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Effect of thermal fluctuations of twist angles on charge transport in DNA: A model calculation
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We report theoretical investigations of charge transport through model DNA sequences with and without a
superconducting electrode, focusing on the effect of the twist angle between neighboring base pairs which
varies due to thermal fluctuations. The twist-angle fluctuation causes the averaged hopping matrix element to
decrease and to fluctuate, leading to a significant thermal enhancement of charge transport at low temperatures.
The Lyapunov exponent of the model DNA with a superconducting lead is twice that for normal leads due to
Andréev reflection, and its temperature dependence is approximately independent of the sequence.
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Charge transfer through DNA sequences has been a sub-
ject of research for several decades since the original discus-
sions by Ladik' and Eley and Splivey? in the 1960s. Such
processes have been reported in recent photoexcitation mea-
surements, which indicated long-range charge transfer
through DNA molecules.? Since charge transfer appears to be
possible from one part of DNA to other parts, extensive ef-
fort has been devoted to charge transport measurements
through DNA where charge is injected into DNA through
some external metal contacts.*”'* Experimental data col-
lected so far on charge transport through DNA have shown
different and sometimes controversial results, ranging from
proximity-induced superconductivity,” to a reasonably good
conductor with a resistance of 2.5 M(),’ to a semiconductor
behavior with an energy gap of a few eV,%® all the way to
totally insulating behavior with bias voltage up to
10 V4101516 The wide range of transport behaviors can, per-
haps, be attributed to many experimental complications in
each measurement. These complications include chemical
details of the environment, geometry and properties of the
metal contacts, length and structure of the DNA during mea-
surements, impurity, temperature, substrate, humidity, oxy-
gen concentration, water solution, etc. Since many possibili-
ties exist, an important theoretical task is to examine general
features of charge transport through DNA as affected by vari-
ous physical factors.

An interesting experimental study on transport through
DNA has been the proximity effect induced by
superconductivity.” By contacting a A-DNA molecule with
superconducting electrodes,’ it is found that DNA molecules
can conduct current down to millikelvin temperatures and
phase coherence is maintained over several hundred nano-
meters. The behavior of hybrid superconducting systems is a
very important topic in nanoelectronic device physics; it is
useful and interesting to understand the peculiarities of DNA
molecules contacted by superconductors. It is well known
that at a normal conductor—superconductor (NS) interface, an
incoming electronlike excitation can be reflected as a hole-
like excitation, the so-called Andréev reflection. This gives
rise to a doubling of the conductance quanta, i.e., Gyg
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=2Gy for hybrid quantum point contacts,'”” where Gy
=2¢?/h is the conductance quanta for normal conductors.

In this paper, we investigate the problem of how the An-
dréev reflection affects quantum transport through model
DNA sequences. An ideal theoretical transport calculation
should include superconducting electrodes, counterions, and
other environmental factors in addition to the DNA mol-
ecule, and compute nonequilibrium charge distribution and
current in an applied electric field self-consistently for a va-
riety of device and environmental configurations. Such a cal-
culation is clearly not possible even using supercomputers.
On the other hand, many qualitative physics can already be
inferred by using simple models parametrized by experimen-
tal or ab initio data. We employ such an analysis: here we
focus on the qualitative and generic transport physics rather
than quantitative details of the quantum chemistry. As such,
our work can be viewed as a part of an effort to understand
the general physics of charge transport in periodic and ape-
riodic DNA contacted by external leads.!#-14

We calculate the transmission coefficient and other related
quantities as a function of temperature, for various model
DNA sequences in the presence of a superconducting elec-
trode using a tight-binding atomic model.!3 Temperature
causes thermal fluctuations which smear out quantum inter-
ference during charge transport, as well as other structural
changes of the DNA. We focus on one of these structural
changes, namely, the twist-angle fluctuations between base
pairs. Within a tight-binding model, this effect enters into the
model Hamiltonian through the hopping parameter. Due to
this off-diagonal fluctuation, electrons are localized at high
temperatures. When the hopping matrix element is varied
due to temperature which in turn shifts resonant energy lev-
els of the system, charge transport can be greatly enhanced at
low temperatures. The charge transport under random fluc-
tuation of the twist angle is characterized by a Lyapunov
exponent y; we calculate 7y as a function of temperature T for
both normal and NS systems involving different model DNA
sequences: the poly(G)-poly(C) sequence, the Fibonacci
poly-GC sequence, several A-phage sequences, and the hu-
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FIG. 1. (a) Transmission coefficient 7 of model poly(G)

-poly(C) sequence versus energy at different temperatures. Here
tpna=1€eV. (b) Tand T’ vs energy at T=16 K.

man chromosome 22. We find that there exists an approxi-
mately universal functional form y=+(T) which holds for
the eight model DNA sequences we have studied. In the
presence of a superconducting electrode, y is found to be
twice the value of normal electrodes due to Andréev reflec-
tion.

Our analysis proceeds as follows. We consider the follow-
ing tight-binding Hamiltonian to describe the model DNA
sequences:!'"13

H=2 [~ tpy cos(B)41)(cfep +He) + €cfe] (1)
/

where c}' is the creation operator for an electron at site /; ¢; is
the on-site energy which depends on the details of the se-
quence; fpyy is the hopping matrix element at zero tempera-
ture; and 6, is the randomly fluctuating twist angle be-
tween neighboring base pairs. Here we assume that 6 follows
a Gaussian distribution such that (6)=0 and (*)=kT/IQ)?
from the equipartition theorem with IQ)/k=250 K.'3 The on-
site energies are chosen as €,=8.24 eV, €=9.14 eV, e,
=8.87 eV, and €;=7.75 eV following Ref. 18. The electrode
is made of type-G nucleotide bases. Charge transport through
NS structures is determined by the Andréev reflection coef-
ficient 7,7

T,=2T12 -1 )

where 7 is the transmission coefficient of normal structures.

In the following calculation, we choose the hopping ma-
trix between electrodes and the scattering region to be 7,
=1 eV; other values 7, are also studied. In Fig. 1(a), we plot
the transmission coefficient 7 of the poly(G)-poly(C) se-
quence as a function of the Fermi energy at three different
temperatures 7=0, 16, and 40 K (solid, dotted, and dashed
lines, respectively). Since any measurement is carried out
within a finite time interval which potentially samples many
structure configurations, in the numerical calculation we
have averaged over 10 000 configurations for each energy. In
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FIG. 2. 7 vs temperature at different energies. Inset: 7 (solid
line) and 7" vs temperature for E=6.4 eV.

general, the temperature has two effects on the hopping ma-
trix element 7py,: the thermal fluctuation part that obeys a
Gaussian distribution; and the variation of rms of the hop-
ping matrix element due to change of temperature. Indeed,
Fig. 1(a) shows these two effects on the transmission coeffi-
cient 7. (1) 7 has two envelopes'® at zero temperature corre-
sponding to the maxima and minima of 7 (solid line). Due to
thermal fluctuations, quantum interference is partially de-
stroyed and the magnitude of the envelopes in the transmis-
sion coefficient decreases (dotted and dashed lines). (2) Al-
though thermal fluctuations destroy quantum interference, a
thermal enhancement of conductance at low temperature is
possible, due to a shift of resonance levels in the model
DNA. From Fig. 1(a), comparing peak positions E, of each
curve, we observe that at a finite temperature E, has a non-
linear shift from the center of the band gap (around E.
=8.4 eV). Roughly, E, is shifted to (E,—E,)t;/tpys, Where
tr=1tpNa cos(\/@) is the rms hopping matrix element at
temperature 7' (a similar shift is also seen in Fig. 2). There-
fore, due to the shift of resonance positions, at a given en-
ergy E the transmission coefficient 7(E) can vary from a
minimum to a maximum when the temperature is varied—
thus a thermal enhancement which is a drastic change of
transport properties. To understand what physical factor
causes this drastic effect, Fig. 1(b) plots 7 at temperature T
=16 K (solid line) and the corresponding transmission coef-
ficient 77 (dotted line) which is obtained by neglecting the
thermally fluctuating part of the hopping matrix element, i.e.,
replacing fpy, cos 0 by t7. The peaks of 7and 77 are aligned
perfectly, allowing us to conclude that shifts of peak posi-
tions in Fig. 1(a) are solely due to variations of the rms
hopping matrix elements. To understand this, we note that
the rms hopping matrix element ¢, at finite temperature is
smaller than that of the zero-temperature 7y, and hence the
energy spectrum of the corresponding model DNA sequence
is shifted. This in turn affects the resonant level of the model
DNA sequence and its transmission coefficient. Since the
resonant level is not very sensitive to on-site energy, the total
energy scale of the transmission coefficient is scaled by a
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FIG. 3. 7 vs energy at different

temperatures for (a) A,-DNA se-
quence and (b) the human chro-
mosome 22. Solid line (7=0),

dashed line (T=16 K), and dotted
line (T=40K). (¢) and (d) T
(solid line) and 7, vs temperature
at fixed energies.
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factor t;/tpy, from the kinetic term of the Hamiltonian.
Hence we conclude that thermal fluctuations of the hopping
matrix element destroy phase coherence while the change of
the rms hopping matrix element shifts the resonant peaks.

Figure 2 plots the transmission coefficient 7 versus tem-
perature for several energies. When energy is chosen at a
resonance (solid line), 7 decreases as temperature increases.
Near 7=10 K there is a small peak indicating thermal en-
hancement due to the shift of resonant peaks as discussed
above. The inset plots a comparison between 7 (solid line)
and 7" (neglecting thermal fluctuation) versus temperature at
E=6.4 eV: there would be more peaks in transmission coef-
ficients versus temperature if there were no thermal fluctua-
tion. When the system is off resonance (dotted line in main
panel of Fig. 2), 7 increases rapidly as temperature is turned
on, and there are two peaks at 7=3 and 10 K as a result of
thermal-assisted transport. The thermal enhancement can
also be observed at a higher temperature 7=20 K (dashed
line in Fig. 2).

Our numerical results indicate that thermal enhancement
is a generic feature that exists in other model DNA sequences
such as poly(G)-poly(C), Fibonacci poly-GC sequences,
several N\ phage sequences, and the human chromosome 22.
Figures 3(a) and 3(b) plot the transmission coefficient 7 ver-
sus energy at different temperatures for \,-DNA and human
chromosome 22 model sequences. We note that at zero tem-
perature, the result agrees with that of Ref. 20. In Figs. 3(c)
and 3(d), the enhancement of the transmission coefficient
and Andréev transmission coefficient are displayed.

We have also investigated the temperature dependence of
the Lyapunov exponents for different model DNA sequences.
The Lyapunov exponent is defined as y=—(In[7(E)])z/2N
where N is the number of sites in the DNA and (- --) is the
average over the energy.?! We found that at zero temperature
the Lyapunov exponents of eight different types of DNA
sequences, the poly(G)-poly(C) sequence, the Fibonacci

20
Temperature (K)

poly-GC sequence, the \; chain (the first 60 base pairs of the
\ phage sequence), the N\, chain (the next 60 base pairs), A3,
N4, and N5, and the human chromosome 22 are, respectively,
v;=0.086, 0.073, 0.112, 0.114, 0.131, 0.083, 0.081, and
0.093. At finite temperatures, we can express the Lyapunov
exponent as'! y,(T)=y;+ ¥(T) where y(T) is the temperature-
dependent part. Our numerical results show that Lyapunov
exponents of the above eight different types of DNA se-
quences have approximately the same temperature depen-
dence [Fig. 4(b)], i.e., ¥(T) is approximately a universal
function.

In the presence of a superconducting electrode, Andréev
reflection can enhance or suppress charge transport depend-
ing on whether the system is near a resonance. Figure 4(a)
depicts the Andréev reflection coefficient versus energy at
different temperatures. We have the following observations.
(1) At zero temperature, the resonant peak value reaches 2
instead of 1 as in the normal case [compare to Fig. 1(a)]. (2)
The minima of the Andréev reflection coefficients decrease
drastically. (3) Similar to Fig. 1, the resonant structure in Fig.
4(a) shows the same nonlinear shift giving rise to thermal
enhancement of charge transport [see also Fig. 4(c)]. These
features can be understood from Eq. (2) by which we ob-
serve that there is a value for the transmission coefficient 7
=0.764 above (below) which 7, [Eq. (2)] is enhanced (sup-
pressed). In particular, when the system is very transmissive
or near a resonance, i.e., when 7~ 1, we have 7, ~27. This
is the well-known doubling effect due to Andréev reflection.
However, when the system is off resonance or in the local-
ization regime with very small transmission coefficient 7°
<1, we have T,~7?/2 which is even smaller. Because of
this feature, we have the relation yyg=27vy in the large-N
limit. Our numerical results on eight different model DNA
sequences confirm this result at finite temperatures below the
superconducting transition. Figure 4(c) shows the transmis-
sion coefficient versus temperature for the poly(G)-poly(C)
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sequence with or without a superconducting electrode: the
thermal enhancement of transport for NS systems is signifi-
cantly larger than that for the normal system. Finally, for a
different hopping matrix element #p5,=0.4 eV, which is the
value obtained from ab initio calculation,'® our general con-
clusion concerning thermal enhancement of charge transport
remains the same. Furthermore, the inset of Fig. 4(b) shows
that for tpy,=0.4 eV, Y(T) for all the model DNA sequences
are still a universal function.

In summary, using a simple tight-binding atomic model,
we have investigated qualitative features of charge transport
through eight different kinds of model DNA sequences with
or without a superconducting electrode. At finite tempera-
tures, thermal fluctuations of the twist angle between neigh-
boring base pairs give rise to fluctuations of the hopping
matrix element between base pairs with a variable rms value.
Due to the change of hopping matrix element, a thermal
enhancement of charge transport is observed which we found
to be a generic feature of all the model DNA sequences stud-
ied. For poly(G)-poly(C) sequences, this enhancement can
be observed at 7=20 K. Larger enhancement is found when

T

10 20
Temperature (K)

a superconducting electrode is present. The Lyapunov expo-
nents are calculated for different model DNA sequences. We
found that although the Lyapunov exponents for different
model DNA sequences can be different at zero temperature,
its temperature-dependent part is approximately a universal
function of temperature. In the presence of a superconduct-
ing electrode, the Lyapunov exponent doubles the value of
the normal system. Since /-V characteristics of various DNA
sequences have already been experimentally measured, the
thermal enhancement effect should be experimentally test-
able. A measurement of the Lyapunov exponent as a function
of temperature, while an experimental challenge, should also
be possible. Finally, another interesting problem would be a
theoretical study of the variable-range-hopping model in the
presence of a superconducting lead. The technique in Ref. 22
can perhaps provide a starting point along this line.

This work is supported by a RGC grant from the HKSAR
Government under Grant No. HKU 7044/04P. Z.H.M. is
supported by NNSFC with Grant Nos. 90103027 and No.
10274069. H.G. is supported by NSERC of Canada, FQRNT
of Québec, and CIAR.

*Electronic mail: jianwang @hkusub.hku.hk

'J. Ladik, Acta Phys. Acad. Sci. Hung. 11, 239 (1960).

2D. D. Eley and D. 1. Spivey, Trans. Faraday Soc. 58, 441 (1962).

3S. M. Gasper and G. B. Schuster, J. Am. Chem. Soc. 119, 12762
(1997); E. D. Lewis, T. Wu, Y. Zhang, R. L. Letsinger, and S. R.
Greenfield, and M. R. Wasielewski, Science 277, 673 (1997); D.
B. Hall, R. E. Holmkin, and J. K. Barton, Nature (London) 382,
731 (1996).

4E. Braun, Y. Eichen, U. Sivan, and G. Ben-Yoseph, Nature
(London) 391, 775 (1998).

SH. W. Fink and C. Schonenberger, Nature (London) 398, 407
(1999).

9H. Watanabe, C. Manabe, T. Shigematsu, and M. Shimizu, Appl.
Phys. Lett. 79, 2462 (2001); H.-Y. Lee, H. Tanaka, Y. Otsuka,
K.-H. Yoo, J. O. Lee, and T. Kawai, ibid. 80, 1670 (2002); J. S.
Hwang, K. J. Kong, D. Ahn, G. S. Lee, D. J. Ahn, and S. W.

035456-4



EFFECT OF THERMAL FLUCTUATIONS OF TWIST...

Hwang, Appl. Phys. Lett. 81, 1134 (2002); D. Porath, A.
Bezryadin, S. de Vries, and C. Dekker, Nature (London) 403,
635 (2000).

7A. Yu. Kasumov, M. Kociak, S. Gueron, B. Reulet, V. T. Volkov,
D. V. Klinov, and H. Bouchiat, Science 291, 280 (2001).

8P Tran, B. Alavi, and G. Gruner, Phys. Rev. Lett. 85, 1564
(2000); L. Cai, H. Tabata, and T. Kawai, Appl. Phys. Lett. 77,
3105 (2000).

9Y.-J. Ye, R.-S. Chen, A. Martinez, P. Otto, and J. Ladik, Solid
State Commun. 112, 139 (1999); Y.-J. Ye, R.-S. Chen, F. Chen,
J. Sun, and J. Ladik, ibid. 119, 175 (2001); L. Shen, Y.-J. Lee,
and J. Ladik, ibid. 121, 35 (2002).

10y, Zhang, R. H. Austin, J. Kraeft, E. C. Cox, and N. P. Ong, Phys.
Rev. Lett. 89, 198102 (2002).

117, G. Yu and X. Song, Phys. Rev. Lett. 86, 6018 (2001).

12X. Q. Li and Y. J. Yan, Appl. Phys. Lett. 79, 2190 (2001).

13S. Roche, Phys. Rev. Lett. 91, 108101 (2003).

PHYSICAL REVIEW B 72, 035456 (2005)

¥M. Unge and S. Stafstrom, Nano Lett. 3, 1417 (2003).

15p J. de Pablo, F. Moreno-Herrero, J. Colchero, J. Gomez Herrero,
P. Herrero, A. M. Baro, P. Ordejon, J. M. Soler, and E. Artocho,
Phys. Rev. Lett. 85, 4992 (2000).

16 A J. Storm, J. van Noort, S. de Vries, and C. Dekker, Appl. Phys.
Lett. 79, 3881 (2001).

17C. W. J. Beenakker, Rev. Mod. Phys. 69, 731 (1997).

18H. Sugiyama and 1. Saito, J. Am. Chem. Soc. 118, 7063 (1996);
H. Zhang, X. Q. Li, P. Han, X. Y. Yu, and Y. J. Yan, J. Chem.
Phys. 117, 4578 (2002).

19y Zhu, C. C. Kaun, and H. Guo, Phys. Rev. B 69, 245112
(2004).

208, Roche, D. Bicout, E. Marcia, and E. Kats, Phys. Rev. Lett. 91,
228101 (2003).

21p. D. Kirkman and J. B. Pendry, J. Phys. C 17, 4327 (1986).

22F. B. Beleznay, F. Bogir, and J. Ladik, J. Chem. Phys. 119, 5690
(2003).

035456-5



