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Abstract: The properties of a bound polaron in a parabolic quantum dot with weak electron-LO-phonon coupling

under a Coulomb field are studied. The ground state energy of the bound polaron is derived by using a linear com-

bination operator and the perturbation method. The influence of the interaction between phonons with different

wave vectors in the recoil process on the ground state energy of the bound polaron is discussed. Numerical calcula-

tions are performed,and the results show that the ground state energy increases significantly as the effective con-

finement length of the quantum dot decreases,considering of the interaction between phonons. When [, >1. 0, the

influence of the interaction between phonons on the ground state energy cannot be ignored.
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1 Introduction

Recent technological advances in the fabrica-
tion of nano-structures have stimulated both ex-
perimental and theoretical interest in low-dimen-
sional systems. In recent years, there has been
considerable effort to achieve an understanding of
the unusual physical properties of quantum dots
(QDs) because of their promising application in
device engineering. Much theoretical and experi-
mental interest has been devoted to the study of
the electronic properties of these zero-dimension-
al semiconductor systems. The interaction of elec-
trons with LO-phonon in quantum dots has been
investigated by many authors”' ™. Morecover,
many investigations have been devoted to the
problem of an electron bound to a hydrogenic im-
purity using different methods. Wang et al." in-
vestigated the effects of LO phonons on the hy-
drogen-like impurity in a semiconductor quantum
dot. Chen et al.'® derived the expression of the
ground-state energy of an electron in parabolic
quantum dots and a wire coupled simultaneously
with a Coulomb potential and a LO phonon field
within the framework of Feynman variational
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path-integral theory. Melnikov et al.'”*' studied
the effect of the electron-phonon interaction on
an electron bound to an impurity in a spherical
quantum dot embedded in a non-polar matrix.
Woggon et al." studied the states of polarons
bound in a potential and determined the local op-
tical absorption spectrum up to first-order time-
dependent perturbation theory with respect to the
electron-phonon interaction. Xie et al."*! investi-
gated the binding energy of a bound polaron in a
spherical quantum dot by using a variational
method. Investigations of the properties of bound
polaron in a quantum dot have omitted the inter-
action between phonons with different wave vec-
tors in the recoil process. The influence of this in-
teraction on the properties of bound polaron in a
quantum dot has not been studied so far. In this
paper,we study the interaction between phonons
on the properties of a bound polaron in a quantum
dot by using an integration of the linear combina-
tion operator and the perturbation method.

2  Theory

We consider a system in which the electrons
are bound by the parabolic potential and Coulomb

* Project supported by the National Natural Science Foundation of China (No.10347004)

T Corresponding author. Email: yinjiwen1962@126. com
Received 23 July 2007, revised manuscript received 28 July 2007

(©2007 Chinese Institute of Electronics



1884 AP T

{ZS

potential. The electrons are much more confined
in one direction (taken as the direction z) than in
the other two directions (taken as the x-y
plane)""'. Therefore, we shall only consider an
electron moving on the x-y plane by taking into
account the interaction between the electron and
LO-phonons. We assume that the confinement po-
tential in a single QD is parabolic.

V(P> = %Iﬂ(uf)pz (1)
The Coulomb bound potential is:
2
Vi =- (2)

where m ™ is the band mass of the electron, r =
(p»z) is the coordinate of the electron,and w, is
the confinement strength. The Hamiltonian of the
electron-phonon system is given by
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where a, (a,) is the creation (annihilation) oper-
ator of a bulk LO-phonon with wave vector q (g =
qr+q.1) >

V, = ithow/q) (h /2mw) " (dre/ V)T (da)
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Using the Fourier expansion to the Coulomb
bound potential:
1 A
o Zq: Vq*
We introduce a linear combination operator and
carrying out a unitary transformation
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The Hamiltonian becomes
H = U,U'HU, U, = H,+ H, (8a
Here,
H, = ?m ;(a; + i Cag + f)(a, +
q7=4q
foCay + fooq-q (8b)

Here H', is the attachment energy of the interac-
tion between phonons of different wave vectors in
the recoil process.

The ground-state wave function of the system

% %28 %
is chosen as
() =[e(z))] 00| 0), €))

where \go(z)> is the normalized electron wave func-
tion along the z direction and |[{(¢(2)[gp(z))|*
=0(z) since the electrons are considered to be
confined in an infinitesimally narrow layer. | 0),
is the vacuum state for operator b,and |0) is the
unperturbed zero-phonon state.

The expectation value is F(A, f, )=(W|H |
¥) . By using the variational technique to A, we
can obtain f, and F (1) can be calculated, repla-
cing the summation with an integral.

Using the variational technique, the expres-
sion for the vibration frequency of a bound polar-
on in a quantum dot can be derived as

2 _ 2e’ M oysp 2
A hes /nh/\ w, =0 (10a)>
We have the variational parameter:

The ground state energy of a bound polaron in the

weaking-coupling region for electron-phonon in-

teraction can be written as
h /1() h 3

= — 0 h - 2 A (11)
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where the effective confinement length is [, =
vh /ma, ;and the Coulomb bound potential is 3=

e’ | m

€N wh

EO]

. Choosing h =2m = w;. =1 in polaron
units, the ground state energy can be written as

E()l - A_O 2 1 —a—Zﬁ«/Ao (12)

3 Perturbation calculations

We regard H', as the unperturbed Hamiltoni-
an of the system and H', as the perturbation to
perform perturbation calculation. The first order
perturbation energy is zero and the second order
perturbation energy is:

- 2
AE = 3 LD

E,-E, (% - %)“2 ho

13
Considering the second order perturbation ener-

n

gy, the total energy of bound polaron, including

the interaction between phonons with different

wave vectors in the recoil process,can be written as
E, = E, + AE

h Ay h°®
= + ——— — gh - 2 /1 -
2 ol | Pen T EB VA
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Fig.1 Relational curves of the ground state energy
E, and the effective confinement length [/, at different
Coulomb bound potentials 3

Choosing h = 2m = @, = 1 in polaron units , we
obtain:

(15)
4 Numerical results and discussion

Considering the interaction between phonons
of different wave vectors in the recoil process,the
ground state energy of bound polaron in a para-
bolic QD is not only related to the effective con-
finement length [, . the electron-LO-phonon cou-
pling strength «,and the Coulomb bound potential
Bsbut also related to the interaction between pho-
nons. The numerical results of the dependence of
the ground-state energy on the confinement
length, the coupling
strength,the Coulomb bound potential and the in-
teraction between phonons are presented in Figs. 1

electron-LO-phonon

to 5 (chosen h =2m =@, in polaron units).
Figures 1 and 2 show the ground state energy
as a function of the effective confinement length
I, for different the electron-LO-phonon coupling
strengths and Coulomb bound potentials. The
ground state energy increases rapidly as the con-
length decreases. Furthermore, the
ground state energy also increases rapidly as the
effective confinement length decreases when con-
sidering the interaction between phonons of dif-
ferent wave vectors in the recoil process since

finement

there is a confinement potential to confine the
motion of the electrons. As the confinement
length decreases (w, increases), that is,as r de-
creases, the thermal motion energy of electrons
and the interaction between electron and pho-
nons, which take phonons as medium,is enhanced
because the range of the particles’ motion be-
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Fig.2 Relational curves of the ground state energy
E, and the effective confinement length [, at different

electron-LO-phonon coupling strengths «

comes small. As a result, the ground-state energy
increases due to quantum size effects. Figure 1
shows that, holding confinement length constant,
the smaller the Coulomb bound potential is, the
higher the ground state energy is. Figure 2 shows
that, holding confinement length constant, the
smaller the electron-LO-phonon coupling strength
is,the higher the ground state energy is.

Considering the interaction between phonons
of different wave vectors in the recoil process,the
corresponding energy of bound polaron is E,, — E,
and the ground state energy is E,. To obtain the
relationship between the corresponding energy
and the total energy,we have:

_ Em - Eo _
P = ==
(=)
12 9n (16)
Ao 2 I 2.\,
— + — _ — _ &
T e VA (17 ~ 52)a

The value of P is the ratio of the interaction ener-
gy between phonons of different wave vectors in
the recoil process and the total energy. Equation
(16) indicates that the value of P is not only re-
lated to the electron-LO-phonon coupling strength
a and the Coulomb bound potential 3, but also to
the effective confinement length. Figures 3 and 4
show the value of P as a function of the effective
confinement length [, for different electron-LO-
phonon coupling strengths and Coulomb bound
potentials. Figures 3 and 4 demonstrate that the
value of P increases as the effective confinement
length [, increases. Holding confinement length
constant, the bigger the Coulomb bound potential
and electron-LO-phonon coupling strength are,
the higher the value of P is.

Figure 5 shows the value of P as a function of
the effective confinement length [,. We can see
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0.03 length constant,the smaller the electron-LO-pho-

B non coupling strength and the smaller Coulomb

0.02 iﬁiB;Z bound potential are, the higher the ground state

- B o gzgﬁ energy is. The third,the forth and the fifth terms

0.01 a=1 in Eq. (15) are negative whereas the total energy

i » is positive. The influence of Coulomb potential
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Fig.3 Relational curves of P and the effective con-
finement length [, at different Coulomb bound poten-
tials 8
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Fig.4 Relational curves of P and the effective con-
finement length [, at different electron-LO-phonon
coupling strengths «

that the value of P and the change rate of the ef-
fective confinement length [/, are small when [,<C
1. 0. This is because the influence of the Coulomb
potential and confine potential on the ground
state energy is much greater than the influence of
the interaction between phonons on it. However,
the value of P increases rapidly as the effective
confinement length [, increases when [, >1.0.
Figures 1 and 2 indicate that,holding confinement
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Fig.5 Relational curve of P and the effective con-
finement length [,

is much smaller than the influence of the interac-
tion between phonons on it. Therefore, the influ-
ence of the interaction between phonons on the
ground state energy must be considered when one
discusses the problem of bound polarons in QDs.
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