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Majorana fermion realization and relevant transport
processes in a triple-quantum dot system*
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Nonequilibrium electronic transports through a system hosting three quantum dots hybridized with superconductors
are investigated. By tuning the relative positions of the dot levels, we illustrate the existence of Majorana fermions and
show that the Majorana feimions will either survive separately on single dots or distribute themselves among different dots
with tunable probabilities. As a result, different physical mechanisms appear, including local Andreev reflection (LAR),
cross Andreev reflection (CAR), and cross resonant tunneling (CRT). The resulting characteristics may be used to reveal the
unique properties of Majorana fermions. In addition, we discuss the spin-polarized transports and find a pure spin current
and a spin filter effect due to the joint effect of CRT and CAR, which is important for designing spintronic devices.
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1. Introduction

Majorana fermions (MFs), with criteria of self-Hermitian
and zero-energy, are predicted to be realized in condensed
matter systems by combining strong spin—orbit interaction,
broken time-reversal symmetry, and superconductivity./!~0]
With their nonlocality, a pair of spatially well-separated MFs
can encode a qubit, which has a great potential in fault-
tolerant topological quantum computation, since the qubit en-
coded by MFs is robust against decoherence due to local
perturbations.!”! As a consequence, searching for and control-
ling of the new type of particles with non-Abelian statistics are
recently receiving much attention.>!1]

Since quasiparticles in superconductors are the superpo-
sition of electron and hole components with invariance for
the exchange of the electron and hole components, supercon-
ductors provide a powerful platform to realize MFs.[!?] Re-
cently, it was predicted that Majorana bound states (MBSs)
can survive at both ends of a one-dimensional (1D) semicon-
ducting wire or the edges of a two-dimensional (2D) quan-
tum spin Hall insulator by combining the spin—orbit coupling
and the proximity effect induced by the conventional s-wave

[4.6.13] and the features of the topological ends

superconductor,
or edges can be detected via electronic transport.!4-161 By
decoupling the Kitaev model!'”! to a series of quantum dots
(QDs) with the gate-tunable level connected by s-wave super-
conductors, MFs that are protected by a disorder robust topo-
logical gap can be realized at the ends of the quantum dot

[18,19

chain. | For the simplest case, the system with two QDs

DOI: 10.1088/1674-1056/24/3/037302

connected by an s-wave superconductor has been investigated.
It is shown that the poor man’s MBSs can form on the dots
under appropriate conditions, and they share all the charac-
teristics of the standard MBSs, only lacking the topological
protection. 2"

The nonlocality of MFs is usually hard to probe by elec-
trical measurement.>!=2*! However, when they are well sepa-
rated, superpositions of MF pairs can form a nonlocal fermion
level. As a result, the cross correlation is introduced to cer-
tify the nonlocality of MFs. It is addressed that the nonlo-
cality of a pair of MBSs can be probed in conductance as
well as noise cross correlation for cross Andreev reflection
(CAR).[25261 Among these, the use of quantum dots to probe
MFs is widely studied. [10,18,19.25-341 Eor instance, two QDs are
inserted between a nanowire’s ends hosting MFs and metal
leads to suppress the effect from the local Andreev reflection
(LAR).!?7-28] For the case of weak dot—reservoir coupling, it is
found that the cross correlation can be both negative and pos-
itive, depending on the quantum dots’ relative levels.!*’! For
strong dot-reservoir coupling, the cross correlation exhibits a
clover-like shape,!?8! and vanishes when one of the dot levels
is in resonance with the Majorana zero mode. [?°!

In this paper, we study a system consisting of three QDs
connected to two conventional superconductors. By tuning the
relative position of the dot levels, we demonstrate the exis-
tence of MFs and show that the MFs either survive on a single
dot separately or extend themselves among different dots with
tunable probabilities. As a result, there are different physi-
cal mechanisms, including the LAR, CAR, and cross resonant
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tunneling (CRT). These mechanisms are modulated by MBSs
and can be switched to each other by tuning the system pa-
rameters, which characterizes the unique properties of MFs.
In addition, spin-polarized transports are discussed, and a pure
spin current and the spin filter effect are presented as a result
of the combination of CRT and CAR.

The paper is organized as follows: in Section 2, we es-
tablish a theoretical model and search for the realization of
MBSs. The different mechanism governed average currents,
shot noise, and spin-dependent transports are discussed in Sec-
tion 3. In the last section, a short summary is given.

2. Model and methods

We consider a system of three coupling QDs connected
to two conventional superconductors, as schematically shown
in Fig. 1. The coherent lengths of the superconductors are
assumed to be larger than their geometric lengths so as to al-
low the CAR related to electrons on different dots. The su-
perconductors are grounded, and the two ends of the system
(dot 1 and dot 2) are respectively connected to, via tunnel cou-
pling, two normal metal leads with chemical potential py ()
(not shown in Fig. 1).

BlI | .BM
R

Fig. 1. (color online) Sketch of setup. Three tunnel-coupling quan-
tum dots are connected to two grounded conventional superconductors.
Both ends of the system (dot 1 and dot 2) are tunnel-coupled to two nor-
mal metal leads (not shown) with chemical potential {y g). To search
for MFs, each dot is fully spin-polarized by an applied magnetic field.
The magnetic fields on the outer dots are parallel with each other and
have an angle ¢ with respect to that on the middle dot.

The Hamiltonian of the system under investigation is
written as H = Hieaq + Heent + Hiead—cent, including the Hamil-
tonian of the normal metal reservoirs with dispersion spectrum
€k (Hiead = ZaeLA,R Yio ga,kcj-x’ko—c(x,ko')7 the Hamiltonian of
the central region (Hent), and that of coupling between them
with coupling strength Vi (Hiead—cent = Yo VLCchdlﬁ +
VRc;kGdzcy + H.c). In the central region, all quantum dots are
assumed to be single-occupied at level &5 due to the strong
Coulomb interaction. To search for Majorana fermions in such
a system, each dot is spin-polarized by an applied magnetic
field B;, with B parallel to B, but deviating from By with
an angle ¢ (see Fig. 1). This specific arrangement can modify

both the CAR and the single-particle tunneling, so the Hamil-

tonian Heep¢ of the central region reads3!

Heent = Z

i=12M;0
+ Z 1) [cos(9/2)dme

i=12;0

+o,sin(@/2)di5)

+ Aidis |6 sin(@/2)dve
+cos((p/2)d;,[6]+H.c., ¢))

Sitrd,"gdic

where o;, 6; = =, the pairing potential A,y between the dots
are induced by the proximity effect of the superconductors,
and the tunneling amplitudes 7,(;) are the values for parallel
fields. Here, the single-particle tunneling between dots and
superconductors is neglected as we limit the transport within
the superconductor gap.

Firstly, we assume the Zeeman splitting to be larger than
the temperature, for which only one spin level, e.g., o =], is
within the window of transport. In this case, Hamiltonian (1)
is reduced to a spinless model as in Ref. [20]

Heent = Z 8iddei
i=12M

+ Y (tidjdvo + Aidicdys +Hee),  (2)
=12
where for simplicity the dependence on ¢ has been absorbed
into #; and A;, which is reflected by the tunable ratio A; /#;.
In a Nambu presentation, Hamiltonian (2) can be ex-
pressed as
Heent = 1(
2
under the basis ¥ = (d] ,dy;,d},dy,dy,da) with

€] 5] 0 0 Aq 0
n EM 15 —A; 0 A
0 h & 0 *AZ 0
0 —-A 0 —& —h 0 ’ @)
Ay 0 —A -1 —&m —Ib
0 A 0 0 -t —&

Yh¥' e +ev+8) (3)

where we have assumed the superconductors have the same
phase and so choose A; and ¢; to be real for simplicity. We
diagonalize the Hamiltonian h and solve the corresponding

Bogoliubov—de Gennes equation!!8-26]

h® =Ad &)

with @ = (P, Py, P3, Py, Ps, Pg) to search for zero-energy
quasiparticles of Majorana states. Then the quasiparticle op-
erators can be expressed as ¥, = &;- &',

When the levels of dot 1 and dot 2 are aligned with the
chemical potential of the superconductors (us = 0), namely,
€1 = & =0, we can always find two zero-energy solutions to
Eq. () for t; = A;, reading

N=(d+d)/V2, n=id]—d)/V2. (6)
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They clearly obey the Majorana criterion 7/&2) = N(2). and
therefore describe MBSs. Interestingly, one can notice that
the two Majorana states are well spatially separated since
and 7, are completely localized on dot 1 and dot 2, respec-
tively. Furthermore, these states are independent of the middle
dot level &y1. If we loosen the constraint and only set & = 0,
there are still two zero-energy states, which can be reduced to

n = —f/g(df +d)+ \%(d& +dm),

B = i(d)—d)/V2 (7)

for eyy = 0, where we denote 0 = 2A;/g; and P =
1/4/(1+ 82). Obviously, 7, and 9, are still Majorana states.
Interestingly, in spite of y» completely remaining on dot 2, ¥,
is no more only located on dot 1, some weight (~ f8//2) is
transferred to the middle dot. This implies that we can dis-
tribute the Majorana states among different dots with tunable
weight determined by the dot levels.

To compute the transport properties, we switch to the
many-particle presentation on the basis |njnmn2), where
nipmp = 0 or 1 represents the occupation of the QDs. With-
out lead—dot couplings, the parity of the central region is con-
served though the particles are not invariant, since the elec-
trons are absorbed into or split out from the superconductors
in pairs. Therefore, the Hamiltonian of the central region Hep
is block diagonal in the Hilbert space spanned by the parity
subspace, namely,

H. 0
Hcent:( Oe H ) (8)

Here H, for even parity subspace

[£)¢ = {]000),|011),]110),|101)}
and H, for odd parity subspace

|©2)° = {]|010),|001),|100), |111)}

are given by

0 Ay Al 0
. Ay &+ éum 0 5]
H. = Aj 0 €1 +&m th ’ ®)
0 t ) & +&
EM 15 n 0
- 15 & 0 Ay
H,= f 0 € A . (10)
0 Ay A g +&+ém

The diagonalized master equation approach extending the

infinite-bias limit to an arbitrary bias voltage!?’-29-39:36.371 jg
adopted. Firstly, by diagonalizing the Hamiltonian H. (H,),

we obtain the eigenvectors |e;) (|0;)), i.e.,

|€i> = €] |000> +€i2|011> +€i3|110> +€,'4| 101>,

‘0j> = 0j1|010>+0j2|001>+0j3|100>+0j4‘111>. (11

The lead—dot Hamiltonian Hje,q—cent mixes the states of differ-
ent blocks via breaking the parity conservation and contributes
to the current by tunneling the matrix elements

(eildi|oj) = ej0j3+epoja,
(eilda]oj) = ejjojp+ej30,
(0jldile;) = ojiei3+0jreis,
(0jldale;) = of1ein +0jzei, (12)

with (e;|d;lej) = 0 and (o0;|dj|oj) = 0. We consider the case
of weak lead—dot coupling, I'y < kpTy,t;, so that the cur-
rent and the shot noise properties of the system are deter-
mined by the reduced density matrix Peent, Peent = Yy P|1){I|
(I1y € {lei)},|0j)}) with P; the probability of finding the cen-
tral state at |/). Then, we gather all the probabilities as a col-
umn vector P, thus, the matrix form of the rate equations can
be written as

dP(t)

dr

=W .P(1), (13)
with the matrix elements

W =Y Y Sail[f (&1 — &y — pa)|('|di|1)[*
a=LRi=12

+ (1= f(er —& — pa)) (Uil 1)) (14)

and Wy = —Y Wy, Here, 84; =1 for &« =L (or R) and
i=1(or2),and d4; = 0 otherwise, ei(e> (8;0)) is the eigenvalue
corresponding to eigenvector |e;) (|o;)), f(x) = (e’(BLT +1)71,
and Iy = 27Dy |Vy |2 with Dy, being the density of the states of
electron in the o lead. When the system reaches the dynamic
equilibrium, P(¢) = 0, we can solve out P under the normal-
ization condition ) ; P; = 1. Finally, the current through the o
lead is calculated by

Ia:Z[fa'P]ka (15)
k

where the summation goes over all vector elements k. The
T « 18 the matrix form of the current operator, whose matrix
elements have similar expressions as Wy in Eq. (14), only re-
placing the positive sign + with negative sign — and taking

a=LorR.
With the combination-generation approach, 38401 the

noise correlators are given by
Slala/ ((D) = Zéaa/|Z[IAa . P]k| +22[fa/T(—a))fa -P
k k
+I,T(0)Iy - P); (16)

with T(+®) = 1/(Fiol — W), where the first term is the
frequency-independent Schottky noise originated from the
self-correlation of a given tunneling event, and I is the unit
matrix.
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3. Numerical results and discussion

With numerical calculations, we discuss the case of sym-
metrical tunnel coupling It = Ix = Iy < kg7 (in experiments,
41’42]), where
T =Tr = Tp, and we set A} = A, = Ag and t{ = t, = 1 for the

sake of simplicity.

the lead—dot coupling energy is Iy ~ 0.01 meV!

3.1. MBS-modulated transport

The calculated current I, through the o lead and the net
current e = I + Ir through the superconductors are plotted
as a function of dot levels € and & in Fig. 2. Figures 2(a)
and 2(b) indicate that /i ) exhibits maximal absolute values
around &) = 0. Itis attributed to the LAR process with a pair
of electrons absorbed by or emitted from the same lead. For
the original point € = & = 0, from Eq. (6), we know that two
uncoupled MBSs are located respectively on dot 1 and dot 2,
and so I, and Ir reach the maximal values regardless of &y.
In the limit of yy, = —ur — oo, the current solution can be an-
alytically expressed as |/ g)| = I1(r)/2. LAR’s local feature
is also manifested by zero-frequency cross current correlation
SLr(0) = 0 (see Fig. 2(f)). When we keep &y = 0 and let either
dot level align with the superconductor one, e.g., & = 0, as
shown in Fig. 3(a), the variation of £ away from zero does not
influence Iy, but reduces I, from a peak to zero quickly. This
can be understood based on Eq. (7), i.e., tuning of &; transfers
the weight of the Majorana wave function ¥; from dot 1 to the
middle dot, but is irrelevant to MBS 7> on dot 2. For finite &y
and & = 0, Ir exhibits a similar scenario of current peak as in
I out of the same reason, namely, the weight of 7, distributes
between dot 2 and dot M at €y # 0. For the general case of fi-
nite &y and &, as depicted in Figs. 3(b)-3(d), the LAR current
peak is sensitive to &y and vanishes for gy > 0.25 meV.

In Figs. 2(a) and 2(b), apart from the LAR current
peaks along the axis, one can simultaneously notice that there
emerge two types of subpeaks: a negative one (electron tun-
nels out of the central region to the leads) along the diagonal
region (€] = &) and a positive value (electron tunnels into the
central region from the leads) along the anti-diagonal region
(¢ = —&). What is more, for the former, I;., has the same
value as Ir but with an opposite sign, obeying I} = —IR, thus
Inet = 0 holds exactly. While for the latter case, It, = Ir holds
strictly. These relations can also be seen in Figs. 3(b)-3(d). In
fact, different physical mechanisms exist. Physically, I = Ir
implies a CAR process, while I, = —IR is for electron tunnel-
ing from the left lead to the right lead. To distinguish them,
we further plot the dependence of I}, on € and & for tp =0
(Fig. 2(d)) and Ag = O (Fig. 2(e)), where the anti-diagonal peak
vanishes and only the diagonal peak remains. For ty = 0, an
electron tunnels from dot 1 to dot 2 through absorbing and
splitting Cooper pairs simultaneously, while for Ay = 0, an
electron tunnels via the middle dot normally. These two cases

cannot form the CAR process but with a resonant tunneling
feature, so we name them as cross resonant tunneling (CRT).
For the former, the arrangement of £ = & = —¢&y is in favor
of the formation of zero-energy Cooper pairs between dot 1
(or dot 2) and the middle dot, thus there appears a current res-
onance region around € = & = —§&y, see Fig. 2(d). For the
latter, the identical level of € = & = &\ favors the resonant
tunneling through the middle dot, so exhibiting a current res-
onance here, see Fig. 2(e). In contrast, for the arrangement
of €1 = —&, a pair of electrons from two dots have zero total
energy and so can form a Cooper pair entering into the super-
conductor together. As a result, /i, and Ig have the same value

and sign.
1 1
(a) (d)
> >
[} 0] .
£ 0 / £ o 2
5 3 y7
& o
0.1
.y _1!
—1 0 1 —1 0 1
€1/meV €1/meV 0
1 1
(b) r (e) —0.1
3 - 7
£ 0 g 0 3
~ ~ 2
& & &
_ | RSN —1!
1—1 0 1 —1 0 1
€1/meV €1/meV
1 1 0.5
(c) (f)
E 0 Z 0 N 0
< 2
—1 —1 —0.5
—1 0 1 —1 0 1
e1/meV €1/meV

Fig. 2. (color online) Currents (a) I, (b) Ir, and (c) e as a function of
dot levels € and &, for f) = Ag = 0.05 meV, and I, for (d) tp = 0 and
(e) Ag = 0. (f) Zero-frequency cross current correlations Sy g (0). Other
parameters are Ig = 0.01 meV, ey = 0.15 meV, yp, = 0.2 mV,ug =
—0.1 mV, and kg Ty = 0.5 meV (Tp ~ 5.8 K) expected for the specific
indication.

In Fig. 2(f), the zero-frequency current noise cross corre-
lation Sy (0) is displayed in the £ —¢; plane. Interestingly, dif-
ferent physical processes are characterized. The CAR process
involved in the electron pair movement is a positive correla-
tion, while the CRT tends to tunnel into one dot and out of the
other. The opposite tunnelings generate negative correlations.
Therefore, in a whole, S r(0) exhibits a quadrupole pattern
with alternating positive and negative values. This pattern is
robust against the bias setting applied to the normal leads.

Interestingly, the bias setting has a great influence on the
currents. In Fig. 3(c), we illustrate the variation of the cur-
rents for different chemical potentials of the right lead (ur) by
fixing yp, at 0.2 mV. By tuning Ug, the weight of the current
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peaks of CAR and CRT, respectively located at £, = —&; and
€] = &, can be redistributed between them. For ug = —uy , the
CAR current peak is completely suppressed (see the short-dot
lines in Fig. 3(c)) due to the opposite movement of electrons in
different leads. As we increase LR from ur = —yr, the CAR
current peak increases gradually, while the CRT current peak
is reduced correspondingly (see the solid lines in Fig. 3(c)) and
eventually vanishes at r = ur,, which favorably provides the
electrons with the same direction and so favors the CAR pro-

0.50
0.25
0
T —0.25
=
~
L 050 e
g
2 )‘ T T
£ P s (c)
O  0.05 L
0
—0.05 F— Ta(pr=—0.2 mV)
......... In(HR:O)
— = I(Y([.l;R =0.2 IneIV) N
—1.0 —-0.5 0 0.5
e1/meV

cess (see the dash-dot lines in Fig. 3(c)). Therefore, mediating
Ur can be applied to observe the transition between the CRT
and CAR mechanisms. In addition, we plot the dependences
of the currents on &y and £ respectively in Figs. 3(b) and 3(d),
where the increase in &y and #; is only to widen the resonant
peaks, irrelevant to the peak height. Our numerical calcula-
tions also show that with the increase in temperature, the LAR
current peaks will decrease, while the CAR and CRT current
peaks will increase to maximum values before reducing.

0.2

0.1

0.04

0
—— L(t=0.01 meV) ~\"~ i
Cooal 1,(t =0.03 meV) il ]
— - — I,(t=0.05 meV)
-0 =05 0 0.5 1.0
e1/meV

Fig. 3. (color online) Currents /;, and Ir as a function of & for different &y with (a) & = 0 (J: positive, Ir: negative) and (b)
& = 0.5 meV; for (c) different ugr and (d) different 7 (fo = A9 = t) with & = 0.5 meV. The other parameters are fy = Ay =
0.05 meV,ur, =02 mV,ur =0,kgTp = 0.2 mV (Tp ~ 2.3 K), and Iy = 0.01 meV expected for the specific indication.

3.2. Triple-QD modulated spin-resolved transports

From the above analysis, we know that there are two dif-
ferent physical mechanisms contributing to the current in the
right lead with opposite flowing directions. This makes one
recall the generation of a pure spin current where two spin
species transfer with the same magnitude but opposite direc-
tions. In order to generate a pure spin current, we set the spin-
degenerated dot levels €5 = € and &y = &wm, While the spin
levels &) =& FAp /2 on the right dot are lifted by Zeeman
energy Ag which is tuned to be comparable with other parame-
ters. Consequently, both spin species take part in the transport,
as depicted schematically in Fig. 4. For the right lead, if set-
ting & = 0 and €& align with &, spin-down electrons tunnel
from the left lead to the right lead via the CRT mechanism,
contributing the forward spin-down current. At the same time,
€] = —&; is also satisfied and so the CAR mechanism gener-

ates the backward spin-up current. Thus a pure spin current

emerges in the right lead when Iry = —Ig|.

left lead Eié— _¢E_RT right lead
r N\
VA

SC =

Fig. 4. (color online) Schematic diagram of generation of a pure spin
current when both spin levels contribute to the transport.

The above arguments are confirmed by the following nu-
merical results. We start with the full spin Hamiltonian in
Eq. (1), whose block diagonal matrices in Eq. (8), under the
basis [n7ngny) with nf,\ = 0,1,], are 13 x 13 H, and
14 x 14 H,. We still efnploy the rate equation (13) to ob-
tain the occupied probability for eigenstate |I) of Hene with
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the transition matrix elements

Wy =Y Y Saidulf(e— e —pa)|(!'dis|1)]?
a=L,Ri=12;0
+ (1= f(&r — & — 1a))[(ldis|I') ] (17

The spin-dependent current /o4 ) is calculated by

[ac :Z[fac'P]b (18)
k

where the current matrix Iy is spin dependent with matrix
elements

Tac)ir = Y, Sailulf (&1 — & — o) |('|dis|1)|*

i=1,.2

— (1= f(er —& — o)) | {lldi|) ] (19)

One can notice that the spin-dependent current stems from the
spin-selection rule (I|d;s|I'}, namely,

([l ll) =Y Biugug Bingng, (OnSnglduy| L nSng). (20)

o
;g

Here, Bo,9,0 is the expansion coefficient of |/) on the basis
and ﬁTngnf\’,[ ;é B 1ngng, due to spin splitting €. As usual, the
spin current is defined as Ios = Iy — I and the charge current
is defined as Iogc = Igp + 1o -

In Fig. 5, we display the spin-dependent currents g+ and
Ir; as a function of €. Obviously, at & = & = 0.5 meV,
a large spin current Irs and a small charge current Ir. appear
due to the opposite signs for Ir4 and Ir|. If one chooses ap-
propriate Ugr, as shown in Fig. 5(b), a pure spin current can be
realized at certain ug, where Irc = 0 and Irs # 0 (see point
A in Fig. 5(b)). Similarly, at &
spin current is also obtained but with a different direction (see

= —&4 = 0.5 meV, a pure

point B in Fig. 5(b)). At the same time, one can notice that
when a pure spin current is realized in the right lead, the spin
filter effect (existence of the current of only one spin compo-
nent and the other vanishing) is present in the left lead, which

[ (e
(I'ldi4]1) = Z Bongng Brugng, (On3 nigldir| T ngnyy), L L :
ngng is indicated in the inset of Fig. 5(a).
r T r T r T r r T r
a L J
L@ T ] (b)
-- Il :
0.02 N
. i 0.05 [
l 0.01 :
Y 0.01 i
3 :
~ L " | L
b= 1" — f—
g o) —4% - \
= | —o0s 0 0.5 <
= £1/meV, =]
) \ S
0 ) =
5 r / B
9 | 3
=} I =
o s
5] I || | O r
°
5 \ ~
) I
-0.01 RT [ . 005 L Ipe(e1=0.5 meV)
— —Irl — — Irs(e1 =0.5 meV)
Ire(e1=—0.5 meV)
I 1 4 —-- IRS(Ialz —0.5 meV) |
1 1 1 1 1
-0.5 0 0.5 -0.3 0 0.3
e1/meV pr/meV
Fig. 5. (color online) (a) Spin-dependent currents Irs as a function of & with ug = —0.1 mV, and (b) spin currents Irs and charge

currents Ig. versus U for g

=0.5meV and —0.5 meV. Other parameters are tj, =0.2mV,#p = A9 =0.03 meV, & =

0,8M:0,AB =

1 meV,kgTp = 0.5 meV, and Iy = 0.01 meV expected for the specific indication.

4. Experimental feasibility

Epitaxially grown InSb quantum dots may be suitable ma-
terials to form the excitation of Majorana fermions, since InSb
possesses a large electron g factor (|g*| ~ 30-70) and a strong
spin—orbit interaction (with energy Asor ~ 0.3 meV).[*3
Therefore, for possible experimental demonstration, the sys-
tem could be built by placing InSb quantum dots on an

s-wave superconductor substrate (with superconducting gap

A ~ 0.2 meV) under an external applied magnetic field of a
moderate strength (0.15 T). The diameter of the quantum dot
is about 200 nm, while the coherent length of a superconductor
is approximately 216 nm, electrons therefore can tunnel be-
tween neighboring dots either through normal tunneling with
coupling strength 71(3) or CAR with pairing potential Ay ) in-
duced by the superconductor. Nevertheless, the two outmost
dots are disconnected with each other because the distance be-
tween them is beyond the superconductor’s coherent length.

037302-6



Chin. Phys. B  Vol. 24, No. 3 (2015) 037302

Under these conditions, the model proposed in our paper can
be realized. The energy level of the quantum dots, in real-
ity, can be modulated by gate voltages, and the tunneling rates
I (r) and coupling strength 7 ) can also be controlled by uti-
lizing the gate-voltage technique. As for the chemical poten-
tial {p r), we can tune them independently when two power
sources are applied, respectively, between lead L coupling to
dot 1 (or lead R coupling to dot 2) and the superconductor.

5. Concluding remarks

We study the transport properties through a setup with
three QDs hybridized with conventional s-wave superconduc-
tors. By tuning the dot levels, we present the realization of
MFs and show that the MFs either locate on different dots
separately, or distribute themselves among different dots with
tunable possibilities, depending on the relative positions of the
dot levels. As a consequence, the nonequilibrium electronic
transports show rich physical mechanisms, including the LAR,
CAR, and CRT. These mechanisms are modulated by the Ma-
jorana states and can be switched to each other by tuning the
system parameters, which reveals the unique properties of Ma-
jorana fermions. In addition, spin-polarized transports are dis-
cussed. Interestingly, we find a pure spin current and a spin
filter effect originating from the joint effect of CRT and CAR.
We expect that our findings will be helpful for experimentally
detecting MFs and designing spintronic devices.
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