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ABSTRACT

In this paper we investigate theoretically the effect of introducing wide band, and Narrow band approximations for the
bridge energy band on the electron transport process (ET) through the donor-bridges-acceptor (DBA) system. We using
one electron model, for which the Hamiltonian of the system consists of a single-level for both Donor and Accepter (i.e.
QD) both coupled to a band bridge as a tight binding interaction. The time dependent Schrédinger equation give us a
formula for the occupation probabilities for donor and acceptor levels. The probability of (ET) to the donor and accepter is
small because the electron accumulated on the bridge units. Also, the current of acceptor and the effect of different
system parameters are studied.
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INTRODUCTION

Electron transport(ET) [1,2] between a donor (D) and an acceptor (A) mediated by a bridge (B) has a fundamental role in a
wide set of areas, physical, chemical and biological processes [3]. Recently, D-B—A systems have gained much interest
due to the emergence of important potential applications [4] where molecular nano-electronics has now come to fore with
potential applications in problems such as sensors, photonics, electro-catalysis and solar photo-conversion [5,6], charge
transfer systems in DNA and large biomolecules [7,8] . Bridge mediated ET reactions can occur via different mechanisms
[9,10]: incoherent sequential or coherent super exchange [11,12]. Changing a building block of the complex [13] or

changing the environment [11,14] can modify which mechanism is mainly at work. The interested parameter to compute
is the occupation probability B, () which define the probability of finding the system, that is prepared in the donor state, is

in acceptor state. The electron tunneling rate in DBA system is determine by the barrier height (the energy gap between D
and B) and width (spacer length between D and A) (see fig.(1)).
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Figs.(1): Diagram shows the quantum mechanical tunneling and electron transfer in DBA system [15].

Recently, we have formulated and discuss the electron transfer through single unit bridge in DBA system [16]. The
purpose of this study is to investigate the effect of the approximations for the bridge energy band on the occupation
probabilities of the donor and acceptor, on the transport of the electron. For this purpose we give a simple, analytical
solvable model based on the one electron Hamiltonian model formalism which depends on the evolutions of the wave
function amplitude of the relevant DBA system component using time dependent perturbation. Our interest in the electron
transport through bridge systems in which both donor and accepter has a discrete levels, same as the quantum dot have,
where we chose a single discrete level for each of them that responsible for the process. While, the density of bridge
band level is taken in the first approximation as a constant, same as the quantum well density of the states have, and in
the second approximation is taken as a nearly single level the one may corresponding to the quantum dot density of
states.

THEORTICAL METHOD

In this paper we assumed that the electron transport between the donor (D) and acceptor (A) mediated by a two bridge
units (B, ;) (see fig.(2))and the electronic coupling between sites is modeled as a tight binding interaction, in terms of

nearest neighbor hopping matrix elements, as in McConnell’s superexchange model [17], the corresponding Hamiltonian
is:

B=0B:+7 (1

where H: contains the local Hamiltonian for the donor, acceptor, and bridge units, and ¥ is the electronic coupling
interaction responsible for the ET process in the isolated system,

2 m
B = EID)DI +El4XAl+ Y D g, B (Bl (2)
ik

m m m
V= Z(VDBI,JD}{EﬂJ +Vs,, ol Byt (DI +z(*’.131,‘|f1}{5:k| + Vg, alBailAl) + Z Z Vo Bjx) (Bl (3)
k k

Ji=j kA
Where Vpg,,. Vas. - and V5 5, are the matrix elements which represented the overlap between the wave functions for the
components of the (D-B-A) system through a potential regions, and k is the number of the energy level of bridge 5;. The
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wave function of this system is taken to be a linear combination of bridge units as well as the donor and acceptor wave
functions as (in Dirac notations) :

Wt = Cp ()]0 + Cu(ed]A)+ Z Z Cs, (B)|Bid (%)
N 'k

El

The ET process from the donor to the acceptor through the bridge units is simulated according to the time-dependent

Schrodinger equation, quj[r] = z‘&%, to obtain the equations of motion for this system as :

m

i€ () = EpCylt) + z VosyCo (t)  (5)
K
m

(CA(0) = EaGa(®)+ ) Vig, C(8) (6
H

m
€5, () = Eg, €5 (8) + Vo pColt) + z Voo Can (8 (7)

P
m
€5, (8) = Bz Cp., (£) + Vi pColt) + Z Vaz Con®) (B
ih
We taking k = 1, assume the following separation:
r . D8, 17 i P AT 1 — L 7 5y B S — ~ ) N — B ~ o
Vo5, = V5,V ¥as, = Vg, VT E'B.'L-Fm =Vay, Vg,V CB.'L-I:E'I =Vay, CB.'L‘ (t).and Cﬁ“lulitfI = V5, (5, (1]

Where, Vg, _, related with an electronic density of state [18] of bridge as follow:

Pg(E5) = z Ve, | #(Eg, —£5)

H

Then the set of equations (5-8) are taking the following forms:

Cp(t) = —EECH(E) — wﬂf Pz, (Es, JdEs Ca (8) (9)
Cu(t) = —iEC,(t) — ivF f 5. Ez, JdE5 C5 (€] (10)
€, (£) = —iEzCq (£) —iVEC, () — iV FE j P5,(Ez, JdE5 Cs () (11)
Cs,, (£) = —iEzCy (t) —iVEC,(t) — ivET j 05, (Es )dEs C5 () (12)

The approximations for bridge energy band

In this section we discuss two approximation for ET process in (D-B-A) system in which both donor and accepter has a
discrete levels, quantum dot, where we chose a single discrete level for each of them that responsible for the process.
While, the width of the bridge energy band which have a connection with that of quantum well, wide band approximation,
or with that of quantum dot, narrow band approximations [19 ].

In this paper we refer to a symmetric uniform bridge model, for which Ez = Ez = Ezand the hopping matrix element

between the bridge and the donor/acceptor sites is denoted by ¥ and the internal coupling between the bridge units is
denoted by V5%, The electron is assumed to be initially localized on a donor so that £5(0) = 1.£,(0) = 0, and C‘Bu[D:I =0,

Wide band approximation

In this approximation the density of bridge band level, pauliE], is taken as a constant by taking its average over the
energy, ﬁﬂu = 1,-’4;?3,3\1 , with 4;?51; is the band width of the bridges 1 and 2. Consequently, the (D-B-A) system which are
the Quantum Dot-Quantum well-Quantum Dot (QD-QW-QD) system. The set of equations (9-12) becomes:

£p(t) = —iECH(t) — :'v*"-‘“ﬁﬂlf Cs, (t)dE5 (13)
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Calt) = —IEC4(t) — iV7h5 j Cs, (1)dEs. (14)
Cs, (£) = —iE5Cq () —iVECH(t) — :'vBFﬁBJ (s, (D)dEs (15)

O, (t) = —iE5 5 (£) —iVEC () — iV E ﬁﬁij €5, (t)dE5,  (16)

L

By using Green's function [20] to solve egs.(15) and (16), and utilizing the integral 8(t —£) == [ e~ Eelt-tgr_ 5(t —f)

. i i e _
represent Dirac Delta function[21], and since J= Gt —t)f (t)dt = (1) we get:

_ e A I o iy e R A
fca (e)dEy, = ——— 2 T Patal
0, 1+ a2 V55, P, :
_ T il O ) B ol S L A
JrCB_[t]dEB_ I A lBB_ — Pzt (18)
: : 1 +m [V5%=["55 35, ’
Using egs.(17) in (13) and (18) in (14). We get:
C‘D{t'j =—i{E — t'ﬂm'jcﬂ{r:l + i?’d:CA{ﬁl %)
Ca(t) = —i(E — A7) C () + Vo Cplt) (200
Where:
—|rE|? —2| B |* BB 7 —[1rE]*
"iﬂ: “II" | =N r T ||" | v PePE; and "ﬁA: “||" | =

1+-71|VEE|1EE,_EE;J d — 1-+'71|VEE|1EE1EE;J L+I-::|L,-EE|:EE1':|—E:

Now by using Laplace transform to solve the eqgs.(19) and (20), and then applying on the results its inverse Laplace
transform [22] one gets,

A 1 _Burie code,t)+(2E—a, +27 ) ginlc, B
CDI:t.J:EE 1!?[ 1 1 3 1 I, 1

| en
r a1

CalE) = :‘“f—i e sin(c,t) (22)
1

Where,

@, = i(2E — i{dy + A)).by = —E*+iE(Ap + A)) +A 0, + Vi and cf = by — 2

4
Narrow band approximation

In this approximation the density of bridge band level, 7z, (£, is taken as a nearly single level the one may corresponding

to the quantum dot density of states. Consequently, the (D-B-A) system which are the Quantum Dot-Quantum Dot-
Quantum Dot (QD-QD-QD) system. The set of equations (9-12) becomes:

Cpl(t) = —iEC,(t) —iVPCs (£) (23)

Calt) = —iEC(t) — iVPC5 (1) (24)

Eﬁlk{rju = —iEgCy  (£) —iVFCy(t) — iVPPC5 (£) (25)
Eﬁﬂm = —iE5Cs, (t) —iVTC, () — iVEPC5 (r) (26]
By using Laplace transform to solve above equations:
5C,(5) —1=—iECH(5) — V55 (5) (27)

5C4(5) = —iECy(5) — iVEC5(5) (28)

5C5,(8) = —iEsC5 (5) — iVPCH(5) — WEPC5 (5) (29)
5C5(85) =—iE5C5(5) —iVPCy(85) —ivFC;(5) (30

Using eq.(29) in eq.(27) and (30) in eq.(28), we get:
Gol(S+iE5) "V EE[ )

Cpl5) = 168 63]

(31)
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B[ 5+ize) - ||

CA[S:I =i [E_E.—I:lﬂi] {32?
Where:
Gp = (5 + iEM[(S+iEs)" — i2|WEB|3] — 2|V B|3(5 + iEZ). and G, = i*W B[y 2|

Then we can rewrite the egs.(31) and (32) as the following forms:
AS+E L5+

Cohis) = - 5 —— (33
2(5) [[5+1?‘_‘|1+r§_ [[5+af_‘|"+r;_ (33)
CalS) = —f T =+ e (34)

[|:5+T‘:|+r§] [|:5+?‘:| +ci
Where:

a; = i(E +Ez—V58),d, = i(E +E5 + VI8, 0, = i(E + 2Eg). by = —E(E; — VI + |VE]Z

L

i

4

- . - a2
b, ’E:_"-.Ib:_?’

. . 2 Z |
= —E(E5 + Vo) + [VE3 by = — (B2 + 2EE, — W22 = [V 7) ., = [bam

c3 = —i(EEZ —E|V38|? — E5|VE|%0.6 = ag(bob, — b3) — by(bala, — d7) + doby) + agb? — c3(d? — aydy + by —b;).6 =
GAI:R-:RF-: - ﬁr-g + E': - b::l_..F = I:Zb:é': N E'g - EEE’: + R-:I:::E': . b% + R-:E:.-:b: - E’-Eb::l

(a,-o)B.F-Fo+6(b—B;}) - HpF-6(b,-b;) Fo,—bG - HF-bG 6 - &
A=1 -~ ( 2, A = j.:',_.( S B=—Fr X R="2 T p=",pD=-
B.Fla,—a.) b Fla,—a;) b.F b.F F F
o e . - —HpF+Gb,—B2)
C= — and €= ——=
ﬁl;rl_ﬂ;—ﬂi:l Y ey |
Now by applying on the egs.(33) and (34) its inverse Laplace transform one gets,
a3 az ' . . .
- £ T - Asinfe ) +24Ac coalc ) +2EEinlc )] & T [—a L sinlo,t) +200 coslct) + 2Dain o 1] 3
CL-.':t_,' - [ a e el "r.-. wgtd - ..-.+ [ r i el "r.. g i S [35}
= J+zZA Y25 31 S i ¢ cinti sy Bl zhsin (s, o)
- | & T e Agin(c t) +2Ac; cos(c t) +2Fain(c,t)] & 7T [—a Cainlc,t)+200; coalo t] + 20ain o )] N
CA[tJ:—f[ [ = el "r.. i S AL [ 2 i 5 "r.. “a B .--] {36}

RESULTS AND DISCUSSIONS

There are many system parameters characterize the DBA system which affect the electron transport process and
consequently affect the occupation probabilities( B, () = [C5(t1]* and By(t) = |C4(t1]%). Such parameters are the time ¢
variation, spacer length between donor and acceptor, or may be bridge length, as well as other parameter that
characterize the bridge system such as coupling matrix elements (V% between donor/acceptor and bridge units, V&%

between bridge units) which are depend on the spatial variation of the corresponding wave functions.

Results of electron transport simulations performed according to the method described in theoretical method Section,
where we are arranging the bridge units in a parallel configuration along the straight line between donor and acceptor, are
shown in the following Figures: In the case of wide bridge band, the charge decay from the donor level or its evolve on the
acceptor level then it's the occupation probabilities saturated at small value and the charge accumulation on the bridge
units because each level (of donor or acceptor) has broadened by an amount 4;547 due to their interactions with the

levels of bridge units, and it is a collective effect from all bridge units, which make the amplitude of the oscillation less and
overall acceptor occupation probability is less also the interaction V; resulted from the interactions of the bridges levels
among them self and with both the donor and the acceptor levels, which leading to less electron transport because the
electron accumulated on the bridges, When the interaction strength between donor / acceptor and bridge units is smaller
than in between the bridge units interactions leads to increases the number of oscillations that appears in the occupation
probabilities (see fig.(2)). However, these oscillations are vanished when the interaction strength in between donor/
acceptor and bridge units becomes larger than in between the bridge units (see fig.(3)).
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Figs.(2): Time-dependent of survival probability of charge on a donor(black color) and acceptor (red color) as

function of time, using the following values: E = —0.15, Ep = —0.17, V¥ = 0.1,¥8% = 0.15 .
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Figs.(3): Time-dependent of survival probability of charge on a donor(black color) and acceptor (red color) as
function of time, using the following values: E = —0.15, Eg = —0.17. V¥ = 0.1, V% = 0.05.

In the case of narrow bridge band, we notes the oscillatory behavior and the number of oscillations within any time range it
depends on the strength of the coupling between donor/acceptor and bridge units (see fig.(4)), However, these oscillations
are increase when the interaction strength in between donor/ acceptor and bridge units becomes smaller than in between

the bridge units (see fig.(5)).
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Figs.(4): Time-dependent of survival probability of charge on a donor(black color) and acceptor (red color) as

o -

function of time, using the following values: E = —0.15. Eg = —0.17. V¥ = 0.15,¥%% = 0.03 .
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Figs.(5): Time-dependent of survival probability of charge on a donor(black color) and acceptor (red color) as

function of time, using the following values: E = —0.15, Eg = —0. 17, ¥¥ = 0.25.¥F% = 0.03 .

In the wide bridge band we notes growth the current of acceptor, jit] = dB,(t}/dt, (see fig.(6)) and we note the oscillatory
behavior in the case of narrow bridge band (see fig.(7)).
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Figs.(6): The current of acceptor as a function of time, the case of wide bridge band.
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Figs.(7): The current of acceptor as a function of time, the case of narrow bridge band.
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