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Contact-dependent effects and tunneling currents in DNA molecules
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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 haveetallic contacts. An effective tight-binding Hamiltonian is
directly probed the electrical current as a function of theconstructed frormab initio parameters, and an analytical ex-
applied potential across DNA moleculeS. These experi- pression of the transmission coefficient is derived. The role
ments are performed in a variety of conditions where imporplayed by the DNA-metal interface in determining the over-
tant factors, including the substrate surface, contacts to thall transport and(V) characteristics is also addressed. In this
electrodes, counterions, and DNA structure are not kepivay, we determine the limits for large turn-on currefits
constang This state of affairs considerably makes difficult a the nA regime, that result from the resonancalignmeny
proper comparison among different experimental reportshetween the DNA molecular levels and the bias-modulated
which range from completely insulating to semiconducting,Fermi levels of contacts.
and even superconducting, behavidis. turn, such scatter As a suitable representative example, the properties of a
makes it difficult to set the basis for a meaningful theoreticalperiodic polyGACT tetranucleotide chain, connected to me-
approach to thantrinsic DNA electrical transport properties. tallic leads at both ends, will be considered. Many details on

To this end, the role of contacts deserves particular atterthe geometry and chemical bonding nature of the DNA-lead
tion. In many measurements, contact with metal electrodemterface are poorly known currently. In our model the cou-
was achieved by laying down the molecules directly on thepling between the metal orbitals and the DNA energy levels
electrodes. In this case, it is rather difficult to prove that theat the interface will be described in terms of an effective
DNA molecule is in direct contact with the electrodes. Evenparameter. Thus, the lead-DNA global system will be de-
so, the weak physicaldhesiorbetween DNA and metal may scribed by means of the tight-binding Hamiltoniahas
produce an insulating contact. Recent transport experiments
have shown that deliberatdhemical bondindpetween DNA
and metal electrodes is a prerequisite for achieving reproduc-
ible conductivity results-> .

Generally, any current measured through a DNA molecule < " T
results from the carrier injection onto the stack of bases, + 2 (enClC ~ trCk Caragea + o),
combined with the intrinsic conduction along the DNA se- KIZON+L
quence. At low voltage, the main contribution to the resis-where c; (c]-T) is the creation(annihilation operator for a
tance comes from the metal-DNA junction potential mis-charge atjth site in the chain. The first term describes the
match (barrie, whereas for high enough voltage, new intrastrand hole propagation through the DNA chain, where
conduction channels are provided by the molecular states.,,=8.24 eV,e1=9.14 eV,e=8.87 eV,eg=7.75 eV are the
The (V) characteristics are thus somehow inferred from thenucleotides on-site energiesjs the hopping term between
energy difference between the metallic work function and theadjacent nucleotides, arid is the number of nucleotides in
lowest ionization energy levels of the DN case of hole the chairf1® The second term describes the DNA-metal
transpor1.® Besides, charge transfer in DNA has been provercoupling, wherer measures the coupling strength, whereas
to be mainly conveyed by intrastrand—= coupling/  the third term gives the energetics of the metallic leads,
through sequential incoherent hopping or coherent tunnelingiith ¢,=5.36 eV (related to the platinum metallic
(superexchang€ The latter mechanism might be expectedwork functiorf), while t, is the hopping term. First-
to dominate the conduction in the very low-temperature rejprinciples calculations have reported values ranging from
gime. Despite great experimental effotfsfew theoretical t=0.01 tot=0.4 eV Following previous works, properly
works have so far precisely addressed the nature of measuredcounting for experimental-V curves, we will take
currents and its relation with device characteristics. t=0.412 By considering nearest-neighbors interactions

In this work, we present a theoretical study on coherenthe first term ofH can be cast in terms of the unimodular
charge tunneling in DNA molecules connected in betweematrices

> (giclc; — tcci,q + h.c) = H(cley + cliyqon + h.c)
< (£G6 716G
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FIG. 1. Transmission coefficient curve for a polyGACT chain
with_N:GO, tn=1.0 eV, t=0.4 eV, and 7=0.4 eV (top pane;
7=40.4 eV (central pangl and 7=0.8 eV (bottom panel

2 -1

=71,

wherex,=(E-¢;)/2t with i={G,A,C,T}. The dispersion re-
lation is given by 2 cagN)=Tr[M(E,N)], where the DNA
transfer matrix isM = (Q1QcQaQs)"=

1)

(Un—JUn_l -2DU,; )
2FUp; JUp - U ’
where n=N/4, J=1-4XXn, D=4AXXcXa—X7—Xa,

F =4xcXaXg—Xc—Xg, and Uy(u)=sin((n+1)6#)/sin 6, with
U=CO0S =8XcXaXcXT—2(Xa+X7)(Xg+Xc) +1, are Chebyshev
polynomials of the second kind, satisfying,.;—2uU,
+U,_1=0. From the expressiofU,,—U,_,)/2=T,=cogné),
we finally obtain the dispersion relation

4t% sinf(2q) —t2(2E - e1—ep)(2E - ec — gg) + H (E-¢)

=0, )
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2tqut -t
QcQaQs:
P2 (Bun-g ~Upa  ~2DUpg

1 0
2FUp3 Upz— BUn—3>,

whereB=2u-J satisfies the relationship?~4DF=2uB-1.
The contact matricet and R explicitly take into account
the symmetry breaking due to the presence of the hopping
integral 7 connecting theG (T) nucleotide at the left
(right) metallic leads, respectively. After some algebra, the
matrix elements ofM(N,E) are expressed aM;;(N,E)
=48; cog k-4(D+F)U,_; cosk+8,, My(N,E)=2FU,_,
-2, cosk, M,y (N,E)=-2DU,,_;+23; cosk and M,,(N, E)
=-B,, where g = 7],u,_2a;_2, B = 77_1,u2a;, and
ar=BU.,—U,. It is readily checked that d@¥(N,E)]
=UZ2 ,-U,U,,=1, so that the metal-contact-DNA transfer
matrix belongs to th&L(2,R) group. The transmission coef-
ficient Ty(E) is then given by the expressitin

1
1++?—-4DFU2 , +[(D +F)U,_; - ycosk]?> cs@ k'’

where y=(8,+;)/2. In Fig. 1 we show the transmission
patterns for a system with,=1.0 eV andt=0.4 eV for sev-
eral values of the DNA-metal coupling. We can readily see
the narrowG and T 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 decreashese
bands progressively stretch, eventually collapsing into the
series{e;} 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 a@bntact effectsin fact, by taking
U,-1(u)=0 in Eq.(3), one gets

2yutcosk - put
1 0

2 _
L= QTQCQA( A

(

2 cosk - ,my‘l)<
with w=7/t, n=t,/t, and

1 0

()

AnPt?

-1
- (Ep - 8m)2> ’

TiE)= (1457 @

so that the relevant energy spectrum of a polyGACT chaifwhere y,=(7*~u*)/2u?n, and the integep labels the dif-
(see Fig. 1 is composed of two relatively wide bands ferent peaks in thdy(E) curve. By imposing the extreme

(W,=0.15 eV andW.=0.16 eV}, respectively, centered at
8.198 and 8.844eV, plus two narrower

conditions ¢T" /dn=0 and JT /du=0 to Eq. (4), we get

bands, =00 =2 Thus, full transmission(T'=1) requires

(W5=0.04 eV andW;=0.05 eV} centered at 7.422 and ¥,=0. Otherwise,T* depends oy, t, and &,, values. De-
9.535 eV. These allowed bands are separated by the relganging on their adopted values quite small transmission

tively broad gapsAga=0.830 eV, Apc=0.488 eV, and
Ac-7=0.583 eV. Note that Eq(2) is invariant under cyclic

peaks can be obtained at certdip energies, as shown in
Fig. 1 (top and bottom panelsThis result properly illus-

permutations of the nucleotide on-site energies. Thus, thgates the influence of the contacts on electrical transport.
obtained energy spectrum is representative of a broad claggjs extreme sensitivity is due to interference effects be-
of tetranucleotide-based DNA chains. To compute the transyyeen the DNA molecular bands and the electronic structure
mission coefficient at zero bias, the chain is connected to tWgt the |eads at the metal-DNA interface, and indicates that
semi-infinite electrodes so that the global transfer matrix CaRne optimal system configuration for efficient charge transfer

be expressed ad =RP"2L, where

is determined by the resonance conditiop=0, i.e.,
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FIG. 2. Main frame: Tunneling currents for seveN# 10 se- FIG. 3. Main frame: Tunneling currents for several periodic

quences (PolyG, PolyAT, and polyGL with parameters PolyGACT-based sequences with parametgrs12.0 eV,t=1 eV,

tn,=1.0eV,t=1eV, 7=1 eV, ande,,=5.36 eV. Inset: Tunneling 7=1 eV, ande,,=5.36 eV. Inset: Tunneling currents for PolyGACT

current through &=60 PolyG sequence wity,=1.0 eV,t=1 eV, sequences WwittlN=8 (GACTGACT), N=10, andN=12, with pa-

r=1eV, en=¢eg. rameterst=0.4 eV, andr=0.4 eV (bottom insex or 7=14.8 eV
(top insej.

7= \txty. A complete s_et of such resonant states is shown how exhibit typicalnegative differential resistanc&uch a
the central panel of Fig. 1.

. . phenomenon is a tunneling-related effect that has been ob-
In order to further substantiate that a stronger couplin L .
) erved in silicon-based heterostructutéas well as in small
does not always result in a larger conductdhceie to reso- 8 . .
. X oleculest® The comparison of a pui® based with PolyGC
nance effects, we shall consider the current density throug

. atnd PolyAT periodic chains is striking. The current density
our system. The bias voltage dependence of the contacf‘hrough aN=10 PolyAT is several orders of magnitude
energies is given by E, (k)=gpn+Vpiast 2t cOSk  and

2 ' lower that the one corresponding to PolyGC or PolyG of the
ER(k)._S’IT‘+2tm gdosk,hat the Ieﬁ(l_l) and rlght(R)lledads, '€ same length, hence illustrating the influence of the consid-
spectively. Inside the DNA.’ a linear potential drop IS as-graq pNA sequence in charge transport. The voltage thresh-
sumed. In the coherent regime, the electrical curtév;,o

. : T . old at a given current scale is also very sensitive to the pres-
IS comp#sted by using a standard Landauer-Blttiker-likéynce of guanine, and can differ by several volts. Such results
approact® as

are easily understood as the result of both deeper and larger

26 [** tunneling barriers, related to the presence of bases with

Ff TN(E, Vpiad [ fL(E = pq) — TR(E = uo)JdE, higher ionization potentials. _ _

- Let us now analyze the effect of the interface potential

where the charges propagate from left to right. Hergand mismatch, on_charge injection and turn-on currents. In Fig. 3,
u, stand for the electrochemical potentials in the two conh€ characteristics df(V) curves are shown for PolyGACT
tacts (that will remain at equilibriuny f(E) is the Fermi- Séquences of increasing Iength. First, the potential ba_rrler is
Dirac distribution, andTy(E,V,.0 is the bias-dependent SEt t0 2.39 eV(the energy difference between platinum
transmission coefficient, which will be numerically evalu- Fermi level and HOMO state of guaninevhile the coupling

ated. In what follows, we restrict to the coherent tunnelingp"’m”"m?ter is set t,=12 eV, to ensure a large bandwidth. In
regime at zero temperature. Accordingly the main frame we take=7=1 eV. Compared to the case of

chemically simpler DNA chaingFig. 2), the current density

2e [EFreVbias in polyGACT chains is reduced by about three orders of

|(Vbiag) = Ff TN(E, Vpiag dE. magnitude. By increasing the DNA length frod=10 to
N=40, the voltage thresholietermining an apparemtV)

To extract the main features of tunneling currents in DNAgap] is upscaled, while turn-on currents are progressively
chains, let us first compare the behavior of a PolyG chairdegradedFig. 3 main framg By further taking the coupling
with that corresponding to PolyAT and PolyGC sequenceparameters closer tab initio estimates(that is t=0.4 eV,
under the resonance condition given by the coupling paramwhile 7=+0.4 eV), the overall current intensity is further re-
eters choica=r=t,,=1 (Fig. 2. In this case, if the potential duced by typically one order of magnitude, leading to cur-
barrier between the metallic contacts and the DNA is set taents in the pA rangdFig. 3 bottom inset with a larger
zero, a staircase increasel 0¥y, is found(Fig. 2 inse}, in  voltage threshold. Conversely, in the resonance setup given
agreement with prior calculatiod3In contrast, as soon as a by 7=4.8 eV, the current intensity is enhanced by an order
potential barrier between the DNA and the metals is intro-of magnitude(Fig. 3 top inset This result provides addi-
duced, great changes are observed inl{&& curves, which tional evidence on the importance of contact effects on

Er
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turn-on currents characteristics. For this last set of paramOur study also clearly points out that coherent charge trans-
eters, PolyGACT sequences willi=20 exhibit currents in  port can hardly sustain nA currents over distances much
the.fA range, defining the limit for the coherent tunneling |arger than typically 20 nnthat is, N=60). Other transport
regime. mechanisms, such as sequential hopping, should be included

of m’g 2:;:\%6};? fr?mrpagggllpoilz?hgnsditsgt% (;’]’?I‘V%L rsée?uur?]l-qgr?ﬁ the theoretical analysis to assess the possibility of large

gth._ Typically, i : turn-on currents for even much larger scatédore elabo-
currents through a PolyG sequence with eight guanine are in - o .
the range of the nA, currents flowing through the GACT- rate ab initio descriptions of the electronic structure of the
based sequence will be two orders of magnitude lower foPNA are also required for a better consideration of substrate
similar voltage drop(not shown hereand Hamiltonian pa- effects or interaction with an ionic chemical surroundifig,
rameters. This demonstrates the importance of DNA seas well as Schottky-like effects between the DNA and the
quence in the possible fluctuations of apparent gap and relanetallic leads?

tive (V) intensities. Interestingly, similar differences ) )
between simple periodic sequences are found in experimen- 11iS work was partly supported by UCM through Project

tal dat&? where the DNA sequences are about 20-nm Iong.NO- PR3/04-12450, the Ministerio de Educaciéon y Ciencia

In conclusion, we have provided a theoretical backgroundnrough Project No. FIS2004-00067, the Consejeria de Edu-
on the possible use of a particular contact design aimed tgacion de la CAM and European Union FEDER through
improve the electronic performance of DNA-based devicesProject No. GR/MAT/0768/2004.
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