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a b s t r a c t

We study the eigenenergies and the eigenfunctions of the ground
and the first excited states of an electron, which is strongly coupled
to LO-phonon in a quantum rod with a hydrogen-like impurity at
the center by using the variational method of Pekar type. This
quantum rod system may be used as a two-level quantum qubit.
When the electron is in the superposition state of the ground and
the first-excited states, the probability density of the electron oscil-
lates in the quantum rod. It is found that the probability density
and the oscillation period are individually increased and decreased
due to the presence of the Coulomb interaction between the elec-
tron and the hydrogen-like impurity. The oscillation period is an
increasing function of the ellipsoid aspect ratio and the effective
confinement lengths of the quantum rod, whereas it is a decreasing
one of the electron–phonon coupling strength.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights
reserved.

1. Introduction

Quantum computing combines computer science with quantum mechanics, and is a fast growing
research field [1]. Consequently, there has been a large amount of experimental work [2–4] on quan-
tum computer (QC). Meanwhile, many investigators studied its properties in many aspects by a vari-
ety of theoretical methods [5–8]. In recent years, several schemes, like trapped ions [9], nuclear and
electron spins [10–12], quantum optical systems [13], and superconductor Josephson junctions
[14,15] have been proposed for realizing quantum computation. In order to show advantage of QC
over most classical computer, QC need to be composed of thousands of feasible qubits. Therefore, it
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is clear that QC with a large significant number of qubits would be more realizable in solids [16],
especially by invoking semiconductor nanostructures or quantum dots (QDs) [17]. Semiconductor
QD was extensively studied because of its novel physical properties and potential applications in opto-
electronics [18]. Two-level quantum system can be viewed as a single qubit. For such a single electron
QD qubit, Li et al. [19,20] proposed a kind of parameter-phase diagram schemes and defined the
parameter region for the use of an InAs/GaAs QD as a two-level quantum system. Li et al. [21] used
the variational method of Pekar type [22] to investigate the effect of magnetic field on the properties
of parabolic QD qubit. Using linear-combination operator method, vibrational frequency and ground
state binding energy of strong-coupling magnetopolaron in a quantum rod (QR) have been studied
by us [23]. The properties of QR qubit with Coulomb bound potential, however, have never been inves-
tigated yet.

In the present paper, we study the eigenenergies and the eigenfunctions of the ground and the first
excited states of an electron, strongly coupled to LO–phonon in a QR with a hydrogen-like impurity at
the center. This system may be used as a two-level quantum qubit. We have obtained the probability
density of the electron in the QR oscillating with a certain period when electrons are in a superposition
state of the ground and first-excited states. The effect of the Coulomb bound potential on the proba-
bility density, the ellipsoid aspect ratio, the transverse and longitudinal effective confinement lengths
of the QR, the Coulomb bound potential and the electron–phonon coupling strength on the oscillation
period are discussed.

2. Theory model

The electron under consideration is moving in a polar crystal QR with three-dimensional aniso-
tropic harmonic potential, and is interacting with bulk LO phonons. The Hamiltonian of the system
with a hydrogen-like impurity at the center can be written as:
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where m is the band mass, xjj and xz are the measures of the transverse and longitudinal confinement
strengths of the three-dimensional anisotropic harmonic potential in the radius and the length direc-
tions of the rod, respectively. aþq ðaqÞ denotes the creation (annihilation) operator of the bulk LO pho-
nons with wave vector qðqjj; qzÞ. pðpjj; pzÞ and r ¼ ðq; zÞÞ are respectively the momentum and position

vectors of the electron. � e2

e0r denotes the Coulomb potential between the electron and the hydrogen-

like impurity. Vq and a in Eq. (1) are:
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Employing Fourier expansion to the Coulomb bound potential, it can be written as:
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where v is the volume of the crystal. q and e0 are respectively the wave vector of the phonon and the
static dielectric constant. We introduce a coordinate transformation [24], which changes the ellipsoi-
dal boundary into a spherical one: x0 ¼ x; y0 ¼ y; z0 ¼ z=e0; where e0 is the ellipsoid aspect ratio and
ðx0; y0; z0Þ is the transformed coordinate. The electron–phonon system Hamiltonian in the new coordi-
nate is,
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