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We report on theoretical results about contact-dependent effects and tunneling currents through DNA mol-
ecules. A tetranucleotide PolyGACT chain, connected in between metallic contacts, is studied as a generic case,
and compared to other periodic sequences such as PolyAT or PolyGC. Remarkable resonance conditions are
analytically derived, indicating that a strong coupling does not always result in a larger conductance. This
result is properly illustrated by considering intrinsic features of bias-dependent tunneling currents in the
coherent regime.
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In recent years, many experimental measurements have
directly probed the electrical current as a function of the
applied potential across DNA molecules.1–5 These experi-
ments are performed in a variety of conditions where impor-
tant factors, including the substrate surface, contacts to the
electrodes, counterions, and DNA structure are not kept
constant.3 This state of affairs considerably makes difficult a
proper comparison among different experimental reports,
which range from completely insulating to semiconducting,
and even superconducting, behaviors.2 In turn, such scatter
makes it difficult to set the basis for a meaningful theoretical
approach to theintrinsic DNA electrical transport properties.

To this end, the role of contacts deserves particular atten-
tion. In many measurements, contact with metal electrodes
was achieved by laying down the molecules directly on the
electrodes. In this case, it is rather difficult to prove that the
DNA molecule is in direct contact with the electrodes. Even
so, the weak physicaladhesionbetween DNA and metal may
produce an insulating contact. Recent transport experiments
have shown that deliberatechemical bondingbetween DNA
and metal electrodes is a prerequisite for achieving reproduc-
ible conductivity results.3–5

Generally, any current measured through a DNA molecule
results from the carrier injection onto the stack of bases,
combined with the intrinsic conduction along the DNA se-
quence. At low voltage, the main contribution to the resis-
tance comes from the metal-DNA junction potential mis-
match sbarrierd, whereas for high enough voltage, new
conduction channels are provided by the molecular states.
The IsVd characteristics are thus somehow inferred from the
energy difference between the metallic work function and the
lowest ionization energy levels of the DNAsin case of hole
transportd.6 Besides, charge transfer in DNA has been proven
to be mainly conveyed by intrastrandp–p coupling,7

through sequential incoherent hopping or coherent tunneling
ssuperexchanged.7 The latter mechanism might be expected
to dominate the conduction in the very low-temperature re-
gime. Despite great experimental efforts,8,9 few theoretical
works have so far precisely addressed the nature of measured
currents and its relation with device characteristics.

In this work, we present a theoretical study on coherent
charge tunneling in DNA molecules connected in between

metallic contacts. An effective tight-binding Hamiltonian is
constructed fromab initio parameters, and an analytical ex-
pression of the transmission coefficient is derived. The role
played by the DNA-metal interface in determining the over-
all transport andIsVd characteristics is also addressed. In this
way, we determine the limits for large turn-on currentssin
the nA regimed, that result from the resonancesalignmentd
between the DNA molecular levels and the bias-modulated
Fermi levels of contacts.

As a suitable representative example, the properties of a
periodic polyGACT tetranucleotide chain, connected to me-
tallic leads at both ends, will be considered. Many details on
the geometry and chemical bonding nature of the DNA-lead
interface are poorly known currently. In our model the cou-
pling between the metal orbitals and the DNA energy levels
at the interface will be described in terms of an effective
parameter. Thus, the lead-DNA global system will be de-
scribed by means of the tight-binding HamiltonianH as

o
j=1

N

s« jcj
†cj − tcj

†cj+1 + h.c.d − tsc0
†c1 + cN+1

† cN + h.c.d

+ o
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7`

s«mck,l
† ck,l − tmck,l

† ck+1,l+1 + h.c.d,

where cj scj
†d is the creationsannihilationd operator for a

charge atj th site in the chain. The first term describes the
intrastrand hole propagation through the DNA chain, where
«A=8.24 eV,«T=9.14 eV,«C=8.87 eV,«G=7.75 eV are the
nucleotides on-site energies,t is the hopping term between
adjacent nucleotides, andN is the number of nucleotides in
the chain.6,10 The second term describes the DNA-metal
coupling, wheret measures the coupling strength, whereas
the third term gives the energetics of the metallic leads,
with «m=5.36 eV srelated to the platinum metallic
work function6d, while tm is the hopping term. First-
principles calculations have reported values ranging from
t=0.01 tot=0.4 eV.11 Following previous works, properly
accounting for experimentalI-V curves, we will take
t=0.4.12 By considering nearest-neighbors interactions
the first term ofH can be cast in terms of the unimodular
matrices
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Qi ; S2xi − 1

1 0
D , s1d

wherexi =sE−«id /2t with i =hG,A,C,Tj. The dispersion re-
lation is given by 2 cossqNd=TrfMsE,Ndg, where the DNA
transfer matrix isM ;sQTQCQAQGdn=

SUn − JUn−1 − 2DUn−1

2FUn−1 JUn−1 − Un−2
D ,

where n=N/4, J;1−4xCxA, D;4xTxCxA−xT−xA,
F;4xCxAxG−xC−xG, and Unsud;sinssn+1dud /sinu, with
u;cosu=8xGxAxCxT−2sxA+xTdsxG+xCd+1, are Chebyshev
polynomials of the second kind, satisfyingUn+1−2uUn
+Un−1=0. From the expressionsUn−Un−2d /2=Tn;cossnud,
we finally obtain the dispersion relation

4t4 sin2s2qd − t2s2E − «T − «Ads2E − «C − «Gd + p
i

sE − «id

= 0, s2d

so that the relevant energy spectrum of a polyGACT chain
ssee Fig. 1d is composed of two relatively wide bands
sWA=0.15 eV andWC=0.16 eVd, respectively, centered at
8.198 and 8.844 eV, plus two narrower bands
sWG=0.04 eV and WT=0.05 eVd centered at 7.422 and
9.535 eV. These allowed bands are separated by the rela-
tively broad gaps DGA=0.830 eV, DAC=0.488 eV, and
DCT=0.583 eV. Note that Eq.s2d is invariant under cyclic
permutations of the nucleotide on-site energies. Thus, the
obtained energy spectrum is representative of a broad class
of tetranucleotide-based DNA chains. To compute the trans-
mission coefficient at zero bias, the chain is connected to two
semi-infinite electrodes so that the global transfer matrix can

be expressed asM̃ =RPn−2L, where

L = QTQCQAS2xG − m

1 0
DS2hm−1 cosk − hm−1

1 0
D ,

R= S2 cosk − mh−1

1 0
DS2xTm−1 − m−1

1 0
DQCQAQG,

with m=t / t, h= tm/ t, and

Pn−2 = SBUn−3 − Un−4 − 2DUn−3

2FUn−3 Un−2 − BUn−3
D ,

whereB=2u−J satisfies the relationshipB2−4DF=2uB−1.
The contact matricesL and R explicitly take into account
the symmetry breaking due to the presence of the hopping
integral t connecting theG sTd nucleotide at the left
srightd metallic leads, respectively. After some algebra, the

matrix elements ofM̃sN,Ed are expressed asM̃11sN,Ed
=4bn

+ cos2 k−4sD+FdUn−1 cosk+bn
−, M̃12sN,Ed=2FUn−1

−2bn
+ cosk, M̃21sN,Ed=−2DUn−1+2bn

+ cosk and M̃22sN,Ed
=−bn

+, where bn
+;hm−2an−2

+ , bn
−;h−1m2an

−, and

an
± ;BUn±1−Un. It is readily checked that detfM̃sN,Edg

=Un−1
2 −UnUn−2=1, so that the metal-contact-DNA transfer

matrix belongs to theSLs2,Rd group. The transmission coef-
ficient TNsEd is then given by the expression14

1

1 + g2 − 4DFUn−1
2 + fsD + FdUn−1 − g coskg2 csc2 k

, s3d

whereg;sbn
++bn

−d /2. In Fig. 1 we show the transmission
patterns for a system withtm=1.0 eV andt=0.4 eV for sev-
eral values of the DNA-metal coupling. We can readily see
the narrowG andT bands at the edges, as well as the rela-
tively broaderA and C bands at the central regions of the
energy spectrum. We have checked that by decreasingt these
bands progressively stretch, eventually collapsing into the
seriesh«ij describing the energy levels of a set of isolated
nucleotides. By inspecting the top and bottom panels we re-
alize that the transmission peaks do not reach in general the
full transmission condition. This transmission degradation is
a direct consequence ofcontact effects. In fact, by taking
Un−1sud=0 in Eq. s3d, one gets

T*sEpd = S1 + g0
2 4h2t2

4h2t2 − sEp − «md2D−1

, s4d

whereg0=sh2−m4d /2m2h, and the integerp labels the dif-
ferent peaks in theTNsEd curve. By imposing the extreme
conditions ]T* /]h=0 and ]T* /]m=0 to Eq. s4d, we get
g0=0⇒h=m2. Thus, full transmissionsT* =1d requires
g0=0. Otherwise,T* depends onh, t, and «m values. De-
pending on their adopted values quite small transmission
peaks can be obtained at certainEp energies, as shown in
Fig. 1 stop and bottom panelsd. This result properly illus-
trates the influence of the contacts on electrical transport.
This extreme sensitivity is due to interference effects be-
tween the DNA molecular bands and the electronic structure
of the leads at the metal-DNA interface, and indicates that
theoptimalsystem configuration for efficient charge transfer
is determined by the resonance conditiong0=0, i.e.,

FIG. 1. Transmission coefficient curve for a polyGACT chain
with N=60, tm=1.0 eV, t=0.4 eV, and t=0.4 eV stop paneld;
t=Î0.4 eV scentral paneld; andt=0.8 eV sbottom paneld.
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t=Îtp tm. A complete set of such resonant states is shown in
the central panel of Fig. 1.

In order to further substantiate that a stronger coupling
does not always result in a larger conductance16 due to reso-
nance effects, we shall consider the current density through
our system. The bias voltage dependence of the contact
energies is given by ELskd=«m+Vbias+2tm cosk and
ERskd=«m+2tm cosk, at the leftsLd and rightsRd leads, re-
spectively. Inside the DNA, a linear potential drop is as-
sumed. In the coherent regime, the electrical currentIsVbiasd
is computed by using a standard Landauer-Büttiker-like
approach15 as

2e

h
E

−`

+`

TNsE,VbiasdffLsE − m1d − fRsE − m2dgdE,

where the charges propagate from left to right. Here,m1 and
m2 stand for the electrochemical potentials in the two con-
tacts sthat will remain at equilibriumd, fsEd is the Fermi-
Dirac distribution, andTNsE,Vbiasd is the bias-dependent
transmission coefficient, which will be numerically evalu-
ated. In what follows, we restrict to the coherent tunneling
regime at zero temperature. Accordingly,

IsVbiasd =
2e

h
E

EF

EF+eVbias

TNsE,VbiasddE.

To extract the main features of tunneling currents in DNA
chains, let us first compare the behavior of a PolyG chain
with that corresponding to PolyAT and PolyGC sequences
under the resonance condition given by the coupling param-
eters choicet=t= tm=1 sFig. 2d. In this case, if the potential
barrier between the metallic contacts and the DNA is set to
zero, a staircase increase ofIsVbiasd is foundsFig. 2 insetd, in
agreement with prior calculations.13 In contrast, as soon as a
potential barrier between the DNA and the metals is intro-
duced, great changes are observed in theIsVd curves, which

now exhibit typicalnegative differential resistance. Such a
phenomenon is a tunneling-related effect that has been ob-
served in silicon-based heterostructures,17 as well as in small
molecules.18 The comparison of a pureG based with PolyGC
and PolyAT periodic chains is striking. The current density
through a N=10 PolyAT is several orders of magnitude
lower that the one corresponding to PolyGC or PolyG of the
same length, hence illustrating the influence of the consid-
ered DNA sequence in charge transport. The voltage thresh-
old at a given current scale is also very sensitive to the pres-
ence of guanine, and can differ by several volts. Such results
are easily understood as the result of both deeper and larger
tunneling barriers, related to the presence of bases with
higher ionization potentials.

Let us now analyze the effect of the interface potential
mismatch, on charge injection and turn-on currents. In Fig. 3,
the characteristics ofIsVd curves are shown for PolyGACT
sequences of increasing length. First, the potential barrier is
set to 2.39 eVsthe energy difference between platinum
Fermi level and HOMO state of guanined, while the coupling
parameter is set totm=12 eV, to ensure a large bandwidth. In
the main frame we taket=t=1 eV. Compared to the case of
chemically simpler DNA chainssFig. 2d, the current density
in polyGACT chains is reduced by about three orders of
magnitude. By increasing the DNA length fromN=10 to
N=40, the voltage thresholdfdetermining an apparentIsVd
gapg is upscaled, while turn-on currents are progressively
degradedsFig. 3 main framed. By further taking the coupling
parameters closer toab initio estimatessthat is t=0.4 eV,
while t=Î0.4 eVd, the overall current intensity is further re-
duced by typically one order of magnitude, leading to cur-
rents in the pA rangesFig. 3 bottom insetd, with a larger
voltage threshold. Conversely, in the resonance setup given
by t=Î4.8 eV, the current intensity is enhanced by an order
of magnitudesFig. 3 top insetd. This result provides addi-
tional evidence on the importance of contact effects on

FIG. 2. Main frame: Tunneling currents for severalN=10 se-
quences sPolyG, PolyAT, and polyGCd with parameters
tm=1.0 eV, t=1 eV, t=1 eV, and«m=5.36 eV. Inset: Tunneling
current through aN=60 PolyG sequence withtm=1.0 eV,t=1 eV,
t=1 eV, «m=«G.

FIG. 3. Main frame: Tunneling currents for several periodic
PolyGACT-based sequences with parameterstm=12.0 eV,t=1 eV,
t=1 eV, and«m=5.36 eV. Inset: Tunneling currents for PolyGACT
sequences withN=8 sGACTGACTd, N=10, andN=12, with pa-
rameterst=0.4 eV, andt=Î0.4 eV sbottom insetd or t=Î4.8 eV
stop insetd.
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turn-on currents characteristics. For this last set of param-
eters, PolyGACT sequences withN=20 exhibit currents in
the fA range, defining the limit for the coherent tunneling
regime.

We have also compared PolyG and PolyGACT sequences
of the same length. Typically, in the situation where turn-on
currents through a PolyG sequence with eight guanine are in
the range of the nA, currents flowing through the GACT-
based sequence will be two orders of magnitude lower, for
similar voltage dropsnot shown hered and Hamiltonian pa-
rameters. This demonstrates the importance of DNA se-
quence in the possible fluctuations of apparent gap and rela-
tive IsVd intensities. Interestingly, similar differences
between simple periodic sequences are found in experimen-
tal data8,9 where the DNA sequences are about 20-nm long.

In conclusion, we have provided a theoretical background
on the possible use of a particular contact design aimed to
improve the electronic performance of DNA-based devices.

Our study also clearly points out that coherent charge trans-
port can hardly sustain nA currents over distances much
larger than typically 20 nmsthat is,N=60d. Other transport
mechanisms, such as sequential hopping, should be included
in the theoretical analysis to assess the possibility of large
turn-on currents for even much larger scales.8,9 More elabo-
rate ab initio descriptions of the electronic structure of the
DNA are also required for a better consideration of substrate
effects or interaction with an ionic chemical surrounding,19

as well as Schottky-like effects between the DNA and the
metallic leads.20

This work was partly supported by UCM through Project
No. PR3/04-12450, the Ministerio de Educación y Ciencia
through Project No. FIS2004-00067, the Consejería de Edu-
cación de la CAM and European Union FEDER through
Project No. GR/MAT/0768/2004.

*Present address: DRT/LETI/DIHS/LMNO, Commissariat à
l’Énergie Atomique, 17 avenue des Martyrs, 38054 Grenoble,
France.

1E. Braun, Y. Eichen, U. Sivan, and G. Ben-Yoseph, Nature
sLondond 391, 775 s1998d; H. W. Fink and C. Schönenberger,
ibid. 398, 407s1999d; D. Porath, A. Bezryadin, S. de Vries, and
C. Dekkar,ibid. 403, 635 s2000d; A. Yu Kasumov, M. Kociak,
S. Gueron, B. Reulet, V. T. Volkov, D. V. Klinov, and H. Bou-
chiat, Science291, 280 s2001d; J. S. Hwang, K. J. Kong, D.
Ahn, G. S. Lee, D. J. Ahn, and S. W. Hwang, Appl. Phys. Lett.
81, 1134 s2002d; T. Heim, D. Deresmes, and D. Vuillaume, J.
Appl. Phys. 96, 2927 s2004d; B. Xu, P. Zhang, X. Li, and N.
Tao, Nano Lett.4, 1105s2004d.

2R. G. Endres, D. L. Cox, and R. R. P. Singh, Rev. Mod. Phys.76,
195 s2004d.

3B. Hartzell, B. Melord, D. Asare, H. Chen, J. J. Heremans, and V.
Sughomonian, Appl. Phys. Lett.82, 4800s2003d.

4Y. Zhang, R. H. Austin, J. Kraeft, E. C. Cox, and N. P. Ong, Phys.
Rev. Lett. 89, 198102s2002d.

5A. J. Storm, J. van Noort, S. de Vries, and C. Dekker, Appl. Phys.
Lett. 79, 3881s2001d.

6Y. A. Berlin, A. L. Burin, and M. A. Ratner, Superlattices
Microstruct. 28, 241 s2000d; Chem. Phys.275, 61 s2002d.

7C. Treadway, M. G. Hill, and J. K. Barton, Chem. Phys.281, 409
s2002d; M. A. Ratner, NaturesLondond 397, 480 s1999d.

8K.-H. Yoo, D. H. Ha, J. O. Lee, J. W. Park, J. Kim, J. J. Kim, H.
Y. Lee, T. Kawai, and H. Y. Choi, Phys. Rev. Lett.87, 198102
s2001d.

9M. Taniguchi, H.-Y. Lee, H. Tanaka, and T. Kawai, Jpn. J. Appl.
Phys., Part 142, 215 s2003d; T. Shigematsu, K. Shimotani, C.
Manabe, H. Watanabe, and M. Shimizu, J. Chem. Phys.118,
4245 s2003d.

10H. Sugiyama and I. Saito, J. Am. Chem. Soc.118, 7063s1996d;
A. A. Voityuk, J. Jortner, M. Bixon, and N. Rosch, J. Chem.

Phys. 114, 5614s2001d; S. Roche, Phys. Rev. Lett.91, 108101
s2003d; O. R. Davies and J. E. Inglesfield, Phys. Rev. B69,
195110s2004d; E. L. Albuquerque, M. S. Vasconcelos, M. L.
Lyra, and F. A. B. F. de Moura, Phys. Rev. E71, 021910s2005d.

11P. J. de Pablo, F. Moreno-Herrero, J. Colchero, J. Gomez-Herrero,
P. Herrero, A. M. Baro, P. Ordejon, J. M. Soler, and E. Artacho,
Phys. Rev. Lett.85, 4992s2000d; R. Di Felice, A. Calzolari, E.
Molinari, and A. Garbesi, Phys. Rev. B65, 045104s2002d; H.
Wang, J. P. Lewis, and O. F. Sankey, Phys. Rev. Lett.93,
016401s2004d.

12G. Cuniberti, L. Craco, D. Porath, and C. Dekker, Phys. Rev. B
65, 241314s2002d.

13V. Mugica, M. Kemp, A. Roitberg, and M. A. Ratner, J. Chem.
Phys. 104, 7296s1996d.

14E. Maciá and F. Domínguez-Adame,Electrons, Phonons and Ex-
citons in Low Dimensional Aperiodic SystemssColección Linea
300, Ed. Complutense, Madrid, 2000d.

15G. C. Liang, A. W. Ghosh, M. Paulsson, and S. Datta, Phys. Rev.
B 69, 115302s2004d.

16Y. Zhu, C. C. Kaun, and H. Guo, Phys. Rev. B69, 245112
s2004d.

17R. Lake and S. Datta, Phys. Rev. B45, 6670 s1992d; C. Strah-
berger and P. Vogl,ibid. 62, 7289s2000d.

18N. P. Guisinger, M. E. Greene, R. Basu, A. S. Balich, and M. C.
Hersam, Nano Lett.4, 55 s2004d.

19M. Hjort and S. Stafström, Phys. Rev. Lett.87, 228101s2001d; F.
L. Gervasio, P. Carloni, and M. Parinello,ibid. 89, 108102
s2002d; A. Calzolari, R. di Felice, E. Molinari, and A. Garbesi,
Appl. Phys. Lett.80, 3331s2002d; Ch. Adessi, S. Walch, and M.
P. Anantram, Phys. Rev. B67, 081405s2003d; Ch. Adessi and
M. P. Anantram, Appl. Phys. Lett.82, 2353s2003d.

20Y. Xue, S. Datta, and M. A. Ratner, J. Chem. Phys.115, 4292
s2001d.

BRIEF REPORTS PHYSICAL REVIEW B71, 113106s2005d

113106-4


