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1 INTRODUCTION

ELECTRON POLARIZATION IN A QUANTUM WELL
WITH UNIFORM ELECTRIC FIELD
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International Centre for Theoretical Physics, Trieste, Italy.

ABSTRACT

The polarization of a quantum electron confined in a one dimensional potential well in
the presence of a uniform electric field is calculated numerically. It is shown that the negative polar-
ization reported in the literature for weak fields for all excited subband states is an artifact of using
infinite-barrier model. Our numerical work gives results in agreement with previous calculations
for the infinite-barrier potential but it yields positive polarization for all values of the applied field
for finite-barrier case.

In recent years , there has been considerable experimental and theoretical
interest in the physics of carriers confined in a GaAs/Al1Ga1.tAs quantum
well. The aim of this paper is to investigate the polarization of confined
quantum electron in ground and excited states in the presence of a uniform
electric field.There has been limited amount of previous work in this field
[1,2,3) .

Nguyen and Odagaki [l| calculated the polarization of the confined
quantum and classical electrons and observed that as the external field is
increased, the polarization always Increases for a quantum electron in the
ground state but it decreases for a weak field and increases after passing a
minimum for any excited state . They have also found that the polarization
of a classical electron with nonzero initial kinetic energy is similar to the
response of a quantum electron in excited states .

Sukumar and Navaveethakrishnfn [2,3] calculated the portability of
a quantum confined electron in the ground subband state including the
electron-phonon coupling.

In this work , we calculate numerically the polarisation of a confined
quantum electron, in ground and first excited state. The method which can
handle any shape of the confining potential is explained in Section 2.The
results and conclusions are summarized in Section 3.
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2 METHOD
The Schrodinger equation to be solved for an electron confined in a QW of
width L = a* is ,

«3 Jlih

(i)

where the electric field term *>(*) m tFx and the confining potential VB(x)
coming from the heterojunction band-gap discontinuities defined as ,



l W " 1 0 \z\ < L/2 ] (2)

If energy is measured in units of R' = tffim'a*1,tile l«>Ktn >n u n i t s o f

o* = fc'Ko/m'e*, and electric field in units of t) = \e\a*F/R',Eq.(l) becomes

dx1 (3)

In our approach , we convert the second-order differential equation (2)
to three firet-order differential equations where » , d9/dx and E are treated
as unknowns i.e. we define

yl =

y3 =

d*
dx
E

(4)

(5)

and reexpress the Schrodinger equation as

rfy2
<fz

We solve this set of equations numerically using a fifth-order Runge-Kutta
integration routine , for energy and the wave function * which in turn is
used to calculate the polarization .

The normalized polarization or the dipole moment P is defined by

^F = 0

P =< -ex >p - < -ex >F=O, (6)

where the bracket < > denotes the quantum expectation value . The
potarizability a is defined as a = P/F . The present method is able to
handle any shape of confining potential and it is used to study the electric
field dependence of quantum-we! I eigenstates .

3 RESULTS AND CONCLUSIONS

In all calculations reported here the quantum well width is taken to be
L = a' .The potential barrier height is taken to be Vo = 30A* which is
suitable for barrier* with At content approximately x - 0.3 . The other
input parameters used are : m' = 0.067m, and «o = 12.5 suitable for
quantum wells made out of GaAs , The effectiveRydberg R* = 5.83 and
the effective Bohr radius a" = 98.7-4.

3.1 Infinite-Barrier Potential Model
The calculated ground and the first excited state wave functions for various
values of the applied electric field are shown in Figures 1 and 2 . The field
dependence of the energy of these states is shown in Figure 3. Similar
results are obtained by Nguyen et al [lj and Miller et al (5j .

The calculated dipole moments for ground and first excited state are
shown in Figure 4. The dipole moment of the electron in the ground state
always increases as the applied field increases. The ground state wavefunc-
tion becomes skewed to the left as shown in Figure 1 and the probability
of finding the particle in the left-hand side (L) of the well becomes greater
than on the right-hand side (R) as shown in Figure 5 .

The dipole moment of electron in the first excited state is negative for
weak fields and becomes positive eventually when the field is increased.
The higher the excited state , the greater the external field strength is
needed for the moment to reach its minimum , as also found by Nguyen
and Odagaki [lj.

For weak fields , the probability of finding the particle on the right-hand
side of the well is greater than on the left-hand side of the well as shown
in Figure 5 . As the electric field is increased more , the excited state wave
function becomes more skewed to the left .This behaviour of R/L yields
a negative dipole moment . Ai the field F increases ,the polaxizability
decreases , a behaviour also found in earlier calculations^] .



3 .2 F i n i t e - B a r r i e r - P o t e n t i a l M o d e l

The calculation is repeated for a finite-barrier model .The numerical proce-
dure described in section 2 becomes more difficult but still straightforward
to implement. The resulting wave function for ground and the first excited
states are shown in Figures 6 and 7. The field dependence of the energy
of these states is shown in Figure 8. The corresponding dipole moments
are shown in Figure 0 . Now , the dipole moment is positive for all field
values.which is a reflection of the behaviour of R/L as shown in Figure
10. This show* that the negative polarization found in the infinite-barrier
case is an artifact of the model used. " • possibility of the wave function
penetration to the barrier region restores the situation to an intuitively
more acceptable one. It is therefore necessary , in cases like the present one

to go beyond the simple infinite-barrier model if one i> interested to get a
balanced view of the physics involved .

The present numerical work , also involves a number of approximations
such as the use of same effective masses and dielectric constants for both

well and barrier material , and all the other relevant approximations in-
volved in the use of effective mass approximation . The correct handling of
the approximations mentioned above is not expected to change the quali-
tative physical picture presented in this work.
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FIGURE CAPTIONS

Figure 1. The ground state wave function for various external electric
fields for an infinite-well F(kV/cm).
(solid line (F=0.0 ) , dashed line (F=200 ) ) . For infinite well the origin
of coordinates is chosen to be from 0 to a* .

Figure 2. The first excited state wave function for various external
electric fields for an infinite-well F(kV/em).

(solid line (F=0.0 ) dashed line (F=200 ) ) .
Figure 3. The field dependence of the energy of the ground (solid line)

and the first excited states (dashed line) . for the infinite-well .
Figure 4. The dipole moment P for the ground (solid line) and first

excited state (dashed line) as a function of the electric field F(kV/«n). For
infinite-well.

Figure 6. Ratio of the probabilities of finding an electron on the
right-hand side (R) and on the left, hand-side (L) for ground (solid line)
and the first excited states (dashed line). For infinite-well.

Figure 6. The ground state wave function for various external electric
fields F(kV/cm) . For finite-well F(kV/cm).
(solid line (F=0.0 ) , dashed line (F=100 } ) . The origin of the coordinates
is chosen in such a way that the well is symmetrically placed with walls at
±«*/2.

Figure T. The first excited state wave function for various external
electric fields for a finite-well F(kV/cm) .
(solid line (F=0.0 ) .dashed line (F=40) ).

Figure 8. The dipole moment P for the ground (solid line) and first
excited state (dashed line) , as a function of the electric field F(kV/cm) .
For a finite-well.

Figure 9. The dipole moment P for the ground (solid line ) and first
excited state (dashed line) . For finit*-«ell .

Figure 10. Ratio of the probabilities of finding an electron on the
right-hand side (R) and on the left hand-side (L) for ground (solid line )
and first excited state (dashed line) .For finite case .
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