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We theoretically investigate the electronic transport properties of a multi-terminal tetrahedron-

structured DNA under a uniform magnetic field. Based on a tight-binding model, the current and

nonlocal resistance are calculated under different situations by employing the Landauer—Biittiker
formula. Our results indicate that the current displays a clear sign of interference in the presence of

the magnetic field and can be mainly divided into three patterns, as demonstrated by the Fourier

transformation. Furthermore, the tetrahedron-structured DNA can be used as a molecular switch.

The underlying physical mechanisms are analyzed for the various phenomena observed in this three-

dimensional DNA interferometer.
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1 Introduction

The charge transport properties of the DNA molecules
have attracted extensive attention during the last years.
Since Eley and Spivey first suggested that the DNA
may conduct charge carriers [1], it has been expected
to be a fascinating material in the research field of na-
noelectronics. The DNA has great self-assembly prop-
erty which allows us to make various three-dimensional
(3D) structures and can be synthesized in any specific
sequence. These important features have spurred many
experiments to study the electronic transport properties
of the DNA. However, the experimental results are quite
different that the DNA could be insulator [2-5], semicon-
ductor [6-9], conductor [10-13], or even induced super-
conductor [14]. These controversial results can be traced
back to the intrinsic and extrinsic experimental compli-
cations, including the DNA samples, humidity, counte-
rions, and the coupling between the DNA and the elec-
trode [15]. Recently, it has been reported that perfectly
packed double-stranded DNA (dsDNA) monolayer can
transport electrons over 34 nm efficiently [16]. Further-
more, the dsDNA can be also used as a spin filter with
high spin polarization at room temperature [17-19]. And
the spin filtration efficiency could be controlled by vary-

ing the DNA length, the sequence, and the gate voltage
[20, 21]. This property indicates that the dsDNA is an
excellent candidate for spintronics.

Nevertheless, there is a major problem about the ds-
DNA monolayer, that is the crowding effect. Since the
dsDNA cannot stay upright on the electrode, there will
be phase segregation, interstrand entanglement, end-to-
end collision and some of the dsDNA will bend toward
the electrode [22-24]. Such a drawback will affect the
charge transport efficiency and prevent us from inves-
tigating the electronic properties of the dsDNA pre-
cisely. A 3D DNA, namely the tetrahedron-structured
DNA, has been designed to avoid this drawback of the
dsDNA [25, 26]. Because of its robust structure, the
monolayer of the tetrahedron-structured DNA can not
only hold back the crowding effect, but also transport
electrons with high efficiency [24]. Besides, for its fab-
ulous properties, the tetrahedron-structured DNA pos-
sesses a promising future to be used in various areas:
(i) It can be an important platform for biosensing [27].
The tetrahedron-structured probe has better sensitivity
than single-stranded DNA (ssDNA), and the sensitivity
can be improved as much as 250-fold. It also has ex-
cellent selectivity of single-base mismatch for the target
DNA. In contrast to the ssDNA probe, the tetrahedron-
structured DNA probe can be widely used in biological
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fluids such as serum owing to its protein-prevent prop-
erty [27]. Based on these great properties, quite a lot of
work has been down to use this kind of probe in different
areas [28, 29]. (ii) Moreover, very recently, Walsh et al.
reported that the hollow structure of the tetrahedron-
structured DNA could make it a great nanoscale mate-
rial for delivering and controlling cargoes (e.g., medicine)
within the cells in biology [30]. The experiment showed
that the uptake of the tetrahedron-structured DNAs into
the cells could happen without help from other ma-
terials and they could stay intact in the cells for at
least 48 hours [30]. And further experiment showed that
the tetrahedron-structured DNAs which were appended
with un-methylated cytosine-phosphate-guanine motifs
could induce the secretion of cytokines when they were
in the cells [31]. Though with these advantages, the
tetrahedron-structured DNA can be synthesised quickly
and reliably with high yield. However, to our knowledge,
no theoretical work has been done about the tetrahedron-
structured DNA.

In this paper, we explore the electronic transport prop-
erties of the tetrahedron-structured DNA in the presence
of a uniform magnetic field by combining the Landauer—
Biittiker formula and nonequilibrium Green function
method. The current and nonlocal resistance are stud-
ied. The current shows clear sign of interference and has
classic Aharonov—Bohm period. Besides, other proper-
ties of the current are also described and can be proved,
for which the tetrahedron-structured DNA can be used
as molecular switch, 3D interferometer, etc.

The rest of the paper is organized as follows: In Sec-
tion 2, we present the theoretical model with parameters
determined by the first-principles calculations. In Sec-
tion 3, the current and nonlocal resistance are studied
under different conditions. Finally, we give our conclu-
sion about the results in Section 4.

2 Model

In our model, six same ssDNAs with no helix make up of
the tetrahedron. And the whole tetrahedron-structured
DNA only consists of one kind of nucleobase with a uni-
form magnetic field perpendicular to the bottom surface
(see Fig. 1). The Hamiltonian can be written as

6 /N N-1

H = Z (Z Ejia;iajﬂr Z tjl-e‘@i’i“a;iaji+1+H.c.>
j=1 \i=1 i=1

(1)

where aL- and aj; are, respectively, the creation and an-

nihilation operators at site ¢ of the jth ssDNA, €;; is the
on-site energy and t;; is the hopping integral. The per-

pendicular magnetic field brings a phase ®; ;41 to the
hopping element between two neighboring sites, and its
expression is @; ;41 = fZHA -dl/ Py with &y = h/e.
Each vertex of the tetrahedron-structured DNA is con-
tacted by a normal metal electrode. The current in the
pth lead can be calculated from the Landauer—Biittiker
formula [32]: I, = (2¢*/h)Y, Tpm (Vi — V,) and V,,
is the voltage in the pth lead. Through nonequilibrium
Green function we can express the transmission coeffi-
cient as Ty, = Tr[I},G" [, G| with the Green functions
G" =[G' = [EI - H — Y 577" and the linewidth
functions I, = i[%) — X7]. Here E is the Fermi energy,
I is an identity matrix and X7 (X)) is the retarded (ad-
vanced) self-energy which describes the coupling to the
pth lead. By taking the wide bandwidth approximation
[33, 34], the retarded and advanced self-energies are as
follows: X = [E;]T = —il,/2. In this model we set
€j; = 0 and t;; = 0.1, which are determined by first-
principles calculations [35-37]. Also we fix I}, = 0.1.

(@ (b) Nz
B
4 2 4 L | ] 3
LT ol
21-vn

Fig. 1 Schematic views of the tetrahedron-structured DNA with
different boundary conditions. The full circles represent the nucle-
obases. A uniform magnetic field is applied to be perpendicular to
the bottom surface and each vertex of the tetrahedron-structured
DNA is connected to a lead. (a) A voltage V is applied in the
first lead and the voltages are 0 in the other three leads. (b) Two
voltages V/2 and —V/2 are applied in the first and second leads,
respectively, and the currents are 0 in the other two leads.

Two conditions are concerned for this model: (i) A
voltage V is applied in the first lead and the voltages
in the bottom three leads are 0 [see Fig. 1(a)]. Due to
the symmetry of the structure, the currents in the bot-
tom three leads are all the same. (ii) A bias V is applied
between the first and second leads, which leads a cur-
rent flowing from the first lead through the tetrahedron-
structured DNA to the second lead. The third and fourth
leads are set as the voltage probe with currents being
zero. In fact, these two different situations will show
identical quantum interference properties. Therefore, we
will only give the flux-dependent current for situation (i),
which is more closer to the experiment [27].
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3 Results and discussion

Let us first investigate the condition (i). Figure 2 plots
current versus the Fermi energy E for two different
lengths. One notes the energy spectrum consists of peaks
which are almost of the same height. More peaks appear
[see Fig. 2(b)] by lengthening the ssDNA and the num-
ber of the peaks is nearly proportional to the length.
This is because more energy states emerge as the ssDNA
becomes longer.

031 @ 1(b)
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Fig. 2 Energy-dependent current in one of the bottom leads for
(a) n = 10 and (b) n = 30 by fixing & = 0.25%. Here, n is
the number of nucleobases in a ssDNA of the tetrahedron and ¢
represents the magnetic flux through one side triangle of the tetra-
hedron.

We then focus on the electronic transport properties of
the tetrahedron-structured DNA under a perpendicular
magnetic field. Figure 3 shows current vs. magnetic flux
for several values of Fermi energy with different lengths.
One notes that the current oscillates with the magnetic
flux in different patterns. It is a clear sign of interfer-
ence for the different electron paths in the system due
to the influence of the magnetic flux. However, the cur-
rent curves are quite dissimilar for different lengths and
energy values, they do share some characteristics accord-
ing to the high symmetry of this structure. For instance,
the most obvious feature is that the current has a pe-
riod of @y, it can be expressed as I(@) = I[(P + Py) as
illustrated in the figure. This is classic AB period, and
for which we can just investigate the current curves in a
period of @y. Furthermore, for a certain length with dif-
ferent Fermi energy, three patterns are distinguishable
of the current curves: (1) the current oscillates once in
a period; (2) the current oscillates twice in a period;
(3) peaks appear in a period. And curves for other en-
ergy values can be included into these three patterns as
well. Besides, to further explore the underlying mean-
ing of these three patterns, Fourier transformation is in-
troduced below. Apart from this, the flux-dependent
current also possesses other properties which may not
seem quite obvious. First I(®) = I(— @), which reveals
the current will not be affected by reversing the mag-
netic field. Second I(®) = I(kPy — @) with k the in-

teger, this formula can be seen as the extended version
of the first one. By fixing k£ = 0, the first formula can
be easily derived. Moreover, the second feature shows
the curve is centred at @ = k®y/2 as illustrated in the
figure. All the properties mentioned above can be demon-
strated analytically. In addition, another major property
of the tetrahedron-structured DNA arouses our atten-
tion. For a given length, the current changes sharply
with the flux under a specific Fermi energy (see Fig. 3).
That means a small alteration in the magnetic flux will
lead to a sudden jump in the current from zero to a
finite value or the reverse. Accordingly, the tetrahedron-
structured DNA is a promising material for molecular
switch. In our model, the current is formed by electrons
hopping between neighboring nucleobases. So when the
number of nucleobases along each edge of the tetrahe-
dron is changed, the resonant energies will be shifted
and the current at a fixed Fermi energy should be dis-
similar. Thus for different lengths, the switchable current
appears under different Fermi energies. Moreover, other
kinds of molecular switch can be achieved by fixing the
magnetic flux while changing the Fermi energy or length.

0.4 = (a)

1(2e*VIh)

1(2e*V/h)

1(26*VIh)

/D,

Fig. 3 Flux-dependent current for (a) n = 10, (b) n = 30, and
(c) n = 60 with several values of Fermi energy E.

In order to investigate the implied meaning of the three
patterns of the flux-dependent current curves, Fourier
transformation is introduced to do the spectrum anal-
yse. The transform expression is as follows:

Ay = ‘ /0% I(9)e MP4p (2)
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Here Ajp; represents amplitude, M is integer which
means harmonic frequency. We focus on the tetrahedron-
structured DNA with n = 30 [see Fig. 3(b)], for three dif-
ferent Fermi energy values which correspond to the three
patterns of the current curves we give the results of the
Fourier transformation (see Fig. 4). One clearly notices
three distinct different situations: (i) the amplitude of
the first harmonic wave is much larger than the others,
indicating one oscillation in a period @y; (ii) the ampli-
tude of the second harmonic wave is much larger than the
others, which leads to two oscillation in a period; (iii) the
amplitude of the first several harmonic waves are all quite
large and close, then peaks appear due to the addition of
these waves. Besides, the results of Fourier transforma-
tion for the current curves with n = 10 and n = 60 can be
included into the three situations as well. Apart from the
apparent differences, one can notice that the amplitudes
of the first and second harmonic waves are always quite
large in all three situations. This phenomenon can be
explained as follows. In Fig. 1(a), the shortest and most
possible three electron paths from the first lead to the
fourth are labeled by the arrows with different colours.
If just considering these three paths, the transmission co-
efficient can be written as Ty; = [t1 +t1t2e!? +t1tae 17|
with ¢; and ¢5 being the transmission amplitudes from
the terminal 1 to other terminal and between two ter-
minals of the bottom surface, respectively. This trans-
mission coefficient T}; is the main part of the real trans-
mission coeflicient. By expanding the expression of Ty,
one can clearly see it is made up of the first and second
harmonic waves. Since the current is proportional to the
transmission coefficient, we can have above conclusion.
However, due to the reflection in the leads, more electron
paths appear and the interference becomes very compli-
cated which leads to the appearance of high frequency
harmonic waves.

At last we consider the boundary condition (ii) and

n=30
0.08 |
A
o
g O E=0.07
. o 0 E=0.13
< 0.04 - A E=0.15
a
A m]
AD
0.00 - 090®8B@ggggggggcggg
0 5 10 I 20
M

Fig. 4 Fourier transformation of the currents in Fig. 3(b). Here
M is integer which means the harmonic frequency and Ap; repre-
sents the amplitude.

study the nonlocal resistance R, where R = (V4 —
V3)/ (I — I). Now two different voltages V/2 and —V/2
are applied in the first and second leads with the mag-
netic field still the same as before [see Fig. 1(b)]. The
boundary condition is that the currents in the third and
fourth leads are 0. Fig. 5 shows the nonlocal resistance
versus the magnetic flux for three different lengths. Here
we have R(®) = R(P + &), the period still keeps the
same which is determined by AB effect [see Fig. 5]. The
resistance curves all have four oscillations in a period,
irrespective of the lengths. In addition, the curves for
n = 30 and n = 60 are quite the same as illustrated in
the figure. We compare the two curves and find they are
almost superpose, which indicates somehow at first the
resistance changes with the length but it becomes sat-
urate as the length gets longer. Furthermore, for some
special points on the curves the resistance can be 0, this
is because the voltage between the two leads is 0 on these
occasions.

(@) n=10
0.3 -

0.0 -
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R (h/2€%)

0.0
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Fig. 5 Flux-dependent nonlocal resistance of the tetrahedron-
structured DNA with different DNA length n. The nonlocal resis-
tance can be expressed as R = (Va — V3)/(I2 — I1).

4 Conclusion

In summary, we investigate the electronic transport
properties of the tetrahedron-structured DNA under
the influence of a magnetic field. Due to the AB effect
and the high symmetry of the structure, the magnetic
flux-dependent current shows some special properties.
One special property of this DNA structure makes it a
perfect material for molecular switch. We also give the
magnetic flux-dependent nonlocal resistance under an-
other situation and give a basic description.
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