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As a secondary structure of DNA, DNA tetrahedra exhibit intriguing charge-transport phenomena and
provide a promising platform for wide applications like biosensors, as shown in recent electrochemical
experiments. Here, we study charge transport in a multiterminal DNA tetrahedron, finding that its charge-
transport properties strongly depend upon the interplay of contact position, on-site energy disorder, and
base-pair mismatch. Our results indicate that this multiterminal DNA tetrahedron behaves as a nanoscale
charge splitter when the source is contacted at the top vertex. Besides, we find that the charge-transport
efficiency is nearly independent of the contact position in the weak disorder regime, and is dramatically
declined by the occurrence of a single base-pair mismatch between the source and the drain, in accordance
with experimental results [J. Am. Chem. Soc. 134, 13148 (2012); Chem. Sci. 9, 979 (2018)]. By contrast,
the charge-transport efficiency will be enhanced monotonically by shifting the source toward the drain
in the strong disorder regime, and be increased when the base-pair mismatch takes place exactly at the
contact position. In particular, when the source moves successively from the top vertex to the drain, the
charge transport through the tetrahedral DNA device can be separated into three regimes, ranging from
disorder-induced linear decrement of conductance to disorder-insensitive charge transport, and to disorder-
enhanced charge transport. Finally, we predict that the DNA tetrahedron functions as a more efficient spin
filter compared to double-stranded DNA and as a nanoscale spin splitter with opposite spin polarization
observed at different drains. These results could be readily checked by electrochemical measurements and
help for designing intriguing DNA tetrahedron-based molecular nanodevices.

DOI: 10.1103/PhysRevApplied.17.024074

I. INTRODUCTION

Since the original proposal by Eley and Spivey that π

stacking along the helix axis could provide a natural path-
way for conducting electrons in DNA molecules [1], their
charge-transport properties have been attracting extensive
attention among the physics, chemistry, and biology com-
munities [2–5], finding that DNA functions as a promis-
ing candidate for molecular electronics. Recent charge-
transport experiments have demonstrated a number of
fascinating phenomena in double-stranded DNA (dsDNA)
by means of advanced experimental techniques [6–12].
For example, Guo et al. have proposed a DNA-based
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molecular rectifier with high rectification ratio upon inter-
calation of coralyne into a single dsDNA [9]. Göhler
et al. have reported that spin-unpolarized electrons become
highly spin polarized when transmitting through a self-
assembled monolayer of dsDNA [6], which is termed as
chirality-induced spin selectivity (CISS) [13]. This CISS
effect has been confirmed in a variety of chiral molecules
by numerous experimental and theoretical groups (see
Refs. [14–16] for a review), and opens promising avenues
for wide applications based on chiral molecules, like mag-
netic memory devices without permanent magnets [17] and
separation of two enantiomers [18]. Beyond current exper-
imental observations, many interesting phenomena have
also been predicted in dsDNA devices [19–27], such as the
emergence of Majorana zero modes and topological charge
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pumping. However, when the π stacking is perturbed by
either base-pair mismatch or oxidative damage, the charge
transport through DNA could be significantly decreased,
as demonstrated by experimental and theoretical works
[28–36].

Besides the traditional double helix, DNA can form
diverse two- and three-dimensional (3D) nanostructures
like DNA tetrahedra [37–43]. The DNA tetrahedron con-
sists of six Watson-Crick-paired edges linked by unpaired
hinge nucleobases, as illustrated in Fig. 1. Here, each
double-stranded edge is named as the combination of two
different lines, including the RO, RM, RB, OM, OB, and
MB edges. This DNA nanostructure possesses several
superior advantages. (i) The DNA tetrahedron can be self-
assembled from four well-designed single-stranded DNA
(ssDNA) (see the red, orange, magenta, and black lines in
Fig. 1), which could be accomplished in only a few sec-
onds and be much simpler compared to the synthesis of
other DNA derivatives, as reported by Turberfield et al.
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FIG. 1. Top view of a DNA tetrahedron composed of six
Watson-Crick-paired edges, where two neighboring edges are
linked by unpaired hinge nucleobases. This DNA tetrahedron
can be self-assembled from four specifically designed single-
stranded DNA, which are represented by the red, orange,
magenta, and black lines. Each double-stranded edge can then
be labeled by combining two different lines, including the RO,
RM, RB, OM, OB, and MB edges. This three-dimensional DNA
structure is contacted by four nonmagnetic electrodes e0, e1, e2,
and e3 (see the yellow triangles indicated by arabic numerals
0, 1, 2, and 3). The electrode e0 can move along the RO edge
and act as the source, and the other electrodes are fixed at the
three bottom vertices Dj (j =1,2,3) and serve as the drain, just as
electrochemical experiments [51,53]. Here, e0 is contacted at the
top vertex D0 of the DNA tetrahedron with P = 0 (see text), the
big cyan spheres denote nucleobases, and the dotted lines stand
for hydrogen bonding within a single base pair. For clarity, the
helical structure is not presented.

[39,40]. (ii) The DNA tetrahedron has high mechanical
rigidity and could stay normal to the surface, thus avoid-
ing the crowding effect and sample collision, which occur
in dense dsDNA monolayers [44,45]. (iii) The DNA tetra-
hedron is capable of entering cells efficiently and can thus
deliver cargoes, such as drugs, across cells using its hollow
structure [46–49].

Specifically, Fan et al. have designed a four-terminal
tetrahedral DNA device [50–52], where the top vertex
D0 is connected to a redox molecule (electrode e0) and
the three bottom ones Dj (j =1,2,3) are chemisorbed on a
surface via thiol groups to immobilize the DNA tetrahe-
dron, as shown in Fig. 1. By performing electrochemical
experiments, the charge transmission through this multi-
terminal DNA tetrahedron has been intensively studied and
presents several distinct characteristics [50–53]. (i) When
the redox molecule of methylene blue is separated from the
surface by either four or thirteen nucleobases, the charge-
transport efficiency keeps almost the same, implying that
the charge transport along the DNA tetrahedron may be
insensitive to the position of the redox molecule. (ii) When
a single base-pair mismatch takes place between the redox
molecule and the surface, the charge-transport efficiency
could diminish dramatically. In addition, many experi-
ments have demonstrated that the DNA tetrahedron pro-
vides a promising platform for realizing biosensors which
are superior to dsDNA [50–59], where the charge trans-
port plays a vital role. However, the underlying physics
remains unclear regarding charge transport through this
multiterminal DNA tetrahedron.

In this paper, we study theoretically the charge trans-
port through a multiterminal DNA tetrahedron as in elec-
trochemical experiments by considering contact position,
on-site energy disorder, and base-pair mismatch. Here, the
variation of the contact position is achieved by moving
the source e0 along the RO edge, and the three drains
e1, e2, and e3 are fixed at the bottom vertices D1, D2,
and D3, respectively, as shown by the yellow triangles
in Fig. 1. Our results indicate that the charge-transport
properties of the DNA tetrahedron strongly depend on the
interplay among the contact position, the on-site energy
disorder, and the base-pair mismatch, because of the mul-
tiple transport pathways. When e0 is contacted at the top
vertex D0, this multiterminal DNA tetrahedron behaves
as a nanoscale charge splitter, where similar transmis-
sion spectra and considerable conductance are observed
at the three drains. We then focus on the charge trans-
port detected at the specific drain e1, finding that the
charge transport through the DNA tetrahedron presents
several intriguing phenomena when e0 moves along the
RO edge. First, the charge-transport efficiency is approx-
imately independent of the source position in the weak
disorder regime when e0 is separated from e1 by at least
a few nucleobases, and could be dramatically reduced by
the occurrence of a single base-pair mismatch between
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e0 and e1, both of which are consistent with experimen-
tal results [51,53]. Second, the charge-transport efficiency
could be enhanced monotonically by shifting e0 toward e1
in the strong disorder regime, and be increased when the
base-pair mismatch takes place exactly at the source posi-
tion. Third, when e0 moves successively from D0 to e1,
the charge transport through the DNA tetrahedron can be
divided into three regimes, ranging from disorder-induced
linear decrement of conductance to disorder-insensitive
charge transport, and to disorder-enhanced charge trans-
port, which is contrary to the common viewpoint that the
charge-transmission ability should become poorer in the
stronger disorder regime. Finally, we predict that the DNA
tetrahedron could exhibit significant spin-filtering effect,
with spin-filtration efficiency much larger than dsDNA
molecules. In particular, the DNA tetrahedron functions
as a nanoscale spin splitter with opposite spin-polarized
direction observed at the two drains e1 and e2, which may
be applied to separate spin-unpolarized electrons into spin-
up electrons and spin-down ones. The underlying physics
of all these transport phenomena is analyzed. These results
could help for improving performance of biosensors and
for designing intriguing electronic (spintronics) devices on
the basis of the DNA tetrahedron by taking into account
the charge and/or spin degrees of freedom.

The rest of the paper is constructed as follows. Section II
presents the model Hamiltonian of a multiterminal DNA
tetrahedron and Green’s function. Section III shows the
numerical results and discussion. Section III A studies the
influence of the contact position and the on-site energy
disorder on the charge transport along the DNA tetrahe-
dron, Sec. III B considers the base-pair mismatch effect,
and Sec. III C investigates the spin-filtering effect. Finally,
the results are concluded in Sec. IV.

II. MODEL AND METHOD

The charge transport through a multiterminal DNA
tetrahedron can be described by the model Hamiltonian
H = Hm + Hd + He. The first term, Hm, is the Hamil-
tonian of an isolated DNA tetrahedron including both
double-stranded edges and unpaired hinge nucleobases,
which reads [60]

Hm =
3∑

j =0

⎧
⎨

⎩

Nj∑

n=1

[εjnc†
jncjn + t(j )n,n+1c†

jncjn+1]

+
3∑

s=1

js+N−2∑

n=js

itSOc†
jn[σ (η)

n + σ
(η)

n+1]cjn+1 + H.c.

⎫
⎬

⎭

+
∑

〈jn,j ′n′〉
λc†

jncj ′n′ . (1)

Here, c†
jn = (c†

jn↑, c†
jn↓) is the creation operator of an

electron at site {j , n}, with c†
jNj +1 = c†

j 1, j labeling the
ssDNA whose length is Nj (see the red, orange, magenta,
and black lines in Fig. 1) and n the nucleobase index
(see the big cyan spheres in Fig. 1). εjn is the on-site
energy, t(j )n,n+1 (λ) is the intrastrand (interstrand) cou-
pling, and tSO the spin-orbit coupling (SOC) parameter.
Each ssDNA contains three segments s = 1, 2, and 3,
all of which pair with the complementary ssDNA seg-
ment and lead to six self-assembled double-stranded edges
(Fig. 1). js is the nucleobase index at which the base
pairing begins in the sth segment of the j th ssDNA and
N is the length of the double-stranded edges. The SOC
term is expressed as σ

(η)
n = σz cos θ − (−1)η{σx sin[(n −

js)�ϕ] − σy cos[(n − js)�ϕ]} sin θ [60], where σx,y,z are
the Pauli matrices, θ is the space angle between the
helical strand and the plane perpendicular to the corre-
sponding helix axis, �ϕ is the twist angle between two
neighboring base pairs, and η = 1, 2 is the strand index
of double-stranded edges. 〈· · · 〉 represents the nearest-
neighbor nucleobases between two complementary seg-
ments of the j th and j ′th ssDNA.

The second term, Hd, describes the dephasing processes
during the charge transport in the DNA tetrahedron, which
are caused by inelastic scatterings, such as the electron-
phonon interaction and the electron-electron interaction.
These dephasing processes can be simulated by connecting
each nucleobase to a Büttiker virtual electrode [60].

The last term, He, represents the four nonmagnetic elec-
trodes and their couplings to the DNA tetrahedron (see the
yellow triangles in Fig. 1). The drain electrodes e1, e2, and
e3, aiming to anchoring the DNA tetrahedron on the sub-
strate, are contacted at the three bottom vertices D1, D2,
and D3, respectively. Their Hamiltonian is expressed as

H(j )
e =

∑

k

[εjka†
jkajk + τa†

jk(cj 1 + cjNj ) + H.c.]. (2)

Here, a†
jk = (a†

jk↑, a†
jk↓) is the creation operator of mode k

in the drain electrode ej , and τ is the coupling between the
DNA tetrahedron and the electrodes, with j = 1, 2, and 3.
Notice that each electrode ej (j =1,2,3) is connected to both
ends of the j th ssDNA. For the source electrode e0, it can
move along the RO edge and the Hamiltonian is

H(0)
e =

∑

k

[ε0ka†
0ka0k + τa†

0k(c0P + c0P+1) + H.c.], (3)

where e0 is connected to the Pth and P + 1th nucleobases
of the 0th ssDNA, with P being the contact position and
c†

00 ≡ c†
0N0

. Figure 1 presents a tetrahedral DNA device
where e0 is contacted at D0 with P = 0. We emphasize that
when an electrode is intercalated between two neighboring
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nucleoases, the direct connection between these two nucle-
obases is replaced by indirect connection via this electrode
and the corresponding intrastrand coupling disappears.

In the linear response regime with a small bias volt-
age between the source and the drain, the current flowing
through the pth electrode (real or virtual) can be obtained
from the Landauer-Büttiker formula and the nonequilib-
rium Green’s function, which reads [61]

Ip = 2e2

h

∑

q

Tp ,q
(
Vq − Vp

)
. (4)

Here, Vq and Vp are, respectively, the voltages applied in
the qth and pth electrodes, and

Tp ,q = Tr[�pGr�qGa] (5)

is the transmission coefficient from the qth electrode to
the pth one. Green’s function Gr(E) = [Ga(E)]† = [EI −
Hm − ∑

p �r
p ]−1 and the linewidth function �p = i[�r

p −
(�r

p)
†], with E the electron energy, Hm the Hamiltonian

of the isolated DNA tetrahedron in the site representation,
and �r

p the retarded self-energy owing to the coupling to
the pth electrode. In the wide-band limit, the retarded self-
energy for the real electrodes is taken as �r

p = −iπρτ 2 =
−i/2 [60,61], with ρ being the density of states of
the real electrodes, and  the coupling strength between
the DNA tetrahedron and the real electrodes. Similarly,
the retarded self-energy for the virtual electrodes is set
to �r

p = −id/2, with d the dephasing parameter. Here,
the small bias voltage between the source and the drain is
set to Ve0 = Vb for e0 and Vej = 0 for ej (j =1,2,3), and the
net current flowing through each virtual electrode is zero.
Under these boundary conditions, the voltages of the vir-
tual electrodes can be calculated from Eq. (4). Then, the
conductance of all the drains ej (j =1,2,3) can be obtained as

Gj = 2e2

h

∑

q

Tej ,q
Vq

Vb
. (6)

III. RESULTS AND DISCUSSION

We consider the case that all the double-stranded
edges are identical homogeneous dsDNA molecules, e.g.,
poly(G)-poly(C), with G the guanine and C the cyto-
sine. The on-site energy and the intrastrand coupling are
set to εjn = εG and t(j )n,n+1 = tGG for the first strand, εjn =
εC and t(j )n,n+1 = tCC for the second strand, and εjn = εG
for the unpaired hinge nucleobases. As the paired nucle-
obase could be different from the unpaired one in the
same ssDNA, the intrastrand coupling between two neigh-
boring G and C nucleobases is taken as t(j )n,n+1 = tGC.
These model parameters are set to εG = 0 (energy ref-
erence point), εC = 0.34, tGG = 0.08, tCC = tGC = −0.12,

and λ = −0.17, with the unit in eV, which locate within the
range reported in previous works [62–66] and could allow
for comparison between the charge- and spin-transport
properties of the DNA tetrahedron and normal dsDNA
molecules [60]. We point out that the significant features
discussed below, such as the separation of two elec-
tronic bands by an energy gap, considerable conductances
observed at different drains, and the splitting of transmis-
sion peaks, remain for different model parameters. The
SOC strength is set to tSO = 0.01, and the structural param-
eters to θ ≈ 0.66 and �φ = π/5 [60]. The size of the
DNA tetrahedron is set to N = 17, N0 = 57, and N1 =
N2 = N3 = 55, just the same as the experiment [51]. The
coupling parameter is  = 1 for the real electrodes, and
the dephasing strength is d = 10−4 for the virtual ones
because the DNA tetrahedron presents higher mechanical
rigidity compared to normal dsDNA molecules. Since the
hinge nucleobases around the four vertices Dj (j =0,1,2,3) are
unpaired and cannot form a well-defined secondary struc-
ture, the corresponding intrastrand coupling is estimated
to half of its initial value and the SOC is neglected. As a
result, the SOC and the interstrand coupling exist only in
the double-stranded edges.

A. Contact position and disorder effects on charge
transport along tetrahedral DNA devices

We first study the charge-transport properties of the
tetrahedral DNA device in the absence of the on-site
energy disorder when the source electrode is contacted at
the top vertex D0 with P = 0 (Fig. 1). Figure 2 shows the
corresponding conductances G1, G2, and G3 of the three
drain electrodes, as a function of the electron energy E.

FIG. 2. Charge transport along the tetrahedral DNA device
in the absence of the on-site energy disorder when the source
electrode e0 is contacted at the top vertex with P = 0. Energy-
dependent conductance G1 detected at the drain electrode e1
(black-solid line), G2 at e2 (red-dashed line), and G3 at e3 (blue-
dotted line). The left (right) inset shows the magnified view of
Gj -E in the left (right) cyan rectangle.
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It clearly appears that the transmission spectra are quite
similar at different drain electrodes and the corresponding
conductances are considerable, because all the real elec-
trodes are connected to the four nearly equivalent vertices
Dj (j =0,1,2,3) of the DNA tetrahedron when P = 0. This indi-
cates that the multiterminal DNA tetrahedron could serve
as a nanoscale charge splitter. By inspecting Fig. 2, one
can see that all the transmission spectra consist of two
electronic bands separated by an energy gap and thus the
DNA tetrahedron exhibits semiconducting behavior when
the Fermi energy situates in this gap. Besides, a number of
pronounced transmission peaks and valleys can be found
in each band and the density of peaks and valleys becomes
larger when E is close to the energy gap, owing to the
SOC effect. These features are similar to a single dsDNA
molecule [60,67], because the DNA tetrahedron consists of
six identical dsDNA molecules.

It is interesting that for both bands of the DNA tetrahe-
dron, each original transmission peak is usually split into
a pair of minor peaks separated by a dip (see the insets of
the magnified view of the two cyan rectangles in Fig. 2)
and consequently there are 2(N − 1) transmission peaks
in the right band. This phenomenon is completely differ-
ent from a single dsDNA [60,67] and can be understood
from the multiple transport pathways between the source
and the drain. Let us take electron flowing from e0 to e1 as
an example. In this case, the electrons can transport via the
multiple pathways, including

D0 → RO → D1,

D0 → RM → D2 → RB → D1,

D0 → OM → D3 → OB → D1,

D0 → RM → D2 → MB → D3 → OB → D1,

and

D0 → OM → D3 → MB → D2 → RB → D1.

(7)

One can infer from Eq. (7) that the second pathway
is equivalent to the third one, because these two path-
ways contain the same number of the unpaired nucleobases
and all the double-stranded edges are identical. In the
strong scattering regime where E is far away from εG,
the unpaired nucleobases act as strong potential barriers or
wells and the electrons will mainly propagate along rel-
atively short pathways, i.e., the former three pathways.
This gives rise to the splitting of an original transmis-
sion peak into a pair of minor peaks. When E is shifted
toward the energy gap, the scattering from the unpaired
nucleobases will be gradually weakened, and the electron
transport through the second and third pathways becomes
more and more pronounced. As a result, the quantum
interference among different pathways should be progres-
sively enhanced, leading to the increment of the left (right)

minor peak in the right (left) band and further separa-
tion of these two minor peaks (see the right band and the
other energy region distant from the energy gap in the
left band in Fig. 2). While in the weak scattering regime
where E locates in the vicinity of εG with |E − εG| <

|tGG|, the scattering from the unpaired nucleobases is weak
and the electrons can propagate through more pathways,
including the latter two longer pathways in Eq. (7). Con-
sequently, an original transmission peak will be divided
into more than two minor peaks and the charge trans-
port along the DNA tetrahedron becomes complicated
when E is close to the on-site energy of the unpaired
nucleobases. Notice that the transmission profiles could
be affected by the molecule-electrode coupling [68–72].
Further inspection indicates that the aforementioned phe-
nomena hold for a wide range of the coupling between the
DNA tetrahedron and the real electrodes. Nevertheless, the
number of the transmission peaks and the magnitude of the
conductance depend on the molecule-electrode coupling,
because of the quantum-interference effect at the molecule-
electrode interface [69]. In particular, the splitting of the
transmission peaks will disappear in the weak molecule-
electrode coupling regime (data not shown), because the
electron transport through longer pathways becomes neg-
ligible due to the cooperative effect of strong reflection at
the molecule-electrode interface and significant scattering
from the unpaired nucleobases.

Despite the similarity of the transmission spectra at dif-
ferent drain electrodes, the transmission profiles depend
on the drain position, which is related to the asymmetric
structure caused by the source position. One can see from
Fig. 1 that the electrons can propagate from e0 to e3 medi-
ated by the multiple transport pathways as well, such as
D0 → OM → D3. Notice that this shortest pathway differs
from the one, D0 → RO → D1, of electron flowing from
e0 to e1, because the number of the unpaired nucleobases in
these two pathways is different. This leads to different mag-
nitude of the conductances at e1 and e3 (see the black-solid
and blue-dotted lines in Fig. 2). By contrast, the former
three pathways in Eq. (7) are equivalent to those of elec-
tron flowing from e0 to e2 and thus there is no observable
difference between the conductances at e1 and e2 when E
is far away from εG (see the black-solid and red-dashed
lines in Fig. 2). The relationship among these transmission
spectra can also be understood by analyzing the symmetry
of the tetrahedral DNA device. By inspecting Fig. 1, it is
clear that in the presence of the source electrode, the mir-
ror symmetry is broken with respect to the normal plane
across either the RO edge or the RM one, whereas it is
almost preserved with respect to the normal plane through
the OM edge. Therefore, the curve of G3 − E is different
from the ones of G1 − E and G2 − E, and the latter two
curves almost coincide with each other.

We then consider the influence of the contact position
and the on-site energy disorder by exploring the electron

024074-5



PEI-JIA HU et al. PHYS. REV. APPLIED 17, 024074 (2022)

flowing through the drain electrode e1, and focus on the
left electronic band for clarity. Figure 3(a) shows G1 versus
E for typical contact positions P, which could be achieved
by moving the source electrode e0 along the RO edge, in
the absence of the on-site energy disorder. In this case, the
former three pathways in Eq. (7) are changed into

P → RO → D1,

P → RO → D0 → RM → D2 → RB → D1,

and

P → RO → D0 → OM → D3 → OB → D1,

(8)

where RO denotes a segment of the RO edge. It is clear
that the shortest pathway, P → RO → D1, does not con-
tain any unpaired nucleobase and the resulting scattering
vanishes when the electrons pass through this pathway. As
a result, the conductance at e1 for P 
= 0 could be consid-
erably enhanced over almost the entire energy spectrum
compared to the case of P = 0, as can be seen from all
the solid and black-dashed lines in Fig. 3(a). In particular,
although this shortest pathway becomes shorter when e0
moves toward e1, the transmission spectra are quite similar
for different P and the number of the transmission peaks is
nearly independent of P [Fig. 3(a)]. This phenomenon is a
smoking gun of the multiple transport pathways regarding

(a)

(b)

FIG. 3. Charge transport along the tetrahedral DNA device by
considering the contact position and the on-site energy disorder.
(a) G1 versus E for typical contact positions P in the absence of
the on-site energy disorder, W = 0. (b) G1 versus E for different
disorder degrees W with P = 6. Here, the black-dashed lines with
P = 0 in (a) and W = 0 in (b) are shown for reference.

(a)

(b)

FIG. 4. Charge transport along the tetrahedral DNA device by
considering the contact position and the on-site energy disorder.
(a) Averaged conductance 〈G1〉 versus contact position P for dif-
ferent disorder degrees W. (b) 〈G1〉 versus W for typical values
of P.

electron flowing from e0 to e1. Further inspection demon-
strates that the averaged conductance 〈G1〉, obtained from
the left band, is approximately independent of P [see the
black squares in Fig. 4(a)]. This is consistent with the
electrochemical experiment of Ref. [51], in which the cur-
rent flowing through the DNA tetrahedron is insensitive
to the position of the redox molecule, since the current
and the averaged conductance are equivalent to describe
charge transport through the DNA tetrahedron. When e0
deviates from the top vertex, the number of the unpaired
nucloebases is different in the second and third pathways
of Eq. (8), and correspondingly these two pathways are
not equivalent. As a result, each original transmission peak
will be split into more than two minor peaks [see the solid
lines in Fig. 3(a)], and the charge transport along the DNA
tetrahedron becomes more complicated in comparison to
the case of P = 0.

Notice that the DNA tetrahedron can also be composed
of inhomogeneous dsDNA molecules. And the electro-
chemical experiments are carried out in phosphate buffer
solution [50–53], where counterions and water molecules
may adsorb randomly around the DNA tetrahedron. These
sequence inhomogeneity and environment effects could
lead to on-site energy disorder, which usually brings forth
detrimental effects for device applications. Here, we con-
sider the most disordered case of Anderson disorder by
adding a random variable wjn in the on-site energy εjn [73],
with wjn uniformly distributed within the range
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[−W/2, W/2] and W the disorder degree. Figure 3(b)
shows G1 versus E for typical disorder degrees W with P =
6, which is calculated from an ensemble of 2000 disorder
configurations. Once Anderson disorder is introduced, the
electrons will experience stronger scattering when trans-
mitting along longer pathways and preferentially propa-
gate through the shortest pathway. As a result, the number
of the transmission peaks is dramatically declined in the
presence of Anderson disorder [see the black-dashed and
blue-solid lines in Fig. 3(b)]. The larger the Anderson dis-
order is, the stronger scattering the electrons suffer. Conse-
quently, both the magnitude and the oscillation amplitude
of G1 decrease with increasing W. In relatively weak dis-
order regime, however, G1 can increase with W around the
transmission valleys [see the blue-solid, cyan-solid, and
green-solid lines in Fig. 3(b)], because of the increment
of the electronic states.

To further demonstrate the interplay between the con-
tact position and the on-site energy disorder, the averaged
conductance is calculated

〈G1〉 = 1
�

∫

�

G1dE, (9)

where � denotes the left electronic band. Figure 4(a) dis-
plays 〈G1〉 versus P for several disorder degrees W. It is
clear that the relationship between 〈G1〉 and P strongly
depends upon W. (i) In the absence of Anderson disorder,
〈G1〉 fluctuates around a certain value and is approximately
independent of P [see the black squares in Fig. 4(a)],
because of the multiple transport pathways. (ii) In the
weak disorder regime, when e0 moves toward e1, both
the second and third pathways in Eq. (8) become longer
and the scattering from these two pathways will be grad-
ually enhanced. In the case that e0 is distant from e1,
the electrons can propagate through the three pathways in
Eq. (8) and then 〈G1〉 is insensitive to P within the range
P ∈ [2, 14] [see the red circles and blue-up triangles in
Fig. 4(a)], in accordance with the electrochemical exper-
iment [51]. By contrast, when e0 is close to e1, the electron
transport is mainly mediated by the shortest pathway. This
pathway becomes shorter by shifting e0 toward e1 and the
resulting scattering is gradually weakened, giving rise to
almost linear increment of 〈G1〉 with P. (iii) In the strong
disorder regime, the scattering from longer pathways is so
strong that the electron transport through these pathways
is negligible and is then mainly mediated by the shortest
pathway. Similarly, when e0 is shifted toward e1, the short-
est pathway becomes shorter and the resulting scattering
progressively decays. This leads to monotonic increasing
of 〈G1〉 with P in the whole range P ∈ [1, 16] [see the
cyan-down triangles and green diamonds in Fig. 4(a)].

In addition, one can see from Fig. 4(a) that in the pres-
ence of Anderson disorder, different curves of 〈G1〉 − P
intersect at about Pc = 12, where 〈G1〉 decreases with W

for P < Pc and contrarily increases with W for P > Pc.
To further demonstrate this counterintuitive phenomenon
of disorder-induced enhancement of the transmission abil-
ity, Fig. 4(b) plots 〈G1〉 versus W for typical contact
positions P. It clearly appears that the curves of 〈G1〉 − W
are highly dependent on P. When P = 2, 〈G1〉 decreases
almost linearly with increasing W [see the black squares in
Fig. 4(b)]. This is different from a single dsDNA molecule
where the conductance decays exponentially with the dis-
order degree [74], which arises from the fact that the three
pathways in Eq. (8) are approximately equivalent as e0 is
apart from the top vertex by only two nucleobases.

When e0 is distant from the top vertex, however, the
curves of 〈G1〉 − W are different for different P and could
be divided into three parts in general. (i) In the weak dis-
order regime, 〈G1〉 decreases quickly with W as expected
[see the beginning parts of the red circles, blue-up trian-
gles, and cyan-down triangles in Fig. 4(b)], because the
electron transport through all the pathways is declined
owing to Anderson localization. (ii) When W is increased
and reaches the intermediate regime, although the scat-
tering becomes stronger, 〈G1〉 decreases slowly with W
or is immune to W [see the middle parts of the red cir-
cles and blue-up triangles in Fig. 4(b)]. In particular, 〈G1〉
can even increase with W when e0 is close to e1 [see
the middle part of the cyan-down triangles in Fig. 4(b)].
This disorder-induced enhancement of charge transport
has been reported in other one- and two-dimensional sys-
tems [75,76], but the physical mechanism is different.
Notice that with increasing W, the increasing rate of scat-
tering from longer pathways is faster and consequently the
electrons will preferentially propagate through the short-
est pathway. In other words, the probability of electron
transmission through the shortest pathway increases with
W, which competes with the enhanced scattering from this
pathway. When e0 moves toward e1, the probability of
electron transmission through the shortest pathway is grad-
ually enhanced, whereas the scattering from this pathway
is declined. As a result, in the intermediate disorder regime,
the electron flowing from e0 to e1 can be categorized
into three mechanisms, ranging from disorder-induced
suppression of charge transport to disorder-insensitive
charge transport, and to disorder-enhanced charge trans-
port, which strongly depend on P. (iii) In the strong disor-
der regime, the electron transmission through the shortest
pathway is dramatically suppressed as well and thus 〈G1〉
decreases quickly with W again, regardless of the contact
position.

B. Base-pair mismatch effect on charge transport
along tetrahedral DNA devices

Next, we investigate the interplay between the contact
position and a single base-pair mismatch in the RO edge.
This base-pair mismatch is introduced by considering a
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C-thymine (T) mismatch as in the electrochemical experi-
ment [51], which occurs by replacing a G nucleobase with
a T one. Correspondingly, the on-site energy is changed
from ε0M = εG to ε0M = εT = 0.5 eV [62–64], with M
the mismatched site. Previous experimental and theoretical
works have shown that when a base-pair mismatch takes
place, both π stacking and hydrogen bonding, neighboring
to the mismatched site, are dramatically declined, which
arises from strong fluctuation of unstable mismatched base
pair [28–36]. Then, both the intrastrand and interstrand
couplings, linking to the T nucleobase, are reduced by one
order of magnitude. As a result, the electrons could be
considerably reflected by the C-T mismatched base pair.

Figure 5 presents the ratio 〈G1〉MM/〈G1〉WM as func-
tions of contact position P and mismatched site M . Here,
〈G1〉MM denotes the averaged conductance in the pres-
ence of a single C-T mismatch and 〈G1〉WM refers to the
one without any base-pair mismatch, both of which are
calculated from the left electronic band.

It clearly appears that the ratio 〈G1〉MM/〈G1〉WM depends
strongly on the relative position of the source and the C-
T base pair, and can be divided into three regions, i.e.,
M > P, M = P, and M < P. (i) For M > P where the C-T
base pair locates between e0 and e1, the electron transmis-
sion through the shortest pathway, P → RO → D1, will be
considerably declined due to strong scattering at the C-T
base pair. As a result, the charge-transport ability at e1 can

FIG. 5. Charge transport along the tetrahedral DNA device
by taking into account the contact position and a single base-
pair mismatch in the RO edge. A contour plot of the ratio
〈G1〉MM /〈G1〉WM as functions of contact position P and base-pair
mismatched site M . Here, 〈G1〉MM corresponds to the averaged
conductance in the presence of base-pair mismatch and 〈G1〉WM
to the one without any base-pair mismatch.

be dramatically decreased by the C-T base pair and leads
to a large green area with small ratio 〈G1〉MM/〈G1〉WM ∈
(0, 0.5), as can be seen from the upper left part in Fig. 5.
This is consistent with the experiments that the charge-
transport efficiency is considerably declined when the
base-pair mismatch occurs between the redox molecule
and the surface [51,53]. (ii) For M < P where the C-T
base pair situates between e0 and D0, the electron transmis-
sion through longer pathways, such as the second and third
pathways in Eq. (8), will be decreased but less affected
by the C-T base pair compared to the shortest pathway,
because there are already other potential barriers of the
unpaired nucleobases in longer pathways. Consequently, a
yellow area with relatively large ratio 〈G1〉MM/〈G1〉WM ∈
(0.5, 1) is observed in the lower right part of Fig. 5. (iii) It
is interesting that when the source is contacted at the mis-
matched site, M = P, the averaged conductance at e1 could
be enhanced by the C-T base pair with 〈G1〉MM/〈G1〉WM >

1, which can be understood as follows. In this situation, the
source is connected to the T and G nucleobases. Since the
on-site energy of the T nucleobase is much higher than that
of the G one, the electrons injected from the source will
be dramatically reflected by the T nucleobase and thus the
electron transmission through longer pathways is consider-
ably blocked. As a result, the majority of the electrons will
be injected into the G nucleobase and the electron trans-
port is mainly mediated by the shortest pathway, which
leads to the C-T mismatch-induced enhancement of charge
transport observed at e1.

C. Spin-filtering effect of tetrahedral DNA devices

Finally, we study the spin-polarized electron transport
along the DNA tetrahedron, where the spin polarization at
the j th drain ej is defined as

Psj = Gj ↑ − Gj ↓
Gj ↑ + Gj ↓

. (10)

Here, Gj ↑ and Gj ↓ are, respectively, the spin-up and spin-
down components of the conductance Gj at ej , which
satisfies Gj = Gj ↑ + Gj ↓.

Figure 6 shows Ps1 at e1 (black-solid line) and Ps2 at
e2 (red-solid line) in the absence of the on-site energy
disorder and the base-pair mismatch, while the inset dis-
plays Ps3 at e3, as a function of the electron energy E.
Here, the source is connected to the top vertex with P = 0.
One can see from Fig. 6 that the spin transport through
the DNA tetrahedron presents several intriguing phenom-
ena, which are different from dsDNA molecules [6,60] and
DNA hairpins [77]. (i) The DNA tetrahedron exhibits pro-
nounced spin-filtering effect, regardless of specific drain
position. Although each double-stranded edge contains
only 17 base pairs with N = 17, the spin polarization can
reach 70.0% at e1, 61.8% at e2, and 47.0% at e3, which is

024074-8



CHARGE TRANSPORT IN A DNA TETRAHEDRON PHYS. REV. APPLIED 17, 024074 (2022)

FIG. 6. Spin transport along the tetrahedral DNA device in the
absence of the on-site energy disorder and the base-pair mis-
match when the source electrode e0 is contacted at the top vertex
with P = 0. Energy-dependent spin polarization Ps1 at the drain
electrode e1 (black-solid line) and Ps2 at e2 (red-solid line). The
inset shows the spin polarization Ps3 at e3.

comparable to long dsDNA molecules with length N = 78
[6,60]. This large spin polarization provides a smoking
gun of longer transport pathways in the DNA tetrahedron,
because the spin-filtering effect of chiral molecules can be
enhanced with increasing the molecular length [6,60], fur-
ther demonstrating the existence of the multiple pathways
in the DNA tetrahedron. (ii) The spin polarization oscil-
lates dramatically with increasing E, and the closer to the

energy gap, the higher the oscillation frequency, which are
independent of the drain position as well. When the spin
polarization reaches the local maximum, the spin-polarized
direction could be reversed by increasing E slightly and
the spin polarization quickly arrives at the local minimum
(see the black-solid line in the cyan rectangle of Fig. 6),
which is accompanied by the splitting of an original trans-
mission peak into two minor peaks (see the left inset of
Fig. 2). This stems from the quantum interference among
different pathways and provides an alternative route to
reverse the spin-polarized direction by slightly tuning the
Fermi energy, instead of flipping the handedness of chiral
molecules [60].

Despite the similarity of the spin-polarized profiles at
different drain electrodes, the spin polarization consider-
ably depends on the drain position. Although the curves
of G1 − E and G2 − E are superimposed upon each other
when E is distant from the energy gap (see the black-solid
and red-dashed lines in Fig. 2), the spin-polarized direction
at e1 is opposite to that at e2 in almost the whole energy
spectrum (see the black- and red-solid lines in Fig. 6).
This may arise from the nearly preserved mirror symme-
try with respect to the normal plane through the OM edge
as discussed above. In this sense, the DNA tetrahedron
could function as a nanoscale spin splitter, which sepa-
rates spin-unpolarized electrons into spin-up electrons and
spin-down ones. When spin-up electrons are detected at
e1, the spin-down ones could be observed at e2, and vice
versa.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

FIG. 7. Spin transport along the tetrahedral DNA device by taking into account the contact position, the on-site energy disorder,
and the base-pair mismatch. (a)–(c) Energy-dependent Ps1 and Ps2 for typical contact positions P in the absence of the on-site energy
disorder and the base-pair mismatch. (d)–(f) Energy-dependent Ps1 and Ps2 for different disorder degrees W with P = 0 and in the
absence of the base-pair mismatch. (g)–(i) Energy-dependent Ps1 and Ps2 for different mismatched sites M with P = 0 and W = 0.
Here, all the black-solid lines correspond to Ps1 and all the red-solid ones to Ps2.
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To further explore the spin-filtering effect of the DNA
tetrahedron, we consider the influence of the contact
position, the on-site energy disorder, and the base-pair
mismatch, as illustrated in Figs. 7(a)–7(i), where all the
black-solid lines refer to Ps1 and all the red-solid ones to
Ps2. By inspecting Figs. 7(a)–7(c) and 7(g)–7(i), it clearly
appears that although the profiles of the spin polarization
may be distinct for different P and M , the DNA tetra-
hedron exhibits significant spin-filtering effect, which is
independent of the source position and the mismatched
site. For example, Ps1 (Ps2) can achieve 70.7% (68.8%) for
P = 2, 68.4% (60.1%) for P = 6, and 69.8% (75.1%) for
P = 10, which are comparable to the case of P = 0 with-
out any base-pair mismatch (Fig. 6). In addition, the curves
of Ps1 − E and Ps2 − E for different P [Figs. 7(a)–7(c)]
and M [Figs. 7(g)–7(i)] display dramatic oscillation with
increasing E. In particular, the sign of Ps1 and Ps2 is oppo-
site to each other over almost the whole energy spectrum,
irrespective of the source position and the mismatched
site as well. All of these phenomena are analogous to
the case of P = 0 and W = 0 in the absence of base-pair
mismatch. While in the presence of Anderson disorder,
the spin-filtering effect will be gradually weakened by
increasing W [Figs. 7(d)–7(f)]. This can be traced back to
the cooperative effect that the electron transport through
longer pathways could be suppressed under Anderson dis-
order and the disorder induces additional detrimental effect
for the spin selectivity. However, the spin-filtering effect
remains significant in the weak disorder regime. For exam-
ple, Ps1 (Ps2) can achieve 38.8% (44.8%) for W = 0.01,
16.2% (13.8%) for W = 0.03, and 6.1% (4.1%) for W =
0.05, which is accessible in experiments [14–16]. Further-
more, it is interesting that the phenomenon of the opposite
sign between Ps1 and Ps2 still holds in the presence of
Anderson disorder. Therefore, we conclude that the DNA
tetrahedron could behave as a more efficient spin filter
compared to dsDNA molecules and as a nanoscale spin
splitter, which are robust against the contact position, the
on-site energy disorder, and the base-pair mismatch. This
theoretical prediction could be readily checked by, e.g.,
electrochemical experiments [50–53].

IV. CONCLUSION

In summary, the charge transport in a multiterminal
DNA tetrahedron has been studied by considering contact
position, on-site energy disorder, and base-pair mismatch.
The variation of the contact position is achieved by mov-
ing the source along one edge of the DNA tetrahedron,
while keeping all of the three drains fixed at the bottom
vertices. We find that this multiterminal DNA tetrahe-
dron functions as a charge splitter when the source is
contacted at the top vertex. And the charge-transport prop-
erties of the DNA tetrahedron strongly depend on the
competition among the contact position, the on-site energy

disorder, and the base-pair mismatch. (i) The dependence
of charge-transport efficiency on the contact position relies
on the on-site energy disorder. In the weak disorder
regime, the charge-transport efficiency is approximately
independent of the contact position. While in the strong
disorder regime, the charge-transport efficiency increases
monotonically by shifting the source toward the drain.
The larger the disorder degree, the faster the increasing
rate. (ii) The dependence of charge-transport efficiency
on the on-site energy disorder is determined by the con-
tact position. When the source is far from the drain,
the charge-transport efficiency decreases almost linearly
with the disorder degree. When the source is close to the
drain, the charge-transport efficiency could be increased
by increasing the disorder degree. (iii) The dependence
of charge-transport efficiency on the base-pair mismatch
is also determined by the contact position. When the base-
pair mismatch occurs between the source and the drain, the
charge-transport efficiency could be dramatically declined.
When the base-pair mismatch occurs at the contact posi-
tion, the charge-transport efficiency could be enhanced.
(iv) Finally, we predict that the DNA tetrahedron could act
as a more efficient spin filter compared to double-stranded
DNA. In particular, opposite spin polarization could be
observed at different drains. This may allow for design-
ing a spin splitter, where spin-up electrons accumulate in
one drain and spin-down electrons in another drain. Further
studies may focus on charge transport through other DNA
tetrahedra composed of inhomogeneous double-stranded
DNA, because a single double-stranded DNA of differ-
ent sequences exhibits a variety of phenomena, see, e.g.,
Refs. [78–81].
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