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Abstract

In this paper we present our theoretical treatment for electron transport through one scattering region attached to
donor and left lead in the left side, while in the right side it is attached to acceptor and right lead. Our treatment is based
on the time-dependent Anderson — Newns Hamiltonian. The equations of motion are derived for all subsystems then the
stationary state is considered to obtain analytical expression for the transmission probability as a function of system
energies. The scattering region is considered as molecular wire. The subsystems eigenvalues, the coupling interaction
between them as well as the leads band width all are taken into consideration and highlighted. We concluded that the
variation of the number of molecules gives the molecular wire one of the most interesting functional properties, that is
the molecular on-off switching.
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(1) Introduction can nowadays be fabricated and controlled on the
nanometer-scale. The small size of the device make

Transport through nano-scale devices based on single-molecule  transport  devices  particularly
single molecules has attracted a lot of interest over the interesting for information technology, where the
last years [1-4]. The basic idea of such transport devices demand for device miniaturization is growing fast.
is that initially two metallic electrodes are separated by Obviously, at such small scales, quantum mechanical
a gap, prohibiting any transport of electrons. However, effects become crucial [5]. In this paper, we study left
already a single molecule trapped within this gap can lead-donor-scattering region-accepter-right lead system
serve as bridge and thereby allow for a small current of (see Fig. (1,a)). Where, the scattering region (i.e. the
tunneling electrons. One of the most interesting aspects bridge) may consist of several nanostructures. The
of such single-molecule devices is their size. The gap bridge system considered in our calculations is the
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molecular wire. In our work, we will present our
theoretical treatment to formulate general expression
for the electron transport throughout one scattering
region to study and calculate the electronic properties
for the considered system. So, all the system
eigenvalues and coupling interactions are taken into
consideration to give obvious view for the system

dynamics.
@)

Left . 5 Right
Téaa | D |§ Scattering Region [ A Lead
Var
& = Brr
T —
N =—_"[F

Figure (1):(a) An illustration for left lead-donor-scattering
region-accepter-right lead system. (b)The corresponding
energy diagram, the energy levels and coupling
interactions between the nearest neighbors parts.

(2) Theory

In this work, general formula for the transmission
probability for one scattering region will be derived for
the system shown in Fig.(1). The different indices L, D,
B, A and R denote left lead, donor, bridge, acceptor and
right lead respectively (see Fig(1,b)).This energy
diagram can be described by using time-dependent and
spin less Anderson — Newns Hamiltonian [6], which
neglects Coulomb interactions in all subsystem. This
Hamiltonian is given by

H(t) = Epnp(f) + Eqng(t) + B ExgNig (0) + g, Ex, Ty, (8) + Zg Eg i (B)
+ T, Vorey CHEN Gy (0 + H.C.) + Ty Viar (0 G () + HC)

Er, Vo, CHE)Ciy () + H.C.) + B, (Var o C1 (D) Gy () + H.C) (1)

Where, n;(t) = Cf(OC;(t) and the CF(B)(C;(0)
denotes annihilation (creation) operators. The index k;

being a set of quantum numbers, with j=L, B, R. The
equation of motion for C;(t) can be obtained by using

[71,
. dH(t) -

Gty = o 2

to get,
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Cp(t) = —iEpCh(t) - EEREVDRBCRE(U— iERLVDkLCRL(t) (3)
Ca(t) = —iEgCy(t) = i Tiey Vi, Gy (6) = 1 2 Vi G (0) )
Cig (6) = =iEy, Gy (1) — Wi pCp(0) — ViepaCalD) )
CRL () = —iEy, G, () — Wy pCp(2) (6)
Cig (6) = 1B Ci (6= Wy aCa(t) M

For stationary state we define C;(t) by the following:

G () = G(Eye ' ®)
where E denotes the system eigenvalues, then
accordingly, C?(E) =0.

In order to get logic and simple formula for the
transmission probability amplitude, we assume the
following energy separation procedure [8]:

Vg = Vg V™ Vi = 0, V™0 Via = 0 VP %(5) = %Eﬁ’ ©)
where 0=D,A and p=D,A,B ,then we get,

(= é{vﬂﬂr‘gw)[vﬂﬂc‘p +VBAC]+ VARPIR(E)C) (10)

Then the transmission probability amplitude and
transmission  probability [9] can be calculated
respectively as:

t(6) =
T(E)=t(E)

(1)
(12)

Where
|2

Te(E) = Zkg{&} £=

B,R
E*Ekg

(13)

By using the following operator equation,

(14)

Where P refers to the principal part, the functions I'g(E)
and I'r(E) will take the following formulas,

. 1 . 1
hmy_,gm = —ind (E - En] + Pﬁ

n

[(E) = -ingyE) +P | LN

: 0=BR
E-F

(15)

Where p,(E) represents the density of electronic states
for the nanostructure which is given by [10]
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01(E) = S v, 6B~ ) (16)

Then we can write the level self-energy [11],

Bae®) = V¥ T(8) = -ibs(B) + Ayo(E) {=BR

(17)
Aag (E) is the acceptor level broadening due to acceptor
level-bridge level coupling interaction, while Aag (E) is
the acceptor level broadening due to acceptor level-
right lead's levels coupling interaction. Ag(E) and
Apr(E) are the quantum shift that happen in the

acceptor level due to the over mentioned coupling
interactions. With [12],

8 ®) = V4 p,(E) £=BR (18)
And
By = PE[2E gp 2=B,R (19)

Also, we can define the self-energy V*®VEPI's(E)
.which refers to the indirect coupling interaction
between the donor and the acceptor levels throughout
the bridge, as

Tapo(E) = VABVEPTR(E) = ~idgpp(E) + Aupp(E)
With,
Agpp(E) = WVABVBDPB (E)

Ruso(E) = P2 [ 2228 g @)
Notably, Aagp (E) determines the interference energy
and Aag (E) is its corresponding quantum shift. Now
we can write the transmission probability amplitude as

_ YasolB)
() = BBy ~145(E)-Yar(E) (3)
Note that, the acceptor and donor levels are broadened
and thus they will have local density of states which
take the following Gaussian forms respectively [13-15]

1 he® )
pA(E) - T (F-E4—A4g(E))2+A% 45 (E) (HM)
pp(E) =+ —— 20D (24b)

EEE_ED —Apy(B))2+A%p,(E)

where Ap, (E) is the donor level broadening due to
donor level-left lead's levels coupling interaction and
ApL(E) is the corresponding quantum shift.
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(3) Molecular Wire as a Bridge System

(3-1) The Molecular Wire Density of States

In the following, model parameterization will be
presented for the molecular wire used as a bridge
system. simply, the molecular wire can defined as a
chain of molecules connected serially. The Hamiltonian
of this system is similar to that in eq.(1), thereby, the
transmission probability amplitude take the same
formula in eq.(23), where each molecule is a diatomic
one (see Fig. (2)). The coupling interaction between the
atoms in each molecule is denoted by ts, while the
coupling interaction between the molecules in the wire
is denoted by V.

Scattering Region

Fig. (2) shows the molecular wire considered in our
treatment.

The bridge energy levels positions must be obtained
following the tight binding model formula [18],
Ep, = Eyosis+ 2VC0S() - (9)
Where j=1, ...,N. N is the number of molecules, Epss
represents the energy of the molecular basis. In order to

calculate the value of Epgs the following secular
equation must be solved,

... (26)

E, and E, are the energy levels of the two atoms in the
molecules, which may be similar or different. Eq. (26)
is solved to get the following the roots,

(—E“_E”)Z + 2
ab

E tEy +
- 2

Ebasxs = Et = 2

@

It the interaction V is switched on, the system energy
spectrum can be calculated by using eq. (25). Both basis
energies are considered in our calculation. And the
density of states for this bridge system, which we
derive, is:
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pe(Ep) =

4nVsm(%}

(3-2) Calculations and Discussion

As a model parameterization, the transmission
probability is calculated for each basis for the same set
of parameters i.e. VDB=VAB=-0.1eV, VAR=-3.0eV,
and BR=-3.0eV, for the case of different atoms Ea=-1.1
eV and Eb=-1.15 eV for odd and even numbers of
molecules. Our results are presented in Figs. ((3)-(8))
for three different cases V=tab, |V|> |t,,] and
V| < |tapl. According to these figures, one can report
the following,

1- The number of resonates is determined by the
number of molecules.

2- All the figures show certain critical energy at
both basis, at which T(E)=1 for odd number of
molecules and it is nearly zero for even number
of molecules, for all coupling cases. At the
critical energies, the number of molecules has
no rule.

3- The variation of the number of molecules gives
the molecular wire one of the most interesting
functional properties, that is the molecular on-
off switching.

4- Increasing Lap leads also to change the
transmission probability peaks, which in turn
modifies the physical features and the
functional properties of the scattering region.

The calculation for the case of identical atoms is also
accomplished for the same structure parameters and
compared with the case of different atoms. The results
are coinciding in their behavior but there is small shift
in energy due to the difference in the basis energies.
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Fig. (3): the transmission probability as function of the
system energy with E,;=-1.1eV, E,=-1.15eV, Epasis=-
1.625, t,,=-0.7ev,V=-0.5eV, Vpg=Vag=-0.1eV, Var=-
3eV, Br=-3eV.
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Fig. (3): the transmission probability as function of the
system energy with E;=-1.1eV, E,=-1.15eV, Epasis=-
1.625, tab:'0.7ev,V:'0.59V, Vpe=Vag=-0.1eV, Var=-
3eV, Br=-3eV.
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Fig. (4): the transmission probability as function of the
system energy with E,=-1.1eV, E,=-1.15eV, Epasis=-
0624, tab=V=-0.5€V, VDB=VAB=-O.1EV, VAR:'36V, BR:'
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Fig. (5): the transmission probability as function of the
system energy with E,=-1.1eV, E,=-1.15eV, Epasis=-
1.825eV, ty,=-0.3eV, V=-0.5eV, Vpg= Vg = -0.1eV,

Var=-3¢eV, BR='39V.
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Fig. (6): the transmission probability as function of the
system energy with E;=-1.1eV, E,=-1.15eV, Epasis=-
0.424, t,,=-0.7eV, V=-0.5eV, Vpg= Vag = -0.1eV, Var=-
3eV, Br=-3eV.
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Fig. (7): the transmission probability as function of the
system energy with Ea=-1.1eV, Eb=-1.15eV, Ebasis=-
1.426eV, tab=VV=-0.5eV, VDB= VAB =-0.1eV, VAR=-
3eV, PR=-3eV.
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Fig. (8): the transmission probability as function of the
system energy with Ea=-1.1eV, Eb=-1.15eV, Ebasis=-
0.823eV, tab=-0.3eV, V=-0.5eV, VDB= VAB = -0.1eV,

VAR=-3eV, pR=-3eV.
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