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Characterization of the electrical properties of the DNA bases �adenine, cytosine, guanine, and thymine�, in
addition to building the basic knowledge on these fundamental constituents of a DNA, is a crucial step in
developing a DNA sequencing technology. We present a first-principles study of the current-voltage charac-
teristics of nucleotidelike molecules of the DNA bases, placed in a 1.5 nm gap formed between gold nano-
electrodes. The quantum transport calculations in the tunneling regime are shown to vary strongly with the
electrode-molecule geometry and the choice of the density-functional theory exchange-correlation functionals.
Analysis of the results in the zero-bias limit indicates that distinguishable current-voltage characteristics of
different DNA bases are dominated by the geometrical conformations of the bases and nanoelectrodes.
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I. INTRODUCTION

There has been significant demand and research activity
for the development of new DNA sequencing technologies
�1�. The recent achievement in completing the first reference
human genome sequence �2� is just the beginning of a revo-
lution that could potentially lead to a genome-based medical
practice. For genome-based medical treatment to become a
reality, and for medical practitioners to routinely analyze an
individual’s DNA in a clinical setting, technology is needed
that can perform sequencing at a speed thousands of times
faster than that of the current technology. For example, re-
cently an interesting approach characterized DNA by mea-
suring changes of ionic conductivity across a membrane that
were caused by the threading of a polynucleotide molecule
through a channel or nanopore in the membrane �3,4�.

Charge transport through biological molecules ultimately
depends on the electronic and chemical structure of these
molecules, altered by the presence of the electrodes. In this
paper, we explore whether the unique conductance signatures
of the DNA bases can be used to sequence DNA. The ratio-
nale is that the electronic and chemical structure of the four
DNA bases �adenine �A�, cytosine �C�, guanine �G�, and
thymine �T�� are intrinsically different, and should, in prin-
ciple, produce distinguishable electron transport properties
�5�. Assuming that a practical way could be found to thread a
single stranded-DNA polymer �ssDNA� through the nm gap
formed by two gold �Au� nanoelectrodes, the DNA sequence
could be read from conductivity measurements as a function
of the position of the polymer in the gap. A fundamental
element of such a method is the conductance through the
DNA bases.

The electronic transmission of a molecule is critically de-
pendent on the contact between electrode and molecule �6�,
which largely explains the orders of magnitude disagreement
between theory and early, groundbreaking scanning tunnel
microscopy �STM� experiments in the molecular electronics
�7�. In the case of nucleotides, both sugar and phosphate
groups must be considered as well, for they form part of the
single-stranded DNA �ssDNA� and should interact with the

electrodes. Additionally, other factors that could influence
the conductivity measurements �8,9�, such as water mol-
ecules, electrolytes, or contamination of the electrodes,
might completely change the nature of the conductance to a
Marcus-like mechanism �10�. In this paper, we concentrate
on the basic mechanism—transverse transport of electrons
through a nucleotide molecule placed between two elec-
trodes with a gap 1.5 nm in size, leaving all other factors for
future studies.

If, in an experiment, the gap between the electrodes is
larger than about 2 nm, the charge transport is likely domi-
nated by the diffusion process �11�. Coherent quantum tun-
neling is important if the electrodes are closer than this dis-
tance. In our study, by choosing the nanogap between the
electrodes at 1.5 nm, within which we place the DNA-like
nucleotides, coherent electron tunneling across the nucle-
otides is likely the dominant mechanism �12,13� defining the
electric transport characteristics of a particular ssDNA in a
possible experiment. For each molecule, ten nucleotide-
electrode mutual geometries, defined by a rotation around the
glycosidic bond �the bond that joins the sugar and the base�,
hereafter in the text called glycosidic angle, were considered
in order to study the effect of geometry on the conductance
as well as to represent more reliably an average effect of the
different conformations that a ssDNA segment would assume
in a possible experiment.

The information on electronic structure of the
nucleotides-nanoelectrodes systems to be used in our calcu-
lations of the electron transport is obtained from the self-
consistent density-functional theory �DFT� calculations using
a Gaussian basis. Accurate determination of the parameters
relating to the electronic structure, such as the position of the
Fermi energy relative to the nucleotide energy levels, is im-
portant for obtaining the correct values of the conductance.
Such accuracy is also critical in building a correct under-
standing of the underlying mechanism of the transport pro-
cess. This consideration motivates us to perform all calcula-
tions twice, using different choices of DFT exchange-
correlation �XC� functionals, obtaining intermediate and final
results that significantly vary, both in absolute and relative
values. While our sampling of possible XC functionals is not
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exhaustive, we consider the exploration “due diligence” in
establishing the acceptability and relevance of our numerical
calculations, in the face of the well-known difficulties of the
nonequilibrium, quantum many-body problem.

We have read with interest recent reports by Di Ventra and
co-workers claiming that the distributions of current values
sampled repeatedly for each nucleotide will be sufficiently
different to allow for rapid DNA sequencing if some control
is exerted on the DNA dynamics �14,15�. The approxima-
tions involved in the parametrization intrinsic in the tight-
binding model of the Hamiltonian, used in Refs. �14,15�, can
substantially impact the information on the DNA-nucleotide-
electrode electronic structure and its relation to the electrode
Fermi energy. This, for example, might influence the conclu-
sion obtained by the authors of Ref. �14� of a strong domi-
nance of the adenine conductance over the G, C, and T
nucleotides at low voltage biases �0.1 V�. It is not possible to
conclude with certainty, as the main information on the elec-
tronic structure of the electrode-molecule system, i.e., the
alignment of the Fermi level with the electronic structure, is
not communicated in Refs. �14,15�. Our analysis, derived
from both considerations of the system’s electronic structure
as computed from DFT, its geometry, and the first-principles
conductance calculations at low biases, leads to conclusions
that are both qualitatively and quantitatively different from
those of Ref. �14�, which raises concerns on the agreement of
the results of this work with that in Refs. �14,15�. The details
of both the system geometry and the DFT calculations that
serve as input to our electron transport calculation are de-
scribed in Sec. II.

Another source of uncertainty could be the inadequacy of
the transport theory—1 V of voltage bias between electrodes
might be too large for the near-equilibrium—linear-response
approximation contained in the Caroli formula that was used
in Ref. �15�. We calculate electronic transport properties of
the DNA nucleotides between two nanoelectrode tips subject
to small electric bias, in the range 0–400 mV. The electron
transmission probability, ETP, is proportional to the molecu-
lar electronic conductance �16�, where the ETP includes the
detailed quantum description of the molecule and its interac-
tion with the leads, and is a basic building block in calcula-
tion of the I-V characteristics. The details of the approach are
described in Sec. III, while the results of the calculation are
presented and discussed in Sec. IV. To construct an under-
standing on the principal mechanism of the conductance of
the DNA nucleotides between two nanowires for low electric
bias, we perform in Sec. V a detailed analysis of our results
in the limit V=0 and for one of the DFT XC functionals. The
conductance of various nucleotides and various glycosidic
angles are all fitted to a single analytical form appropriate for
a combination of the tunneling processes. This result sug-
gests a simple but somewhat unexpected conclusion that the
geometry of a base and of the base-electrode ensemble are
the dominant critical factors defining reproducible DNA con-
ductance measurements and their mutual distinguishability.
Future research in this direction, in particular for finite bias
and other variations of geometries, is anticipated. Finally, our
conclusions are given in Sec. VI.

II. THE NUCLEOTIDE-ELECTRODE GEOMETRY AND
DENSITY-FUNCTIONAL (DFT) CALCULATIONS

For each molecule, ten nucleotide-electrode mutual geom-
etries, defined by a rotation around the glycosidic bond �the
bond that joins the sugar and the base�, hereafter in the text
called glycosidic angle, were considered. This was done so
as to study the effect of geometry on the conductance as well
as to represent more reliably an average effect of the differ-
ent conformations that a ssDNA segment would assume in a
possible experiment.

In our models, the following assumptions were made.
First, the structures of nucleotides were extracted from
B-DNA with a twist angle of 36°. Second, for convenience,
and to ensure charge neutrality, two oxygen atoms of the
phosphate groups were saturated with H; the carbon 3� of the
sugar group was saturated with H as well. And third, when
considering different geometries, only the bases were rotated
in terms of the glycosidic angle, which were varied from 0°
to 90° in increments of 10°. None of the structures consid-
ered in this work were relaxed, unlike the structures consid-
ered in Ref. �14�. Figures 1 and 2 show two limiting confor-
mations, for 0° and 90°, respectively, for adenine, cytosine,
guanine and thymine �with sugar and phosphate groups�
placed in between two Au nanoelectrodes. The electrical re-
sponse of a lead-molecule-lead system, called thereafter an
extended molecule, is strongly dependent on the mutual ge-

FIG. 1. A, C, G, and T bases with sugar-phosphate groups be-
tween two gold nanonelectrodes; the sugar-base axis of rotation is
indicated in each case, rotation angle here is adopted 0°.

FIG. 2. The nucleotide-nanoelectrode geometries of Fig. 1 for
rotations of 90°.
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ometry of the leads and the molecule. To account for a vari-
ety of possible geometric configurations, we perform the cal-
culation of the I-V characteristics for a series of positions
obtained by rotation of the bases about the axes indicated in
Fig. 1. The gold leads are separated by a fixed distance of
1.5 nm. A layer of a lead contains two sublayers in �111�
geometry, of seven and three atoms, as can be seen at Fig. 1,
where two layers of each lead are shown. The diameter of the
Au interfacial hexagon is close to 6 Å.

For the systems and geometries indicated in Figs. 1 and 2,
the Hamiltonian and the overlap matrices were obtained
from the converged self-consistent DFT calculations. For de-
scription of the nanoelectrodes and their Fermi energy, a
separate calculation of the five-layer gold electrode was also
performed. The DFT calculation was executed using the
computational chemistry package NWCHEM �17�. The semi-
infinite lead Green’s function was calculated by applying the
generalized tight-binding procedure �18,19�. The Gaussian
basis based on the CRENBL-effective core potentials �ECP�
�17�, with 16 �4s4p� functions for each atom of N, C, O, and
P and 4 �4s� functions for each H, as well as CRENBS-ECP
basis consisting of ten �1s1p1d� functions for each atom was
used for Au. This choice of the bases resulted in up to 800
basis functions describing the quantum system. The calcula-
tions were executed at 16 processors SGI Altix.

Similar to the results of our earlier work �19�, the calcu-
lated conductance characteristics of a molecule are sensitive
to a choice of the DFT exchange-correlation functional. In
absence of the functionals calibrated specifically for the
metal-organic system studied, we performed two complete
sets of calculations, with the b3lyp functional �extensively
used for organic molecules�, denoted in the rest of text as
XC1, and with the pbe0 functional �used for Au and other
transition metals�, denoted by XC2. This resulted in two sets
of results, which are compared in the following sections.

At this point, we show two results that emerge directly
from the DFT–XC1 calculation. The molecular orbitals of
the extended molecule are of particular interest because they
may provide clues for the connection between the electronic
structure and conductance properties of the nucleotides. A
diagram of the extended molecule’s eigenenergy levels is
presented in Fig. 3. Both the highest occupied molecular
orbital �HOMO� and lowest unoccupied molecular orbital
�LUMO� in all cases are composed of the gold atomic wave
functions, localized in the leads. Although the HOMO states,
which are close to the Fermi energy of the leads, provide the
electrons for tunneling across the molecular barrier, there are
no states localized at the nucleotide in the vicinity of the
Fermi energy that can provide a conduction channel through
the molecule. Consequently, tunneling through the vacuum
gap and across the molecule via the evanescent �decaying�
tails of the electronic states in the gold electrodes is more
likely to be the driving mechanism of conduction. Of course,
this process is highly dependent on the geometrical charac-
teristics of the electron tunneling paths. And as will be dis-
cussed more in Sec. V, it is especially sensitive to the size of
the base-lead gap, which is the smallest for the guanine base
at small glycosidic angles �Fig. 1�, leading to the largest
conductance in that case.

In Fig. 4 we show the electron density integrated over the
cross section of the molecule in the plane perpendicular to

the electrodes for the two lowest unoccupied orbitals for the
extended molecule of lead-adenine-lead at �=10°. Both or-
bitals are localized within the gold electrode at the top, with
evanescent tails extending exponentially into the molecule.
Several things can be noted from this figure. First, there is
clearly a much faster decay in the gap between the top of the
molecule and the top electrode �vacuum gap� than within the
molecule. Second, while there is no oscillation in the density
within the vacuum gap, there are obvious oscillations of the
density in the rest of the wave function, indicating that the
complex wave vector in this region has a nonzero real part,
unlike the vacuum region where the wave vector is purely
imaginary. The orbital densities of the extended molecules of
other nucleotides near the Fermi energy have similar fea-
tures. The imaginary parts of the wave vectors for these or-
bitals are very close, and for the molecule region �excluding
the vacuum gap� the imaginary parts of the wave vector av-
erages to about 1.02/Å. This has an important significance in
the transport picture, as we will discuss later in the text.

Another direct result of the DFT calculation is the total
energy of the cluster of nucleotide+leads, shown in Fig. 5 as
functions of the rotation �glycosidic� angle �. The energy is
minimal for small � ��min�0� for extended molecules with

FIG. 3. Molecular eigenenergy levels for the extended mol-
ecules with A, G, C, and T bases.

FIG. 4. Electron wave density for two lowest unoccupied orbit-
als of the extended molecule of lead-adenine-lead at rotation angle
of 10°. The straight line is an exponential function with the expo-
nent exp�−1.1x�.
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all bases except for guanine that minimizes about �min=40°.
This result indicates that the guanine may take spontaneously
larger glycosidic angles than other nucleotides. This is im-
portant in a calibration experiment of the DNA sequencing
against the nucleotide conductance since the dominance of
the G conductance that exists at small angles might be that
way counterbalanced by the larger �min. We perform addi-
tional checks of the preferred configurations of the nucle-
otides in the gap made of gold electrodes by performing a
molecular dynamics �MD� simulation of ssDNA molecules
translocation through a 2.0 nm nanogap in aqueous environ-
ment �details of the MD method can be found in Sec. III�.
Consistent with the results obtained from the minimum en-
ergy principle, the MD calculation also yields qualitatively
similar conclusions. Figure 6 shows the probability distribu-
tion of the glycosidic angles for four types of single strand
nucleotides confined in the Au nanoelectrode gap. For
polyA, polyC, and polyT nucleotides, the most probable gly-
cosidic angles peak at about ��0, but for polyG nucleotide
at ��60°. These preliminary agreements between the MD
and quantum mechanical �QM� simulations indicate that ge-
ometry factor may play a non-negligible role in the tunneling
conductance of nucleotides between nanoelectrodes. How-
ever, in consideration of possible complicating factors in a
real experimental device, such as applications of electric
bias, unbalanced charges �phosphorous group� in the DNA
backbone, and electrolyte environments, we are reluctant to

take our results as conclusive before more extensive experi-
mental or theoretical studies are performed. Thus, in the fol-
lowing analysis we occasionally apply averaging, not for the
purpose of comparing with future experiments, but rather to
decrease the number of parameters, while focusing on quan-
tities calculated for various nucleotides. In this reduction
procedure, we choose the simplest of all—uniform arith-
metic averaging.

III. THEORETICAL METHOD FOR ELECTRON-
TRANSPORT CALCULATION

The electron transmission probability, ETP, is propor-
tional to the molecular electronic conductance �16�. We as-
sume nearly thermodynamic equilibrium and a very small
voltage drop across the lead-molecule-lead system �from
zero to 400 mV�, the so-called linear-response regime �20�.
Within these assumptions, we describe the electronic struc-
ture of the system with density functional theory �DFT� for
the ground state in computing the transport properties. This
avoids more laborious self-consistent treatment of electronic
structure and transport phenomena simultaneously. To de-
scribe the open boundary conditions appropriate for the
leads, we use the Green’s function method in conjunction
with the generalized tight-binding �TB� approach �18,19� to
compute ETP. In particular, ETP is computed in terms of the
well known Caroli’s formula �21�

ETP = Tr��LGM
+ �RGM

− � , �1�

where GM
± is the advanced ��� or retarded ��� Green’s func-

tion of the base, and ��L,R� are the self-energy terms describ-
ing the coupling of the left �L� and right �R� leads with the
base molecule. The overlap and Hamiltonian �Fock� matrices
obtained from the self-consistent Gaussian DFT calculations
of the systems containing a base with several closest lead
layers are inputs into the conductance analysis. The DFT
calculation is described in Sec. II.

The current I through the molecule as a function of the
applied voltage V is an integral of the electronic transmission
probability ETP�E ,V�. The band energy E is associated with
the applied voltage bias as

I�V� =
e

h
�

EF−eV/2

EF+eV/2

ETP�E,V�dE . �2�

We ensure that the Fermi energy of the leads, EF, used in
computing the transport coefficients is placed correctly with
respect to the band structure of the semi-infinite leads by
counting the number of electrons per unit cell within either
electrode and requiring that number to equal the number den-
sity of electrons below EF.

The electrode Fermi energy is determined by integrating
1
� Im��−�

EFTr�S�ES−H�−1�	dE and adjusting the EF until the
integration equals the number of electrons per unit cell. Note
that the trace is taken over the unit cell of the electrodes
but the internal summation in the matrix product can go be-
yond the unit cell depending on the range of S. This yields
the Fermi energy of the considered nanowire at about
−0.172 hartrees, i.e., close to EF=−4.69 eV.

FIG. 5. Total ground state DFT energy of the nucleotide-
electrodes cluster, as function of the glycosydic angle. Zeros in
figures correspond to −1583.903, −1574.421, −1599.879 and
−1586.795 hartrees for A, G, C, and T nucleotides �between Au
leads�, respectively.

FIG. 6. Glycosydic angle probability distributions obtained from
MD modeling for the A, C, T, and G nucleotides between two gold
electrodes.
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Once the electrode Fermi energy is determined, chemical
potentials of the left and right electrodes are shifted by
±eV/2 to produce the bias voltage. The neutrality of the
electrode-molecule-electrode ensemble provides the addition
constraint from which the electrostatic potential of the mol-
ecule can be determined for each applied bias voltage. The
charge neutrality point of the system is calculated by a
contour-integration technique �19�, resulting in a voltage-
bias dependent shift in the submatrix of the Hamiltonian cor-
responding to the electrode-nucleotide-electrode molecule,
thus extending the “linear response” method beyond a
strictly linear one �18�. As far as the self-consistency of the
electron transport is considered, this leads to a procedure that
is asymptotically exact in limit of zero electric bias, V→0.
The charge neutrality points, expressed in terms of the po-
tential shifts for zero bias are shown at Fig. 7, as functions of
the rotation angle �, for both DFT functionals used, XC1 and
XC2.

The obtained potential shifts are of the order of tens of
meV, reaching hundreds of meV for the guanine nucleotide.
All shifts almost coincide for larger rotational angles �, re-
flecting the diminishing coupling of the bases with the elec-
trodes. The shifts are behaving qualitatively similarly for
both XC functionals. Since the Fermi energy of the leads and
molecular levels of nucleotides are more than 2 eV apart, the
potential shifts do not influence the I-V characteristics or the
calculated conductances �Sec. IV� in any significant way. It
is interesting that the potential shifts averaged over angles
weakly depend on the applied electric bias up to about V
=0.2 V, after which these increase slowly and linearly with
the bias.

In the MD simulations, the nanogap is composed of two
fixed fcc nanoelectrodes �Au, each with dimension of 2�2
�3 nm3�. DNA segments of single type nucleotides �polyA,
polyC, polyG, or polyT� consists of 20 bases. The DNA, the
electrodes and neutralizing counterions �Na+ � were solvated
in about 21 000 TIP3P �22� water box �initial box size was
11�7�9 nm3� with three-dimensional �3D� periodic
boundary conditions. The DNA and Na+ were modeled by
the AMBER force field, 1999 version �22�. The Au atoms in
the electrodes were modeled by the universal force field po-
tentials �23�. The Lennard-Jones parameters between differ-

ent atoms were calculated by the standard Lorentz-Bertholet
combining rules. The particle mesh Ewald method was ap-
plied to evaluate electrostatic interactions. MD simulations
were performed within the constant pressure �1 bar� and
temperature �300 K� �24� ensemble. The NAMD �25� software
package was employed to integrate the equations of motion.
Each simulation included 10 000 steps of energy minimiza-
tion �conjugate gradient and line search algorithm�, 1 ns of
molecular dynamics solvent relaxation and equilibration, and
3 ns of production with a time step of 2 fs. The structural
configurations were saved every 1 ps for subsequent analy-
sis. Visualizations and analysis were performed using the
VMD �26� software packages.

IV. RESULTS

In this section, we review our results for the calculation of
the conductance in the zero-bias limit �V→0�, I-V character-
istics in the range 0–400 mV, and related quantities for all
four nucleotides for various angles and DFT functionals.
These first-principles results serve as a basis upon which one
can build simple models for understanding the conductance
properties and mechanisms through the DNA nucleotides.
For this purpose, the conductance in the limit V→0 �propor-
tional to ETP in Eq. �1�� of various nucleotides is shown in
Fig. 8, as a function of the glycosidic angle �. Typical values
for conductances are small, varying in range 0.1–1 pS. The
XC1 results are about a factor of 3 larger than those for the
XC2, showing qualitatively similar though not identical be-
havior. In the limit of zero bias, the nucleotides are ordered
with respect to the magnitude of their conductances as G, A,
C and T, with approximately a factor of 2 between various
bases. The exception is the guanine in the XC1 case, whose
conductance is bigger than that of the adenine by almost an
order of magnitude. The conductances calculated by the XC1
functional are about a factor of 2 bigger than those by the
XC2, except for the guanine, for which the factor reaches
about 4.

Figure 9 shows the current, I, response for electric biases
in the interval 50–300 mV, as functions of glycosidic angle

FIG. 7. Potential shifts of the charge neutrality points as func-
tions of the rotation angle from Fig. 1, for two DFT exchange-
correlation �XC� functionals. FIG. 8. The conductance of various nucleotides, as functions of

angle �, for the two DFT functionals, �a� XC1=b3lyp and �b�
XC2= pbe0.
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�. The dominant contribution is for angles up to 40°. In that
range, the guanine conductance is obviously dominant. We
note that there is a factor of about 2 between XC1 and XC2
currents, similar to the conductances in the limit of V=0.

Although the angular dependence of the tunneling current
is instructive, it is also of interest how the distinct conduc-
tance characteristics displayed in Fig. 9 for different nucle-
otides survives averaging over angles. In order to show that
the dominant features of the I-V curves are unaffected by
such averaging, in the next few figures we present I-V char-
acteristics of various nucleotides, averaged over various ge-
ometries �i.e., angles�. The averaging reduces the number of
parameters, enabling more transparent comparison of the
characteristics carried by various nucleotides as well as by
the DFT calculation model �XC functionals�. Thus, Figs.
10�a� and 10�b� depict the I-V curves of different nucleotides
for both XC1 and XC2. The cases in Figs. 10�a� and 10�b�
are mutually consistent, showing approximately linear char-
acteristics in the range V�100 mV and indicating nearly a
constant conductance, and the order G, A, C, T counted from
higher to lower current. Again, this result is very different

from that found in Ref. �14�, where the ordering is A, G, C,
and T. In Ref. �15�, the ordering is slightly different, i.e., A,
G=T ,C, according to their Fig. 3, but C, A, T, G, according
to their Fig. 1. In our work, XC1 and XC2 gives mutually
consistent results, although with XC1 the conductance of the
guanine is more dominate than with XC2. In all cases a
range of strong nonlinearity around 100 mV brings the
curves close to each other, and they stay close at higher
biases. Appearance of the nonlinearity in the theory is a con-
sequence of the V-dependence in the self-energy terms of the
transmission probability in Eq. �2�. The first derivatives of
the I-V characteristics in Fig. 10, the differential conduc-
tances, show even more distinctive features, as shown in Fig.
11 for V�100 mV, for both functionals. The differential
conductance of the guanine with XC1 has a strong peak
around 80 mV. The adenine peaked at 65 and 95 mV, while
the cytosine has a peak at about 70 mV. Unfortunately the
information on the derivatives for XC2 shows quite different
and not as distinctive features, Fig. 11�b�.

In spite of the apparent transparency of the averaged re-
sults in Figs. 12 and 13, having in mind our current, rather
arbitrary, choice of a method for averaging, and in absence of
arbitraging experiments, any analysis of a physical nature of
the obtained results has to relate to a particular geometry of
the nucleotide. In order to answer the natural question
whether and how are the I-V characteristics connected to the

FIG. 9. Angular dependence of the current through various
nucleotides, for several voltage biases, calculated with b3lyp DFT
exchange-correlation functional.

FIG. 10. I-V characteristics for various nucleotides and various
DFT functionals, averaged over the geometry parameter ��� of the
system; �a� XC1=b3lyp; �b� XC2= pbe0.

FIG. 11. Angular-averaged differential conductance, dI /dV, as a
function of electric bias for various bases and DFT functionals; �a�
XC1=b3lyp; �b� XC2= pbe0.

FIG. 12. I-V characteristics �a� and differential conductance �b�
for �=10°.
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electronic structure of the molecule, we examine the I-V
characteristics of the nucleotides at a particular angle,
�=10, shown at Fig. 12. The linear nature of the character-
istics is affected by the form of the transmission functions,
which is a function of the applied voltage through the self-
energy �Sec. III� and the neutrality point potential shift �Sec.
II�. Thus, the peaks in the differential conductance reflect the
peaks in the transmission function.

The densities of states �DOS� of the systems studied �Fig.
13�a��, shown here for V=0 are consistent with the transmis-
sion functions, Fig. 13�b�, and therefore with the observa-
tions above. An applied voltage bias V opens a “conductance
window” eV counted from Fermi energy in Fig. 13�b�. Con-
sequently, the peaks in the differential conductance in Fig.
12�b� and the peaks in the transmission functions in Fig.
13�b� are in the interval 40–80 mV in the former and
40–80 meV in the latter, somewhat mutually shifted due to
the not-shown dependence of the transmission on the applied
bias V. Thus, the guanine has the peak closest to the Fermi
energy, and it is natural that it dominates the conductance at
lower electric biases. Still, this is not an explanation of the
mechanism of molecular conductance present here. The den-
sity peaks present available channels for conduction in the
gold nanowire, the ones that supply the tunneling mechanism
explained in the next section where we elucidate our under-
standing of the electron transport and obtained results in
these nonresonant, weakly coupled systems.

V. ANALYSIS OF THE RESULTS IN THE LOW ELECTRIC
BIAS LIMIT

In the studies of molecular electronics, one needs to pay
close attention to the structure in the I-V curves, which re-
flects the onset of resonances when the Fermi level of the
metal electrodes matches the energies of the states in the
molecule. From our electronic structure calculation, we see
that the states of the extended molecular, i.e., that of the
electrode-nucleotide-electrode cluster, near the Fermi energy
are all states localized within the electrodes, Fig. 3. There-
fore under low electric biases, the conduction electron cannot
be resonant with any of the molecular states. Instead, the
electron transport characteristics, studied in the previous sec-

tions, are most properly described by the tunneling process
from the upper to the lower electrode at Figs. 1 and 2 via the
nucleotide. As discussed in the previous section, the density-
of-states peaks near the electrode Fermi energy correspond to
the electron states within the gold lead, and the correspond-
ing peaks in the transmission probability reflect the channels
available to tunneling. It is the geometrical conformations of
the different nucleotides, their shapes and dimensions in the
fixed nanogap that define the various conductance character-
istics of the nucleotides with the fixed sugar-phosphate
group.

The analysis here is expanded on the work in Ref. �27�. A
simple tunneling model is constructed for the limit of V=0.
We divide the region between the electrodes into three parts
that can be recognized in Fig. 1: a vacuum barrier between
the top electrode and a DNA base; the base, which is rotated
by angle � around the glycosidic bond; and the sugar-
phosphorous group, together with the gap to the bottom elec-
trode, which are fixed and to all bases and is assumed to give
a constant factor in the conductance. Each part is approxi-
mated as an independent tunnel barrier and contributes a fac-
tor to the conductance. The total conductance is then the
product of these factors. Next, we find approximations for
the factors within each region. The first part can be viewed as
a vacuum gap, and thus contributes a simple exponential
factor, exp�−k0d�, to the conductance, where ik0 is the imagi-
nary wave vector describing the tunneling through vacuum,
and d is the distance from the top electrode to the nearest
atom of the molecule. Due to a high sensitivity of the decay
exponential on d, this factor proves to be critical for the
distinguishability of the various nucleotides by their conduc-
tances at Figs. 9 and 10. The second region, the DNA base,
yields a factor, F���, that depends on the angle of rotation �.
Combining these two factors and absorbing the constant due
to region three into F���, we express the conductance in the
form

g = F���e−k0d. �3�

The precise form for F��� depends on the geometric dimen-
sion of the DNA base. The base part of the molecule, i.e., the
part that rotates, is modeled by a rectangular box with the
dimension �1��2�a. Along the direction of the electrodes,
the linear dimension of the base is �1. Perpendicular to this
direction and the glycosidic bond the linear dimension is �2.
a is the “thickness” of the base. The value of �1 is measured
by the difference in the height of the nucleotide at �=0° and
at �=90°. Strictly speaking, this value should be �1−�2 from
which �1 can be deduced. However, this difference does not
impact our simple model, so we neglect it for the sake of
simplicity. The parameter �1 varies with nucleotides and is
fitted from the geometry, while �2 is assumed to be the same
for all nucleotides. In the second region the electron can
either tunnel through the vacuum or along the base. Because
this region is only a few angstroms in size, we assume that
all paths are coherent. The wave function amplitude for tun-
neling along a path first travels in vacuum for a distance of x
along the direction of the electrodes, then travels along the
base for a distance of �1−x, reaching the pivot point between
the base and the sugar-phosphate group, is exp�−�k0x cos �

FIG. 13. �a� Density of states �DOS� and �b� transmission prob-
ability ETP of the electrodes-molecule system, for various nucle-
otide, at 10° rotation angle.
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+k1��1−x�� /2	, where x takes a value between 0 and �1 and
the phase of the wave function is neglected �equivalent to an
assumption that the wave vectors are imaginary along all
paths, including those inside the molecule�. Since the effec-
tive cross section for each path is dxa sin �, integrating the
amplitudes over x, we find

F��� = g0
1 +
2 sin ��e�k1−k0 cos ���1/2 − 1�

�k1 − k0 cos ���2
�2

, �4�

where g0 is a constant independent of geometric parameters
but may be different for each type of nucleotide, and ik1 is
the pure-imaginary wave vector inside the molecule. An
overall factor a�2 exp�−k1�1� has been absorbed into g0.

Some of the parameters in Eq. �4� can be determined di-
rectly from the geometry. Thus, the values of �1 are 1.6, 0.89,
2.7, and 0.8 Å for A, C, G, and T nucleotides, respectively.
From the first-principles DFT calculation in the previous sec-
tions, we already determined that k1=1.02/Å. The rest of the
parameters are fitted from the results for conductance for
V=0 explained in the previous section, and shown in Fig. 8.

To compare our conductance calculations of previous sec-
tions with the simple model given by Eq. �3�, we need to
examine the � dependence and the dependence on d sepa-
rately. In Fig. 14 we plot the normalized conductance,
with the � dependence removed in the form g /F���, as
a function of d. The fitted parameters in Eq. �4� are
k0=2.5/Å, �2=2 Å, and the values of g0 are 2.8�10−5, 2.2
�10−4, 3.4�10−5, and 4.5�10−4, in units of quantum con-
ductance e2 /h, for A, C, G, and T nucleotides, respectively.
For the case of the thymine at �	60°, the conductance drops
sharply to nearly zero and is not plotted on the figure. We
also note that the fitted decaying wave vector of k0=2.5/Å
corresponds to a barrier height of 5.7 eV for an electron
effective mass of 1. This is in good agreement with the sur-
face work function of gold around 5.5 eV. The cause of
much higher conductance of the guanine than other nucle-
otides at small angles is clear from this plot. As discussed in
Sec. II, it is due to the much smaller gap between the mol-
ecule and the electrode, which is the result of the larger size
of the guanine.

The deviations of our numerical results from the simple
exponential are not random. They are oscillations due to
quantum interference effect that is neglected in Eq. �4�.
These oscillations are more clearly seen when we scale out
the exponential factor, exp�−k0d�, from the conductance and
examine the angular dependent factor, F���. In Fig. 15 we
plot F��� for all of the nucleotides. Although Eq. �4� captures
the trend of the angular dependence pretty well, we see
clearly that there are additional large oscillations in the first-
principles results. These oscillations arise from the interfer-
ence effect, neglected during derivation of Eq. �4�, between
different tunneling paths. If the complex wave vector along
any of these paths has a nonzero real part, a summation of
the wave function amplitudes over different tunneling paths
yields a nonzero phase in the second term of Eq. �4�. This
can produce an oscillatory cross term in the conductance.
A similar effect was predicted in Fe/MgO/Fe tunnel junc-
tions �28�. Such interference effects are often smeared under
experimental conditions and may be difficult to observe.

The electronic structure enters Eq. �4� through the decay
wave vector k1 in the molecule, as well as through the overall
factor g0. The former may have a dependence on the
HOMO-LUMO gap of the nucleotide. However, k1 is the
same for all molecules and all angles. The prefactor g0 con-
tains a dependence on the electronic structure of the various
nucleotides mainly from the exponential factor exp�−k1�1�.
The vacuum decay factor is determined essentially by the
work function of the metal electrode. Neglecting the interfer-
ence effects, Eq. �3� may serve as a decent model for elec-
tron conduction through the DNA nucleotides in the limit
V=0. A possible extension of this model beyond the linear
response regime is not clear and requires further research.

Fitting parameters in Eqs. �3� and �4� were determined
from the DFT-XC1 calculations. As shown in Sec. IV use of
another exchange-correlation functional yields qualitatively
similar, though quantitatively different conductance charac-
teristics of the DNA nucleotides. Therefore, the parameters
of tunneling defined in this section serve only to illustrate the
mechanism of conductance and may not have meaning be-
yond such illustration.

VI. CONCLUSIONS

As long as the Fermi level of the electrodes is not reso-
nant with the levels of the molecule, which seems to be the

FIG. 14. Normalized conductance, g /F���, as a function of the
distance between the top electrode and the nearest atom of a nucle-
otide, for V=0. The solid line is the exponential exp�−k0d� with
k0=2.5/Å. Symbols represent scaled conductance for various
angles and nucleotides, obtained by the first-principles calculation
of Sec. IV.

FIG. 15. Angular dependence of the conductance. The data for
G, C, and T nucleotides are shifted by 0.0001, 0.0002, and 0.0003,
respectively, for visibility. Solid lines are from Eq. �4�.
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case with the DNA nucleotide between the gold electrodes,
the dominant mechanism of the electric conduction through a
gap with a nucleotide is tunneling. Our findings, contained
within the calculated conductance characteristics of the
nucleotides, indicate a conclusion with an overarching im-
portance for the transverse-conductance measurements of the
ssDNA, in particular with respect to the ssDNA sequencing
through such measurements. In the absence of a resonance,
the geometrical characteristics of the gap and the nucleotide,
and the position of the nucleotide relative to the electrodes,
are far more important in the determination of the conduc-
tance than the parameters usually considered to be signifi-
cant, such as the values of the HOMO and the LUMO ener-
gies. The different nucleotides are thus distinguished in their
conductances, largely due to their differences in geometric
parameters, such as size, orientation, and bond angles. Future
work is required to understand the extent to which this dis-
tinguishability survives the refinement of the model systems
toward more realistic representations of the ssDNA molecule
in an aqueous environment, averaging over the range of pos-
sible conformations of ssDNA within the nanoscale channel
formed by the leads, and consideration of background Fara-
day currents, as well as other contributions to observed
signal-to-noise ratios. Beyond the geometric considerations,
of particular interest would be the study of means to shift the

Fermi energy, relative to the energies of the molecular states,
while maintaining a low bias between the two nanoelec-
trodes. Progress in this direction might result in a resonant
mechanism of conduction, with orders of magnitude larger
conductance than that considered here.
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