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Abstract

We investigated multi-electron wave packets dynamics consid-
ering the Coulomb interaction under the applied electric field by
solving the time-dependent Hartree-Fock equation. Our results
show that the coulomb interaction works to prolong the lifetime of
the wave packets as the time evolves in the no electric field situa-
tion as well as in the applied electric field. It is also noted that the
applied electric field also prolong the wave packet lifetime, espe-
cially when the Coulomb repulsion is relatively small. It indicates
that the particle pictures of the electrons tend to be dominant un-
der the applied electric field.

1. Introduction

The device size, physical gate length as well as channel length,
has aggressively scaled down in order to obtain the required high
performance [1]. There would be a few numbers of electrons in
such a nano scale transistor channel region. It is, thus, expected
that electron correlation plays a crucial role for the electrons dy-
namics in the nano-scale channel and affects the device perfor-
mance. For this reason, it would be required the investigation
about transport in semiconductor that is taken into account the
electron correlation so as to understand the fundamental physics
which governs future nano device systems.

The electric field between source and drain electrodes is ex-
pected to increase drastically owing to the aggressive miniaturiza-
tion of device channel length. In such a situation, it is difficult to
expect coherent electron transport though the channel with high
electric field. Thus, we have to establish a new approach instead
of conventional electron transport approaches [2]. We treat the
electrons in the semiconductor channel as wave packets, which
describe a crossover feature between the particle and the wave
pictures of electrons, as schematically illustrated in Fig.1. There
are various studies focused on the dynamics of the single electron
wave packet until now [3]. In this work, we investigate mul-
ti-electron wave packets dynamics considering the Coulomb in-
teraction under the applied electric field. The electron in the uni-
form electric field will undergo periodic oscillation, known as the
Bloch oscillation [4]. We adopt the electric field that the Bloch
oscillation can be safely ignored in the calculation.

2. Method
In this study, we start with the one-dimensional the effective
mass Hamiltonian as
n d
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where m* is the effective mass of the electron and . V(x) is an
effective external potential. We discretize this effective-mass
Hamiltonian (1) with a discrete lattice whose lattice constant is a,

(Zet9) =120y o-11)
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This discretized Hamiltonian can be mapped onto a near-
est-neighbor tight-binding Hamiltonian,

[H (x[D)] = (V, +27)(n|i)=y(n=1]i) =y (n+1]i)
= SV +29)8, =18, = 18, (i)
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We employed the above-discretized tight binding Hamiltonian in
this study. The number of lattice site is 100 in our calculation that
is conceived to sufficient to describe the basic characteristics of
the system. We also set the lattice constant a to unity.

We calculate the time evolutions of the each electron wave func-
tions by solving the time-dependent Hartree-Fock equation in
order to take into account the coulomb interaction [5, 6],
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where, Hyr is the one-body Hartree-Fock Hamiltonian which is
composed by the tight binding Hamiltonian 7, coulomb potential
G and exchange potential F. We have taken the atomic unit
fi=e=1 in the present work. These three terms in equation (4)

are expressed as
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FIG 1: Schematic illustration of difference among three pictures
of electrons: particle, wave and the wave packet dynamics.
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where y is hopping parameter, U is the strength of the elec-
tron-electron repulsion, which qualitatively represents the magni-
tude of screening effects. The i and j indicate the orbitals of the
electron wave functions and its suffixes (1) and (2) correspond to
the position x; and x,, respectively. Further, ¢* and ¢ represent
creation and annihilation operators of electrons, respectively. In
our calculation, the Hamiltonian is scaled by the hopping parame-
ter y.

The formal solution of the time-dependent Hartree-Fock equa-
tion is expressed as

i+ At)) = exp(—iH ;A1) i(1)) ®)

where At is a small increment of time. We performed Taylor se-
ries expansions for the time evolution operator up to fourth order
to calculate next time step wave function [7, 8]. In addition, we
scaled time by 1/y. We study the dynamical properties of the two
electron wave packets by investigating the charge density distri-
butions of each electron.

Under these conditions, we study the dynamical properties of the
two electron wave packets by investigating the charge density
distributions of each electron. We set the initial wave functions as
the Gaussian wave packets [9]. In order to discuss the lifetime of
the wave packet, we consider the width of a wave packet by esti-
mating standard deviation of the position operator that is repre-
sented by

o= (65} = {7} - 2 ®

where <x> and <x>> is the expectation value of the x and x°, re-
spectively.

3. Results and Discussion

Figure 2 schematically shows the initial state of our calculation
and the potential profile adopt in our calculation that represents
the applied electric field in the semiconductor channel. The poten-
tial is linearly dropped between the source and the drain,
E=-0.05x. We performed numerical calculation of the two elec-
tron wave packets dynamics under this electric field varying the
strength of the coulomb interaction. The effect of the electric field
is estimated by the comparison with the no electric field case.

Figure 3 shows the width of the wave packet, which is located at
right side in Fig.1, represented by the standard deviation at =20
as a function of the magnitude of the electron-electron interaction
Uly. Our results indicate that the coulomb interaction works to
prolong the lifetime of the wave packets as the time evolves in the
no electric field situation as well as in the applied electric field, as
shown in Fig.3. It is also noted that the applied electric field also
prolong the wave packet lifetime, especially when the Coulomb
repulsion is relatively small. It indicates that the particle pictures
of the electrons tend to be dominant under the applied electric
field. Moreover, we will also discuss the electric field dependence
of the lifetime of the wave packets.
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FIG. 2: Initial state of our calculation and potential profile
of the channel in applied electric field.
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FIG. 3: The width of the wave packet located at the right
side as a function of the strength of the Coulomb interac-
tion Uly at £=20.
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