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Electron dynamics in a DNA molecule
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We report on our theoretical investigations of the electronic states in a DNA molecule. We have used a
two-leg charge ladder model where electron-electron interactions and the electron spin have been taken into
account. The energy spectra for G-C and A-T base pairs obtained by numerically diagonalizing the Hamil-
tonian reveal a gap structure and the interaction is found to enhance the energy gaps. We also present the
charge distribution in the ground state and low-lying excited states for the A-T and G-C base pairs.
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The unique properties of DNA, self-assembly and mo-DNA-FET based on polgG)-poly(dC), a p-type conducting
lecular recognition, has rendered the “molecule of fifa” behavior was observed.
promising candidate in the rapidly emerging field of molecu- The DNA conductivity measurements discussed above
lar nano-electronic$A recent report of a field-effect transis- have also inspired a few theoretical studie’. These works
tor based on DNA molecul€sthat was preceded by a series primarily focused on the evaluation of transport through one-
of seminal experiments on the electron conduction in DNA, dimensional systems using a model Hamiltonian, or elec-
has sparked alot of interest on the electronic properties of theonic structure calculations from first principles. It should be
DNA. A thorough understanding of the electronic propertiespointed out that the effect of electron-electron interactions is
of DNA is crucial in the development of the future DNA- important for understanding the physical properties of the
based nanoscale devices. In addition, charge transfer throu@NA molecules, such as excitation spectra, charge distribu-
DNA also plays an important role in radiation damage andion and charge transport in DNA molecules. The reason for
repaiP and therefore important for biological processes. Folthat is the following: There are a few energy scales which
lowing the techniques pioneered earlier for a direct measuredetermine the DNA properties. The first one is the tunneling
ment of electrical transport through a DNA molecbile, gap, or hopping integrals between nearest DNA base pairs.
Yoo et al® measured the conductance of fai)-poly(dC)  The typical value of these hopping integrals is 0.5 eV. The
DNA (1.7-2.9um long and polydA)-poly(dT) DNA  second energy scale is determined by the single-particle en-
(0.5-1.5um). The bundle of DNA molecules were trapped ergy spectrum of a single DNA base pair. This is the energy
between electrodes that were 20 nm apart. The |-V resultbetween the highest occupied molecular orkiigOMO) and
showed a strong temperature dependence of the current atfte lowest unoccupied molecular orbithlUMO), which is
was interpreted in terms of a small polaron hopping modebf the order of 1 eV. The other energy scale comes from
where the current was expressed asinh8Ve &K1, Here, interactions between electrons at different and at the same
E, is the activation energy is the background temperature, base pairs. This energy scale is 1 eV for Hartree interactions
B=eal2kTd, e is the electron charge is the hopping dis- and since it is close to HOMO to LUMO excitation energy
tance, andd is the separation between the electrodes. Thehe interaction can have a strong effect on many-particle ex-
results for polydA)-poly(dT) DNA can very well be de- citation spectra and charge distribution. At the same time the
scribed in this way if3 is taken to be independent of tem- exchange interaction, which can be of the order of hopping
perature. In the case of pgtG)-poly(dC) DNA molecules, integrals between nearest base pairs, should have a strong
a similar temperature dependence was observed but with effect on electron transport.
much lower resistance of 1.3 @ at room temperature as In this paper, we report on the electronic properties of the
compared to 100 M for the polydA)-poly(dT) DNA. The  DNA, in particular, influence of the electron-electron inter-
poly(dG)-poly(dC) DNA also shows the correct temperature action on the energy spectrum and the excitation gap. We
dependence g8 and the temperature dependence of the curmodel the double-stranded DNA as a two-leg charge latider.
rent was observed down to 4.2 K. In contrast, for theAs a first approximation, we consider only the electronic
poly(dA)-poly(dT) DNA, the temperature dependence of thedegree of freedom and disregard the vibrational modes and
current was observed down only to 50 K. their effects on the electronic motidhThe Hamiltonian of

Yoo et al. also performed |-V measurements with an ad-the electronic system consists of two parts: the tight-binding
ditional electric field from the back of the Si substrate andHamiltonian,;, and interaction Hamiltoniari{;. The tight-
measured the FET property of the back-gate type. Thepinding Hamiltonian is a two-chain Anderson Hamiltonian
noted that, in the FET based on p@p)-poly(dT), the ap-  describing the hopping between the nearest neighfvaar-
plication of a positive gate voltage results in a larger conducest baseswithin each chain and the hopping between the
tance, i.e., an indication af-type behavior. In the case of the two chains(within each base
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TABLE |. Parameters of the DNA structure used in our present work. Energies are in eV. The subscripts
h andl correspond to the HOMO and LUMO.

Hopping integralgRefs. 16 and 17 G-C t,=-0.1419,t,=0.0525
A-T t,=-0.0695,t,=0.1054
The site energieRef. 9 G-C en=-14.714,6)=-13.303
AT en=-14.635,5=-13.734
On-site interactior(Ref. 18 G-C Vho=5.879,V|p=5.227
A-T Vi0=5.681,V,p=5.23
Interstrand interactioRef. 9 G-C Vi1=1.844,V,,=2.455
A-T Vi =1.625,V,,=2.378
Intrastrand interactioiRef. 9 G-C Vhio=2.7
A-T Viio=2.6
He=D ShaiTUai D g iT(rbi Y th[aiT(raHl(r-" h.c.] matrix, we obtain the ground state and the lowest excitation

states of the system. Some of the parameters of the DNA
structure relevant for our studies are listed in Table I. To
+ t|[bff(,bi+1,(, +h.c.]+> th|[aI(,bi,,, +h.c.], eliminate the effects of boundaries we have also imposed the
io io periodic boundary conditions, so that in E¢$) and (2) we
(1) haveaN+1:a1 and bN+1:b1.
We have considered a segment of DNA containing ten
whereegy, ¢ are the(site) energies of the HOMO and LUMO base pairs of polglG)-poly(dC) and polydA)-poly(dT)
for a single isolated base pair, respectively,, b; , are an-  DNA molecules. It should be pointed out that in the experi-
nihilation operators of an electron with spinin HOMO and  ments of Porattet al.® the DNA sample has 30 base pairs.
LUMO states of the-th base pairty, is the hopping integral ~ Similarly, we can estimate that since the distance between
between the HOMO of the nearest base pajrs the hop-  electrodes in the experiments by Yeo al® was about 20
ping integral between the LUMO of the nearest base pairsam, taking into account the fact that the distance between the
andty, is the hopping integral between strar@#OMO and  base pairs is 0.34 nm, there wereés0 base pairs between
LUMO) of the same base pair. The indelabels the differ-  electrodes of the setup used by Yebal. However, in our
ent base pairs, while=1 | is the spin index. The summation present model, handling more than 10 base pairs would be a
over indexi goes from 1 td\N whereN is the number of base formidable endeavor and has not been attempted.

pairs. From the exact diagonalization of the Hamiltonian we
The interaction part of the Hamiltonian has the following have obtained the energy spectg, and the corresponding
form: wave functions¥,,, of the DNA system. The energy spectra

for the A-T and G-C base pairs are shown in Fig. 1. From
Hi= 2 Vio(d] 8 )@ _a ) + 2 Vielb] by (bl _,bi ) this figure it is clear that the excitation gap for the G-C base
io io pairs,Ag.c=1.12 eV, is larger than for the A-T base pairs,
Ap7=0.79 eV. In both cases the lowest excitation does not
+ 2 Vio(@l 8 o) (bf . by ) = E Vi@l ,a; ) AT

iooy

Q
X(biT,U + Vh1(31 a0 @l o, ix10y) 2 Vig? 15t % 8
I()'(Tl . c
X (@ 85 ) (@1 Bi10) + 20 Via(b{bi )01, biis ) 3 ¢

iooy 51_0 - 8

L
—Ev<ex> b 01, ) (b1 Biv10) + 2 V(@] 1) 2 .
|(TO'1
ex) 05|
><(bl+l(r1 I+1D’1) E hlo (a1 (ra1 )(b|+l(r I+l,0')1 (2)
which is described by ten parameters. 00 - ° °
In the ground state the number of electrons is equaNp 2 N oc

so that all HOMO stategwith both spin directionsare oc-

cupied. To find the excitation gap and the energy spectrum of F|G. 1. The energy spectra of the A-T and the G-C base pairs in
the electron system with the Hamiltonian equati¢hsand  our model. The closed circles correspond to the system with equal
(2), we consider the DNA structure to have a finite numider number of up- and down-spin electrons. The open circles corre-
of base pairs and, by exactly diagonalizing the Hamiltoniarspond to the spin-flip excitations.
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include electron spin-flip. The spin-flip excitatiopen 1.0
circles gap is equal td\g ¢ spin=1.17 eV for the G-C base AL ©
pairs andAa 1 spin=0.94 eV for the A-T pairs. The main 1ok
difference between the A-T and G-C pairs is that for the ’
G-C pairs the lowest spin-flip excitations are very close to Py o5} I I
the excitations without spin reversal. For example, for the 00— —1—1 ; T 1o
G-C pairs the energy difference between these two types of 1.0}
excitations is Ag ¢ spin—As.c=0.05 eV, which is smaller Py o.5-| I | (b) |
than the corresponding value for the A-T paitss 1 gpin ) — 11
~Ap7=~0.15 eV. o

It is interesting to compare the energy gaps of the inter- p+ 0.5p I I |
acting DNA system to the corresponding gaps of the nonin- ool — y
teracting system. It follows from Eq1) that the energy gaps 1.0} 1 345 6738 10
of the noninteracting system is equalAg= ¢ - ¢,— 2(t,— ), p, 05} ()
which givesAgg.c=1.02 eV for the G-C pairs andgat '
~0.56 eV for the A-T pairs. Comparing these values to the L - T
energy gaps of a corresponding interacting system we con- Py 0.5} I I I |
clude that both for G-C and for the A-T pairs we have inter- ool —0 49 %} |
action enhancement of the energy gaps by 0.1(feY the 12 3 4 5 6 7 8 9 10

G-C pairg and by 0.23 e\(for the A-T pairs. Again we see base pair index /

that the effect of interaction is more pronounced for the 5 40 density of electrons with up- and down-spins is

A-T pairs than for the G-C pairs. From all these results WEshown for the A-T base pairs fde) the ground state(b) the first

conclude that the interaction has a weaker effect on the ens,citeq state with an equal number of up- and down-spin electrons;
ergy spectra for the G-C base pairs than for the A-T pairs. () the first spin-flip excited state.
In Ref. 3 the conductance of DNA molecules was found

to have activated dependence on temperature. Activation ens o .
ergies were extracted in Ref. 3 to be 0.18 eV for A-T base12rge distribution in the excited states of G-C and A-T
?Stems show a different behavisee Fig. 2) and Fig.

paurs a_nd 0.12ev for G-C pairs at h|_gh temperatures. Thes b)]. For the G-C pairs, the distribution of electrons with
activation energies are close to our interaction enhanceme

of the energy gaps as described above. The activated nat sgln o=l [Flg..3(b_)] IS the_same_as in the ground stéI_Feag:
of the DNA conductance means that electrons during theif a)]. The excitation manifests itself only in the redistribu-
[

transport through a DNA molecule must overcome some poé?enct?ofnthseta?eli(:trrr?c?rse chjléToni?ezT' F@?Tﬁg ,tAh?r S'gﬁ':" the
tential barrier. Our results indicate that inter-electron interac—Char e distribution in the excited étate is different f‘)rom the
tions have a considerable contribution to the activation en- 9

ergy of the electron transport ground state for both spin directiofiBig. 2(b)]. Contrary to

The numerically generated wave functions allow us tothe.case of the G-C pairs, here the single-electron states re-
main strongly localized even in the excited state.

calculate the electron charge distribution along the DNA
molecule from the equations

1.0
piR= 2 2 [ Wyliy iy iz v )P0k = i), p’o-s-l | | I © |
Il"'INT Jl"'JNJ 108" T T Y Y T T T y

— ; S NP . P* os}

pi= 2 2 [Wyli iy i dn )20k = o), oo .

ERRUNAY ERR [N 101 3 456 7 8 9 10

®) Py o.s-l | | (b) |

wherep, ,(K) is the density of the electrons with spirr 1 or 108 1
|l in the state n at the base pairk, and P, 05
W (i, in i1, 0n ) is the wave function of the state oI
with N, electrons with spirr=1 andN, electrons with spin 0.0 3 4 5 6 7 8 9 10
o=]. Hereil,...,iNT andjl,...,le are the coordinates of 1.0t
electrons in the base-pair representation. The results for the Py 05F (@)
charge density of the different base pairs are shown in Fig. 2 w0
(for A-T) and in Fig. 3(for G-C). ’

Clearly, for the A-T and the G-C pairs the charge distri- Py o5} I I |
bution in the ground state is the same, which indicates that 0.0 T 4 5 5 7 5 9
the electrons are strongly localized at the base pairs, i.e., at base pair index i
each base pair the electron density is equal to either 0 or 1
(the difference from 0 or 1 is less than 0)0However, the FIG. 3. The same as in Fig. 2 but for the G-C base pairs.
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The spin-flip excitations for the G-C and the A-T pairs pronounced for the G-C base pairs than that of the A-T pairs.
also behave differently. For the A-T pairs the excitation iSThe spin-flip excitations are not the lowest energy excita-
just spin-flip at one baspwith base index =2 in Fig. 2c)]  tions. We also analyze the charge distribution for the ground
with a weak redistributioridelocalization of other electrons  gtate as well as for the excitations. The present report is the
over the base pairs. For the G-C pairs the spin-flip excitatio st step in our investigation of the electronic properties of
corresponds to spin-flip at one base pair with inte2 [see the DNA. In our calculations of the energy spectra we have

Fig. 3()] with the subsequent hopping of electron with spin not included the vibrational modes. These modes are very

o=] from base paii=3 to the base pair=2. Therefore, in . o
the case of the G-C pairs the many-particle spin-flip excitaSOft in the DNA and can have strong effects on the excitation

tion is a single-particle spin-flip hopping excitation. Since SP€ctra, resulting in polaronic effects and strong renormaliza-
the electron-electron interactions tend to suppress the ho,y'on of electron-electron interactions. Such a renormalization
ping processes, the difference in spin-flip excitations for theof inter-electron interactions should in turn have a strong
G-C and the A-T pairs also illustrate that the effect of elec-dependence on the temperature. This is because the tempera-
tron interactions is less pronounced for the G-C base pairtire, inducing the excitations of soft vibrational modes,
than for the A-T pairs. strongly affect the distances between the electrons and as a
In summary, we have performed theoretical calculationgesult modify inter-electron interactions. The effect of vibra-
of the electron energy spectrum, based on a two-leg charggonal modes on the energy spectra and charge distribution of

ladder model for the polgA)-poly(dT) DNA and polydG)-  DNA molecules, as well as systems containing more base
poly(dC) DNA molecules. We take the electron-electron in- pairs will be the subject of our future works.

teractions and the electron spin degree of freedom fully into

account in our model. The energy spectra for the G-C and The work of one of us(T.C.) was supported by the

the A-T base pairs show a large gap and the interaction waSanada Research Chair Program and the Canadian Founda-
found to enhance the gap. The effect of interaction is lession for Innovation(CFl) Grant.

*Electronic mail: tapash@physics.umanitoba.ca (London 403 635(2000.

1R. R. Sinden,DNA Structure and FunctiorfAcademic Press, 7J. Yi, Phys. Rev. B68, 193103(2003.
New York, 1994; C. R. Calladine, H. R. Drew, B. F. Luisi, and 8Y. Asai, J. Phys. Chem. BL07, 4647(2003.
A. A. Travers, Understanding DNA (Elsevier, Amsterdam, 9G. Brunaud, F. Castet, A. Fritsch, and L. Ducasse, Phys. Chem.
2009, 3rd ed. Chem. Phys5, 2104(2003.

2\W. Fritzsche (ed), DNA-Based Molecular ConstructiprAlP 10G. Cuniberti, L. Craco, D. Porath, and C. Dekker, Phys. Rev. B
Conference Proceedings 2002, Vol. 640; C. Dekker and M. A. 65, 241314R) (2002.
Ratner, Phys. Worldl4, 29 (2001; N. Seeman, Nano Lettl, 11K, Iguchi, J. Phys. Soc. Jpr¥0, 593 (2001).

22 (2001). 12E |, Kats and V. V. Lebedev, JETP Let?5, 37 (2002.

3K.-H. Yoo, D. H. Ha, J.-O. Lee, J. W. Park, J. Kim, J. J. Kim, 13R. G. Endres, D. L. Cox, and R. R. P. Singh, Rev. Mod. Pg;.
H.-Y. Lee, T. Kawai, and H. Y. Choi, Phys. Rev. Let87, 195 (20049.
198102(2001). 14, Wang, J. P. Lewis, and O. F. Sankey, Phys. Rev. L88.

4For an excellent review of earlier work, see, e.g., H.-W. Fink,  016401(2004.
Cell. Mol. Life Sci. 58, 1 (2001; J. Richter, Physica E !°S. Cocco and R. Monasson, J. Chem. Phyk2 10017(2000.
(Amsterdam 16 157 (2003; D. Porath, G. Cuniberti, and R. Di 'R. G. Endres, D. L. Cox, and R. R. P. Singh, preprint cond-mat/
Felice, Top. Curr. Chem.237, 183 (2004, and references 0201404.
therein. 17No data is available for hopping integrals for interchain transport,
5B. Giese, Annu. Rev. Biochen¥1, 51 (2002. but estimated to bg,~0.01 for GC and AT.
8D. Porath, A. Bezryadin, S. de Vries, and C. Dekker, Nature'®Only Hartree terms are availab{Ref. 9.

033102-4



