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In this work we study the charge transport properties of a nanodevice consisting of a finite segment of the
DNA molecule sandwiched between two metallic electrodes. Our model takes into account a nearest-
neighbor tight-binding Hamiltonian considering the nucleobases twist motion, whose solutions make
use of a two-steps renormalization process to simplify the algebra, which can be otherwise quite
involved. The resulting variations of the charge transport efficiency are analyzed by numerically comput-
ing the main features of the electron transmittance spectra as well as their I � V characteristic curves.
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1. Introduction

Due to the increase diversification of materials requiring speci-
fic electronic properties, nowadays research in charge transport
has been changing its focus from solid-state crystals to organic
molecules [1–3]. One of the main reason for that is the use of dif-
ferent physical and biochemical methods on important biological
polymers, since the approaches to these molecules should be fun-
damentally different from those working for any other inorganic or
non-bioorganic substance. As a consequence, their structural and
dynamical behavior is much more complicated than that either
artificial polymers or conventional materials. The net result is the
recognition of novel functional materials surpassing in many ways
the conventional ones, as well as unraveling their novel and impor-
tant mechanisms [4–7].

The transmission and conduction processes of the DNA charge
transport between two conductors electrodes is a challenger struc-
tural problem associated not only to the design and construction of
such junctions, but also to the need to understand their macro-
scopic transport properties, the output being the transformation
of structural DNA nanotechnology to practical applications as an
important component in nano-electronic devices. Indeed, basic
properties pertaining to single electron transistor behavior and to
current rectification of a molecular device made up of an oligopep-
tide chain directly coupled to two platinum electrodes have
already been demonstrated [8]. More intriguing still, and a chal-
lenge for biochemists today, is the consideration of the conse-
quences and opportunities for charge transport through the DNA
base pair stack within the cell.

A variety of experimental approaches have been used to probe
the charge transport in biological molecules, mainly those related
with DNA and proteins, a scientific advance bridging the molecular
world to the world where we live. In particular, earliest studies
involved physical measurements of current flow in DNA segments
lead to a mixture of conclusions, some suggesting high electron
mobility, while others indicating opposite conclusions [9–12].
Some years ago, the conductivity of DNA duplexes bridging a car-
bon nanotube gap have been measured. The observed resistance
through stacked DNA bases was found to be comparable to the
resistance perpendicular to graphite planes [13]. More recently,
experiments on DNA charge transport in 100-mer monolayers on
gold have demonstrated an efficient transport over distances as
large as 34 nm [14], thus exceeding that of most reports of molec-
ular wires. As a result, charge transport in biological molecule has
triggered recently a series of theoretical and experimental investi-
gations (for a recent review see [15] and the references there in).

Theoretical models devised to study the electronic transport in
DNA molecules assume that the transmission channels are along
their longitudinal axis. A p-stacked array of DNA nucleobases,
formed by a symbolic sequence of a four letters alphabet, namely
guanine (G), adenine (A), cytosine (C) and thymine (T), provides
the way to promote long-range charge migration, which in turn
gives important clues about the mechanisms and biological
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functions of charge transport [16–20]. Based on these previous
works and the related literature, there is a vast collection of possi-
ble theoretical mechanisms to provide electronic transport in DNA
(or low-dimensional molecules). A central point to emphasize is
that DNA is a low-dimensional disordered structure and therefore,
the electronic eigenfunctions become exponentially localized due
to the scattering by the intrinsic disorder (Anderson localization).
Some authors proposed that internal DNA correlations could be
relevant to promote charge transport. Although the presence of
long-range correlations within the disorder distribution in DNA
can in fact increase the electronic localization length, it has been
shown that it does not have a significant impact on the localized
nature of the states [21,22]. However, the distinct character of
the intrinsic base pair correlations in coding and non-coding DNA
segments has been shown to produce measurable differences in
the electronic properties of intron and exon-like segments [23].

Usually charge transfer studies for a wide variety of systems,
including organic materials such as the DNA molecule, are based
on the Schrödinger equation in the tight-binding approximation
for both random and quasiperiodic sequences of the on-site poten-
tial �n and/or the hopping potential tnm between the quantum
states jni and hmj, the former (latter) leading to Anderson localiza-
tion (Cantor set of zero Lebesgue measure). Focusing on the DNA
case, the model consider a simplified vision of the Watson–Crick
pairs attached to the sugar-phosphate backbone condensed into
a single nucleotide site. Although it was successful employed to
describe numerous experimental data [15], it has some critical
assessment, as discussed by Shinwari et al. [24]. One key point is
the ‘‘one-orbital-per-site” picture, insufficient in some aspect to
characterize the quantum state. A reasonable solution is the adop-
tion of nucleotide pairs instead of the separate nucleotides to
define the tight-binding quantum states by using more sophisti-
cated quantum chemistry models such as the DFT (Density Func-
tional Theory) approach, whose accuracy is achieved at a greater
computer cost. Other relevant consideration is the topology of
the double-helix, which is not a rigid object, with the different con-
stituents of DNA moving relative to each other presenting linear
deformations of its structure in response to the charge arrival at
this particular site (polaronic effects), beyond the scope of the pre-
sent work. The presence of water molecules and counterions inter-
acting with the nucleobases and the backbone can be taken into
account by considering a realistic value of the backbone ionization
energy. Fortunately, we do not expect any relevant change by con-
sidering these refinements in our tight-binding model, keeping the
main features of our results unaffected.

In this work, we use a model Hamiltonian within a two-steps
renormalization approach to describe the charge transport proper-
ties of a twisted DNA molecule following the model described in
[25,26]. Our description of the DNA molecule takes into account
the contributions of the nucleobase system as well as the sugar-
phosphate backbone molecules on a tight-binding Hamiltonian
model. The DNA’s helicoidal structure is considering by means of
not only the longitudinal intra-chain hopping term but also the
twist angle hn;n�1 between two adjacent base pair (n;n� 1)
attached along the molecule backbone. The resulting variations
of the charge transport efficiency are analyzed by numerically
computing the main features of their transmittance and I � V char-
acteristic curves.

This paper is organized as follows: in Section 2 we present our
theoretical approach based on a tight-binding model Hamiltonian
solved by the help of a two-steps renormalization process. Section 3
deals with the discussion of the charge transfer properties, by
means of the electronic transmittance spectra and the current–
voltage (I � V) characteristic curves. The conclusions and perspec-
tive of future works are depicted in Section 4.
2. Theoretical model

We use a tight-binding model Hamiltonian to describe the
charge transport properties of a DNA molecule sandwiched by
two metallic electrodes (the source�S and the drain�D contacts),
considered to be platinum, with a single orbital per site and near-
est-neighbor interactions (see Fig. 1a). Our description of the DNA
molecule takes into account the contributions of the nucleobase
system, considering both the base pairing between the comple-
mentary strands and the stacking interaction between nearest-
neighbor bases, as well as the sugar-phosphate backbone, yielding:

Htotal ¼ HDNA þ Helectrode þ Hcoupling : ð1Þ
Here, the first term HDNA describes the inter and intra-strand

charge propagation through the DNA molecule, the second term
Helectrode is related to the two metallic electrodes, while the last
term Hcoupling describes the coupling between the DNA strand and
the semi-infinite metallic electrodes.

A relevant feature to be considered here is the inclusion of
torsional effects, responsible for the helicoidal DNA structure. This
effect was already considered in earlier works [27–31]. Its role is
quite important since in physiological conditions the DNA’s double
helix structure exhibits a full-fledged three-dimensional geometry.
As a consequence, every two consecutive nucleobases are
twisted by a certain angle hn;n�1 (in equilibrium conditions
hn;n�1 ¼ h0 ¼ p=5), and therefore the orbital overlapping is substan-
tially reduced, yielding smaller values for the hopping integral
values [32,33]. In addition, at physiological temperatures the rela-
tive orientation of neighboring bases becomes a function of time,
thereby modifying their mutual overlapping in an oscillatory way
(dynamical effect). Twisted DNA model was also considered
[34,35] using a path integral formalism to study the thermody-
namics of a short fragment of heterogeneous DNA interacting with
a stabilizing solvent on the temperature range in which denatura-
tion takes place.

Considering the nucleobases as identical point masses, helically
arranged and mutually connected by means of elastic rods, which
describe the sugar-phosphate backbone, the position of the nth
nucleobase can be expressed in cylindrical coordinates as

xn ¼ rn cos/n; yn ¼ rn sin/n; zn ¼ r0/n; ð2Þ
where n labels the considered base-pair along the DNA double
strand, rn and /n are the usual cylindrical coordinates, and
r0 ¼ h0=h0; h0 � 0:34 nm being the equilibrium separation between
two successive base-pair planes (B-DNA form). Thus, the geometri-
cal distance between two neighboring nucleobases can be
expressed as [31]

dn;n�1 ¼ r20h
2
n;n�1 þ r2n þ r2n�1 � 2rnrn�1 cos hn;n�1

h i1=2
; ð3Þ

where, hn;n�1 ¼ �/nþ1 � /n. In equilibrium conditions

dn;n�1 ¼ l0 ¼ h2
0 þ 4r2n sin

2ðh0=2Þ
h i1=2

: ð4Þ

Following the procedure described in Refs. [32,31], and consid-
ering that the atomic orbitals are orthogonal to each other, in the
equilibrium condition (dn;n�1 ¼ l0) the full 3D description of the
helix geometry yields, for the longitudinal intra-chain hopping
term:

tLðhn;n�1Þ ¼ tLðhtÞ ¼ tLð0Þ 1� g
2r0
l0

sin
hn;n�1

2

� �2
" #

: ð5Þ

Here

g ¼ 1þ jgpppj=gppr; ð6Þ



Fig. 1. Sketch illustrating the renormalization process mapping the DNA chain model (a), first into a linear diatomic lattice (b), and then a linear monoatomic lattice (c),
reducing the eleven physical parameters, namely, the ionized energies �SP (sugar-phosphate backbone) and �a (a being the four nitrogen bases A; T;C;G), and the hopping
terms ta (between the nitrogen bases and the sugar-phosphate backbone) and tab (the transverse hopping between the nitrogen bases), into three variables only, the hopping
term tL (the longitudinal hopping between the nitrogen bases) and the ionized energies CjðEÞ (j ¼ 1;2).
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where gppp and gppr describe the hibridization matrix elements
between neighboring bases pz orbitals [32]. Further simplification
can be done, if one considers the propagation of low-frequency
twist oscillations (acoustic modes), leading to a small (although
non-zero) fixed twist angle ht , i.e.:

tLðhtÞ ¼ tLð0Þð1� vh2t Þ: ð7Þ
Here, v is a dimensionless coupling strength between the charge
and the lattice system. For small twists, v ¼ 2:92 [31].

In order to get a simple mathematical description of the DNA
molecule, keeping most of its relevant physical information, we
use now a two-steps renormalization process. In the first step we
mapped the full DNA chain into a linear diatomic lattice (see
Fig. 1b). Afterwards, we renormalize the linear diatomic lattice into
a one-dimensional lattice shown in Fig. 1c, reducing the eleven
physical parameters, namely:

(a) the ionized energies �SP (sugar-phosphate backbone) and �a
(a being the four nitrogen bases A; T;C;G);

(b) the hopping terms ta (between the nitrogen bases and the
sugar-phosphate backbone) and tab (the transverse hopping
between the nitrogen bases).

into three variables only, the hopping term tL (the longitudinal hop-
ping between the nitrogen bases) and the ionized energies CjðEÞ
(j ¼ 1;2), defined by:
C1ðEÞ ¼ tCG þ
X

a¼C;G

s2aðEÞ
E� �SP

; ð8Þ
with
saðEÞ ¼ ta þ �aðE� �SPÞ
ta

; a ¼ C;G: ð9Þ

The term C2ðEÞ can be obtained from Eqs. (8) and (9), provided
we replaced C;G by A; T.

The energies �a are chosen from the ionization potential of their
respective bases. Taking into account explicitly the contribution of
water molecules, their experimental values are [36–40]: �A = 7.7 eV
(adenine), �T = 8.1 eV (thymine), �G = 7.4 eV (guanine), and
�C = 8.1 eV (cythosine). We use the energy of the electrode (plat-
inum) �M = 5.36 eV, which is related to the work function of this
metal [41]. The energy of the sugar-phosphate backbone is
�SP = 12.27 eV, justified by the presence of a number of counterions
and water molecules, located along the DNA backbone structure,
interacting with the nucleobases and the backbone itself by means
of hydration, solvation, and charge transfer processes [25]. We take
the hopping potentials between the base (G;C;A or T) and the
sugar-phosphate (SP) backbone as tG ¼ tC ¼ tA ¼ tT = 1.0 eV, while
the hopping between the base pair intra (inter)-chain is
tLð0Þ ¼ 0:15 eV (tGC ¼ 0:9 eV and tAT ¼ 0:3 eV, respectively) [25],
which are within the range of values obtained by quantum
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chemistry calculations [42]. Furthermore, the hopping term in the
electrode is t0 = 12.0 eV [43].

Now considering the renormalization procedure depicted
schematically in Fig. 1, the first term of the Hamiltonian (1) is
described by

HDNA ¼
X
j¼1;2

X
n

CjðEÞjn >< nj þ
X
n

tLðhtÞjn >< n� 1j: ð10Þ

The second term, related to the two semi-infinite metallic elec-
trodes, reads:

Helectrode ¼
X0
n¼�1

�M jn >< nj þ t0jn >< n� 1j½ �

þ
X1

n¼Nþ1

�Mjn >< nj þ t0jn >< n� 1j½ �; ð11Þ

where �ðMÞ (t0) is the ionized energy (hopping term) of the elec-
trode. Our DNA molecule is coupled to the electrodes by the tunnel-
ing Hamiltonian

Hcoupling ¼ tM j0 >< 1j þ jN >< N þ 1j½ �; ð12Þ
where tM ¼ 0:63 eV represents the hopping amplitude between the
source (drain) electrode and the beginner (end) of the DNA base-
pair structure, N being the number of nucleotides in the structure
under consideration [44].

3. Results and discussions

Considering the tight-binding Hamiltonian given above, the
transmission coefficient TNðEÞ, that gives the transmission rate
through the chain and is related to the Landauer resistance, is
defined by [21]

TNðEÞ¼ 4�X2ðEÞ
½�X2ðEÞðP12P21þ1ÞþXðEÞðP11�P22ÞðP12�P21Þþ

X
i;j¼1;2

P2
ijþ2� ;

ð13Þ
where

XðEÞ ¼ E�
X
j¼1;2

CjðEÞ
" #,

tLðhtÞ; ð14Þ

and Pij are elements of the transfer-matrix
P ¼ MðNÞMðN � 1Þ � � �Mð2ÞMð1Þ, with [45]

MðjÞ ¼ XðEÞ �1
1 0

� �
: ð15Þ

For a given energy E; TNðEÞ measures the level of backscattering
events in the electrons (or hole) transport through the chain.

Fig. 2 depicts the transmittance spectra as a function of the
energy (less the Fermi energy) in units of eV, for the Poly GC
sequence, in which C1ðEÞ– 0 and C2ðEÞ ¼ 0 (Fig. 2a), Poly AT
sequence, in which C1ðEÞ ¼ 0 and C2ðEÞ– 0 (Fig. 2)b, and Poly
GCAT sequence in which C1ðEÞ and C2ðEÞ are different of zero
(Fig. 2c). We have considered the Fermi energy equal to the gua-
nine’s ionization energy for the Poly GC and Poly GCAT structures,
and adenine’s for the Poly AT one. Also N, the number of nucleo-
tides, is equal to 24, and the torsion angle ht ¼ 0 (black full line)
and p=10 (blue full line). The transmittance spectra show several
energies with high transmission resonances [TNðEÞ ¼ 1�, besides a
striking symmetry around the energies 1.71 (Poly GC, see
Fig. 2a), 1.46 (Poly AT, see Fig. 2b) and 1.21 (Poly GCAT, see
Fig. 2c), all units in eV, independent of the value of the torsion
angle h. The reason for the former (symmetrical spectra) is due
to the periodicity of the DNA structures considered here, as
depicted in Fig. 1, since for quasi-periodic DNA structure the
energy spectra exhibit distinct physical properties, giving rise to
a novel description of disorder. Indeed, theoretical transfer matrix
treatments can be used to show that these spectra are fractals,
defining intermediate systems between a periodic and a random
structure [46]. The independence on the torsion angle h lies on
the role played by the sugar-phosphate backbone ionization
energy �SP . Indeed, the expected two transmission bands around
the ionization energies of the Guanine-�G and Cytosine-�C (Ade-
nine-�A and Thymine-�C) basis for the Poly GC (Poly AT) structure,
formed when the backbone ionization energy �SP is equal to zero,
progressively approach each other as �SP increases, leading to the
one band structure depicted in Figs. 2,a 2,b and 2c for its realistic
value considered here [47]. This profile is insensitive to the
adopted value for the hydrogen bonding strength (tGC ¼ 0:9 eV
and tAT ¼ 0:3 eV, respectively) responsible for the binding of the
complementary DNA strands, because its energetic value is much
less than the backbone ionization energy �SP = 12.27 eV, justified
by the presence of a number of counterions and water molecules.

It is important to mention that stationary electron transmission
spectra through finite DNA chains is usually investigated through-
out a dynamical map, as it is quite common in quasi-periodic sys-
tems. According to that, the electronic transmission properties
present localization of the electronic wave functions, in despite
of the fact that long-range correlations in DNA finite segments
could be a possible mechanism to induce delocalization. However,
the actual correlations are not strong enough to produce this cor-
relation-induced transition and the stationary states remain all
localized [21,22]. For inhomogeneous random sequences, the sce-
nario is worst since almost all states are strongly localized and
the electronic transport is dominated by dissipative processes.
Nevertheless, as in our case, the presence of long-range correla-
tions due to the periodicity of the renormalized structure might
enhance the localization length and, therefore, the transmission
resonances survive in larger segments as compared with a non-
correlated random sequence.

The transmission coefficient TNðEÞ is a useful quantity to
describe the transport efficiency in quantum systems. Nonetheless,
TNðEÞ is usually difficult to be directly measured experimentally.
Access to transmission properties can be performed by measuring
their I � V characteristics by applying the Landauer-Büttiker for-
mulation [48,49], i.e.:

IðVÞ ¼ 2e
h

Z þ1

�1
TNðEÞ½f SðEÞ � f DðEÞ�dE; ð16Þ

where f SðDÞ is the Fermi–Dirac distribution given by:

f SðDÞ ¼ exp½ðE� lSðDÞÞ=kBT� þ 1
h i�1

: ð17Þ

Here lSðDÞ is the electrochemical potential of the two electrodes
fixed by the applied bias voltage V as j lS � lD j¼ eV. Before that,
the electrochemical potential of the whole system is taken to be
zero. It must be kept in mind, however, that the determination of
the electronic properties of biological molecules such as DNA seg-
ments, should be done taking into account a transport theory con-
sidering the time evolution of the appropriate charge propagation,
as depicted in Eq. 1. The reason for that is because static solid-state
theory is not capable of capturing all aspects of the charge transfer
dynamics in biomolecules.

As V is switched on, by properly locating the Fermi level energy
equal to the lowest characteristic resonances of the electrode-DNA
molecule-electrode nano-junction, namely guanine for the Poly GC
and Poly GCAT structures, and adenine for the Poly AT one, the
transmission coefficient becomes voltage-dependent leading to
the appearance of transmission band shifts. As a result, the I � V



Fig. 2. Transmittance spectra as a function of the energy (less the Fermi energy, which is equal to the guanine’s ionization energy for the Poly GC and Poly GCAT structures,
and adenine’s for the Poly AT one) in units of eV considering N (the number of nucleotides) equal to 24, and a torsion angle ht ¼ 0 (black full line) and p=10 (blue full line). (a)
DNA Poly GC; (b) DNA Poly AT; (c) DNA Poly GCAT. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)
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curves may show a current rectification due to the appearance of
either a lower or a higher current at a given bias [8]. Nonetheless,
the turn-on current here shows a symmetric profile, with either
none or a negligible rectification current, as depicted in Figs. 3a
(Poly GC), 3b (Poly AT) and 3c (Poly GCAT) for several torsion
angles.

Fig. 3a shows the Poly GC current–voltage profiles for torsion
angles ht = 0 (black full line), ht ¼ p=30 (red full line), ht ¼ p=15
(green full line) and ht ¼ p=10 (blue full line). All of them present
an ohmic region �2.5 V 6V 62.5 V, and symmetric regions other-
wise, indicating a semiconductor behavior which can be attributed
to the resonant dipoles of the DNA segment leading to an overall
depletion region effect. This behavior can be explained by the tun-
neling of electrons under an energy barrier between adjacent local-
ized states of the basis so that electrons can travel through the
molecule mainly by the hopping mechanism. The localized states
may be located in the vicinity of the Fermi energy of the electrodes,
so that when voltage bias is applied, the Fermi energy alignes with
a localized state and the charge electron transport is initiated. No
rectifying behavior is observed indicating that the charge transport
in the highest occupied molecular orbital (HOMO) of the Poly GC
DNA, located at the guanine base, is of the same magnitude of its
lowest unoccupied molecular orbital (LUMO), located at the cyto-
sine base, when the voltage bias is applied to the sample. It is
worth mentioning that the observed symmetry might be contam-
inated by a residual Schottky effect from the contacts, as measured
by the contribution of Helectrode depicted in Eq. 11. The maximum
value of the current, obtained when there is no torsion angle, is
8.26 lA. Observe that as the torsion angle ht increases, the absolute
value of the current decreases indicating a transition towards an



Fig. 3. I � V characteristic curves for torsion angles ht = 0 (black full line), ht ¼ p=30 (red full line), ht ¼ p=15 (green full line) and ht ¼ p=10 (blue full line). (a) DNA Poly GC;
(b) DNA Poly AT; (c) DNA Poly GCAT. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)
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insulator phase, reaching a critical value at ht approximately equal
to p/7.5 (Poly GC); p/7 (Poly AT) and p/6.2 (Poly GCAT), all of them
below the torsion angle ht ¼ p=5 between the base pairs of the B-
form of DNA [50].

Fig. 3b (3c) shows a similar pattern for the Poly AT (Poly GCAT)
current–voltage profiles for the same torsion angles. Observe that
for the Poly AT case the curve without torsion angle (ht = 0, black
full line), is hidden by the red curve corresponding to ht ¼ p=30.
The maximum value of the current, is now 6.20 (7.06) lA.

4. Conclusions

In conclusion, by using an effective tight-binding model, we
have theoretically investigated the transport properties of a molec-
ular device made up of a DNA double-helix molecule, including the
sugar-phosphate contribution, directly coupled to two platinum
electrodes. The electronic transmittance and I � V characteristics
are discussed in terms of its on-site ionization and electrode ener-
gies, as well as its different hopping parameters. Overcoming the
limitations modeling the DNA trough two parallel chains, we have
also introduced a twist angle ht between two adjacent base pair
attached along the molecule backbone. In order to get a simple
mathematical description of the DNA molecule, keeping most of
its relevant physical information, we used also a two-steps renor-
malization process to map it into a linear monoatomic lattice,
allowing us to incorporate the sugar-phosphate backbone contri-
bution into an energy-dependent on-site ionization potential on
the main DNA’s basepairs.

Future works in this field should point to the possibility of
developing new sophisticated nanodevices integrating man-made
nanostructures with different biomolecules, as well as the above
mentioned DNA base pair stack within the cell. In doing so, care
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should be taken with the DNA’s spontaneous point mutations,
whose plausible cause is the so-called rare tautomers arising from
the proton transfer (PT) reactions between the base pairs double
helix architecture of DNA proposed by Watson and Crick [51].
Nano biomolecular sensors may be developed for the detection
of these point structural defects in DNA associated with the forma-
tion of the mismatches of the canonical A-T and G-C Watson–Crick
base pairs [52–54]. Our I � V characteristic curves, depicted in
Fig. 3, may shed some light on this biologically important question,
in the same line as those developed in a previous work [55].
Another important mechanism, besides the biological environ-
ment, is the vibrational modes and the formation of polarons
(the bound state of an electron with a lattice distortion). Surely
they might open up the possibility of monitoring and controlling
critical biological functions and processes in unprecedented ways,
giving rise to a vast array of potential technological achievements.
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