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This paper presents a model to describe alternating current (AC) conductivity of DNA sequences, in which DNA is

considered as a one-dimensional (1D) disordered system, and electrons transport via hopping between localized states.

It finds that AC conductivity in DNA sequences increases as the frequency of the external electric field rises, and it takes

the form of oac(w) ~ w? In?(1/w). Also AC conductivity of DNA sequences increases with the increase of temperature,

this phenomenon presents characteristics of weak temperature-dependence. Meanwhile, the AC conductivity in an off-

diagonally correlated case is much larger than that in the uncorrelated case of the Anderson limit in low temperatures,

which indicates that the off-diagonal correlations in DNA sequences have a great effect on the AC conductivity, while

at high temperature the off-diagonal correlations no longer play a vital role in electric transport. In addition, the

proportion of nucleotide pairs p also plays an important role in AC electron transport of DNA sequences. For p < 0.5,

the conductivity of DNA sequence decreases with the increase of p, while for p > 0.5, the conductivity increases with

the increase of p.
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1. Introduction

Electronic transport in DNA, first proposed by
Eley in 1962, is attracting a considerable amount
of attention for its biological functions such as
the repair mechanism after radiation damage and

23] Recent experiments have demon-

biosynthesis.!
strated that there is a long-range charge migra-
tion in DNA, indicating that the DNA sequence
is a candidate for one-dimensional (1D) molecular
electronics.[*®! It is thus not surprising that DNA
molecules have become the subject of intense study
concerning their potency to carry electric charges, 6=
and to provide a scaffold for a metal assembling of
highly conductive nano-wires.['%11) Although the use
of DNA molecules in nano-electronic circuits is a very
promising task due to their self-assembly and molecu-
lar recognition abilities, their conductivity properties
of direct experimental measurements are still under
intense debate due to the complexity of the environ-

ment and the molecule itself.[12=19

Concerning theory, both ab initio calculation20=22]

and model-based Hamiltonians?3=2%! are extensively
adopted to interpret the diversity of the experimental
results and to ascertain the underlying charge trans-
port mechanisms. Some consensus on the mechanisms
of charge migration in DNA seems to emerge. The
charge transport may result from either coherent tun-
neling or hopping. Recently, the energy levels and
electronic states of DNA were studied,26-27] the ob-
served temperature dependence of the conductivity in
DNA was studied by considering DNA as a 1D dis-
ordered system, and electrons transport via hopping
between localized states.?®! The effects of interfa-
cial couplings on transport properties in DNA were
studied by Meng et all?? It is also found that the
introduction of diagonal disorder and the role of on-
site energy correlations in DNA sequences markedly
changes their physical characteristics and can play a
crucial role in their electron transport.39—32] In addi-
tion, the influence of off-diagonal correlations which

is proved to affect the transport properties effectively
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was investigated, 3334 and the current-voltage (I-V)
characteristics showed typical semi-conducting fea-
tures with a gap ranging from 0.8 eV to 2.1 V.3
However, these studies concentrated on the case of an
externally applied direct current (DC) field, and paid
little attention to the case of an AC field which is
proved to affect the electronic localization properties
effectively.[36:37) In this paper, by considering that
electrons transport via hopping in DNA sequences
which can be viewed as a 1D disordered system, we
consider the influence of an applied AC field on elec-
tron transport in DNA sequences, and present the
characteristics of frequency dependence of the con-
ductivity in DNA. We also study the effect of concen-
tration of one type of nucleotide pairs on the AC con-
ductivity, and the temperature dependence of the AC
conductivity. Moreover, we also investigate the role of
correlated off-diagonal disorder and their impact on
the AC hopping conductivity in DNA sequences.
This paper is organized as follows. In the next
section, we present our theoretical model based on an
electronic tight-binding Hamiltonian suitable to de-
Then we introduce the AC
conductivity formula in the externally applied AC
field.
dence of the conductivity in DNA, we also investigate

scribe DNA sequences.
In Section 3 we investigate frequency depen-

the effect of proportion of nucleotide pairs and tem-
perature on the electric transport of DNA sequences,
and the role of correlated off-diagonal disorder and
their impact on the AC hopping conductivity in DNA
sequences. Finally, the conclusions of this work are

presented in Section 4.

2. Method of calculations

A DNA chain is a sequence of four possible nu-
cleotides which define the structure of the amino acids

taa = —0.0695 eV,

tij B tBB = —0.1403 eV,

_ taa + BB

tAB 5

to form proteins. Thus the DNA nucleotide sequences
can be considered as a symbolic sequence of a four-
letter alphabet, namely, guanine (G), adenine (A), cy-
tosine (C) and thymine (T). Considering the pairing
of complementary bases (A with T and G with C) in
the inside of the chain, where each base is covalently
bounded to the backbone and bind to its complemen-
tary via hydrogen binding, we can view a DNA chain
with random base pair sequences as a 1D binary dis-
ordered system composed of base pairs A—T and C-G

in a typically random order.[?!]

In order to study the electronic property of a DNA
sequence, we map it onto a binary alphabet, in which
the unit of nucleotides A and T gives e = 0.1 eV
and that of nucleotides C and G eg = 0 (reference
point),33:34]
Endre et al.[*¥) Using the simplest form of the tight-

binding disordered model representing a single elec-
31]

according to the ab initio calculation of

tron band, we find that the Hamiltonian is!

H=Yal i+ Y w6

i=1 j#i

where N is the number of base pairs. The length of a
DNA sequence is L = Na (a = 0.34 nm). The quan-
tity €; is the energy assigned to each random base pair
site ¢ which takes two values ex and e with proba-
bilities p and 1 — p. Obviously, |ea — ep| quantifies
the spread of the site energy distribution, namely, the
degree of disorder W. The quantities t;; are the off-
diagonal elements which represent electronic overlap
(hopping term) between the wave-functions of elec-
trons centered at two neighboring sites 4, j(|i — j| =
1), and according to the ab initio calculation of Endre
(38]

et al,>® the values of ¢;; are assumed to be

€ =€&j =€a

€i=¢ =€, |j—il=1 (2)

= —0.1049 eV, & #¢;

Obviously, the off-diagonal correlation is built in through the values of ¢;;. This model is simply generalized
from the Anderson model, which is the limit for txn = tpg = tap = —0.1403 ¢V.[33] Then the Schrodinger

equation for the Hamiltonian (Eq.(1)) becomes
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Eg; =t 1ibi—1+€ipi +tiiv10iy1, (3)

where E is the energy corresponding to the electron
The |¢;|* is the probability of find-
ing an electron at site 4 in a DNA random base pair

wave-function.

sequence, and |¢) = > ¢; |¢) is an eigenstate with en-

ergy E. Based on Deatn and Martine’s negative eigen-
value theorem[® and Wu and Zheng’s infinite order
perturbation theorem, 0! the eigenstates of the DNA
chain can be solved. As expected, the electron wave-
functions of the DNA sequence present the property of
localization, each localized wave-function has its own
central localized position, and the localization length
A(E;) can also be computed. As we know, an electron
can hop between pairs of localized states and give rise
to a finite energy dissipation, which is responsible for
the AC conductivity of DNA sequences.

In the presence of an external electric field F'(t) =
Fy cos(wt), an electron hops between states |i) and |j)
with energy E; and E; respectively (F; and E; are the
eigenvalues of the states localized on sites ¢ and j re-
spectively, which are measured from the Fermi level),
due to resonant absorption or emission of photons.
By absorbing a photon with energy Aw, electron hops
from state |i) to state |j) and the exchanged energy is
given by

qij = Lijhw f(E)[1 — f(E;)]0[hw — (E; — E3)], (4)

where

15 = o () 1]

is the occupation factor of the i-th site, T" is the tem-
perature and kg is the Boltzmann constant. The Ij;
is the hopping rate, which can be given by

E; — E;

Vo eXp (204:81-]- — knT l>, Ej > Ei, (5)

Fij:

Vo exp(72ao:ij), Ej < E;,

where vy is the attempt-to-jump frequency which
should be a typical phonon frequency, o~ is the av-
erage localization length, x;; = |z; — ;| = |j — i|a is
the electron hopping distance.

Corresponding to a reversed analog of the absorp-
tion process, an electron hops from state |j) to state
|i) by emission of a photon with energy fw, the ex-

changed energy can be given by

i = Djihwf (Ej)[1 = f(E3)|o[hw — (Ej — Ei)]. (6)

Obviously,

hw
I'; = I'ijexp (_kBT) ;

and we can obtain the exchanged energy between the
nucleotide pairs per unit time as

277w 2w E; sinh hw
; ij €x —
a PP\ BT kT

x 5[ — (B = Ei)], (7)

where

Z=1+ Ei )y Ei ), Lit k)
= X X XpP
FEP N Ggr ) TP g ) T kT )

and the total energy dissipation in a DNA sequence
per unit time can be described as ¢ = Y ¢;. In terms

K3
of electrodynamics, the total work done over a time
interval by electric field is equal to the total energy
dissipation in a DNA sequence, that is,

1

q= iaac(w)-FO2 5

then the AC conductivity of a DNA sequence can be
gotten as

Cac(w) = A L ex Ei sinh e
2wl = g Ly P\ kT ksT

o — (5, — B (8)

3. Numerical results and discus-

sions

Based on the AC conductance formula, we calcu-
late the AC conductivity of DNA sequences with N =
2000 base pairs, and Fy fixed at Fp = 1 x 10® V/cm.

The frequency-dependent AC conductivity oac(w)
in DNA sequences with off-diagonal correlations which
can be seen as a 1D chain is plotted in Fig.1, in which
logy ac(w) is plotted vs. log;qw. From Fig.1, we
can find that the AC conductivity o,c(w) in DNA se-
quences with off-diagonal correlations increases with
the increase of the frequency of the external electric
field. In our opinion, this phenomenon is due to the
fact that, in a 1D disordered chain, the states are local-
ized, the conductivity of the chain stems from electron
hopping between the localized states by resonantly ab-
That is, when the fre-
quency of the external electric field rises, the energy

sorbing or emitting photons.

of the photon is increased. Therefore, the AC conduc-
tivity of DNA sequences increases as the frequency of
the external electric field rises.
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that on the AC conductivity.
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Fig.1. Frequency-dependence of AC conductivity in DNA

sequences.

According to the result of Rosenow,*! which sug-
gests that the AC conductivity in the 1D chain takes
the form of oac(w) ~ w?In®*(1/w), in the inset of
the figure, we plot the AC conductivity as a func-
tion of w? In*(1/w) for the same parameter. It clearly
shows that the AC conductivity o,.(w) increases with
w?In?(1/w) in DNA sequences, which fits well with
the result of Rosenow. Therefore, we think that the
AC conductivity of the DNA sequence also takes the
form oae(w) ~ w? In*(1/w).

Meanwhile, it can be seen in Fig.1 that the AC
conductivity of DNA sequences shows a weak depen-
dence on the temperature and concentration of the
nucleotide pairs. To investigate the effect of temper-
ature on the AC conductivity, the conductivity at a
fixed frequency (w = 10° Hz) was shown between 50 K
and 350 K in Fig.2. And in order to investigate the
role of off-diagonal correlation and their impact on
the AC conductivity in DNA sequences, we also study
the case of the Anderson model with the same param-
eter for the purpose of comparison. It can be seen
that just as in the DC case,*?l the AC conductivity
of DNA sequences (both curve A and curve B) also
increases with the increase of temperature, revealing
that with the increase of temperature, which corre-
sponds to an increase in delocalization, the thermal
movement of base-pairs will be stimulated gradually,
which will be beneficial to the hopping of electrons.
That is, the AC conductivity also has an activated
behavior with the increase of temperature. However,
comparing with the DC case, we can find that the ab-
solute value of the DC conductivity increases several
orders of magnitude, while the AC conductivity shows
only a weak increase when the temperature goes from
50 K to 350 K, revealing that the thermal activated
behavior has more effect on the DC conductivity than

50 100 150 200 250 300 350
T/K
Fig.2. The temperature dependence of the AC conductiv-
ity in DNA sequences.

It is obvious that the AC conductivity in a cor-
related case (curve A) is much larger than that in an
uncorrelated case of the Anderson limit (curve B) at
low temperatures, while at high temperatures, curve
A merges with curve B. The result indicates that off-
diagonal correlations have a great effect on the AC
conductivity, especially at low temperatures. As we
know, correlation leads to delocalization of the electri-
cal wave-function, and delocalization of the electrical
wave-function drastically enhances the hopping rate
of electrons. Therefore, the AC conductivity in a cor-
related case (curve A) is much larger than that in an
uncorrelated case of the Anderson limit (curve B) at
low temperatures. But as temperature increases, the
effective disorder also increases to some extent, and
the scattering increases, which leads to the decrease
of the mean hopping rate of the electrons. The “good”
transport due to off-diagonal correlations is cut down.
As a result, the off-diagonal correlations which lead
to “good” transport at low temperatures do not play
a vital role in AC conductivity of DNA sequences at
high temperatures. That is, the off-diagonal corre-
lations have more effect on the conductivity at low
temperatures than that at high temperatures.

Figure 3 shows the dependence of the AC con-
ductance on the concentration p of the A—T base pair.
It can be seen that the AC conductivity of DNA se-
quences (both curve A and curve B) firstly decreases
and then increases with the increase of p. It implies
that the concentration of one type of nucleotide pairs
plays an important role in electronic transport in
DNA. Obviously, probability p represents the disor-
der in a DNA sequence to some extent. For example,
when p = 0 or p = 1.0, the DNA chain is composed
of only one kind of base pairs, so it can be regarded
as a perfect periodic sequences with no disorder, and
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p = 0.5 represents the maximum disorder case. For
p < 0.5, the strength of disorder increases with the
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Fig.3. The dependence of the AC conductance on the con-

centration of A—T base pair p.

increase of the percentage of nucleotide pairs A-T,
which leads to an increase of localization of wave-
functions and results in the decrease of the jump rate.
However, for p > 0.5, the strength of disorder de-
creases with the increase of the percentage of nu-
cleotide pairs A-T, and results in the delocalization
of wave-functions and the jump rate increases. Conse-
quently, the conductivity of DNA sequences decreases
with the increase of p < 0.5, while for p > 0.5, the
conductivity increases with the increase of p.

This result also coincides with the result of Dun-
lap and Phillips, which suggests that in a binary dis-

[43,44]

ordered system, when the concentration of one

type of site is small, the probability for two nearby

sites to have the same on-site energy is small. In this
case, extended states tend to exist, which leads to the
drastic increase of conductivity of the system. As a
result, in DNA sequences which can be viewed as a
1D binary disordered system composed of base pairs
A-T and C-G in a typically random order, the AC
conductivity presents the characteristic that the con-
ductivity is high when the concentration of one type
of base pairs is small.

4. Conclusions

From the above discussion, we can draw conclu-
sions as follows:

(i) AC conductivity o,c(w) of DNA sequences in-
creases as the frequency of the external electric field
rises, and takes the form of oae(w) ~ w? In*(1/w).

(if) AC conductivity of DNA sequences increases
with the increase of temperature.

(iii) AC conductivity in an off-diagonally corre-
lated case is much larger than that in an uncorrelated
case of the Anderson limit at low temperature, while
at high temperature the off-diagonal correlations no
longer plays a vital role in electronic transport.

(iv) The proportion of nucleotide pair concentra-
tion p plays an important role in AC electronic trans-
port of DNA sequences. For p < 0.5, the conductivity
of DNA chains decreases with the increase of p, while
for p > 0.5, the conductivity increases with the in-
crease of p.
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