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By using the non-equilibrium Green’s function technique, we investigate the electronic transport properties in an
Aharonov—Bohm interferometer coupling with Majorana fermions. We find a fixed unit conductance peak which is in-
dependent of the other factors when the topological superconductor is grounded. Especially, an additional phase appears
when the topological superconductor is in the strong Coulomb regime, which induces a new conductance resonant peak
compared with the structure of replacing the topological superconductor by a quantum dot, and the conductance oscillation
with the magnetic flux reveals a 27 phase shift by raising (lowering) a charge on the capacitor.
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1. Introduction

Recently, the search for the Majorana fermion (MF),
whose anti-particle is itself,[!™! has drawn a great deal
of attention because the MF exhibits nonlocal features,
such as teleportation and non-Abelian statistics.>%] The
nonlocal property leads to interesting studies in quantum
computation.!”) Some studies reveal that Majorana bound
states (MBSs) can be realized at the ends of one-dimensional
spinless p-wave superconductors!®~1%1 and the 5/2 fractional
quantum Hall system.!'! Interestingly, MBSs may also ap-
pear in a semiconductor with strong spin—orbit coupling
or in a topological insulator,!'>"!# proximity-induced su-
perconductivity by putting on the surface of an s-wave
superconductor.'>~17] Two spatially separated MBSs can de-
fine a nonlocal zero-energy fermion level,['8! which can cou-
ple to other degrees of freedom. Therefore, it is possible to
detect and verify the signature of MBSs in such materials by
coupling to the normal materials.

An important challenge is the full experimental demon-
stration of the MFs in solid states. The electronic transport
through the topological materials is one method to detect the
features of the topological edge state.['2!l MBSs are ex-
pected to produce a characteristic zero-voltage anomaly peak
in the tunneling conductance.!®!>?? Recently, this evidence
for MF has been reported by Mourik et al.[>3! and other groups
in tunneling spectroscopy experiments using InSb or InAs
nanowires. 24201 However, this evidence is still debated.!?”!
Ful?! proposed the teleportation via MBSs with a topologi-
cal superconductor (TS) nanowire which is grounded by a ca-
pacitor in the strong Coulomb regime. The teleportation indi-
cates that electron tunneling in and out of two separated MBSs
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is equivalent to the resonant tunneling through a single level
quantum dot (QD) in the Coulomb blocked regime. However,
little attention has been paid to an additional /2 phase in the
teleportation. This phase does not work in direct transmission,
while in a path interference such as an Ahanorov—Bohm (AB)
interferometer, the additional phase is significant in electronic
transportation. It makes the teleportation via MBSs different
from the transportation via a single level QD and gives rise to

some new features in transportation.

Motivated by this additional phase and for finding the new
signature of MFs, we apply the non-equilibrium Green func-
tion (NEGF) technique to investigate the charge transporta-
tion in an AB interferometer consisting of two parallel QDs
and a TS nanowire. Here, we consider two special cases.
(1) Without charging energy on the TS nanowire when it is
grounded directly. In this case, we find a robust fixed conduc-
tance peak that is independent of other system parameters. (2)
With strong charging energy on the TS nanowire when it is
grounded via a capacitor, which indicates the electrons of the
TS nanowire are in the strong Coulomb regime, a teleporta-
tion process occurs in this regime.?8! A new conductance peak
outgrows between two fundamental resonant energies because
of the additional /2 phase. Moreover, the conductance os-
cillation reveals the period of 47 and has a 27 phase shift by
changing the charging number of the capacitor on the asym-
metrical coupling condition. These abnormal features suggest

the existence of MFs.
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2. Model and method
2.1. Model

The setup is shown in Fig. 1. An AB interferometer
contains two QDs coupled to two ends of a semiconduc-
tor nanowire with strong Rashba spin—orbit interaction. The
nanowire has proximity-induced superconductivity by putting
it on the surface of an s-wave superconductor, and a strong
magnetic field is applied along its axis (for simplicity, the s-
wave superconductor and the magnetic field along the axis
of the nanowire are not shown in Fig. 1). The spinless con-
sideration is provided due to the spin—orbital coupling and
the strong Zeeman splitting. Because of the proximity effect
of the s-wave superconductor, the nontrivial superconductor
phase resembles the p+ip superconductor phase, which has
two separated MBSs at the two ends of the nanowire.[!>~17]
The nanowire is grounded via a capacitor with charging en-
ergy E. = €2 /2C, where C is the capacity. The two QDs attach
two normal metallic reservoirs on the left and the right sides,
a magnetic flux @ threads into the whole AB ring (the ellipse

as shown in Fig. 1). The model Hamiltonian can be written as

H = Hy+H,+ H, + H,, (1a)
with
Hy = Hy+ Hyy (1b)
= Y ad di+iEnp+Y Aldi—d)y,
i i
H =Y enchione, (10)
kvn
H, = ZZ(T,-,,c;kd,-+h.c.), (1d)
kn i
H. = E.(2N +nq—ng)?, (le)

where the central system Hamiltonian H; includes the decou-
pled part Hy and the interactive part Hyq; Hp contains the
Hamiltonian of the individual i-th QD with tunable energy
level € and the coupling of two MBSs ;> which satisfy
Vo= yiz; and d; is the annihilation operator for electron in
the i-th QD (i = 1,2). The coupling coefficient £ depends on
the length of the nanowire. The interactive part Hyyq describes
the two QDs coupled to the two MBSs with tunneling ampli-
tude A;. The H, is the Hamiltonian of the 1 (n =L,R) leads of
electron energy &y with momentum k, where ¢y is the anni-
hilation operator for electrons in the 1 lead. The H, is the stan-
dard tunneling Hamiltonian between leads and QDs, where
(TiL)* = (Tir) = (Tor) = (Tr)* = |T|e ¥ with ¢ = 27D /Py,
and @y = h/e is the flux quantum. Since the magnetic flux
goes through the center of the AB ring, there is no phase dif-
ference due to the magnetic flux crossing the nanowire. The H,
is an additional term due to the finite charging energy E,!?%%]
where N is the number of Cooper pairs in the superconductor,

and ng = f f satisfies 2iy;pp = 2nqg — 1 = (—1)N*1. The ng
can be tuned by gate voltage V, across the capacitor.

Fig. 1. (color online) The schematic diagram of a parallel double QD
system connected to two normal metal leads. Between the two QDs, a
semiconductor nanowire is placed on an s-wave superconductor surface
with a strong magnetic field applied along the axis of the nanowire. Two
MBSs labeled by y; and 7, are located at the two ends of the nanowire,
which are grounded indirectly via a capacitor with capacity C. The two
QDs are coupled to MBSs by connecting them to the two ends of the
nanowire. A magnetic flux @ goes through the whole AB interferome-
ter ring.

The current through the left lead can be calculated from
the evolution of the electron number operator, N, = Zc}ikch.
k

Setting the bias of the left (right) lead at Vi, (VR) and applying
the NEGF method, we obtain the current expression

I = —e(Ny.)
d
= 2 [ SO - G T + (B - TG @)

where G'(®) is defined as the Fourier-transformed retarded
double time NEGF G (t,t') = —i0(t — ') ({¥(t),¥T(¢)}),

G'(0) = [ol — Hy— X"(0)]"", (3)

here ¥ is the column vector of the central system, I repre-
sents the identity matrix, Hy is the Hamiltonian of the cen-
tral system, and "< (@) = X" (0) + TRV~ (o) repre-
sent the retarded, the advanced, and the lesser self-energies
of the system due to coupling with the leads. We can use
the Keldysh equation to obtain the lesser NEGF, G<(w) =
G'(0) X< (0)G*(®), with G*(®) = [G"(®)]". Under the
wide-band approximation, the self-energies can be derived as

i
Ti'(@) = ¥5In, (4a)

where Fj is the about matrix form of the Fermi distribute
function in the 7 lead, and it has different forms in different
bases. The I, is the coupling matrix of the 717 lead and the two
QDs. The elements are 1:]” = 2nT;, Tjnpy with py being the
density of state of the 1 lead, therefore l'ig =1 /l'i" 1}”. In our
work, we assume that py, is independent of energy, i.e., FUn are
regarded as constants.

057201-2



Chin. Phys. B Vol. 23, No. 5 (2014) 057201

2.2. Two special cases

We consider two special cases: one without charging en-
ergy on the TS nanowire, i.e., the TS nanowire is grounded
directly, and one with strong charging energy on the TS
nanowire achieved by grounded via a capacitor. The two spe-
cial cases will be discussed respectively.

2.2.1. Without charging energy

When the TS nanowire is grounded directly, there is no
charging energy on the TS nanowire. Actually, Hyg should
include a condensate phase ¢ of the superconductor for rais-
ing or lowing the number of Cooper pairs. However, for the
TS nanowire being grounded directly, the capacity C — oo and
H. = 0, the phase can be absorbed in the operator of the QDs
and MFs by using a BCS wave function.3%! Thus, it is conve-
nient to convert the MFs to the regular fermion representation
by 1 = \%(a—kcﬂ) and p, = —i\iﬁ(a—cﬂ). The two parts of
the central system Hamiltonian read

Ho= Y edidi+E&(da—1)2), (5a)
i=1,2
A Y .
Hyig = \712(511 —d})(a+ad") - 17;(‘12 —d})(a—a"). (5b)

We use the basis ¥ = (dy,d] ,da,d},a,a”)" to form the
NEGF. The matrix form of the central system Hamiltonian and
the coupling matrix are described as

- 7}( 7}, -
a 0 0 0 A
A A
0 -& 0 0 A 4
0 0 & o0 R b
H,— vioov2ol (6
0 0 0 -g —= A
2 2
A AL Cih ik 0
2 V2 V2V
S VR V' S V) 0 —¢
L2 v 2w |
vk 0 Iy®** 0o 00
o r® 0 IyRex? 00
R L I L ST
0o r5R+F*¥ o n’® oo
0 0 0 0 00
0 0 0 0 00]
@)

Note that the sign of exponent in Iy ;g takes the first
sign for n = L and the second sign for 1 = R. The ma-
trix form ﬂOf the Fermi distribution function in this basis is
F, = [f 97 ® I3x3, where fil = f(@ = eVy) represents

+
the electron (positive sign) or hole (minus sign) Fermi distri-
bution function of the 1 lead.

By using the Keldysh equation and the identity G" —
G* = G"(X"— X*)G*, Eq. (2) can be rewritten explicitly as

e [do L /L L /R
—_— | =T — T —

I =

+T3(f5 - 2], (8)

with

7 rf( Y Y [GP +2Re[GGY + GlaGiye®
i=1,3 j=2,4

+ (G1GY + GaGY + G1uGY + GG3)e] ). 00)
T, = ILIR( Z Z |G1r'j|2+2Re[ 1263 + G14Gy3e™?
=13 j=2.4
ip
+ (G12G23 + G14Gi3 + G54 G5 + G4, Gh e 7)), (9b)
Ty = ILIR( Y, |G}j]* +2Re[G}5Gis + G G
ij=13

+ (G11G5, + G Gi3 + G13G5; + G5, G53)e

ip
2]). (%)

At a low temperature, the linear conductance can be ob-
tained by G = g—(, lv—0, where V = |V, — V| is the voltage drop
between the two leads,

62

h

The physical meaning of the above equation is clear. Here T;

G 2T + T+ T3). (10)

represents the coefficient of the local Andreev reflection (AR),
i.e., an electron transport from the left lead into the central sys-
tem and a hole is reflected back; 75 represents the coefficient of
the cross AR or non-local AR, i.e., an electron transport from
the left (right) lead and a hole is reflected at the right (left)
lead; T3 is the transmission coefficient of single electronic tun-
neling.

2.2.2. With strong charging energy

In the case of the nanowire grounded via a capacitor and
so with strong charging energy, we consider the low-energy
spectrum with @ < E., which are both lower than the super-
conductor gap. In the strong Coulomb regime, the charging
energy is dominant, the phase of the superconductor ¢ for
raising or lowering the number of Cooper pairs must be con-
sidered. Therefore, Hyiq should be in the form of

A el 1A »
Hyg = \712dj(a+e*"f’a')—%dg(a—e*“?’afwh.c., 11

which means that the charge is conserved.

Furthermore, in the strong Coulomb regime, the resonant
situation for the central system is determined by two charge
states, |ng) and |ng + 1), where ng is a half integer.!*3?°! Take
np =21+ 1/2 as an example (I = 1,2,3,...), the low energy
degeneracy is achieved by (N,nq) = (1,0) or (/,1), where the
a state is either occupied or empty with a fixed Cooper pair
number. Then, all terms including e in Hyyq can be omitted.
When ng = 2/ — 1/2 by lowering an electron on the capacitor,
(N,ng) = (I—1,1), (,0) are the low energy degenerate states,
where the a state changes accompanied by creating or elimi-
nating a Cooper pair. In this case, only the terms o e*1? (the
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terms raising or lowering N by one) contribute to the trans-
portation. Finally, the effective Hyq in the strong charging
energy regime (note that it absorbs the effect of H.) can be
rewritten as

= B g 1V

V2 V2

where @ = a when the integer n is even and @ = e %4’ when

dla+he., (12)

the integer n is odd. The parity of n is determined by the two
different resonant states, which can be changed by raising or
lowering a charge.

We can replace the Nanbu representation with the basis
¥ = (dy,d>,d)", and the dimensions of all matrices can be re-
duced to 3 x 3. In this basis, the matrix form of the central
system Hamiltonian and the coupling matrix can be rewritten

as
i M
€1 0 2
 (=1)"2,
H,=| 0 & —1% . 13)
M (=D, _
LV :
r LR LR 0
1 ez 0
I = E;/Rei% FzL/R 0 (14)
i 0 0 0
The Fermi distribution function matrix is Fy = fi’ I5.3.
Since the AR is blockaded, we can apply

the Landuer-Biittiker formula to transmission 7 =
Tr] G (@) T'RG" (@) TM)B13] to get charge current /i and
linear conductance G, where the transmission 7 is a function
of W,

d
L= [ ST %), (15)

&2

G="T. (16)

3. Results and discussion

For numerical calculation, in both special cases, we as-
sume A; = A, = A and equal dot levels, & = € (i = 1,2). We
also assume equal coupling between the i-th QD and the lead
on the same side, i.e., FIL’R = FZL"R = FII;R =Ii Rr.

3.1. The conductance without charging energy

We assume that the nanowire is long enough so & = 0 in
this subsection. In the absence of the magnetic flux (¢ = 0),
the three contributions to the linear conductance in Eq. (10)
can be written as T} = I;2/yI'?, T, = I[LI} /y['%, and T3 =
xI1 IR /T%y, where x = (1 — w(® +€)/A?)? + (wI" /A?)?, and
y=(1-w?/A%)?+ (%)2 The explicit expres-
sion of the total linear conductance without charging energy is

_erf2n | Iilr(x—1)

G= —_— 17
N yF+ N ) a7

where I' = I + IR is the full line-width function of the sys-
tem.

We note that when ® =0, x=y =1 and T} = (I /T")?,
L=T=I1Ix/T 2. The second part in the bracket of Eq. (17)
will vanish, then Gy = G|p—0 = % % This means that the lin-
ear conductance at ® = 0 is a constant and independent of the
other parameters of the central system. Especially, if IT = IR,
all transmission coefficients are 1/4 and the total linear con-
ductance will be fixed at Gy = ¢*/h. This is one of the key
results in this work.

Figures 2(a) and 2(b) show the linear conductance as a
function of @ for different A and QD levels with ¢ = 0. We
consider the symmetrical coupling case of I} = Ir and as-
sume € = 0 in Fig. 2(a). As we know, in the absence of the
TS nanowire and MFs (A = 0), only the electronic tunneling
process (73) contributes the conductance, and the linear con-
ductance shows only one resonant peak at @ = 0 (see the black
solid line in Fig. 2(a)). As the QDs and the MBSs are coupled
together (A # 0), all the three contributions in the conductance
expression contribute to the total conductance.**3* Two new
resonant peaks at @ = 4-+/2A are larger than the unit conduc-
tance on account of the AR contributions.

1.2

(a) ~ .~
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G/(e*/h)

0.4}

1.0 T T T T T T T T T T T T T T
08 | SN .

0.6 .

T(w)
1
2
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02f

-

I 1 1 - I
—-0.2 0 0.2 0.4 0.6
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Fig. 2. (color online) The linear conductance as a function of @ with-
out charging energy. (a) Fixing € = 0, the black line is the conductance
as a function of @ when A = 0. Once A # 0, two resonant peaks at
++/2A are higher than ¢? /h, companying a settled unit conductance
peak. (b) Setting A = 0.2 and tuning the levels of the QDs, the curves
become asymmetrical, the resonant peaks at @ = (¢ £ v€2+812)/2
move, while the unit conductance at @ = 0 is still fixed. (c¢) The details
of the transmission coefficient and the AR coefficients as a function of
®, where € =0 and A = 0.1. Other parameters are I] = I'x = 0.2 and

£=0.
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The conductance at @ = 0 is not affected by the properties
of the QDs and MBSs. By increasing A, the locations of two
resonant peaks on the two sides are changed while the conduc-
tance at @ = 0 is still fixed at the unit conductance (G = €2 /h)
(see the dashed (dot) lines in Fig. 2(a)). In Fig. 2(b), we fix
A =0.2 and tune the QDs energy levels, the curves of conduc-
tance become asymmetrical. Meanwhile, the resonant peaks
at @ = (¢ /€24 8A2)/2 move, while Gy = ¢?/h is still lo-
calized at = 0.

To explain this, we can regard the TS nanowire as a third
terminal composed of a superconductor and two zero-mode
MFs at its ends. The isolated zero-mode MFs will suppress
the electronic tunneling process by anti-resonance, however
the superconductivity will introduce the AR in transportation.
As shown in Fig. 2(c), T3 for the electronic tunneling process is
partially anti-resonant and drops down to 1/4 at @ = 0 because
the two QDs are coupled to the zero-mode MFs. The non-local
AR coefficient 7> has a peak up to 1/4 at @ = 0 because of
the superconductivity of the TS nanowire. The local AR co-
efficient 77 is doubled to 1/2 because this AR happens at the
same lead, contributing 277 to the linear conductance. Conse-
quently, the sum of the three contributions forms the fixed unit
conductance at @ = 0 independent of other parameters of the
central system.

3.2. The conductance with strong charging energy

From Eq. (12), we can see that, with the strong charging
energy, when an electron tunnels from one QD through two
spatially separated MBSs to the other QD, the two MBSs act
as one single level system, and this process keeps the phase
coherence. This Hamiltonian describes teleportation through
MBSs. 28 The AR will be blockaded and | /.| = |Ig| in this sit-
uation. However, we note that there are still some differences
between the MBSs in teleportation and a single level system
such as a QD. The main difference between the teleportation
via MBSs and that via a single level QD is reflected in the
factor i(—1)" = ¢!(=1)"%/2 of Eq. (12), which is an additional
phase between d; and 7. In order to show the differences, we
calculate the conductance in the strong Coulomb regime and
compare it with the result of replacing the TS nanowire by a
single level QD.

In order to make the physics picture clear, it is useful to
introduce the QD-molecule representation, which can make
the central system be three separated single-level molecules
and obtain the eigenvalues of the central system.?>! In this
representation, the central system Hamiltonian and the tunnel-
ing Hamiltonian can be rewritten as

A, = &DiDy+&. DD, +e D' D_, (18a)
A=Y T CLUDO + 77 CLUD+ +77" c;’nDﬂ (18b)
kn

where Do, Dy, and D_ are the linear combinations of di,
d>, and da, and T(;] 4 are the linear combinations of Ti,
(i=1,2). They are referred to the annihilation operators and
the tunneling coefficients of the three decoupled and sepa-
rated molecules. Now, the system has been represented as
three isolated molecular states coupled with the two leads
independently. The normalized occupied energy levels of
the three molecules become & = € and & = (e + & +
VE—EP+412) /2.

According to the Landuer—Biittiker formula, the conduc-
tance expression in the strong Coulomb regime is obtained as

e (1+cos)a?

=T AR 1)
where
A al’ — (—1)" (I, — IR)A?sing/2
B ILIr ’
(@ —
B:—(OH_)L IC 8)+2(wf§)sin2§,

I Ir
with @ = A2 —2(w —&)(w — &). The factor (—1)", which lies
in the conductance expression, originates from the additional
phase.

The conductance as a function of @ at the symmetrical
case of I = Iy is shown in Fig. 3 by setting € = & =0 and
¢ = 0. Note that there are three peaks, appearing at the loca-
tions of the three eigenvalues of the central system: w =&y =0
in the middle and @ = £+ = 424 on the two sides. As we know,
if the TS nanowire is replaced by a zero energy level QD, there
are only two resonant peaks and one dip located at @ = 0 as
in the triple-QD structure (see the inset in Fig. 3). The emer-
gence of the dip comes from the full anti-resonance when the
electron energy level is near the middle QD energy level.

41\

1.0

0.8

0.6

G/(e?/h)

0.4

0.2+ B

e=0,6=0 |
1 1 n 1 n 1 n 1 1 1 n

—-06 —-04 —-0.2 0 0.2 0.4 0.6
w

Fig. 3. The linear conductance as a function of @ in the strong Coulomb
regime under the condition of I] =[x = 0.4. Setting € =& =0
and @ = 0, the peaks of linear conductance are located at @ = 0 and
® = +A. The insert shows the linear conductance when the nanowire
is replaced by a single level QD. The other parameter is A = 0.2.

In our model, because of the additional phase in the
teleportation Hamiltonian (Eq. (12)), the anti-resonant en-
ergy changes from @ = 0 for the triple-QD structure to ® =
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+1/22/2 for our structure. Consequently, the central dip in
the triple-QD structure splits into two dips and a new resonant
peak emerges between the two dips in our system.

The Fano effect exposes the transportation properties in
an interference process, yielding an asymmetrical line shape
due to the interference of transportation of a single level and a

[36

continuous channel.[?®] The line-width matrix elements in the

separated molecules representation read

BT =27 T0py, i) =0,4,—. (20)

Then the effective line widths of the three isolated molecular

states can be obtained easily as

- 1 (0}

Ig 177(1+2cos2), (21a)

-n A A%(14cos@/2)

F:I:j: = B ’
402+ A%

(21b)

402+ (e— &)+ (e—E&). We note that the
line width of the first isolated molecular state is independent

where Ay =

of the energy levels of the two QDs and coefficient £, while
the other two line widths of the states depend on the two pa-
rameters. If I’ (I l’ ', ) increases, I ﬂ i aIm) just decreases
conversely, and both of them are less than 1:08. This gives
a possibility for forming an asymmetrical line shape of the

e,36-391 j e.. if one of them decreases to narrow

Fano resonanc
enough comparing with 1"01(7), an asymmetrical Fano resonance

peak forms.

e=—0\t, =03
—0.2 0.2 0.6 —06 —0.2 02 0.6
w w

—0.6

Fig. 4. Asymmetrical Fano resonant lines by changing the energy lev-
els of the two QDs and the coupling amplitude of the MBSs: (a)-(c)
&> & for fixing & = 0, the Fano line shape forms at the left side; (d)—(f)
& < & for fixing € = —0.2, the asymmetrical Fano line appears at the
right side. Other parameters are I}, = Ig = 0.4 and A = 0.2.

Figures 4(a)—4(f) show that when changing the QD lev-
els € and & for I} = I without the flux, two kinds of Fano
lines emerge. The shape of the conductance curves depends

on the value of | — &|, a larger value is in favor of the asym-
metrical Fano line. When € > &, say M <r ﬁ L< fog’ the
asymmetrical line shape forms at the left side. When € < &,
say I, < < I, the asymmetrical line shape forms at
the right side.

The formation of Fano lines can be understood easily.
When the energy interval between the QDs and the MBSs is
large, it is difficult to transport electrons from the up QD to
the down QD through the MBSs. Meanwhile, the channels of
the electron transmitting from left to right via only one QD are
not affected. The direct channels can be seen as the contin-
uous background channels, and the narrow channels crossing
the two QDs via two MBSs can be seen as the discreet level
channels. The interference of the two different channels pro-
duces the asymmetrical Fano line shape.

1.0

0.8

0.6

G/(e*/h)

0.4

0.2

oo odd
/o' | —-—symmetry

—1.0 0

o/
Fig. 5. (color online) The conductance as a function of the flux at @ =0
under the condition of left-right unequal coupling (I}, = 0.1, Iz = 0.4).
It shows a period of 47 when the flux changes. By adding or taking off
a charge on the capacitor, the parity of n changes and there is a 27 phase
shift due to the additional phase in teleportation. The solid black is for
even n, while the dashed black line is for odd n. The red dash—dot line
shows the symmetrical coupling case, I1, = Iz = 0.2, the period reduces
to 27. Other parameters are € =& = 0.2 and A = 0.2.

More interestingly, when I{ # IR, the path of electrons
transmitting from the upper left arm to the lower right arm via
the two QDs, interfering with the path of electrons transmit-
ting from the left to right via only one QD (either two upper
arms or two lower arms), covers only one half of the magnetic
flux and generates a factor sin /2. Therefore, the conduc-
tance oscillation is expected to have a period of 4. Moreover,
the factor (—1)" in Eq. (19), which results from the additional
phase and charging number (ng) of the capacitor, will play an
important role in the conductance oscillation with the mag-
netic flux. As shown in Fig. 5, when the parity of n changes
from even to odd by adding or taking off a charge on the capac-
itor, the transmission phase will be shifted by 2. Similar re-
sults were obtained by Fu.!?®! While our results reveal that the
phase shift is mainly resulted from the existence of the addi-
tion phase, and the phase shift can be tuned by QDs—leads cou-
pling coefficients. In the symmetrical coupling case, I1, = IR,
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the factors sin @ /2 and (—1)" in Eq. (19) vanish, therefore, the
period reduces to 27 and no phase shift can be observed (the
red dash—dot line shown in Fig. 5).

4. Summary

We have studied the transport properties of the MBSs in-
troduced by the TS nanowire coupled to parallel QDs in an
AB interferometer. We consider two special cases, the TS
nanowire grounded directly and via a capacitor with strong
charging energy. In the directly grounded case, we identify a
conductance peak at @ = 0 because the two QDs are coupled
to the zero-mode Majorana, and the peak is fixed at ® = 0 no
matter how the QD energy level and the coupling amplitude of
QDs-MBSs change. In the strong charging energy case, tele-
portation via MBSs will give an additional phase 7/2, which
is important in the path interferometer. The additional phase
splits the anti-resonant dip into two dips accompanied by a res-
onant peak between the two dips. By tuning the energy level
of the central system, two kinds of Fano line shapes can form
in this strong charging energy situation. If the parity of the
charging number n changes, the linear conductance oscillation
period with the magnetic flux will have a 27 phase shift when
I # I. These results may provide new signatures for detect-
ing MBS:s.
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