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ac conductivity in a DNA charge transport model
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We present the ac response of a DNA charge transport model, where the charge in the m-stack interacts with
the base-pair opening dynamics of the double strand. The calculated ac conductivity exhibits prominent peaks
at polaron normal modes with electronic character, while weaker response appears at lower frequencies in the
vibrational part of the polaron normal mode spectrum. Examples of the former, strong peaks, show redshifts as

the amplitude of the ac field increases.
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The electronic conduction properties of DNA have re-
cently attracted much attention both among biologists and
physicists. There is clear evidence that charge injection and
migration is associated with damage, mutation, and repair of
DNA [1], and excitement has been generated by the emer-
gent nanotechnology aspects of single molecule DNA con-
duction [2-4]. The basis for the potential single molecule
conduction is rooted in the unique structure of DNA resulting
in orderly 7r-7r orbital stacking with 3.4 A separation, which
resembles a high mobility structural pathway for charge
transfer. This supposed m-way was initially referred to as
“wirelike,” however much controversy surrounds the under-
standing of the nature of the measured charge transport along
the double helix. This is the consequence of conflicting ex-
perimental reports that range from suggesting DNA to be
metallic [5], to semiconducting [6], and insulating [7].

In this controversy the detailed dc transport measurements
performed by Yoo er al. [8] stand out because these results
are well explained by a model in which the conduction is due
to thermally activated hopping of small polarons [9]. Further
evidence for the small polaron mechanism is provided by
recent ab initio calculations [10], demonstrating a strong
hole-lattice coupling and clear evidence for the formation of
small polarons in DNA. This work also demonstrated that the
large deformation of the macromolecule resulting from po-
laron formation occurs at the weakest bonds in the base-pair
complex. The weakest bonds are clearly the two (AT base
pairs) or three (GC base pairs) hydrogen bonds forming be-
tween the complementary bases in the double helix. The
most important structural degrees of freedom in this context
is therefore the hydrogen bonds between complementary
bases.

Several microscopic polaronic models, which take into
account the coupling of a charge carrier in a DNA helix with
the structural degrees of freedom of the deformable biomol-
ecule have been proposed [11-17]. Here, we will take advan-
tage of the accurate description of the base-pair dynamics
[18-20] provided by the Peyrard-Bishop-Dauxois (PBD)
model [21]. This model has, by detailed comparison to sev-
eral experiments, been demonstrated to describe very accu-
rately the dynamics of the strand separation in double
stranded DNA. In agreement with the findings of ab initio
calculations [10], we have previously proposed the coupling
of the charge’s on-site energy—in a tight-binding
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framework—with these structural motions, in order to ex-
plore polaronic effects [13—15].

Here, we are mainly interested in the behavior of the ac
conductivity of the coupled model. Contactless ac conduc-
tion measurements have been performed, investigating both
the temperature [22] and the frequency dependence of the ac
conductivity [23,24]. The temperature dependence has been
theoretically discussed in several studies [25,26]. The mea-
sured variation of the conductivity with frequency shows a
power law dependence below ~1 THz [23,24]. Although it
has been argued that the observed ac conductivity at low
frequencies is most likely due to dissipation from dipole mo-
tion in the water surrounding the helix [24], there is likely to
also be some absorption due to doping at DNA breaks [27].
Even though other factors may be dominating the optical
response at lower frequencies, important signatures of po-
larons can exist at higher frequencies. We therefore calculate
the frequency dependence of the real and imaginary part of
the ac conductivity of the model at relatively higher frequen-
cies and zero temperature. We have previously determined
[14] the detailed polaron normal mode spectrum of the
model we are applying. This normal mode spectrum will be
crucial for our understanding of the features we observe in
the ac conductivity. Due to the dominant effects of the
trapped water or doping at lower frequencies [24,27], we do
not expect our present model to reproduce experimental ob-
servations in the low frequency regime (below ~1 THz).

In the semiclassical approximation [13-15], the equations
of motion of this model, in the presence of an electric field
E(r), read

av
ifi dl‘n == V(\Pnﬂ + \Pn—l) + Xynq,n - QendE(t)\Pn (1)
and
dzy” U ! ! 2
m dt2 == VM(yn) -W (ymyn—l) -W (yn+l’yn) - X|\Pn|
dy,
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where n labels the base pairs along a DNA chain, V¥, is the
probability amplitude for the charge carrier located at the nth
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base pair, y, corresponds to the stretching displacement of
the nth base pair from equilibrium, ¢, is the carrier’s charge,
d=3.4 A is the distance between successive base pairs, x is
the charge-vibrational coupling constant, V is the tight-
binding hopping integral taken equal to 0.1 eV, and V,,, W
are the on-site and stacking potential energies, respectively,
of the PBD model,

Vi) = D(e™®n=1)%, 3)

k :
W(ynayn—l) = 5(1 + Pe_'B(y”ﬂ”‘l))(yn - yn—1)2~ (4)

In Eq. (2), m=300 amu is the nucleotide mass, prime denotes
differentiation with respect to y,,, and the last term represents
the dissipation necessary for achieving a steady state under
the action of a periodic external field E(z). The parameters of
the PBD potentials (3) and (4) are D=0.04 eV, a=4.45 A~!,
k=0.04 eV/A2, p=0.5, and B=0.35 A~' [21]. We have con-
sidered the case of homopolymer DNA and a length of N
=100 base pairs in our numerical calculations. For more de-
tails about the coupled charge-vibrational model see Refs.
[13-15].

This model admits polaronic solutions as ground states
and here we consider their response to an external ac electric
field. The optical conductivity is obtained through numerical
calculation of the current density, when a steady state is
reached in the presence of the periodic external perturbation.
In our discrete system the local current density at the nth
base pair is

lﬁqg * * *
Ju(t) = m dz[\lfn(\PnH - q,n—l) - \Irn(\I’VHl - \I,n—l)]a
(5)
while the average current density through the one-

dimensional stack is given by
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where m, is the mass of the carrier, N is the total number of
base pairs, and L=Nd the length of the considered DNA.

In linear response, the optical conductivity o(w) is de-
rived in the steady state from the proportionality relation
between the current density and the electric field in the fre-
quency domain,

J(w) = o(w)E(w). (7)

The initial state for our simulations is the ground state po-
laron. We solve numerically the equations of motion (1) and
(2) in the presence of an ac electric field,

E(t) = Ey cos(wt). (8)

After an initial transient time, the system reaches a steady
state, where the current density is

J(1)=Jy cos(wt + ). 9)

From the Fourier transform of J(z) and E(z), using Eq. (7) we
obtain the real and imaginary part of the ac conductivity as
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FIG. 1. (Color online) (a) Current density J(z) in arbitrary units
as a function of time for =0.6 eV/A, Ey=2X107° V/A, and driv-
ing frequency w=27 THz. Continuous line (left part) corresponds to
the transient behavior and dashed line (right part) to the steady
state. (b) and (c) Fourier transforms of the transient and the steady
state, respectively. The vertical dotted lines in (b) and (c) show
positions of the polaronic normal mode frequencies. The arrow in
the x axis in (c) indicates the frequency of the electric field applied.

_Jo ig
o-(w)—EOe . (10)

Varying the frequency w of the external field (driving fre-
quency), we calculate the dependence of o(w).

In Fig. 1(a) we show the typical behavior of the current
density J(r), Eq. (6), found in our simulations. The left part
of the curve (continuous line) corresponds to the initial tran-
sient behavior, and the right part (dashed line) to the steady
state. The corresponding Fourier transforms of these two re-
gimes are shown in Figs. 1(b) and 1(c), respectively. In Fig.
1(b), apart from a strong signal response at the driving fre-
quency, additional peaks exist in the Fourier transform of the
transient regime, corresponding to excited internal modes. In
the steady state the internal modes have been damped and
only the driving frequency remains. The friction parameter y
is modified during the numerical simulations in order to ac-
celerate the relaxation process and more rapidly eliminate the
transient behavior of the system. We start with y=10 ps~!
and then we gradually decrease it in small steps (in order to
avoid additional transient behavior) to the final value 7y
=2 ps~!. We have chosen this final value so as to produce a
peak sufficiently broad to be observed within the resolution
of the frequency increments we use in order to cover an
extended regime in w.

In Fig. 2 we present the dependence of the real part (og)
and the imaginary part (o;) of the ac conductivity on the
frequency of the external field. The optical conductivity ex-
hibits strong peaks at resonances with normal modes of the
polaron. The positions of the frequencies of the polaron’s
normal modes are also shown in Fig. 2 by vertical dotted
lines. A detailed investigation of the polaron eigenmodes and
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FIG. 3. (Color online) Real part o of the conductivity as a

function of frequency for (a) y=1.4 eV/A and (b) xy=2 eV/A, in
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FIG. 2. (Color online) (a) Real part o and (b) imaginary part o;
of the conductivity as a function of frequency, for y=0.6 eV/A and
Ey=2%X10"% V/A. In the insets we plot the real and imaginary
parts, respectively, of the conductivity for low frequencies, i.e., in
the vibrational part of the spectrum. Vertical dotted lines show the
positions of normal mode frequencies of the polaron, while the
shadowed stripe in the insets represents the phononic band.The dot-
ted horizontal line in (b) indicates the zero value.

their dependence on the coupling parameter y has been pre-
sented in Ref. [14]. The strongest peak in the conductivity
occurs at the lowest frequency polaronic normal mode with
primarily electronic character (see Ref. [14]), with frequency
w,1=26.019 THz for the case of y=0.6 eV/A, shown in Fig.
2. The polaronic normal modes appear in adjacent pairs of
even and odd symmetry. Only the antisymmetric modes are
observed to respond to the ac drive. In addition to the promi-
nent features in o(w) at the electronic part of the polaron
normal mode spectrum (at relatively high frequencies), the
system exhibits weaker response in the vibrational
(phononic) part of the spectrum at lower frequencies (see
insets of Fig. 2). In this regime, for y=0.6 eV/A there is an
antisymmetric pinning mode with vanishing frequency (see
Ref. [14]), which results in finite conductivity o4 #0 at @
—0 [inset of Fig. 2(a)]. This demonstrates conducting be-
havior in the case of existence of large polarons, correspond-
ing to such small values of y. Note the difference of a few
orders of magnitude in the scale of the system’s response in
these two frequency regimes (vibrational vs electronic part of
the spectrum).

For higher values of the coupling constant Y, correspond-
ing to small polarons, the conductivity shows similar behav-
ior. Again there exist strong peaks at the electronic part of
the polaron normal mode spectrum (at even higher frequen-
cies now, cf. Fig. 4 of Ref. [14]), but longer transient times
are necessary for reaching the steady state. A qualitative dif-
ference appears in the vibrational part of the spectrum, where
the lowest frequency polaronic eigenmode now has finite
frequency (see the mode labeled “1” in Fig. 4 of Ref. [14],
which tends towards the lower edge of the phononic optical
band of the PBD model as y increases) and the response is

the vibrational part of the spectrum. The amplitude of the ac field is
Ey=2%10"% V/A. Vertical dotted lines show the positions of dis-
crete polaronic normal mode frequencies, while the shadowed stripe
represents the phononic band of the polaronic normal mode
spectrum.

weaker. For example, in Fig. 3(a) we show the real part of
the optical conductivity in this regime for y=1.4 eV/A.
Contrasting with the response shown in the inset of Fig. 2(a),
we see that for small polarons the dc conductivity (for w
—0) vanishes, resulting in insulating behavior. When y in-
creases further and the localized polaronic eigenmode “1”
enters the phononic optical band, the response in the low
frequency part of the spectrum comes from the localized an-
tisymmetric polaronic eigenmode above this band (mode la-
beled “4” in Fig. 4 of Ref. [14]) and is even weaker [see Fig.
3(b)].

The position of the peaks appearing in the ac response of
the system may depend on the amplitude E, of the external
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FIG. 4. (Color online) Variation of the frequency of the ac re-
sponse with the amplitude E;, of the ac field (8). (a) Redshift of the
most prominent peak of o(w) for y=0.6 eV/A. (b) Absence of
redshift for the weaker feature at the vibrational regime for y
=1.4 eV/A. The errors 6w correspond to the frequency increments
used in the calculations. The dotted lines are guides to the eye.
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field. In Fig. 4(a) we show that the most prominent peak of
o(w) for y=0.6 eV/A (the case shown in Fig. 2) moves
towards lower frequencies by increasing E,, thus exhibiting a
significant redshift. This mode corresponds to the lowest fre-
quency polaronic eigenmode with primarily electronic char-
acter. As can be seen from Fig. 2, the redshifts of the elec-
tronic character polaronic normal modes depend on the
particular peak and it seems that they are more pronounced
for higher frequencies. On the contrary, such a redshift is
absent for the weaker vibrational peak at y=1.4 eV/A [case
shown in Fig. 3(a)], as can be seen in Fig. 4(b).

In summary, our calculations show peaks of the ac con-
ductivity at (i) many antisymmetric polaron normal modes
with electronic character (the dominant features of the ac
spectrum at relatively high frequencies) and (ii) a single an-
tisymmetric polaronic eigenmode (the lowest-frequency lo-
calized eigenmode) in the vibrational part of the spectrum (a
much weaker but clearly distinguished feature at lower fre-
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quencies). The ac-field “active” eigenmodes determined
here, combined with the known dependence of the whole
polaronic normal mode spectrum on the coupling parameter
x [14] (the only parameter of the model where no estimate of
its value is currently available), allows the prediction of the
ac response of the system for any value of y.

The calculation of experimentally measured quantities,
such as the ac conductivity presented here or the diffusion
coefficient reported in Ref. [28], allows direct tests of our
coupled charge-lattice model. In view of the many different
charge-vibrational models that have been proposed for
charge transport in DNA [11,13,16,29,30], such an evalua-
tion is necessary to determine the principle structural degrees
of freedom coupled to charge motion.

Research at Los Alamos National Laboratory is per-
formed under the auspices of the U.S. Department of Energy
(Contract No. W-7405-ENG-36).
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