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Abstract

In this study, theoretical treatment is presented to study the electron transport in a system
consists of two principle coupled parts, these are the qubit and the single electron transistor (SET).
Model calculation that includes the derivatives of the time dependent equations of motion for the
system under consideration is presented. We find particular relations for the time variation of the
occupation numbers of the qubit quantum dots and the single electron transistor quantum dot as
well as the current that flows from the left lead. We investigate the electrostatic coupling effect on
the electron transport dynamical properties in the system. We conclude that the charge
accumulation increases on the far-removed qubit quantum dot from the single electron transistor as
the electrostatic coupling increases at relatively low bias voltage, while the charge accumulation
increases on the nearest one to the single electron transistor with increasing the electrostatic

coupling at relatively high bias voltage.
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1. Introduction

To construct a device for treating quantum
information (quantum computer) we must
firstly have physical system that can store and
present information. The simplest system is a
qguantum system with two states that called
"Two level system”™ or "qubit". In the
quantum computing, the qubit is considered
as quantum information unit it is quantum
The qubit is

guantum mechanical system with two states,

equivalent of classical bit.

for example single photon polarization, since
the two states are vertical polarization and
horizontal polarization [1]. In the classical
system, the bit can be specific state or other
state, but in the quantum mechanics it can be
also superposition of states at the same time.
The states, at which the qubit is measured, are
called basis states or basis vectors [2]. The
third qubit state is the superposition of
states|¥) = «|0) + f]|1), whereas a and
are the probability amplitudes which can be
both complex numbers, with |x|? + |B|? =
1. In other word, the qubit is quantum two
levels system and that can be obtained by
many possible ways. As the required case is
two discrete quantum levels that can be
controlled practically and in the same time
they can be completely isolated from
unfavorable reactions [3]. There are two main
options for qubit basis these are the spin
freedom degree in the single quantum dot and

the orbital (charge) degree of freedom in the

67

double quantum dots. The double quantum
dots provides simple and factual system with
two energy levels [4, 5]. The charge qubit
with the single electron can be defined as a
state in which one of the quantum dots or the
other is occupied by a single electron. [6].
There is two types of coupling between the
quantum dots: the electrostatically coupling
which prevents two electron to occupy the
same quantum dot and the other is the
quantum tunneling which allows the electron
to occupy two quantum dots [7]. The single
electron tunneling has been discussed using
conventional current measuring method [8].
The current measurement has very few
sensitivity whereas millions of electrons are
required to find current with scientific
concept. And conversely, the charge detection
measurement in the qubit provides direct
detection to electron occupation in quantum
dots and provides sensible measurement to
the single electron transport. The single
electron transistor in which the transport is
influenced by the Coulomb interaction in the
quantum dot is considered as a sensitive
electrical measuring machine.  There is
another tool for measurement that is the
guantum point contact, i. e. semiconductor
point contact structure which is sensitive to
the charge distribution on contacts [9]. This
measurement machines provide detection for

the charge in the quantum dots that coupled
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electrostatically with  the  measurement
The

machine, the single electron transistor is more

machines. electrical measurement
sensitivite than the quantum point contact

which exhibits high variation in the

transmission probability. It is well known
that many studies discuss the qubit problem
theoretically and a lot of experimental studies

are still required.

The aim of our work is to study the electron
transport dynamic and properties in a system
consisting of qubit coupling with single
electron transistor (see fig. (1)). Where a
mathematical model is presented to derive the
time dependent equations of motion for the

system under consideration in order to find a

special relations for the time dependence of
the occupation numbers on the (QDs) of the
qubit and the QD of the SET, also to find
formula for the current that flows from the
left lead passing through the left tunnel barrier
to the quantum dot of the single electron
transistor. All the system parameters are taken

into consideration in our study.

QDS that means to quantum dots, QD that
means to quantum dot, SET that means to

single electron transistor.

System
Va3
QD
(a)
Qubit 2
V1L +
(b) \V \V
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Fig. (1) Represents the subsystems (a) qubit dot (QD) (b) single electron transistor (SET).
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2. Model Calculation

The system which is studied in this paper can
be described (see fig.(2)) by using the
following time dependent Hamiltonian [10]:

H(t) = Hsgr(t) + Houpit(t) + H/(®) (1)

The first term in eq. (1) represents the
Hamiltonian that describes the SET,

Hgpr(t)= z Ey, ng, + z Eppny,+E1n, (t)
ki kr
+ Z(VlkL(t) CH() G, ()+h.c.)
ky,

+ ) (Vg (8) G (DG () + o)
kr

n; Represents the occupation number of the

level E; whereas i= k;, kgp,1 where 1

denoted the (SET) Ei k; And kg represent
the energy levels on the left and right leads
respectively.  Vix, and Vi, Represent the
tunnel barriers between the QD of the SET
and the right and left leads respectively. u;
Represents the chemical potential for the lead
lift , ugp represents the chemical potential for

the lead lift.

Left lead

‘e E3 o

£ ..‘ K o

. .

o‘.’ "‘,
Pr——"
-‘ E 2 -

‘e s o ‘,‘

E
E ky, / 1

uR

Right lead

Fig. (2): Schematic representation for the energy scheme that corresponding to the system

(qubit + single electron transistor) in presence of bias voltage state.
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The second term in equation (1) represents the

Hamiltonian that describes the qubit;

Houpic(t) = Eany(6) + E3ns(t)

+(Va3(0)C5 (0)C5(t) + hoc.) (3)
n, ,ng are the occupation numbers of the
QDs that corresponding to the energy levels
E, , E5, respectively. While V,5 describes the
tunnel barrier between QDs of the qubit, h.c.
represents the harmonic conjugate. H/(t) in
eq. (1) corresponds to the interaction between
qubit and the SET,

that flowing between the leads in the SET
because of electron oscillations between the
qubit QDs. In general, the occupation number
of the energy levels i can be written as, [11] :

n(t) = GFOC (D) (5)
Where as C;t(t)(C;(t)) is the creation
(annihilation)
localized on the ith QD, i=1,2,3 and on

the two leads when i =k;, kg. Our main

operators  of  electrons

goal is to derive the equations of motion

for the system under consideration. For

this  purpose  we use  Heisenberg

H/(t) = U ny(t) n,(t) (4) representation to write the time evolution
U represents the electrostatic coupling of the occupation numbers [12]. By using
between these two subsystems, it is important atomic units we write the following
term because it determines the current value relations:
dci(t) |
L2 = i B0 + ) Vit Gy (O + ) Vi Cup (8) + UG (O (8) ()
s Kr
dci@) + x ot x +
L = 0| By CHO + ) Vi GO + ) Vi, G (0) + UCH©m, (© )
s KR
By taking the quantum—mechanical average to both sides of equation (5), we get,
d + +
() = 20m | > Vi (G (OC, () + ) Vi (G (DG () ®
kg, kr
. . .. dCy. (t)
We can also simplify eq. (8) by finding T"t , as follows:
dCy, (t) , .
— = [Ex.. Ci, () + Viy, C1 (D] ) a=1L,R (9

Then by solving eq. (9) analytically one can get,
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t

Cr, () = Cp,(to)e  FrE=to) f dt! Vi, e B = ¢ (¢1) (10)
to
t

Crp (£) = Crp(to)e  Brr(t=t0) f dt! Vi, e B =) ¢ (¢1) (11)
to

to Is the initial time. Then by getting use of the following equation [11],

[, (E) = an Vie, Vie.d (E— Ei,) (12)
ka

Whereas I, (E) represents the tunnel barrier between the QD of the SET and the lead a, by using
the following definitions [13],

Vike = Vi, Vi ) C, (to) = Vi, Cko( (to) (13)
For simplicity we will not write the sign .~The lead density of states is given by[11],
2
o (B) = ) [vi,|* 8(E — Ey,) (14)
ky

We also use the so- called wide band approximation [11], then T, (E) be independent on energy,

so one can write the tunneling rates and the lead density of states as follows,
1

=T+ T v Pu(BE) =pu = 8 (15)

Where S is a factor related to the band width (=4) . Eq. (8) becomes;

d r

() = 2m | LO + 1,0 -1 5 (1) (16)

I, (t), I,(t) are given by the following equations,
% _ _

h(=25 o7 BT (00, (t0) MEy, (17)
Vig —iEg, (t—to); 1+

L(t)= 15 ).© RETHOCT (8)Crg(to) VdE, (18)

R

Following the same procedure, we get,

d

77 (na(D) = 2Im{Vos(CF (DG (D)) (19)

d

7 (a(O) = —2Im{Vo3(C; (D) C3(D)} (20)
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In order to find the occupation numbers n, (t), n,(t) and n5(t) we must find the equations of

motion for the correlation functions. The correlation functions are

(Cfcké(to)) ) (C{ka}/Q (to)) andC; (t)C5(t). where k{ is one of k; values. By getting use of eq. (5)

we write;
Cit, (£0)C,y (t0) = 1 (£0)5, @D

Accordingly, we find the following equation of motion for the correlation function (C; C,/ (to)),

d + . F + B * iEk/ (t_tO) . +
E(Q Cké(tO» = (lEl - E) (C1 Cké(to)) + lV1k(/xnk¢/x(t0)e @ + iU (¢ nz(t)Cké (t0))
(22)
Where n;,_(t,) is Fermi distribution function of the leada:
1
N, (to) = f (Ex, , T )= I (23)
1+ e (M)

U, Represents the chemical potential for the lead a, while T represents the lead temperature and
kg is Boltzmann constant, since the system is in thermal equilibrium . Now in order to get the

differential equation for the correlation function (C; (t)C5(t)n,) we write,

d d d(C;(t)C5(t
2 (6o = OGS {00

For simplification we use the following,

iUC; (DC(MCTM{1 - CF(MC;(DIC; () = iUC; (DC3(Dny
To get the,

(ny) (24)

d
a(Cf(t)Cz(t)nl) =[iE; — iE3 + iU — T(C3 () C3(O)ny) + iV33[(n3ny) — (nzny)]

—i(Ig+1,+15 + 1g) (25)
We also derive the differential equation for (n,n3) and (n,n,) which take the following relations:
d +
E<n3n1> = —I[(ngny) + 2Im{l; + Ig — V,3(C5 (£)C5(O)ny)} (26)

%(nznﬂ = —T(nyny) + 2Im{ly + Lo +V,3(C5 (£)C3(t)n,)} (27)

Since i represents the following integrals, (i =3,4,5,...10):

V. .
L=— e_lEkL(t_to) <61+C2+C3CkL(t0))dEkL
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Vip i -
14: @ e+lEkL(t fo) (Cf_CZC;_CkL(tO))dEkL
L
V. .
Is= 4%? e~ Err(t=to)(CF CF C3Cp (L)Y E,
R
V. .
lom ot [ BTG} G, o0 dE 9
R
ViL —; _
17: E e lEkL(t to) <Cf_n36kL(t0))dEkL
L
Vir _ _
18: E e lEkR(t to)(Cfn3CkR(t0)>dEkR
R
V. .
Io= ﬁ_] e_lEkL(t_tO)(Cf-nZCkL (tO)) dEkL
L
Vir :
ho=7 | e CT o Cigg (60)) B
R

Now, to find differential equation for (Cf(t)nzck/ (ty)) we can write,

d dacf (¢ d
acf(t)nzckl{(to)= #()nzcké(to) + Cf(t)%ckl{(to) (29)

Then by using the following relations [12],
[cF(@®), ¢ (0] = 6

And,

UET (D6 (DC(DC (DC(C, (o) = — IUCT (O (DCF (DC(DC(E)C,y (t) =0

we get,
d + — . . F + . * lEk/ (t_tO)
(G (t)nzcki(to» = [lE + iU - ;] (G (t)nzcki(to)) + lVlk{e L (ny) (nké(to))

— Va3 ( € (OG5 (DG (OC (&) + V35 (Cf(t)Cz(t)CJ(t)Cké(to)) (30)
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and,

lEk/ (t—to)

d . (i Ty, -
G OmsCy () = (1B = 5 ) (G OmaCyy (D) + W,y e 0 (ns) ((t0)
+iVa3 (Cf(t)cf(t)cs(t)cké(to)) + V55 (C (O C(OCF (t)Cké(to»

(31)
We also get the corresponding equations to the right lead.

To obtain the differential equation for the (C; (£)C5 (t)C5 (t)C,/(to)) we used the same steps to get,
L

d + + . iEk/(f—to) +
(GO OCGOC @) =iV e 't (G OCGO) (&)

+i(E B =B+ U+ lg) (CHOCFOCC, ()

+ iV (Cf (t)n3Ck£(t0 )) — iV (Cf (t)nzcké(to )) (32)
Where,
UCH(DC 66 (DG, (t) = UG DC (OCGMC, ()

In the same way we get relations for the right lead.

Following the same procedure, we also obtain,

d 4 + e (E=to) FPNT

a(cﬁ (OGO )C, /(L)) = —iV] e ™ (C(OC5 ()" (n,, (t0 )
L L L

r
41 (Bt B+ By + i) (C (OCOC (O, (t))

+ iV,3 (Cf(t)n3Ck£(t0 )) — Va3 (Cf(t)nzcké(to )) (33)

and also for the correlation function (C; (¢)C,(t)C5 (1:)Ck{2 (to)).

The correlation functions needed to find the occupation numbers on the three quantum dots are
(Cf(t)Cké(to)) AT DG @), (G OCGMn) , (ning) , (nyny) | (Cf(t)nzC,{é(to)) ,
(Cf(t)n3Cké(t0 ) A{GF O (O6GE)C, (t))and (CF (OGO (BC, (). Notably  the

correlation functions number may increase depending on the procedure that followed in the
treatment.
Depending on the differential relations that we obtained, we can write formula for the

current that tunnels from the left lead,
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[ (t)=2Im ZvlkL(t)(Cf(t)CkL(to))* e "k, (t—to)

ky

t

. " —i —t/
=i ) Ve, [ Vi (6t @G (e

ky, to

By using the definitions (12-15) we obtain,

r
L(© = 2im |10 - iz )]

3. Calculations and Results
To study electron transport dynamics in qubit
coupled with single electron transistor (SET)
we solve the related equations of motion
numerically using Rung-Kuta method where
the error is calculated in each step of time
(At = 10~ 2a.u.) which is found to be equal
to 10° - 10® , while the step in energy
integration is equal to 0.024 eV. The program
calculates the occupation numbers nz (t) , na(t)
and ns3(t) , as well as the current flows from
the left lead as a function of time for all the
over mentioned system parameters.
The calculations are accomplished for the
initial values n,(t,) =1, n,(t,) = 0 and
ns;(ty) = 1, whereas t,(= 0) represents the
initial time. Also, the quantum dots (QDs)
effective energy levels are located atE; =
E, = E;=0.
It is well known that the electrostatic coupling
between the qubit and the SET is one of the
most important parameters that determine the
electron transport properties in the system.

This coupling determines the dependence of
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(34)

(35)

the current that flows from the left lead to the
single electron transistor (SET) quantum dot
on the electron oscillations between the qubit
quanta dots (QDs).

To study the effect of this coupling on the
electron transport properties the electrostatic
coupling strength is fixed at 0.5 eV. The
occupation numbers on the three quantum
dots and the current flows from the left lead
are calculated as a function of time for the
case of equilibrium (see fig. (3)), as well as in
the case of nonequilibrium when the bias
voltage is equal to €Vpias=0.5, 1, 1.5, 2 eV
(see fig. (4)-(7)). Notably, for comparison
these calculations are also accomplished and
[14] for U=0.25eV while

all the other parameters are fixed at the same

presented in Ref

values. In the case of equilibrium, as the

electrostatic ~ coupling  increases, the
oscillations in the occupation number and
current curves do not take certain manner.
But the time dependence of the qubit
quantum dots occupation numbers curves are

completely dissimilar. Also, we notice that
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the oscillation amplitude decreases obviously
with time and the time spacing between any
two peaks in n,(t)andns(t) curves
becomes lesser as the electrostatic coupling
The effect of the
electrostatic coupling is dominant, since one

the

strength  increases.

cannot write certain notes about
increasing of bias voltage. So, in fig. (8) The
occupation  numbers  n,(o),n,(e) and
ns(oo0) are presented as a function of bias
voltage. And according to these results one
can write the following,

1. The behavior of n;(c) with the bias
voltage coincides with the nearest SET
quantum dot behavior, while it is

opposite with the behavior of the far -
removed one.

2. The accumulation of charge on the far -
removed qubit quantum dot is enhanced
for eVyias < 1eV. While for eVy;,s >
1eV,

ny () ,n,() and nz(e0) are

nearly equal to 0.5.

The value of bias voltage, at which the
behavior of curves is changed, will be not the
same if one performs the calculations for
another set of parameters which are
considered experimentally in the initialization

process that concerned to the device.

To determine the effect of increasing the

electrostatic coupling between the qubit and
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the SET, we calculate n, (o) ,n,(), ns(wo)
and I;(c0) as a function of the electrostatic
coupling for two values of bias voltage
eVyias = 0.2 eV, 1.0 eV , these calculations
are presented in the figs. (9) and (10)

respectively.

In fig. (93), n3(o),(n,()) increases
(decreases) with increasing U. The behaviors
of n,(c0) and n,(o0) are corresponding and
the sum of the occupation numbers
Ny (00) + n,(0)+nz(o) is less than 2 for all
U values. The current (in fig. (9b) decreases
with increasing U because increasing U leads
to increase the electron oscillations between
the quantum dots QDs qubit. At relatively
high bias voltage we note that the behavior
n,(c0) and ns(o0) is exactly opposite (see
fig. (10a). Our calculation confirms the
validity of observations about the decrease in
the occupation number of the far-removed
QD with increasing U at relatively high bias
voltage, we also notice that I (o) decrease
noticeably with increasing U at high bias
voltage (for comparison see figs. (9b) and
(10by)).

Finally, we conclude that the accumulation of
the qubit's quantum dots depend on all the
that the

parameters determined in

initialization, manipulation and measurement.



Jenan M. Al-Mukh , Ayat T. Ibrahim The Electron Transport Properties .............

00002 1.0+
00000 09+
00002 08+
00004 074
00006 06+
= =
054
@  -00008 =
fa c
— 00010 04+
00012 034
00014 02+
00016 0.1
00018 4+————1—— — 00 T T T T T
0 50 1000 1800 2000 2500 3000 0 500 1000 1500 2000 2500 3000
t(au) t{au)
(a) (c)
109 10
084 09
08+ 08+
074 074
06+ 064
= =
‘—‘; 054 ‘?;) 054
c c
044 044
034 034
024 02+
0.1 014
00 4+——r 177 00 —77
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
t(au) tau)

Fig. (3) shows: (a) The current flows from the left lead. (b) The occupation number of
the single electron transistor quantum dot. (¢) And (d) The occupation numbers of the
quantum dots QDs, all as a function of time.

For the parameters: U=0.5eV ,V23=0.1eV , eVhias=0 , Vi = 0.3 eV
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Fig. (4) shows: (a) The current flows from the left lead. (b) The occupation number
of the single electron transistor quantum dot. (c) And (d) The occupation numbers of
the quantum dots QDs, all as a function of time.

For the parameters: U=0.5eV, V23=0.1eV, eVpias= 0.5eV, V;, = 0.3 eV
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Fig. (5) Shows: (a) The current flows from the left lead. (b) The occupation number
of the single electron transistor quantum dot. (c) And (d) The occupation numbers of
the quantum dots QDs, all as a function of time.

For the parameters: U= 0. 5eV, V23=0.1 eV, eVpias= 1eV, Vi, = 0.3 eV
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Fig. (6) shows: (a) The current flows from the left lead. (b) The occupation number

of the single electron transistor quantum dot. (c) And (d) The occupation numbers of
the quantum dots QDs, all as a function of time.
For the parameters: U= 0.5 eV, V23= 0.1 eV, eVpias= 1.5eV, Vi = 0.3 eV
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Fig. (7) Shows: (a) The current flows from the left lead. (b) The occupation number

of the single electron transistor quantum dot. (c) And (d) The occupation numbers of
the quantum dots QDs, all as a function of time.
For the parameters: U= 0.5 eV, V23= 0.1 eV, eVpiss= 2 eV, Vi, = 0.3 eV
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Fig. (8) Shows the occupation numbers n, (o), n,(o) and n;(e) as a function
of bias voltage applied to the leads with: U=0.5 eV, V3=0.1eV, V;, = 0.3 eV.
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Fig. (9) Shows: (a) The occupation numbers n;(o) as a function of the
electrostatic coupling at i=1,2,3 . (b) The current I; (o0)as a function of the
electrostatic coupling. To the parameters: eVpias= 0.2 eV, V23=0.1eV, Vi, =
0.3eV, E=0
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Fig. (10) Shows: (a) The occupation numbers n; (o) as a function of the electrostatic
coupling at i=1,2,3 . (b) The current I} (o0)as a function of the electrostatic coupling.

To the parameters: eVpias=1eV,Vs=0.1eV,V;, =0.3eV,E=0
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