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Abstract: The influence of the electric field on the properties of the bound magnetopolaron in an infinite-depth GaAs

semiconductor quantum well is investigated using the linear-combination operator and the unitary transformation method.

The relationships between the polaron’s ground state energy and the Coulomb bound potential, electric field, magnetic

field,and well-width are derived and discussed. Our numerical results show that the absolute value of the polaron’s ground

state energy increases as the electric field and the Coulomb bound potential increase,and decreases as the well-width and

the magnetic field strength increase. When the well-width is small, the quantum size effect is significant.
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1 Introduction

With the rapid development of magneto-optical
techniques,a great deal of interesting phenomena on
the magnetopolaron in the semiconductor and crystal
materials has been studied experimentally and theo-
retically. For instance. Wei et al." investigated the
vibrational magnetic field of the Coulomb impurity
bound magnetopolaron in GaAs/Ga, -, AlAs quantum
wells using the MacDonald method. The bound mag-
netic polarons in dilute magnetic semiconductors was
investigated by Wolff et al." experimentally. Using
the Winger-Brillouin perturbation method, Chen et
al .") studied the electron-phonon interaction and the
magnetopolaronic impurity transitions in quantum
wells. Hai et al."*' studied the polaron-cyclotron-reso-
nance spectrum in GaAs/AlAs quantum wells. Using
the degenerate second-order perturbation theory, the
polaron’s Landau levels were calculated and the reso-
nant region was studied. Yu et al." discussed the
properties of the bound polaron effect in magnetic
fields in terms of the linear combination operator and
the unitary transformation method. Kasapoglu et
al . calculated the effect of crossed electric and mag-
netic fields on donor impurity binding energy using
the appropriate coordinate change method and dis-
cussed the dependence of the donor impurity binding
energy on the well-width, electric field, magnetic
field,impurity position,and the external field orienta-
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tion.

However, few people have studied the influence
of the electric field on the properties of the bound
magnetopolaron in quantum wells using the liner-
combination operator and the unitary transformation
method. Chen et al.'™ investigated the influence of
the electric field on the properties of the bound polar-
on in a quantum well in the absence of a magnetic
field. In this paper,using the liner-combination opera-
tor and the unitary transformation method, we study
the influence of the electric field on the properties of
the bound magnetopolaron in GaAs semiconductor
quantum wells. The dependence of the ground state
energy on the well-width,electric field strength, mag-
netic field strength,and the Coulomb bound potential
is derived and calculated numerically. At the same
time, the relationship between the vibration frequency
of the bound polaron,the magnetic field strength,and
the Coulomb bound potential is discussed.

2 Theory

We consider a GaAs polar semiconductor quan-
tum well filled in the range of |z |<CL with an infi-
nite height barrier material occupying the space of
| z|>=L.An electron is in the quantum well coupled
with the impurity in the center well and interacts with
the polaron in the semiconductor. An electric field F
is applied in the z-direction. Using the Frohlich Ham-
iltonian, the system can be expressed as™ .
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For an infinite depth quantum well, the confinement
potential is:

Joo, | Z |>%
U(Z)z1 (2)

d

where the spin effect is ignored. k, is the permittivity
of free space . The electron band mass is denoted by
m ,w is the frequency of the LO-phonon.and r= (p,
Z) is the position vector of the electron. The constant
magnetic field B is along the z-direction,and L is the
angle momentum. We describe the vector potential
with A= (B Xr)/2. Here ax and ax are the creation
and annihilation operators of the LO phonons with
the wave rector K.

Qs = (") (zmar) *(F7)

where V is the volume of the semiconductor and « is a

1/4
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normalization constant of the Frohlich electron-pho-

non coupling constant.
2 1/2
e m 1 1
= X X|{— - — (3b)
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where ¢, and e. , respectively,are the static dielectric
constant and high frequency adiabatic constant .

Using the Fourier expansion

1 _ 4 1 e
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We carry out two unitary transformations to Eq. (1)
U, =exp(—iy> K miax) (5a)
K
U, = exp[ D) (frak = frax) | (5b)
K

where fx (fx) is the variational parameter.

We introduce the linear-combination of the crea-
tion and annihilation operator b; and b; to represent
the momentum and position of the electron in the x-y
plane™.

1/2
p, = [’"2“} (b, + b)) (6a)
. h 7Y .
o = {m] (b, = b)) (6b)

With j = x, y; A is the vibration frequency of the
bound magnetopolaron and is also a variational pa-
rameter.
The trial wave function can be written as

| = &(z2) | 0) 7
where |0) is the zero-plane of the phonon field. @(z)
describes the trial wave function of the electron mov-
ing along the z-direction in a one-dimensional infinite

(8
where 8 is a variational parameter and may be ob-
tained by minimizing the total ground state energy.
N(p) is a normalization constant can be obtained by
the relation.

N (B = 4B + ) [ Lx* (1 — e ") ]! (9
The expected value of the total Hamiltonian can be
obtained as

_h2A e’B’ h
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Performing dE/dA =0 and dE/IB=0,we can get the
content equation of the vibration frequency of the

magnetopolaron:
2 ) ‘B’ h
hA® = BAT — e4m2 =0 an
- -Bh’
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Substituting Eq. (12) to Eq. (10). we obtain the
ground energy of the infinite GaAs semiconductor
quantum well in the bound magnetopolaron:
1 ‘B’h
E, = ?h/\o +hw1_0(_,80 VA Tt engAO +

1 1 (Tcz_ 2>h2
=+ = 5 — —-coth (w =g )b~
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(13)
3 Results and discussion

In order to study the influence of the electric
field on properties of the bound magnetopolaron in
the quantum well, we take GaAs as an example mate-
rial and perform the numerical calculations. The cor-
responding parameters for GaAs are e. =10.9, m =
0.067m,,.hw, = 36. TmeV, with m, the free electron
mass,and the electron-phonon coupling constant is «
= 0.067",
shown in Figs.1~4 and every figure takes meV as the

The numerical calculation results are

energy unit. As shown in Eq. (13), the vibration fre-
quency A is not only related to the magnetic field
strength B but also to the Coulomb bound potential 3 .
Figure 1 depicts the relational curve of the vibra-
tion frequency A of the bound magnetopolaron in
GaAs semiconductor quantum wells to magnetic field
B for different Coulomb bound potentials j3,. The fig-
ure clearly shows that the vibration frequency increa-
ses as the external magnetic field and the Coulomb
bound potential increase. Because the electron energy
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Fig.3 Relational curves of the ground state energy E, of the
Fig.1 Relational curves of the vibration frequency A of the

bound magnetopolaron to magnetic field strength B at the dif-
ferent Coulomb bound potentials 3

will increase as the magnetic field strength B and the
Coulomb bound potential increase,the increase of the
ground state energy of the magnetopolaron makes the
vibration frequency of the magnetopolaron increase.
Equation (13) shows that the ground state energy E,
is not only related to the field strength F, magnetic
field strength B,and the Coulomb bound potential 3, ,
but also to the well-width and the electron-phonon
coupling constant « .

Figure 2 shows the relational curves of the
ground state energy of the bound magnetopolaron and
the magnetic field B for different Coulomb bound po-
tential B, with the well width L =10nm and the elec-
tric field strength F =2 X 10°V/m. The figure indi-
cates that the absolute value of the ground state ener-
gy of the bound magnetopolaron decreases as the ex-
ternal magnetic field strength increases. This is be-
cause the increase of the magnetic field B increases
the energy of the electron. The total energy is nega-
tive and the magnetic field energy is positive, so in-
creasing the magnetic field strength will decrease the
absolute value of the total ground state energy. For a
constant magnetic field strength B,the absolute value
of the ground state energy decreases as the magnetic
field strength increases.

-6 1 1 1 1 1

Fig.2 Relational curves of the ground state energy E, of the
bound magnetopolaron to magnetic field strength B at the dif-
ferent Coulomb bound potentials 3

bound magnetopolaron to the electric field strength F at the dif-
ferent well-widths

Figure 3 plots the relational curves of the ground
state energy E, of the bound magnetopoloron to the
electric field strength F for different well-widths L
with magnetic field strength B=5T,and the Coulomb
potential 3, = 2. The figure shows that the absolute
value of the ground state energy of the magnetopol-
the electric field
strength increases. This occurs because the electric
field energy that is obtained by the polaron is larger
when the electric field strength is larger, so the total
ground state energy will increase. When L = 1nm,the
variety of the curve is smoother since the influence of

aron will increase linearly as

the electric field strength on the ground state energy
E, is minor when the well-width is narrower.

Figure 4 presents the relational curves of the
ground state energy E, of the bound polaron to the
well-width L with different magnetic field strength B
for F=4X10°V/m and B, = 2. The figure demon-
strates that the ground state energy of the weak cou-
pling magnetopolaron increases quickly as the well-
width decreases for L<2nm when the peculiar quan-
tum size effect is significant. At the outer region, the
ground state energy of the bound magnetopolaron
changes slowly as the well-width increases. When the
well-width is a large constant, the absolute value of
the ground state energy of the bound magnetopolaron
decreases as the magnetic field strength increases.

0 2 4 6 8 10
L/nm
Fig.4 Relational curves of the ground state energy E, of the
bound polaron to the well-width L with different magnetic field
strengths B
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In conclusion, the ground energy of the bound
magnetopolaron will increase as the electric field and
the Coulomb bound potential increase, and will de-
crease as the well-width and the magnetic field
strength B decrease. When the well-width is small, the
quantum size effect is significant.
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