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Fig. 1. Sketch of a T-shaped DQD system with side-
coupled MBSs between N and S leads.
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Fig. 2. AR conductance as a function of the Fermi
energy in a T-shaped DQD without coupled MBSs:
(a), (b) and (c) correspond to £2=0.05, 0.1 and 0.15,
respectively. In each subplot, the solid, dashed and
dotted curves denote t=0.02, 0.08 and 0.14, respec-
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Fig. 2.

B, — R I LR G FR b A o K R
P, IF HZE K AE 55 1) Andreev S LS A —AS
EEf, GA = e?/h, B 5NE T A A
TR, 5 QD, 5 MBSs (8] B#E A& 58 5 A T6 K,
T Z A o BRI AR A 002, FEFRATT I AR 2
o PN K 2 ) B — o AR A — AN SR IR MBS,
BRI E 2 TR M5 B, e AT 1] AR G R Bl A 4K 25
K BAREEEW BT, UK R KA, # A RET
DIA R, BB A S T2 20K 15 QD fh &
Mem = Oﬁﬂ‘, /i%*—'?ilﬁﬁ%ﬁéﬂjfﬂlm% (Gof%EE
FHAT). X R HEG MBSs i HEFRHIE, 5
TN ET S RE — B TK T, T
HAFAA P4,

R, B2 (b) T 2 (c) H BT Fano % ¥ U4 Fir
AR B R FE ORI e BB EN T (e 4+ N) B, IF

137302-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 137302

HZ 3 & ARG A ¢t fsgm. 54k, FoK
RE BT () LR A A T BRI e, N, 12 (b)
ey = £0.1, t = 0.14 B, FFKAEFILTAHE TR
AN, SRR ARG i 2k, fERRA MBSs 2 )5,
AT PR R B T LR, W3 (b)
Fa k. HIXFEMN T BN E T R Wie—1
MBS Z Ja, 4 T8 17—V s, EAMETT
WM RAE T, BN T A, B
Andreev LT HIZE F I T AR 1A AR IE
(7S

LO Ty ¢ Zo0.02" ' '

561\{:0.08
. ]

— N ]

=

o

& 057

=

}

0 : :
-0.4 -0.3 -0.2 -0.1 0 0.1 02 03 04

1'0 F T T T T T T T
(b) t= 008 A=0.02
(M= - A=0.12 .
= |'I| """ . )
o o n :l
Sost o h :
b |
% l' '||
' 'l
1 Iy
’
K- Yoty
0 L N " : T
-04 -0.3 -0.2 -0.1 0 0.1 02 03 04
w
1.0 -(c) t—0.14 I I I I
EMZO.OS
— " .
=
> =
S 05T
= :
O :
'-.", '
g T

ok - ;
-0.4 -0.3 -0.2 -0.1 0 0.1 02 03 04

El4 A MBSs 1 T R ET 51 Andreev R4 HL
SREVCRAEIAEAL  ea = 0.1, ey = 0.08; B SL
LEAN SR A A = 0.02, 0.12, 0.22; HAh S5
B2 —%

Fig. 4. AR conductance as a function of the Fermi
energy in a T-shaped DQD system with e3 = 0.1,
em = 0.08. In each subplot, the solid, dashed and
dotted curves denote A = 0.02, 0.12 and 0.22; respec-

tively. The other parameters are the same as in Fig. 2.

PR R em # OMITEN, Wes = 0.1,
em =0.08, HASH 5 2 fREF—5, 45 R P 4 fr
N, B RS2k R AN A 2R 4y AR R = 0.02,
0.12410.22. K47 LLEIEEI2 (b) e, = 0.1 8=
2 M 2 AE XU R T SR R ARG T MBSs Z J5 BAL T

B X Hax s il 2R T DU B — SR, 1o, b
FTik, #84 MBSs 2 J5&, —*%F#7 i Fano 41§ 3 1§ X R
Hh o3 A5 75 22 FROK BRI N, 1% 4 5 0 () 7 B HH B AE
em =0.08 BT, [RIRS 52 2 X A5, 5K A — % 5%
TF BRI Fano #1235 1&, & MBSs )& 23 ) 2%
KBELa T E 3 K I 77 17 RS 3, MR, P06 [
T BE B ERE, [7 B BT R 3 Ve I 5

1‘0 T ¥ T
(a) t=0.02 ; P
— A=0.08: 1) £y
= o F:h et |
= S el
b S I A v
2 o5t Y I |
< o Vi
o il i AN [
A K \ 3 | :
AV VERM
A iy - A} M
2 H 3 -\
! Vi v
0 T b HL I Y [ e
-0.4 -0.2 0 0.2 0.4
w
1.0 T T T
(b) t=0.08 ey =10.02
A=0.08; , ---em=01 .
T4 EM = 0.18 1
= R A .
Ry : o 1
% 0.5 Iy 'I :‘,‘l i n‘_‘ EEE | [
s THIR I VRN
O ||:: I8 |::' l; l1 ! l
ot [HAVI ) \:
AR
0 LN ANy
-0.4 -0.2 0 0.2 0.4
w
1.0 T T T
(c) t=0.14
A =0.08
_ N " s .
< 05| I 1%
~ o ]
~ n 4
< ] 1
] AR
} B L
N PA Al
0 > S
-0.4 0 0.2 0.4
w

5 i MBSs i) T X T 9 B Andreev ST
FHERCKAEIEN  e2 = 0.1, X = 0.08; EIHL. i
LM R RIS A B ey =0.02, 0.1, 0.18; HAh S8
K2 —3

Fig. 5. AR conductance as a function of the Fermi
energy in a T-shaped DQD system with o = 0.1,
A = 0.08, epny =0.02, 0.1 and 0.18, respectively. The

other parameters are the same as in Fig. 2.

FEBE 5 R, [ 5E QDo 5 MBSs 2 8] R4 3R,
THE T A MBSs 2 [H] FIE & BEXT Andreev 5 HL
S, EFES e = 0.1, A = 0.08, EHeLk,
B 2R RN 1 28 43 T 6 R ey =0.02, 0.1, 0.18. g5
TEMTRT L, en BGOK, PP IR 3% 06 [ 98 oK B ) 65560 {EL
R mEes). KE 5 AL E 4 ey = 0.1 H %
ek 5 3 A 2R EL g, RIS em = OFFAS

137302-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 137302

[[l, en # OB, 22KEEZE S HT Andreev T LS AN
HETEM 2 /h, ZEM RS E5NE T A #E
SREE ¢ B YIAH K.

FATA AL X EEHL G Y5 T Majorana 9K ¥
HAE R — 4 Majorana # K F A LLE
PR AN 38 2 oK1, 11— X E R 4853 A0 1 Majo-
rana 9 KTy g b I O H I AE 49 K 28 1 PR
Uiy, F Hd i JE R ISR A 77 AR SR, BRI 24 AT
H5TRETE#GE, istEAs 7T EE L
BT, &L S, E 2 H IR
) Fano R0 55 4R37 Hh 28

4 2 W

ASCH AR H 7S MBSs B T W&+
R, IF H¥ IR W &8 Btk 58 S milkiE
AR T R, M A IEFE SRR BRI T
A AL T 5 7 B A 1 Andreev ROFFPER. 5T
R, 2 RGN 8T 5 QDy B AL H AR i
TR RS ML B LRI, 4 5 — A2 7 M QD,
5 QD M &M T RS, BT 87T 208,
YANFRERSET QDo BRI I T Fano IR %,
MBSs 5 QD ##: 2 5, Andreev 2 5 H 5 i 2k H
LT HIRRE. oG, EEVORREMT I 7 — Xt
) Fano BUR 0, I H 51 J5 5K Fano #1%3% W& 1
FrE MMM D). HIR, 5 28> MBSs 2 [H]
A EAE ), 9% KR8 S Andreev T L F N E
H1/2Go(Go = 2€%/h), AZ T e WE T 5
Z 1A A 58 B DL J & mi 5 MBSs 2 8] Al & 5
R, XGRS TRNE T afG— s
WARTAE. Mok, FERA S MBSs 1 T &
RGO s A AR 5 ] U 2
K Ae T B Andreev S 5 LS HE B LR 1n]
PR B AR RS MBSs 2 J5, X ] UA#13
FLHR I 2% 1 LR I R . AR S S SRR,
i B AE IR & R AR 3 d Al (A AR &
MBSs ) T T X s AR A, w] DUSE i 2R 3% B i 5
Andreev i, AN MBSs [1°F &, X4
WEFT & A BT 2% -5 MBSs #1211 Andreev 5
MR, I HXF MBSsfE & it E AR HEA—E
KIZ M E.

S

(5]
(6]
[7)

(8]

137302-6

Majorana E 1937 Nuovo Cimento 14 171

Alicea J, Oreg Y, Refael G, von Oppen F, Fisher M P
A 2011 Nat. Phys. 7 412

Das A, Ronen Y, Most Y, Oreg Y, Heiblum M, Shtrik-
man H 2012 Nat. Phys. 8 887

Leijnse M, Flensberg K 2011 Phys.
210502

Zhang D P, Tian G S 2015 Chin. Phys. B 24 080401
Fu L, Kane C L 2008 Phys. Rev. Lett. 100 096407

Sau J D, Lutchyn R M, Tewari S, Das Sarma S 2010
Phys. Rev. Lett. 104 040502

Mourik V, Zuo K, Frolov S M, Plissard S R, Bakkers E
P A M, Kouwenhoven L P 2012 Science 336 1003
Flensberg K 2011 Phys. Rev. Lett. 106 090503

Oreg Y, Refael G, von Oppen F 2010 Phys. Rev. Lett.
105 177002

Lutchyn R M, Sau J D, Das Sarma S 2010 Phys. Rev.
Lett. 105 077001

Deng M T, Yu C L, Huang G Y, Larsson M, Caroff P,
Xu H Q 2012 Nano Lett. 12 6414

Tang H Z, Zhang Y T, Liu J J 2015 AIP Adv. 5 127129
Liu D E, Baranger H U 2011 Phys. Rev. B 84 201308
Liu J, Wang J, Zhang F C 2014 Phys. Rev. B 90 035307
Wang N, Li SH, Li'Y X 2014 J. Appl. Phys. 115 083706
Li Y X, Bai Z M 2013 J. Appl. Phys. 114 033703
Gong W J, Zhang SF, Li Z C, Yi G Y, Zheng Y S 2014
Phys. Rev. B 89 245413

Dessotti F A, de Souza R M, Souza F M, Seridonio A C
2014 J. Appl. Phys. 116 173701

Zhou Y, Guo J H 2015 Acta Phys. Sin. 64 167302 (in
Chinese) [J&¥, FB8{#% 2015 YJH %R 64 167302
Nilsson J, Akhmerov A R, Beenakker C W J 2008 Phys.
Rev. Lett. 101 120403

Li HF, LuH Z, Shen S Q 2014 Phys. Rev. B 90 195404
Wang S X, LiY X, Liu J J 2016 Chin. Phys. B 25 037304
Zocher B, Rosenow B 2013 Phys. Rev. Lett. 111 036802
Leijinse M, Flensberg K 2011 Phys. Rev. B 84 140501
Fano U 1961 Phys. Rev. 124 1866

Sun Q F, Wang J, Lin T H 1999 Phys. Rev. B 59 3831
Sun Q F, Wang J, Lin T H 2001 Phys. Rev. Lett. 87
176601

Baranski J, Domanski T 2015 Chin. Phys. B 24 017304
Fazio R, Raimondi R 1998 Phys. Rev. Lett. 80 2913
Haug H, Jauho A P 1998 Quantum Kinetics in Transport
and Optics of Semiconductors (Berlin: Springer-Verlag)
pl8l

Yeyati A L Cuevas J C, Lépez-Déavalos A, Martin-
Rodero A 1997 Phys. Rev. B 55 R6137

Cuevas J C, Martin-Rodero A, Yeyati A L 1996 Phys.
Rev. B 54 7366

Baranski J, Domanski T 2015 Chin. Phys. B 24 017304

Rev. Lett. 107


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1007/BF02961314
http://dx.doi.org/10.1038/nphys1915
http://dx.doi.org/10.1038/nphys2479
http://dx.doi.org/10.1103/PhysRevLett.107.210502
http://dx.doi.org/10.1103/PhysRevLett.107.210502
http://dx.doi.org/10.1088/1674-1056/24/8/080401
http://dx.doi.org/10.1103/PhysRevLett.100.096407
http://dx.doi.org/10.1103/PhysRevLett.104.040502
http://dx.doi.org/10.1103/PhysRevLett.104.040502
http://dx.doi.org/10.1126/science.1222360
http://dx.doi.org/10.1103/PhysRevLett.106.090503
http://dx.doi.org/10.1103/PhysRevLett.105.177002
http://dx.doi.org/10.1103/PhysRevLett.105.177002
http://dx.doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/10.1021/nl303758w
http://dx.doi.org/10.1063/1.4939096
http://dx.doi.org/10.1103/PhysRevB.84.201308
http://dx.doi.org/10.1103/PhysRevB.90.035307
http://dx.doi.org/10.1063/1.4867040
http://dx.doi.org/10.1063/1.4813229
http://dx.doi.org/10.1103/PhysRevB.89.245413
http://dx.doi.org/10.1103/PhysRevB.89.245413
http://dx.doi.org/10.1063/1.4898776
http://dx.doi.org/10.7498/aps.64.167302
http://dx.doi.org/10.1103/PhysRevLett.101.120403
http://dx.doi.org/10.1103/PhysRevLett.101.120403
http://dx.doi.org/10.1103/PhysRevB.90.195404
http://dx.doi.org/10.1088/1674-1056/25/3/037304
http://dx.doi.org/10.1103/PhysRevLett.111.036802
http://dx.doi.org/10.1103/PhysRevB.84.140501
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1103/PhysRevB.59.3831
http://dx.doi.org/10.1103/PhysRevLett.87.176601
http://dx.doi.org/10.1103/PhysRevLett.87.176601
http://dx.doi.org/10.1088/1674-1056/24/1/017304
http://dx.doi.org/10.1103/PhysRevLett.80.2913
http://dx.doi.org/10.1103/PhysRevB.55.R6137
http://dx.doi.org/10.1103/PhysRevB.54.7366
http://dx.doi.org/10.1103/PhysRevB.54.7366
http://dx.doi.org/10.1088/1674-1056/24/1/017304

) I8 % 4 Acta Phys. Sin. Vol. 65, No. 13 (2016) 137302

Andreev reflection in a T-shaped double quantum-dot
with coupled Majorana bound states”

Wang Su-XinY?  Li Yu-Xian?  Wang Ning" Liu Jian-Jun D31

1) (College of Physics and Information Engineering and Hebei Advanced Thin Films Laboratory, Hebei Normal University,
Shijiazhuang 050024, China)
2) (College of Physics and Electronic Engineering, Hebei Normal University for Nationalities, Chengde 067000, China)

3) (Department of Physics, Shijiazhuang University, Shijiazhuang 050035, China)
( Received 9 March 2016; revised manuscript received 14 April 2016 )

Abstract

Owing to their potential applications in topological quantum computation and because of their fundamental interest,
Majorana fermions are currently attracting increasing attention. Numerous theoretical and experimental studies exactly
show that the quantum dot (QD) structure is a good candidate for the detection of Majorana bound state (MBSs). QD
system has many unique transport properties and interesting quantum phenomena, such as quantum interference effect,
Fano effect, etc. In addition, compared with a single QD, a coupled QD structure has many adjustable parameters,
and thus has more important theoretical and practical value, which provides an excellent platform to detect MBSs. In
addition, QD coupled with normal metallic conductor and with superconducting electrode structure exhibits interesting
transport properties. One of these properties is the so-called Andreev reflection (AR). Especially, in the subgap regime,
the current almost entirely originates from the anomalous Andreev channel; such spectroscopy can thus directly probe
any in-gap state. In the present paper, we consider a T-shaped double QD structure with side-coupled to MBSs and
investigate the transport properties through the system by adding a normal and a superconducting lead. We calculate
the AR conductance through the system in the subgap transport. Here we focus on the effects of MBSs on AR through
the system. We find that the AR conductance presents a resonant peak around zero Fermi energy when only one QD
(QD1) connects to metal and superconducting leads. As a consequence of quantum interference, when using another
QD3 side-attached to QD1, a pair of new Fano-type resonant peaks appear and is distributed aside the zero point and the
Fano antiresonant point is at the energy level of the QD2. If an MBS is introduced to couple to QD2, the AR conductance
shows several new features. First, a pair of new Fano-type resonance curves appears and the original ones also persist
except for the position shifting. In addition, the AR conductance value at the zero Fermi energy point is exactly equal
to 1/2Go (Go = 2¢?/h) in the presence of QD-MBS coupling and zero inter-MBS coupling, which is not dependent on
the inert-dot coupling nor the energy levels of QD nor the strength of the QD-MBS coupling. This feature is different
from which the T-shaped DQD structure side-coupled to a traditional fermions, showing the robust properties of the
Majorana fermions. We also show that in the Andreev reflection conductance curves appear resonance zone changes into
antiresonance near zero Fermi energy by adjusting the coupling strength between the double quantum dots in the system
without MBSs, while the antiresonance disappears and new resonance peaks appear if an MBS is introduced to couple
to QD2. We hope that these results will be helpful for understanding the quantum interference in MBS-assisted AR and

may find significant applications, especially in quantum computation.
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