interaction between the magnetic moment of the Mn2+ ion and the spin of 
the carrier is treated using Mean Field Theory. The magnetic field alters the barrier height of the 
TQW which drastically changes the binding of the donor as well as the Spin Polaronic Shift (SPS). 
The results have been computed for the cases with and without the application of magnetic field for 
the resultant composition of x = 0.1 and x = 0.2 as a function of well width of the TQW.  The binding 
energy decreases as the applied magnetic field (�, a dimensionless parameter) increases and the shift 
in the binding occurs towards the higher well width as the � approaches the critical value. The results 
show that the SPS increases with the increase in Mn2+ ion. 

Keywords: Triangular Quantum Well, , Bound Magnetic Polaron, Binding Energy, Donor Impurity, Spin 
Polaronic Shi�
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F�g 1. (a) Variation of Bidning Energy for x = 0.1 and 0.2, (b) SPS for x= 0.1 as a function of Well Width 
for various magnetic �elds (�).

BATIO 3:EU3+  PEROVSKITE RED EMITTING PHOSPHOR: STRUCTURAL AND 
TEMPERATURE DEPENDENT PHOTOLUMINESCENCE STUDIES FOR THE 

LIGHTING APPLICATIONS
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Department of Applied Physics, Indian Institute of Technology (Indian School of Mines), 
Dhanbad-826004, India

Corresponding author: a) dksism89@gmail.com

Abstract

One of the most sophisticated approaches to produce white light emitting diode (W-LED) is Phosphor converted 
(PC) LED which may be treated as the next generation energy e�cient lighting source to substitute traditional 
incandescent and �uorescent lamps because of their long lifetime, higher energy e�ciency, and environment-
friendly characteristics. BaTiO3:Eu3+, a promising candidate for the same applications have been prepared by the 
facile solid state reaction method. �e synthesized phosphors were characterized through various technique such 
as XRD, FESEM, Photoluminescence, temperature dependent spectroscopy, decay time analysis and UV-Visible 
spectroscopy for the studies of crystal structure, morphology and optical properties. XRD analysis con�rmed that 
BaTiO3 phosphor have the tetragonal structure with space group P4mm (99). FESEM images of BaTiO3 exhibited 
the particle sizes in irregular spherical shape with high resolution and agglomerated in nature. �e Eu3+ activated 
perovskite BaTiO3 phosphors have been e�ectively excited under the wavelength 397nm (7F0�

5L6) which exhibits 
very intense and sharp red emission peak at 615nm due to the hypersensitive electric dipole transition 5D0�

7F2. 
�e critical distance between Eu3+ ions were estimated as 10.20��, refers to multipole-multipole (dipole -dipole) 
interaction which was most probable reason for the concentration quenching.  Temperature dependent PL studies 
for the optimum composition Ba(0.95)TiO3:0.05Eu3+, reveals the enough thermal stability even at 427 K. Furthermore, 
using di�use re�ectance spectra the Eg

 value was estimated to be about 3.250, 3.257eV for BaTiO3, BaTiO3:0.05Eu3+ 
respectively.  �erefore, based on the experimental results, BaTiO3:Eu3+ perovskite phosphors could be a suitable red 
candidate in phosphor converted white light emitting diode applications.
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