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ABSTRACT 

Using a tight-binding model, we investigate the 
influence of intra- and interstand coupling pa-
rameters on the charge transport properties in a 
G-(T)j-GGG DNA sequence and its (G:C)-(T:A)j- 
(G:C)3 duplex attached to four electrodes. De-
pendences of the transmission function and of 
the corresponding conductance of the system 
on the number of bridging sites were obtained. 
Simulation results of a recently proposed two- 
strand superexchange (tunneling) model were 
reproduced and extended. It is demonstrated 
that the crossover from strong to weak dis-
tance-dependent charge transport is elucidated 
by a transition from under-barrier tunneling 
mechanism to free over-barrier propagation in 
the coherent regime, controlled by temperature 
and coupling parameters. The role of DNA- 
electrode coupling has been also considered. It 
was found that an asymmetry in the DNA-elec-
trode coupling has a drastic effect on the con-
ductance leading to an increase in delocaliza-
tion of the electronic states in the DNA duplex. 

Keywords: DNA; Electron Transport; Modeling of 
DNA; Electronic Structure of DNA 

1. INTRODUCTION 

The discovery of charge migration in deoxyribonucleic 
acid (DNA) stimulated intensive investigations of the 
electronic properties of DNA due to their significance in 
biosynthesis and radiation-induced damage and repair 
processes [1-3]. Furthermore, considerable interest in 
nanodimensional structures of DNA possessing unique 

self-assembling and self-recognition properties has in-
creased the last decade in connection with the possibility 
of the development of molecular nanoelectronic devices 
which are expected to provide high storage of informa-
tion and high-speed signal processing within a wide 
temperature range [4-6]. In fact, DNA molecules can be 
well combined with silicon technology transcending the 
potential of the present quantum wires and are supposed 
to be used in modern computer technology as a binary 
data structure by applying a programmable linear self- 
assembly of the sequence of complementary nucleic 
base pairs of DNA [7,8]. 

Until now numerous experimental and theoretical data 
on charge migration through DNA molecules show an 
apparently contradictory behavior which can be eluci-
dated by supposing two primary mechanisms. They in-
clude the single-step superexchange (tunneling) charge 
transfer that is strongly dependent on length of a mo-
lecular chain, and the multi-step hopping mechanism 
that is characterized by a weak change in the charge 
transfer efficiency (CTE) with increasing of the donor- 
acceptor distance in the double helix [9-11]. However, 
experimental measurements of DNA molecule do not 
give any unequivocal evidence in favor of one or other 
mechanism of charge transfer in DNA. Many of them 
demonstrate a combined hopping-superexchange mech- 
anism with a transition from the coherent superexchange 
to the thermally induced incoherent hopping process. 

Beside electron transfer experiments, also transport 
experiments became an important field of modern re-
search. In transport measurements a molecule is placed 
between metallic leads and steady-state current can be 
produced by finite voltage. A direct measurement of 
electrical transport through single biological molecules, 
such as DNA and peptides [12,13], is a very appealing, 
although challenging, issue in molecular electronics be-
cause of the potential peculiar capabilities of forming self- 
assembled nanodevices at the molecular scale. Quantum 
transport experiments through single DNA oligomers 
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can be performed in both molecular junction configura-
tions [14-17] and STM setups [18]. These enable the 
investigation of charge migration in both longitudinal 
and transverse configurations and stimulate theoretical 
interpretations.  

Theoretically, single-step superexchange and multi- 
step hopping models have been considered within vari-
ous approaches such as variable range hopping [19,20], 
one-dimensional quantum mechanical tight-binding 
models [21-24], and nonlinear methods [25,26]. Re-
cently, Wang and Chakraborty [27] have proposed a 
ladder model to describe charge transfer via DNA bri- 
dges and applied this model to the (G:C)-(T-A)n-(G:C)3 
sequence studied experimentally by Giese et al. [28]. 
There, the presence of both transfer mechanisms was 
obtained by analyzing strand cleavage efficiencies that 
are caused by oxidized guanines. It has been shown that 
the superexchange mechanism exponentially decreased 
with distance and predominated for short bridges (n ≤ 3) 
consisting of A:T base pairs. For long bridges (n > 3), 
the CTE showed an almost distance-independent behav-
ior. This distance dependence was further proved ex-
perimentally by Lewis and co-workers [29], who clari-
fied the rates of photoinduced charge transfer in short 
DNA hairpins. The theoretical analysis in [27], which 
addresses the conductance of the same sequence rather 
than the CTE, rests on Landauer theory and implicitly 
assumes purely coherent charge propagation upon injec-
tion. As shown by the authors, by tuning the inter-strand 
coupling the experimentally observed [28,29] length 
dependence vs. n can be reproduced. Wang and Chak-
raborty interpreted the crossover between strong and 
weak length dependencies as a transition to a quasitwo 
dimensional behavior characterized by a topological 
effect. While there is a consensus that the exponential 
decrease of CTE with number of A:T base pair for short 
bridges is related to a superexchange tunneling process 
between the distant G-bases, the saturation of CTE for 
large n seems more difficult to understand. 

 

In this paper, we consider a ladder model within a near- 
est-neighbor tight-binding picture to describe the distance 
dependent charge transport in DNA. We introduce the 
model Hamiltonian and discuss the transmission func-
tion which is required to calculate the conductance in 
DNA in order to reproduce and to extend the Wang- 
Chakraborty model [27]. We show that different electro- 
nic coupling regimes of nucleobases in DNA within its 
single- and double-stranded configurations can determi- 
ne the crossover point from exponential distance depen- 
dence of charge transfer to length-independent behavior. 

2. MODEL 

The DNA molecules under study are considered to consist 

of repeated stacks of nucleobases formed by either 
A-T/T-A or G-C/C-G pairs located along a sugar-phos-
phate frame, as shown schematically in Figure 1. Hy-
drogen bonds between basic and acid centers of the 
complementary bases and also their stacking interaction 
stabilize the spiral structure of the molecule and do not 
participate in the charge carrier transport. It has deter-
mined that a orbital overlapping of neighboring 
nucleobases forms the basis of charge transfer mecha-
nism in DNA [30] allowing the basic charge carriers 
(holes) to jump from one base to another with increasing 
their transfer rate for the sequence of identical nucleo-
tides. Since the guanine has the lowest oxidation poten-
tial [31], holes are effectively trapped at the sites of gua-
nines in the DNA duplex, where (5'-G) segment sup-
posed to be a donor and (GGG-3') site performs an ac-
ceptor function (see red regions in Figure 1). We assume 
that charge carriers are moving along the base-pair stack 
in the direction of an applied electric field, thus neglect-
ing the slow migration of holes in the opposite direction. 
In the model we do not take into account environmental 
effects and helical impact arising from the real structure 
of the DNA. 

Along the lines of [21] and [32], we represent the DNA 
molecule with N-base-pair nucleic chains, attached to 
four semi-infinite electrodes by the following tight- 
binding Hamiltonian (Figure 1): 
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where bi
†(bi) is the creation (annihilation) operator of hole 

on ith site in the first DNA strand (1 ≤ i ≤ n) and ci
†(ci) is 

the same operator in the second molecular strand (n + 1 ≤ 
i ≤ N). The on-site energies εi are evaluated by ionization 
potentials of the respective nucleobases as the HOMO 
hole energies given in [10,33]: εG = 7.75 eV, εC = 8.87 eV, 
εT = 9.14 eV and εA = 8.24 eV. The coupling parameter t|| 
is the corresponding nearest-neighbor electronic hopping  
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Figure 1. Upper panel: Schematic representation of the double-strand DNA attached 
to four semi-infinite left (L1,2) and right (R1,2) electrodes. A nucleobase-pair sequence 
with the donor (5'-G) and acceptor (GGG-3') segments is placed between two sug-
ar-phosphate backbones. Lower panel: A two-leg ladder model of the DNA with the 
(G:C)-(T:A)j-(G:C)3 configuration used to imitate the double-strand structure of a 
DNA molecule. Charge carriers are moved along the 5'-G-(T)j-GGG-3' chain from the 
emitter electrode L1 to the collector electrode R1.  

 
integral along the two strands while t describes the in-
ter-strand hopping. 

The Hamiltonians of the left and right electrodes rep- 
resented by the terms ĤL and ĤR in (1) and their contact 
Hamiltonians with the DNA duplex ĤL

(T) and ĤL
(T) are 

given as: 
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Here, εk is the energy of electrons in the leads, ak
†(ak) is 

the creation (annihilation) operator of hole in the state k, 
γL1(L2) and γR1(R2) are the coupling terms to the left and 
right electrodes, respectively (Figure 1). 

Studying the injected hole transport along the 5'-G- 
(T)j-GGG-3' DNA chain located between the emitter 
electrode L1 and the collector electrode R1 as in [27], the 
choice of the intra- and inter-strand electronic transfer 
integrals is of considerable importance. The least change 
in their values can lead to quite different quantum transfer 

properties in DNA duplexes because the coupling pa-
rameters are rather sensitive to the relative position of two 
neighboring nucleobases due to their highly anisotropic 
-bonds [34]. In order to reduce the number of model 
parameters and to simplify our computation we have 
adopted a simple parameterization taking a homogenous 
hopping along both legs in a range of 0.1 – 0.5 eV for the 
coupling parameter t|| and 0.01 – 0.07 eV for inter-strand 
hopping integral t. While in [35] has been shown that 
hopping integral values are different for each combina-
tion of nucleotide pairs and the inter-strand hopping is 
usually very small, ~ few meV [36], we do not consider 
the hopping integrals as bare tight-binding parameters but 
as effective ones, thus keeping some freedom in the 
choice of their specific values. 

To diminish contact effects on quantum tunnel-
ing-transport process in the DNA molecule, the contact 
strength with the left and the right DNA chain ends is 
kept constant and the coupling parameter γL(R) supposed 
to be much larger than the coupling parameter between 
the nucleobases in the DNA sequence [27]. We choose 
equal couplings to all electrodes (γL1= γL2= γR1= γR2= 1.5 eV) 
that provides a decrease in the influence of interference 
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effects at the electrode-DNA interface [37] and allows 
to ascertain the veritable conduction properties of the 
DNA. 

 

The Green’s function theory is used to calculate the 
transmission coefficient in the open system “electrode- 
DNA-electrode” by the expression 

 ˆ ˆ( ) (†
L Rt E Tr Γ G(E )Γ G E )          (8) 

with the Green function, 1ˆ ˆ( ) [ ]G E EI H    . Here 
the self-energy Σ = ΣL + ΣR is introduced due to the con-
tacts of the DNA molecules to the left and the right me-
tallic electrodes, and the corresponding coupling matrices 
are related to the self-energies as ΓL(R) = Im(ΣL(R) – Σ†

L(R)). 
Then the N × N ladder-lead energy-independent coupling 
matrices within the wide-band limit in the electrodes 
spectral densities are given by 
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Finally, the conductance of the DNA molecule in the 
coherent regime is defined as 

22 (
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where f (E) = (exp[(E – EF)/kBT ] +1)-1 is the Fermi func-
tion at the room temperature T. As an essential physical 
factor controlling the injection efficiency of holes onto 
the stack of nucleobases is the local position of the elec-
trode Fermi level EF relative to the unoccupied molecular 
orbitals, we assume the energy coincides with the on-site 
energy of guanine in the chain at the fixed voltage 
threshold. In this case the conductance of the DNA 
molecule starts to be governed by the ability of the base 
pair sequence to transport a charge rather than by the 
injection process.  
 
3. SIMULATION RESULTS AND  

DISCUSSION 
 
We evaluated the transmission coefficient t(EF) at the 
Fermi energy and the corresponding conductance g(E) as 
functions of number j (T:A) nucleobase pairs that com-
pose the molecular bridge and determine the length of the 
(G:C)-(T:A)j-(G:C)3 DNA duplex (Figure 2). At first the 
calculations have been carried out for different values of 
intrastrand hopping integral t|| in the single-stranded 
5'-G-(T)j-GGG-3' DNA sequence when t= 0 (1-4 lines in 
Figure 2(a)). For this case the simulation results show a 
typical exponential distance-dependent behavior of sin-
gle-step hole-transfer process in DNA with increasing 
T-bases as has been found for the current through the 
same DNA chain in [27]. A temperature contribution to a 
conduction mechanism of the one-leg DNA configuration  
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Figure 2. (a) Transmission coefficient t(EF) and (b) corre-
sponding conductance g(E) vs. number of j (T:A) base pairs at 
T = 300 K for different intrastrand hopping integrals t|| (1 – 0.1 
eV, 2 – 0.3 eV, 3 – 0.4 eV, 4 – 0.5 eV) in the single-strand 
structure of 5'-G-(T)j-GGG-3' DNA (equivalent to t= 0) and 
for various values of the interstrand hopping t (5 – 0.01 eV, 6 
– 0.03 eV, 7 – 0.07 eV) at fixed t|| = 0.5 eV in the dou-
ble-stranded (G:C)-(T:A)j-(G:C)3 molecule. Coupling to the 
electrodes are γL1= γL2= γR1= γR2= 1.5 eV. 
 
results in modification of the distance dependence when 
the overlapping of adjacent nucleobases becomes rather 
big. In Figure 2(b) it is seen a transition from the strong to 
the weak distance dependence of the conductance g(E) at 
the intrastrand hopping integral t|| = 0.5 eV (curve 4). The 
presence of such the crossover was obtained to appear 
only for the two-stranded DNA in the Wang-Chakraborty 
model [27]. The point is that the T-bridge forms an energy 
barrier for charge carries, propagating free through elec-
tronic states of G-bases, which have the on-site energies 
close to the Fermi energy in the electrodes (Figure 3, 
mechanism 1). This barrier is lower for longer bridges 
since the splitting between the bridge states of the iden-
tical bases is larger for longer bridge lengths leading to a  

1 2 3 
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Figure 3. An approximate energetic scheme for hole transport in the 5'-G-(T)j-GGG-3' DNA 
strand: 1 – under-barrier tunneling mechanism between G-base and GGG-triplet connected 
to the metal leads; 2 – free over-barrier propagation along the T-bridge with a hole energy ΔE 
in the emitter electrode comparable with the energy level of T-nucleotide at finite temperature 
(see text). 

 
strong overlap between orbitals in the linear T-chain [20]. 
At finite temperature the holes in the leads exist also at 
energies, sufficient for their capture by the first T-nucleo- 
tide in the bridge, and can coherently tunnel through the 
extended electronic states of T-bases resulting in dis-
tance-independent conductance while the number of the 
bridging sites rises (Figure 3, mechanism 2). The next 
curves (5-7) in Figure 2 were obtained for the dou-
ble-stranded (G:C)-(T:A)j-(G:C)3 molecule at fixed t|| = 
0.5 eV along both legs when the interstrand coupling 
parameter t is variable. An increase in the number of 
periodic nucleotides, which constitute the (T:A) molecu-
lar bridge, leads to a formation of an energy gap due to 
the high degree of their -orbital overlap and the large 
interstrand coupling between them. In what follows, the 
hole migration through the set of (T:A) base pairs has a 
band-like behavior with preservation of hole energy 
during the transport process in the DNA. A crossover 
region is characterized by an appearance of oscillations 
for larger number of (T:A) dinucleotides when the over- 
barrier charge propagation through the (T:A) bridge 
preponderates over the under-barrier tunneling mecha-
nism from the donor G-site to the acceptor GGG and 
shifts toward smaller j with increasing t. However, it has 
a smoother behavior in comparison with the result of the 
work [27] and the experimental findings [28,38,39]. We 
suppose that these oscillations are to be a consequence of 
neglecting the environmental effects and the electron- 
phonon interaction in the system, and smaller for the 
dependence of g(E) on j due to temperature effect. 

To reach a clearer understanding of the transport 
mechanisms we investigated the energy dependent 
transmission t(E) for different length of the molecular 
bridge in the 5'-G-(T)j-GGG-3' DNA configuration and its 

(G:C)-(T:A)j-(G:C)3 duplex. The results are displayed in 
Figure 4. The transmission spectrum consists of peaks 
related to the energetic states of the corresponding nu-
cleobases, which take part in the hole transport. At the 
same time in the strong coupling regime (in this case t|| = 
0.5 eV) some peaks are merged due to an increase in the 
hybridization between the  orbitals of the bases giving a 
broadening of the electronic manifolds. An inset in Fig-
ure 4(a) used to show the transmission t(E) around the 
Fermi energy for j = 2, 3, 6, 10 and 12. An extension of 
the bridge does not modify the charge propagation 
mechanism by the primary unistep model and just leads to 
exponential decreasing of the charge transfer rate in the 
5'-G-(T)j-GGG-3' DNA strand. However, in the analogi-
cal inset of Figure 4(b) we observe that the t(E) picks 
have a steady spectral level for the (G:C)-(T:A)j-(G:C)3 
duplex when j is more than 6, in that way demonstrating 
the crossover from the unistep transport through guanine 
sites to the coherent tunneling through the long (T:A) 
bridge. The obtained displacement of the picks can be 
explained by an energy alteration of the charge transport 
pathways [27]. 

In view of the fact that the hopping integral between 
the bases along the DNA chain has been determined not to 
exceed 0.4 eV [23,35,40], we calculated the transmission 
coefficient t(EF) (Figure 5) and the conductance g(E) 
(inset in Figure 5) for the (G:C)-(T:A)j-(G:C)3 DNA 
molecule with increased bridge length in a weak-coupling 
regime, viz. at t|| = 0.1 eV. As in Figure 2(b), the in-
trastrand hopping integral is variable. It was obtained that 
the magnitude of the g(E) at these conditions is noticeably 
less than the one in case of the stronger hopping coupling 
between the nucleobases, while the conductance in DNA 
molecules has been found to be higher in the recent stud- 
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(a)                                                       (b) 

Figure 4. (a) Electronic transmission t(E) as a function of the energy E for j = 6 and j = 10 in 5'-G-(T)j-GGG-3' sequence of the 
DNA molecule. Inset: blow-up of the transmission in an energy window around the Fermi energy EF = 7.75 eV for j = 2 (solid 
line), 3 (shot dotted line), 6 (dashed line), 10 (solid red line), and 12 (dot-dashed line). Parameters: t|| = 0.5 eV, 
γL1= γL2= γR1= γR2= 1.5 eV. (b) Same as in (a) for the DNA molecule with (G:C)-(T:A)j-(G:C)3 configuration at t = 0.07 eV. 

 

 
Figure 5. Transmission coefficient t(EF) vs. number of j 
(T:A) base pairs for different interstrand hopping integrals 
t (1 – 0.01 eV, 2 – 0.03 eV, 3 – 0.07 eV) at fixed t|| = 0.1 eV 
in the double-stranded (G:C)-(T:A)j-(G:C)3 molecule, when 
γL1= γL2= γR1= γR2= 1.5 eV. Inset: the corresponding con-
ductance at T = 300 K at the same parameters. 

 
ies [41-43]. Nevertheless, the crossover point is shifted to 
6 (T:A) base pairs in that regime that is closer to the ex-
perimental results [28,41].  

We find that reducing the parameter t|| for the two-leg 
DNA leads to a shift and change in width of the trans-
mission resonances (Figure 6). Energetically, the trans-
mission window moves towards larger energies with 
exponentially decreasing in the peak intensities. There is 
no much distinction in the transmission spectrum nearby 
the Fermi energy, where just two principal peaks are seen 
for j = 1 as well as for j = 10 (inset in Figure 6). Conse-
quently, when the number of the (T:A) di-nucleotides is 
not more than 6, the single-step coherent tunneling 
through G-nucleotides in the duplex is the dominating  

 

31 2

Figure 6. Energy dependent electronic transmission for j = 6 
and j = 10 in the (G:C)-(T:A)j-(G:C)3 ladder structure of DNA. 
Inset: blow-up of the transmission in an energy window around 
the Fermi energy EF = 7.75 eV for j = 2 (solid line), 3 (shot 
dotted line), 6 (dashed line), and 10 (solid red line). Parame-
ters: t|| = 0.1 eV, t= 0.07 eV, γL1= γL2= γR1= γR2 = 1.5 eV. 
 
transport mechanism. However, we suppose that the de-
rived transition in the distance dependence of CTE can 
be distinctly modified by taking into account dynamic 
effects in the transmission [44] and environment. These 
factors and also the equalization of the Fermi energy of 
the DNA and the electrodes have an impact on the 
charge propagation pathways through DNA bridges 
changing significantly the energy levels of the bridging 
states [16]. 

We now consider the charge transport in the (G:C)- 
(T:A)j-(G:C)3 ladder that is coupled asymmetrically to the 
electrodes, when only the 5'-ends of the duplex are con-
tacted. Figure 7 shows the dependence of the transmis-
sion function and conductance on the number of j (T:A) 
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Figure 7. Transmission function t(EF) (curve 1) and conduc-
tance g(E) (curve 2) vs. number of j (T:A) base pair at T = 300 
K and t|| = 0.5 eV, t= 0.07 eV for the case of asymmetric cou-
pling of the (G:C)-(T:A)j-(G:C)3 ladder to the electrodes: 
γL1= γR2= 1.5 eV, γL2= γR1= 0. 
 
pairs for this contact geometry (γL1= γR2= 1.5 eV, γL2= γR1= 
0). Now there is a single pathway for an electronic tun-
neling from the electrodes into the ladder. That results in 
increasing the delocalization of the electronic states in the 
DNA chains leading to a drastic effect on the transport 
characteristics. This effect is evidently displayed in Fig-
ure 8(a), where new transmission peaks appear irrespec-
tive of the number of the bridging sites and the spectrum 
becomes more fragmented. Thus the transmission and 
conductance of the duplex are characterized by large 
oscillations and do not practically depend on the bridge 
length. In Figure 8(b) the spectrum of the electronic 
transmission around the Fermi energy gives an apt illus-
tration that the holes propagate through the set of the 
nucleobases choosing optimal pathways to move in the 
structure not following the well-defined transport mech- 
anism. Meanwhile, in a case of the asymmetric contact 
coupling to the 3'-end molecular sites the conductance 
properties do not undergo any changes, while in [45], 
where electron-vibron coupling has been taken into ac-
count, the absolute values of the current considerably 
depends on the way the two strands are contacted to the 
electrodes. So, the model of the charge transport in the 
DNA duplex, proposed in [27] and extended here, is very 
sensitive to the DNA-metal contact topology. 

The transport mechanism based on a fully coherent 
picture of charge propagation through the bridge seems 
to be questionable in the case of DNA. For instance, the 
inclusion of dynamical effects into our model may quali-
tatively modify the calculated length dependence. Fur-
thermore, temperature effects in this model are only as-
sociated with the electrode Fermi functions; more in-
volved temperature dependencies – observed in the case 
where charge motion is coupled to dynamical degrees of 
freedom [20] – may therefore not be adequately described. 

 

2 

1 

(a) 

 
(b) 

Figure 8. (a) Electronic transmission vs. energy E for j = 6 and 
j = 10 in (G:C)-(T:A)j-(G:C)3 sequence of the DNA molecule 
attached asymmetrically to the electrodes: γL1= γR2= 1.5 eV, 
γL2= γR1= 0, (t|| = 0.5 eV, t= 0.07 eV); (b) Electronic transmis-
sion in an energy window around the Fermi energy EF = 7.75 
eV at the same parameters. 
 
Thus different mechanisms of charge motion in DNA 
cannot be distinguished only on the basis of the meas-
ured length dependence of CTE. To decide what par-
ticular mechanism dominates under given experimental 
conditions, the whole range of experimental data in-
cluding information on the hole mobility and diffusion 
coefficients should be considered. 
 
4. CONCLUSIONS 
 
We reproduced and extended the simulation results, ob-
tained in [27], applying a tight-binding model to a sys-
tem “electrode-DNA-electrode”, with standard transfer 
matrix formalism. It has been shown that the almost zero 
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distance dependence of the charge transport cannot be a 
result of solely the interstrand coupling in DNA, but it is 
a consequence of a transition from under-barrier tunnel-
ing mechanism to over-barrier propagation when the 
nearest neighbor hopping is chosen large enough. It was 
demonstrated that the crossover from the strong to the 
weak distance-dependent charge transport in DNA can 
be controlled by the electronic coupling between the 
complementary nucleobases within a chain as well as by 
their coupling between two strands. Within the proposed 
model, we establish that the DNA-electrode coupling 
governs the conductance in the molecule. An asymmetry 
in the contact of the DNA duplex with the electrodes has 
a drastic effect on the conducting properties of the sys-
tem, leading to a lessening in the localization length of 
the positive charges along the structure. 
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