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Abstract

In this paper a theoretical study of the effect of the electron transport in a quantum dot ring, which is consisted from four quantum dots,
connected with two electrode metal. For this purpose, a single-electron model was used in this system. The Hamiltonian of this system is
consisted from a single level for each quantum dots. The influence of energy levels of the electrode metal was taken into consideration.
The Time-dependent equations of motion were found using the Laplace transform, which was enabled the occupation-probability to be
found for the right electrode. Results shown that the occupation-probability and the current flowing exhibit oscillations in the elementary
stage of the transport process and finally progress into stationary values. So, the occupation probability of the R-electrode increased with
the coupling interaction of the QDs and the bias voltage, but it is reduced by increasing the electrodes-QDs interaction and absolute

temperature.
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1. Introduction

The electron transport process (ET) through a quantum dot (QD)
system has been investigated in many fields, theoretical and
experimental, as physical, Chemical and Biological[1-4]. In recent
years, there have been new Developments in the study of electron
transport process, especially after the increase in the application of
modern methods during the study of the transport of electrons in
chemical and biological systems [5,6]. It is possible to examine
the interaction of electron transfer entirely through the methods of
quantum chemistry. These studies used complex computer
programs and fast computers, which aim to understand the ways in
which the probability of ET depends on the characteristics of each
of the components of the system, and the parameters involved in
this process, as electronic coupling between quantitative cases that
have a qualitative impact [7].

In this paper, we design a kind of four quantum dots (QDs) are
circularly coupled setup, a ring shaped, connected with two
electron electrodes to investigate the transient ET properties, as

shown in figure 1.
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Fig 1: Schematic diagrams of quantum dot ring connected with two
electrodes.

The electrodes are described as sources or electrodes of electrons
that have a corresponding energy level in which the number of
electrons is changing, and they are connected to the source of the

bias voltage. The probability of electronic distribution in these

electrodes follows the Fermi distribution function [8-10],

f@m=F%—
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where kg , T , E , and u are Boltzmann's constant, the absolute
temperature, the energy of the single-electron in the electrode, and
the total chemical potential, respectively. At zero temperature
without bias voltage (V};4s = 0), the chemical potential is equal to
the Fermi energy (which is in an equilibrium state), and the energy
levels are filled up to the Fermi-level, and the Fermi distribution
function is equal to one at E < p or zero at E > u. While applying
a bias voltage on the right electrode, the chemical potentials will
be different according to p;, — pg = eVpiqs aNd up = & — eVpigs
[11], which lead to the flow of electrons from the left to the right
electrode.

2. Model and Formulae

A quantum dot ring is consisted from four quantum dots, which
connected with two electrodes by tunnel coupling, as showing in
figure 1, the Hamiltonian of the system, as a tight-binding model,
can be written as

H=H,+Hp+ Hyp + Hpp )

Here, H,(Hp) is represent the isolated electrode (dot)
Hamiltonian, Hy =Y Ej P (t) + X jr EjrPir(t) (Hp =
Yho1&cDiDy), where Py, (t) = ajaje, and af|a;, are the
creation |annihilation operators of the electrons in the left (a = L)
or right (¢ = R) electrode with j wave vector; EjL|EjR are the
energies of the single electron in the L and R electrode,
respectively. Dif | Dy (g,) are the creation [annihilation operators
(energy level) of the k-th quantum dot. H,,(Hpp) describes the
coupling between electrodes and quantum dots (quantum dots and

Copyright © 2018 Authors. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepubco.com/index.php/IJET

6 International Journal of Engineering & Technology
quantum dots), Hop =XV af,Dy + X VigaizDs + h.c. Dyeys(t) = DO Xi+ok2atokz L, _ De(0A3+01adz401 gyt \

: . =b (1=22)(A1-13) (A1=22) (Ap=23) |
(Hpp = Tp=1 VD} Dy + h.c.), with V;,|Vig (V) are the coupling Y T
- - _— 3
interaction between the L|R electrode and the 1|3 dot (kth and the A —23) © )
(k + DthD,atk = 4,i + 1 - 1). The equations of motionfor  p, (1) = Dy (0N 401 A+ 0kpha+0ks A,¢ _ Dk(ODA3+0k1A3+0kada+0ks 3¢

this system can be obtained by using [12],

by = i dH
k hdD} (t)
with(e=hA=1a.u)ie.

Dy (t) +ig; Dy (t) + iVD,(t) +iVD,(t) + iYL Via, = 0)
D, (t) + ig, D, (t) + VD, (t) + iVD5(t) = 0

D3 (t) + igz D5 () + iVD, (t) + iVD, (L) + iXirVrajg =
D, (t) +ig D, (t) + iVDs(t) +iVD,(t) = 0

a; (t) + iEj a;,(t) + iV, D () = 0

ajp(t) + iEjpajr (t) + iVgD3(t) = 0

°$ @
|
)

The effect of energy levels in metal electrodes on the quantum
dots is the addition of a complex part known as self-energy[13],
YialE), e Ey =& +¥j(E) > g —ilj,; and E; =&+
Yjr(E) = €3 — iAjrs; where Aj=mp,|Vi|* (Ajrs= mpr|Vi|?)
1st (3th) level broadening due to its level-electrode level coupling
interaction. The above system of equations of motion (2) can be
solving by using Laplace transform [14], when &, = ¢, = 0, as

D1(0)52 + 0—115 + 012

D) = S G =) = 29)
_ D2(0)53 + 0—2152 + 0225 + 023
P = A 2 2 -
D (S) _ D3(0)52 + 0—315 + 032
3 (S—2)(S —22)(S — 23)
_ D4(0)S3 + 04152 + 0425 + 043
D) = 5= — ) — 1)
Where

012 = 2V2(D;(0) — D5(0)) + VE3(D,(0) + D,(0)),

031 = i(Ey + E3)D,(0) — iV(D,(0) + Dy (0))’

032 = 2V?(D,(0) — D,(0)) + V(E, D;(0) + E3D, (0)) —

E1E3D,(0),

023 = iVZ(Dz(O) - D4(0))(E1 +E3),

031 = —iV(D,(0) + D4(0)) + iE, D5(0),

a3, = —2V?(D1(0) — D3(0)) + VE; (D, (0) + D4(0) ),

041 = i(Ey + E3)Dy(0) — iV(D1 (0) + Dy (0))

042 = 2V?(D,4(0) — D,(0)) + V(E,D;(0) + E3D, (0)) —
—E;E5D,(0),

O43 = _iVZ(E1 + Es)(Dz(O) - D4(0)),

b= (4 128) " - (8 4 B
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768V6 + V*(156(E2 + E2) — 264E,E;) +
F32F12+£32+12F183+3F12E32F1- £32,

24V2(E, —

and As =V2+2(E? + E2 — EyEy)
The set equations (3) above can be solved using an inverse
Laplace transform, as

A1 (A1-22)(A1-23) A2(A1-22)(A2-23) |
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The probability of the right electrode can be calculated by using
this relations [15], Pjx(t) = Z,-R|VjR|2|ajR(t)|2, Vig related with
the electronic density of state of right electrode as; pg(E) =
Z]-R|V]-R|26(E—ER), where &(E — Eg) represent Dirac-Delta
function. Since [ §(E — Ez)dE = 1[16] and by taking pg(E) its
average over the energy, pr = 1/4Bg, with 48y is the band-width
of the right electrode then P (t) is as follows:

Pa(t) = e f |3, (0| dE )

Here, a;(t) it can be obtained using the Green's function [17], as

g (t) = e~iEint (ajR(O) — iV [} Ds (f)eiEfRfdf) 6)

By introducing D5 (t) from eq.(4) and using the initial conditions,
a;r(0) = \/f(E, ug) We get:
—iEjpt [ (D3(0)A3+03,14 +033)
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3. Results and Discussion

In this section, we calculate the time probability of the R-electrode
Pr(t) and the current Ix(t) flowing through this system for
different values of parameters affecting the system, such as V,
Vo Vpias: @nd T. The tunneling between all QDs system was
switched-off initially (at ¢t = 0). The system in the equilibrium
state, the occupancies of QDs were given as (1,0,0,0). Figure.2
represented the occupation probability of right electrode versus
time, which increased in increasing the QDs coupling interaction
(V), while decreased with increasing the interaction between
electrodes and QDs V, ».
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Figure 2: Occupation probability of R electrode versus time for different
values of (V,V, ) at Vp;,s = 0,and T = 300 k.

After a long time (t=2000 a.u.), we see that it is enough to be
finished the ET, we study the properties of system effects on the
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occupation of the R electrode Pg(t). Figure 3 shows the effect of
the coupling interaction of the QDs. The Pg(t) is started

0.530

increasing by increasing the V to reach its maximum value at
V =0.5eV, and then go down when V > 0.5eV to settle at 0525
0.5623444. Also, we observe that increasing the electrodes-QDs
interaction (V) leads to decrease the Pg(t), as displayed in 0520 |
figure 4.
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Figure 6: Occupation probability of R electrode versus absolute
052+ temperature at V. = 0.1, V; = 0.8 eV, and Vy;,s = 0.
0.50 4 . . .
In this system, the current can be acquired from the evolution of

0.48 T T y T y the R-electrode electron occupation number as, I (t) = —ePg(t)

[18]. In figures 7, 8, and 9, we study the properties of the system

effects on the behavior of the current system. By increasing the

Figure 3: Occupation probability of R electrode versus QDs coupling at ¥ QDs to increase the peak of the current (see figure 7), which

V,r =08eV, Vys =0,and T = 300 k. decreases when the V, p is increased (see figure 8). While we do
not observe any effect of the ;. and T (see figure 9).
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Figure 4: Occupation probability of right electrode versus QDs-electrodes
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Figures 5 and 6 show the effect of both the bias voltage applied on
the right electrode Vy;,, and the absolute temperature T,  Eigyre 7: (Color online) Transient-current in the right electrode versus
respectively. We observed that the influence of the Vs leads to  time for different values of V at V, z = 0.8 eV, Vs = 0,and T = 300 k.
linear increase of the Pg(t), while the impact of temperature is

very low by 2.396 x 10™* per 100 k.
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Figure 8: (Color online) Transient-current in the right electrode versus
Figure 5: Occupation probability of R electrode versus voltage bias at  time for different values of V, zat V = 0.1 eV, V;;0s = 0,and T = 300 k.
Vv=0.1, V_(L,R)=0.8 eV, t=2000 a.u., and T=300 k.
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Figure 9: (Color online) Transient-current in the right electrode versus
time for different values of Vy;,s, and T atV = 0.1 eV,and V, , = 0.8 eV.

4. Conclusions

Firstly, we have derived the equations of motion of the QDs ring
connected with L and R-electrodes system, which enabled us to
find the occupation probability of R-electrode. Then, the current
of the system is shown that the probability of the electrons
occupying the R-electrode and the current exhibit transient
oscillations in the elementary stage. After that, it became constants
eventually. This result indicated that the system has evolved into a
stationary-state. Moreover, the occupation probability of the R-
electrode increased with the coupling interaction of the QDs and
the bias voltage. The same thing is occurred with the peak of the
current. While it decreased with increasing the electrodes-QDs
interaction and absolute temperature. But, it is not existed in the
peak of the current.
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