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Abstract

Topological properties of a double-stranded DNA (dsDNA) proximity-coupled by an s-wave
superconductor are investigated, in which the energy spectra and the differential conductance are
calculated within the framework of tight-binding approximation. Our results indicate that this
dsDNA-superconductor system hosts Majorana zero modes (MZMs) when the Zeeman field is
perpendicular to the helix axis, whereas no MZM could be observed when the Zeeman field is
parallel to the helix axis, in sharp contrast to previous studies on nanowires including
single-stranded DNA. In particular, two topological phase transitions could take place in the
dsDNA-superconductor system by changing the Zeeman field, one from a topological trivial phase
to a topological nontrivial phase with one pair of MZMs in small Zeeman field regime, and the
other from a phase with one pair of MZMs to a phase with two pairs of MZMs by further
increasing the Zeeman field. In the presence of a gate field normal to the helix axis, the topological
nontrivial phase with two pairs of MZMs can transform into the phase with one pair of MZMs.
The topological phase with one pair of MZM:s is more stable and robust against Anderson
disorder.

1. Introduction

In recent years, Majorana zero modes (MZMs) have been attracting extensive and ongoing interest by the
condensed matter and materials physics communities [1—-14]. MZMs are quasiparticle excitations which are
identical to their own antiparticles and hold great promise for implementing topological quantum
computation owing to the non-Abelian exchange statistics [15—20]. Kitaev has put forward a seminal model
that one-dimensional (1D) spinless p-wave superconducting nanowires could host MZMs at the nanowire’s
ends [1], which is extremely challenging experimentally as p-wave superconductors are rare in nature. Since
the original proposal by Fu and Kane that topological insulators proximitized by s-wave superconductors
could lead to MZMs at vortices [2], MZMs have been reported in a variety of condensed-matter systems,
including 1D strong spin—orbit-coupled semiconductor—superconductor heterostructures [21-27],
ferromagnetic atomic chains on superconducting substrates [28—32], planar Josephson junctions [33—38],
as well as iron-based superconductors [39-43].

It has been shown that the emergence of zero-bias conductance peaks (ZBPs) in the transmission spectra
is regarded as a strong signature of MZMs [3—5]. The ZBP was firstly observed in InSb semiconductor
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Figure 1. Schematics of a dsDNA molecule deposited on the surface of an s-wave superconductor (green rectangle) and
contacted by left (L) and right (R) normal-metal electrodes at the two ends. In the presence of a Zeeman field which points along
either the x axis or y axis, MZMs could emerge at both ends of the dsSDNA molecule. Here, V}, is a small bias voltage between the
L and R electrodes; and 2V is the gate voltage drop along the molecular cross section, which could be modulated by dual gate
electrodes.

nanowires covered by NbTiN superconductors in 2012 [24] and then reproduced in other experiments
[8—11]. Besides, ZBPs were also demonstrated in atomic chains [28] and topological insulators proximitized
by s-wave superconductors [12]. However, the value of these ZBPs is usually much smaller than
conductance quantum 2¢?/h and several alternative explanations beyond topological superconductivity
were proposed to rationalize the ZBPs, including disorder [44, 45], weak antilocalization [46], Kondo effect
[47] as well as subgap excitations [48]. Remarkably, the recent observation of quantized conductance
plateau at 2¢% /h at zero-bias at the center of the vortex in an iron-based superconductor is a significant
breakthrough for identifying the existence of MZMs [43].

DNA, as the carrier of genetic information in biological systems, is envisioned as an important candidate
for molecular electronics. On the one hand, DNA exhibits remarkable self-assembly which is key for
designing unique nanodevices and delivering drugs toward cells [49—51]. These nanodevices possess the
advantage of biocompatibility in comparison with other organic and inorganic materials. On the other
hand, charge transport experiments have demonstrated several intriguing phenomena of double-stranded
DNA (dsDNA), such as field-effect transistors [52—54] and chirality-induced spin selectivity [55-57]. In
particular, as early as 2001, Kasumov et al have measured electron transport along double-stranded \-DNA
molecules bridged between two superconducting electrodes, finding that these dsDNA devices display
proximity-induced superconductivity and a ZBP can be observed under moderate magnetic field [58]. Very
recently, Millo et al have fabricated a self-assembled monolayer of chiral molecules on different
superconducting substrates and observed ZBPs in the tunneling spectra [59—61]. Theoretically, recent
works have predicted the emergence of topological states in DNA molecules under a gate field normal to the
helix axis [62, 63]. While in proximity to an s-wave superconductor, single-stranded DNA (ssDNA)
supports a topological nontrivial phase with one pair of MZMs at the ends when the Zeeman field is
parallel to the helix axis [64]. However, as ssDNA molecules are unstable and present insulating behavior,
the topological superconductivity may be inaccessible experimentally in ssDNA molecules.

In this paper, we study the topological superconductivity of a dsDNA molecule coupled to an s-wave
superconductor, in the presence of weak spin—orbit coupling (SOC) and a Zeeman field, as illustrated in
figure 1. The energy spectra and the differential conductance of this dsDNA-superconductor system are
calculated by considering several factors, including the Zeeman field, gate voltage, and Anderson disorder.
Our results demonstrate that no topological superconductivity could be observed in the
dsDNA-superconductor system when the Zeeman field points along the molecular helix axis (z axis in
figure 1), which is different from previous studies on an ssDNA-superconductor system which hosts MZM:s
for parallel Zeeman field. In contrast, the dsSDNA-superconductor system host MZMs at the ends when the
Zeeman field is perpendicular to the helix axis. This hybrid system exhibits identical topological
superconductivity when the Zeeman field points along either the x axis or y axis. In particular, two
topological phase transitions could occur in the dsDNA-superconductor system by tuning the Zeeman field,
one from a topological trivial phase to a topological nontrivial phase with one pair of MZMs in small
Zeeman field regime and the other from a phase with one pair of MZM:s to a phase with two pairs of MZMs
by further increasing the Zeeman field. The topological nontrivial phase with one pair of MZMs is more
stable than the phase with two pairs of MZMs due to larger gap in the former case. Besides, in the presence
of a gate field normal to the helix axis, a topological phase transition from the phase with two pairs of
MZMs to the phase with one pair of MZMs could take place by increasing the gate voltage as well.
Furthermore, the topological nontrivial phase with one pair of MZMs is robust against Anderson disorder.
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2. Model and method

The electron transport along two-terminal dsDNA devices on top of s-wave superconducting substrates, as
illustrated in figure 1, will be described by the Hamiltonian H = H, + He, where H, and H, represent the
dsDNA-superconductor hybrid system and the electrodes including the molecule—electrode couplings,
respectively. The Hamiltonian of dsDNA molecules in proximity with the s-wave superconductor can be
written as [64, 65]:

2 N N-1
Ho=)_ {Z (g0 — Wkt + D litwch (09 + 07, s + teh st + Hc.]}
n=1

j=1 n=1

(1)
N 2 N
+ Z (Ac;[nczﬂ +H.c.) + Z Z (Bac;[naacjn + Acjcjny +H.c.).
n=1

j=1 n=1

Here, all the terms in the first and second lines are the Hamiltonian of usual two-leg ladder model including
the SOC one, with chn = (CJ‘TnT’ cjn i) being the creation operator at site {j, n} of the dsDNA molecule, j
labeling the helical strand, 1 the base-pair index, and N the molecular length. ¢j, is the on-site energy, . the
chemical potential, , the SOC strength, and ¢ (\) the intrachain (interchain) hopping integral. The SOC
term is expressed as agi_l = (=1t o, sin(nA¢) — oy cos(nA¢)]sin 0 4 o, cos 0, with 04—y, the
Pauli matrices, A¢ the twist angle, and 6 the space angle between the helical strand and the x—y plane [65].
The first term in the third line describes the Zeeman splitting under an external magnetic field whose
direction can be tuned toward any coordinate axis, while the second one accounts for the proximity effect
induced by the s-wave superconductor, with B, the Zeeman energy and A the pairing potential.

We consider the dsDNA molecule coupled to left (L) and right (R) normal-metal electrodes at the two
ends. Then, the Hamiltonian of these electrodes and their couplings to the dsSDNA molecule can be written
in momentum space

Hea = Z [5kaT5ka6k + raly (cin, + €ny) + Heel, (2)
kB=LR

where n;, = 1, ng = N, agk = (aLkT, agkl) is the creation operator in the 3 electrode with momentum k and
energy &y, and 7 is the tunneling amplitude between the dsDNA and the electrodes.

The current flowing from the left electrode to the dsDNA can be obtained from the time derivative of
the total electron number in the left electrode [66]

I=—¢ <%Zk: a{kaLk> . (3)

In the spin &) Nambu space constructed by the basis vector [y, cIn 1> Clngs cInT, Cants c;n 1> Conls c;nT]T, the
current can be calculated by using the Green’s function and expressed as [67, 68]

I= %/dERe Tr[o(G<S¢ + G'SP)]. (4)

Here, o = diag(1,—1,1,—1,1,—1,1, —1) represents the different charge carried by electrons and holes, and
the trace is performed over the spin (X) Nambu space. The retarded Green’s function

G =[E—Hy— X — ;]! and 2;/ * is the retarded/advanced self-energy due to the coupling to
electrode 3. Here, we consider the wide-band limit and the self-energy is taken as ¥, = (%) = —il'/2,
with I' being the coupling strength between the electrodes and the dsDNA. Finally, the lesser Green’s
function can be obtained from the Keldysh equation

G* =GX°G, (5)

where ¥° = X7 + Xy is the lesser self-energy. Based on the fluctuation—dissipation theorem, Xy is
written as

5 Xp 0
5 5 00 . e 00 0
»< — L0 L0 , »< ,
L o 0 o0 ... R 0 2R =R ©)
0 X g




10P Publishing

New J. Phys. 23 (2021) 093047 Q Chen et al

where EEO = iI" diag[f(E — pg),f(E + 1), f(E — pg), f(E + pg)], p15 is the chemical potential in the
electrode, and f(E) is the Fermi distribution function. The chemical potential is set to p; = eV}, /2 and
g = —eV},/2, and the temperature to zero as the temperature is very low in experiments, with V}, the bias
voltage between the left and right electrodes. Then, the differential conductance can be obtained from
equation (4) as

G dI

3. Results and discussion

In the numerical calculations, the intrachain hopping integral is taken as the energy unit, ¢ = 1, and the
on-site energy in the first helical-strand as the energy reference point, €1, = £; = 0. Other model
parameters are then taken as €,, = €, = 31, t,, = 0.1t, and A = 1.5¢ [65]. The structural parameters are set
to N = 400, A¢ = 7/5, and 6 = 0.66. The coupling strength between the electrodes and the dsDNA is

I' = 0.05¢, the pairing potential A = 0.05¢, and the chemical potential ;¢ = 1.4t which could be tuned by
dual gate electrodes. These parameters will be used throughout the paper, unless stated otherwise.

3.1. Signatures of MZMs in topological superconducting dsDNA devices

We first consider the dsDNA-superconductor hybrid system in the absence of gate voltage and disorder.
Figures 2(a), (b) and (c) show the energy spectra under open boundary conditions as functions of the
Zeeman energies By, By, and B, along different coordinate axes, respectively. By inspecting figure 2(c), it
clearly appears that the energy spectrum is symmetric with respect to the line E = 0 when the Zeeman field
points along the z axis, owing to the electron—hole symmetry in the superconductor. In the absence of
Zeeman field, there exists an energy gap with size 2A because of the proximity-induced effect in dsDNA
molecules, implying that the dsDNA-superconductor system behaves as a conventional BCS superconductor
for B, = 0. By increasing B,, this energy gap decreases linearly and closes at B, ~ 0.055¢, with no
topological gap for whatever the value of B,. This indicates that the dsDNA-superconductor system cannot
present topological superconductivity when the Zeeman field is parallel to the helix axis, in sharp contrast
to the ssDNA-superconductor system which hosts MZMs for parallel Zeeman field [64]. This may be
understood as follows. Since the x (y) component of the SOC of the first helical-strand is opposite to that of
the second one due to the 7 phase difference between the cylindrical coordinates of two pairing nucleobases
[65], the effective SOC of the dsDNA molecules should point along the z axis. As a result, the effective SOC
is parallel to the Zeeman field in this situation and thus no topological superconductivity could be detected
in the dsDNA-superconductor system when the Zeeman field is aligned with the helix axis [22].

When the Zeeman field points along either the x axis or the y axis, the energy spectra are identical to
each other (see figures 2(a) and (b)), and below we consider the Zeeman field pointing along the y axis as
an example. One can see from figure 2(b) that the energy spectra are symmetric with respect to the line
E = 0, and the energy gap decreases linearly with B, and closes at B, ~ 0.055¢, which are similar to the case
when the Zeeman field points along the z axis. As a result, the dsSDNA-superconductor system does not
exhibit topological superconductivity and locates in topological trivial phase for B, < 0.055t. Interestingly,
different phenomena could be observed in the dsDNA-superconductor system in relatively large Zeeman
field regime when the Zeeman field is perpendicular to the helix axis. When the Zeeman field is increased
beyond B, ~ 0.055t, a topological gap emerges in the energy spectrum, demonstrating a topological phase
transition from a topological trivial phase to a topological nontrivial one. In the topological nontrivial
regime, the energy levels 1 and 2 become degenerated and are equal to zero (see the solid-red lines in
figure 2(b)). These two zero modes are MZMs, which are protected by the topological gap. For further
confirmation, figure 2(d) shows the probability distribution |¥,|* of energy level n (n = 1,2) at B, = 0.18¢
(see the blue dot in figure 2(b)), which is obtained by diagonalizing the Hamiltonian of isolated
dsDNA-superconductor system (see equation (1)). The probability distributions |¥;|? and | ¥, |* are
superimposed with each other, and the electronic states are localized at the ends of the dsDNA molecules,
indicating that the dsDNA-superconductor system is a topological nontrivial phase with one pair of MZMs.

Besides, one can see that the band gap closes again at B, ~ 0.222t and reopens when the Zeeman field
surpasses this critical value. The gap width increases gradually with B, when B, > 0.222¢, but its magnitude
is smaller than that in the region 0.055¢ < B, < 0.222t. Similarly, the energy levels 3 and 4 become
degenerated and are equal to zero (see the green-dotted lines in figure 2(b)), just the same as the energy
levels 1 and 2. In a word, the energy levels 1-4 are degenerated in larger Zeeman field region. The
probability distributions of the electronic states 1-4 at B, = 0.27t (see the red dot in figure 2(b)) are shown
in figure 2(e). It clearly appears that these four zero modes are localized at the ends of the dsDNA
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Figure2. (a)—(c) Energy spectra of dsDNA-superconductor hybrid systems under open boundary conditions for different
Zeeman fields B, aligned with the x axis, B, the y axis, and B, the z axis, in the absence of gate voltage. The red-solid and
green-dotted lines indicate the evolutions of four electronic states closest to the Fermi level E = 0, which are labeled by the
algebraic numbers 1-4. The blue and red circles correspond to the electronic states at the Fermi level with B, = 0.18¢ and 0.27,
respectively. (d) and (e) Spatial distributions of the wave-functions |¥;|* of the degenerate electronic states marked by the blue
and red circles in (b). Here, the molecular length is N = 400.

molecules, implying that these four zero modes are MZMs as well. Therefore, this region is also a
topological nontrivial phase, but hosts two pairs of MZMs at the ends of the dsDNA molecules. Notice that
Ray et al numerically computed both energy spectrum and conductance of a quasi-1D Rashba nanowire
which is composed of three weakly coupled 1D chains [69], finding that this quasi-1D nanowire hosts three
pairs of MZMs. It would be reasonable that dsDNA, which consists of two helical chains, hosts two pairs of
MZM:s under certain parameters.

When A = 0.05¢, the critical Zeeman energy to observe the phase with one pair of MZMs in dsDNA is
about 0.055¢, which is smaller than the critical Zeeman energy in ssDNA [64]. In particular, further studies
indicate that the critical Zeeman energy for this phase decreases almost linearly with decreasing A. In other
words, the critical magnetic field to observe one pair of MZMs decreases almost linearly with decreasing A.
For example, the critical magnetic field for one pair of MZMs is about 14 T when A = 1 meV, which is
accessible in experiments. Although the critical Zeeman field for the phase with two pairs of MZMs
decreases slightly with decreasing A, it could be dramatically reduced by tuning j. In other words, the
critical magnetic field to observe two pairs of MZMs could be reduced by tuning .

In particular, in recent, Ising superconductivity is experimentally realized and it has the strong magnetic
anisotropy [70-72]. Owing to the strong pinning of electron spins to the out-of-plane direction by Ising
SOC, external in-plane magnetic field is much less effective in aligning electron spins. Therefore, Ising SOC
significantly increases the in-plane upper critical magnetic field, which can reach 52 T at 1.5 K [71].
Therefore, topological superconducting phase may be realized experimentally in dsDNA by using Ising
superconductors which have superconductivity under high magnetic fields.

To further understand the topology of the dsDNA-superconductor system, we consider a two-terminal
dsDNA device (see figure 1) and calculate its differential conductance. For the left and right normal-metal
electrodes, the symmetric condition is taken into account and the linewidth function is fixed to
I'L = I'r = 0.05t. Figure 3(a) shows the differential conductance G at zero bias voltage as a function of the
Zeeman energy B,. One can identify two distinct plateaus in the curve G — B,. Here, a conductance plateau
always corresponds to a new phase or the emergence of a novel phenomenon. As compared with the energy
spectrum (see figure 2(b)), the low conductance plateau corresponds to the topological nontrivial phase
with one pair of MZMs and the high conductance plateau to the phase with two pairs of MZMs. The low
conductance plateau is exactly equal to 2¢?/h, while the high one is slightly less than 4¢? /h, which can be
understood as follows. Since the gap width of the topological nontrivial phase with one pair of MZMs is
larger than that with two pairs of MZMs (see figures 2(a) and (b)), the MZMs in the phase with two pairs of
MZMs tends to couple with each other and results in non-integer differential conductance which is slightly
less than 4¢® /h.

Figure 3(b) plots the contour map of the zero-bias differential conductance as functions of the Zeeman
energy B, and the chemical potential ;1. The blue region is the topological trivial phase with no MZM in
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Figure 3. (a) Zero-bias differential conductance G vs the Zeeman field B,. (b) Two-dimensional plot of G vs the chemical
potential 11 and B,. Here, the molecular length is N = 400. (c) and (d) Differential conductance G for different molecular lengths
N as a function of the bias voltage V4, for (¢) B, = 0.18tand (d) B, = 0.27t. The different lines denote different N.

this area, whereas the green and dark red regions are the topological nontrivial phases that host one and two
pairs of MZMs, respectively. Moreover, the conductance is symmetrical with respect to the chemical
potential ;o = 1.5¢, and the minimum Zeeman energy for two pairs of MZMs is about 0.126¢. Therefore, the
MZM and the topological phase transition of the dsSDNA-superconductor system can be realized by
adjusting the Zeeman energy and the chemical potential.

To further demonstrate the MZMs in the dsDNA-superconductor system, figures 3(c) and (d) display
the differential conductance as a function of the bias voltage V}, by considering various molecular lengths N
with the Zeeman field B, = 0.18¢ and B, = 0.271, respectively, which correspond to the topological
nontrivial phase with one and two pairs of MZMs. One can see that when the molecular length is
sufficiently large, e.g., N = 400 (see the blue line in figure 3(c)), the differential conductance G displays a
single-peak structure, with the peak locating at zero bias voltage and its value being 2¢? /h exactly, because
the two MZMs are far from each other and the coupling between them is negligible when the molecular
length is sufficiently large. This single-peak structure can also be observed for B, = 0.27¢ (see the blue line
in figure 3(d)). However, the peak value is slightly less than 4e* /i due to the coupling between the two pairs
of MZMs. When the molecular length becomes shorter, the single-peak structure disappears, and the
zero-bias peak splits into two peaks for B, = 0.18t (see the red and green lines in figure 3(c)) and into four
peaks for B, = 0.27¢ (see the red and green lines in figure 3(d)), with the peak value approaching half
conductance quantum 2¢?/h. Besides, one can see that the peaks will be farther away from each other when
the molecular length becomes shorter.

3.2. Gating effect on Majorana zero modes in topological superconducting dsDNA devices
Then we study the effect of a gate voltage on the topological nontrivial phase of the dsDNA-superconductor
system. In the presence of an external electric field E; which is normal to the helix axis, the on-site energy
takes the form [62, 63, 73]

Ejn = & — (—l)jeVg cos(nAo). (8)

Here, 2V, = 2EgR is the gate voltage drop along the cross section of the dSDNA molecule and R is the
molecular radius. Figures 4(a), (b) and (c) show the energy spectra of the dsDNA-superconductor system
for different gate voltages Vj as a function of the Zeeman energy B,. In the presence of the gate voltage,
more phases will appear in the dsDNA-superconductor system, which are labeled by I, II, and III, as
illustrated in figure 4(a). Phase I and phase II are the same as the two topological nontrivial phases in the
absence of the gate voltage (see figure 2(b)), which host one and two pairs of MZMs, respectively. Phase I11
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Figure 4. Energy spectra of topological superconducting dsDNA molecules under open boundary conditions as a function of the
Zeeman field , By, in the presence of the gate voltage with (a) Vy, = 0.1¢, (b) V; = 0.2¢, and (c) V; = 0.3t. The red-solid and
green-dotted lines show the evolutions of the four electronic states closest to the Fermi level. The blue and red circles refer to the
electronic states at the Fermi level with B, = 0.27t. (d) and (e) Spatial distributions of the wave-functions [¥;|* of the degenerate
electronic states marked by the blue and red circles in (b) and (c). The other parameters are the same as in figure 2.
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Figure5. Contour plot of the zero-bias differential conductance G (in units of Gy = 2¢?/h) as functions of the chemical
potential /2 and the Zeeman field B, for different gate voltages with (a) V; = 0.1¢, (b) V; = 0.2¢, and (c) V, = 0.3¢.

is a novel phase induced by the gate voltage, where two zero modes emerge in this regime. To investigate
these two zero modes, figures 4(d) and (e) display the probability distribution of these zero modes for

Vg = 0.2t (red dot in figure 4(b)) and V; = 0.3t (blue dot in figure 4(e)), respectively. Although the
symmetry of the probability distribution is destroyed by the gate voltage, these zero modes are still localized
at the ends of the dsDNA molecule for whatever the value of V, and the corresponding conductance is
exactly equal to 2¢? /h (see figure 5), indicating that phase III is also a topological nontrivial phase which
hosts one pair of MZMs. Therefore, in the presence of a gate voltage, the topological phase transition could
occur in the dsDNA-superconductor system and the topological nontrivial phase with two pairs of MZMs
can transform into the phase with one pair of MZMs.

Besides, one can see from figures 4(a), (b) and (c) that the gap width of phase I and phase II is declined
by increasing the gate voltage, where the gap width of both phases is very small when the gate voltage is
taken as V; = 0.3¢. In contrast, the gap width is relatively large for phase III, implying that the MZMs of
phase III are more stable than those of phases I and II. In addition, phases I and I move toward small
Zeeman fields and their region decreases with increasing the gate voltage, whereas the region of phase III
increases with the gate voltage. This indicates that one pair of stable MZMs can be found in the
dsDNA-superconductor system within a wider Zeeman field for larger gate voltage.

Figure 5 shows the corresponding zero-bias differential conductance G as functions of the Zeeman
energy B, and the chemical potential 4 for different gate voltages V. It clearly appears that a part of the
region with differential conductance being about 4¢* /1 in the absence of the gate voltage will be changed
into the region with conductance being 2¢*/h. This further demonstrates a topological phase transition in
the dsDNA-superconductor system induced by the gate voltage, where the topological nontrivial phase with
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0.2

Figure 6. (a) Zero-bias differential conductance G vs the Zeeman field B, in the presence of Anderson disorder. (b)—(d) Energy
spectra of topological superconducting dsDNA molecules under open boundary conditions as a function of By, in the presence of
Anderson disorder with (a) W = 0.1t, (b) W = 0.3t, and (c) V; = 0.5¢. The red-solid and green-solid lines show the evolutions
of the four electronic states closest to the Fermi level.

two pairs of MZMs can transform into the phase with one pair of MZMs when a gate field is applied
perpendicularly to the helix axis. The region with conductance 2¢*/h becomes wider when the gate voltage
is increased, and most of the region with two pairs of MZMs will transform into the region with one pair of
MZMs for V, = 0.3t. Although the phase with two pairs of MZMs is destroyed by the gate voltage, the
phase with one pair of stable MZMs exists over a wider region.

3.3. Disorder effect on Majorana zero modes in topological superconducting dsDNA devices

In real experiments, disorder exists inevitably in the system and usually plays a significant role in the
transport property. Here, we consider the most disordered case that the on-site energy ¢, is distributed
randomly and uniformly within the range [¢; — W/2,ej + W/2], with W the disorder strength. Figure 6(a)
shows the zero-bias differential conductance for several disorder strengths W as a function of the Zeeman
energy By, and figures 6(b), (c) and (d) plot the corresponding energy spectra. In all of these calculations,
the results are averaged over 500 disorder configurations. It is clear that the low conductance plateau is
robust against Anderson disorder, whereas the high conductance plateau is fragile upon weak disorder. One
can see from figures 6(b), (c) and (d) that the gap width corresponding to the topological nontrivial phase
with two pairs of MZMs decreases quickly with increasing W, while the gap width corresponding to the
topological nontrivial phase with one pair of MZMs remains significant for relatively large W. Since the
topological nontrivial phase is protected by the gap, the topological nontrivial phase with two pairs of
MZMs disappears while the topological nontrivial phase with one pair of MZM:s still exists. As the disorder
strength is increased up to W = 0.5t¢, the topological gap corresponding to the topological nontrivial phase
with one pair of MZMs becomes smaller and thus the width of the corresponding conductance plateau is
reduced.

4. Summary

In summary, we have investigated the energy spectrum and differential conductance of a
dsDNA-superconductor system using the tight-binding method. Our simulations indicate that two kinds of
topological nontrivial phases are present in the dsDNA-superconductor system in the presence of a Zeeman
field pointing along either the x axis or the y axis. One of the topological nontrivial phases hosts one pair of
MZMs and the other hosts two pairs of MZMs. The topological nontrivial phase with one pair of MZMs is
more stable due to its larger topological gap. And the topological nontrivial phase with two pairs of MZMs
can transform into a topological nontrivial phase with one pair of MZMs when one applies a gate voltage.
Additionally, the topological nontrivial phase with one pair of MZMs is robust against weak disorder.
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