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Fig. 1. Advances of Majorana quasi-particles in condensed matter physics.

VeREEFIA 350D, 58], Kouwenhoven23 7E &
S8 R T 1 B SN A A A3 A R i) A R R i
TR T AT SR 7 AR IR AT ST AR AR
G SR T i R, fhifssid: < H
T AE — 2 5 0 A 2R S 56 v 4 1 BT A R i 0 £
SR A LR R, TR AR RO X
TE—EFEE F R, %4 — Lo Y rh A AE 256
Bt i b 38y 2 AEAE — g R, T EL B R AR Y
BRI AR AE T FH R

HTE 2022 4], AFFT A 420 g AE BE -4
f RN 38] ) S S RS B A R S AR K AR
SIESETIRREL MBS S R, N T — BB X
BB I (E SR A H I RIE T S AR TR T, Bl
S T YORE (iM% iR)-B S5 RAR 5N
FREE, IR IS B ARy 55 1 3 AR IR 28 RS
Wity (SE5RIMRERR). SRIM, FESLPRIY S RREs (1
AR (InAs-Al), #8645 (InSb-Al) FA 1k 54~
R (BiySes-Nb) &) Hr, i 4B k% 28 5k B AN AN 37
O T AR AR LS 138 IV . A e X Fhai e
ARG I S IR G T A R TAEGURER (SR
oK) R G T BT (RIFTIFRERR), 1H Loss
H1 Klinovaja [A1BA 2628 (Y BISAFGT 20, X FhamiT
S FR A TRl 25| R 9K i 4 @ AL B G ——RIE
ARG YRR SRR A 9K L P & @ . i
4 JE AR 0N D) 2 BHLAS: 5 2447 40 B K G SR 127,
A4, FEsRIE AP H G SRR AT, RIRR S
TR IR BB T PN 9ok T-WE? ZEM AR ) 5
LRI T, SRR A IS AR AR 2
B, - RO A4 SR AL TE S (tread-off).

H T DX — SRR 2 ) L, AR IE A P
AR T AR T, BRI R T R S

HRIERL T IOR R E BRI DR SOk T,
T R T AEAT R A A R R B AR T B
LRI TR T AP, IS i T 3R,
A 3 I — AR P, AT T AL S 25 4
PORT PR, T2 AT AR B AT RC RIS
B R AL, JEIT T ARSR S S 2 0 2K
T EMAZEAE.

ARTCEAER R T 5 R G S 2R 4
PR I FEAS BRI B S0 W A7 1A AH 5 ) 7
BEATERE. FFit— A BAAIE S A ik R TS 5
PAFAE R IR SR GOR L MRS
SR ST MBS A HS R X B i 5
SRR G BRI FOK TOEIE R BSS, WA
oK AT LUK B LT AN F AR 3k — S B [ Y [ 2%

2 frazBHpa kT
21 ENEREFHODORMEAT

TE 1928 4, FK i 3¢ (Dirac)B §2 H T3 4 /Y
AT R, 0T H AR MR RS TORLT A YA
FE. SR, BRI T T RE R SRR Rl
N TR — ), Bk v BU 7R 1931 4E9E— 204
H, SORE RS T BEXS I T — MBI R, RV T
SR ——IE R AR D, AERhRL T, AT,
HRORLZATAE L Z R WL BB T, 11 292 (Jordan)
FILERE 2N (Wigner)P2 $2 H 9 — 0 T0051%, B
F R HRORL T AT A AT LLIE 5 3 10 7 A A
KEATHAIE.

BT 1937 4R, FE T T R ROR T BRI Y
XEPRIE S R, AR T 4 - AEM N T ik,
I T — R B Ak B 7 B i A OT L H s

O In my view, nothing is wrong with the basic method often dubbed ‘quantum transport’. I feel that selective data presentation is the

main problem.

@ This minimal model created a too simplistic mindset that made us take too large steps instead of seriously investigating the basic issues.

® I personal believe that indeed all reported ZBPs in 1D hybrids have a trivial origin.
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Fig. 2. (a) Energy spectrum of the Dirac equation; (b) when

m = 0, the energy spectrum becomes linear dispersion.
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Fig. 3. Schematic diagram: Chiral Majorana fermions, local-

x

ized at the left and right edges in the x direction, propag-

ate along the y and —y directions.
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7 (a) GRS 5 0T R e e Ak 2 341 7 2 B 1Y 48
EH M, % InSb-NbTIiN 55 R 46, D AR gh ok 7
TETE M BEEBI20 0.1—1.0 T, W86 = Ik, v
InSh-Al 5 JF R 4T, WA I 2929 0.01—0.1 T, LK G =
F X IG (b) A SRR e BT R L8 IE AR AT, B
o FIN 4G G R 1 6 T REBR m(PT DL S H ARG R ), A
W R AVRERR A, FEAR S HIX T, FHSY
PN A R WA BN =0, 1, 2, 3435906 i F 4 5
7 (NSC) MM S48 (TSC), e #iS & H 1 X 3k 4y
R a0 B 52 DX (42 1&1) LLTR R 4 6 B 52 9 1 o ] 36 43
(i)

Fig. 7. (a) Refined topological phase diagram in the chemic-
al potential-magnetic field space for the nanowire-supercon-
ductor heterostructure. For the InSb-NbTiN hybrid system,
the range of magnetic fields where Majorana fermions exist
is approximately 0.1-1.0 T, as indicated by the yellow tri-
angular region. For the InSb-Al hybrid system, the range of
magnetic fields is approximately 0.01-0.1 T, as shown in
the gray triangular region. (b) The refined phase diagram of
the topological insulator-superconductor heterostructure.
The horizontal axis is the surface energy gap m of the topo-
logical insulator (which can be adjusted by scanning the
magnetic field), and the vertical axis represents the in-
duced gap A, in different parameter regions, the number
of chiral Majorana boundary states is A" =0, 1, 2, corres-
ponding to the superconducting state (NSC) and the topo-
logical superconducting state (TSC), respectively. The val-
id region of perturbation theory are respectively below the
light green shaded region (left) and middle part within the
two green shaded regions (right).

PA_E BRI 0 B L2 S 3 Uk S BRI Y T
VEFRAAE BRI, AR S HHER B TS 2T
2, B A I S BUIX U B AETE S 2 hi g 3
Ky? BMRARDRIX AR, IF25 H S g s
ARBRZEAF LT S L hr G A 58 A5,
R BN RE A RS 1 AR e ik

| (a)

o/(e2-h-1)

o/(e2-h-1)

0 0.5 1.0
B/T

K8 TERFESET (I 855 B R G Ml r k™ 2
FEH, p AR Ak 3), w0040 vl S B 37 1) 72
1k, (a), (b) HEZEE (0.75—0.92 T) X T InSb-Al R &
gl s &M TRBEHIE RSN (DT 012 T). K
M, BRIV AF AR AR T FL 5 F 5 AN AR S A R R 1
S, B 2¢2 /b 1R R BOHE R N 28 LLAE A
bl (Ve N7y

Fig. 8. Under specific parameters ( I" represents the dissip-
ation caused by the electrodes in contact with the hybrid
system, and p is the chemical potential in the nanowire),
the zero-bias peak in the differential conductance spectrum
can exceed 2¢’/h as the magnetic field increases. For the
InSb-Al heterostructure, the range of the magnetic field
here (0.75-0.92 T) in (a), (b) has already exceeded the
validity of the low-energy theory (i.e., less than 0.12 T).
Therefore, even if the 2e2 /h zero-bias peak exist, it does
not imply Majorana zero modes. And data of zero-bias
peaks exceeding 2€?/h should not be ignored to fit the ap-

proximate theory.

6 KILT A4 R AR i
53

YN KL N T 1 3T AT bR 2 i B BRI, A0

(] B 25 PN K 2 v L - 1 02 3l AR R g v 9 U

RO, I, AT T — R R RIS )y ok

TE S AR N kT 2 IS R T AN R
RGO :

N = Uwd + vyd! + uge + vycT, (5)

Horh, d, e 53 52 R oK 4 FER S v H - 98 KB

(N CIVE I ESE R LT TARRAE I EODAED QNN A w As =N

B AR, B ST RS (B DRIk

(dressed Majorana fermion), RIERL A 2 n=n".
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X —ARFMHE (B9 584 X)) AR T 24 K
LIRS (FERTE hy ) AL 1y, [RIEHELER
TSR (FE2HE hy ) FIfL2ES g o,
BEZo = T2 /(2 + A2 — h2) Hidk 1 I BRI 4 4h
KRG IE. XA T - AR AL B T 9k b i
TR AR e R, A B A 45 SR T E
AT AR IR 25 50 FRE IR . MUK Sl A
() ()3T SRR A iR e, B T PR TR AN REBE 2
W, T A R G R R (LR (5)).
It H., SR SRR b 2E ™= B
IRl (W5 HR (6)). Rk, % & S 8RR v I
RN AFRFE R S T IRREES F0m A AR A 1174
TSR A MG ST (AR AR, XA $h
AR [ 2R RE LS T R A R (UL 7(a)).

1.5

R/ As

0 , ,
~15 0 1.5
Hw/ As

9 TEGIRLM LS py FIREG) he SECE R, B —
R MR (5 6 X ) A fh 2 Ml 1 T I A 2O i T
D) A T (O e ot 2 P 1) R RCAE UL 4 T 00 ) A T (40 6 5
LN EE T X ). X T EFR ) InSb-Al fl InAs-Al
FIRRG, MARL T EHB WIS 1 eV %

Fig. 9. In the parameter space of the nanowire’s chemical
potential pyw and magnetic field hy , the more general to-
pological phase (light purple region) deviates from the
phase diagrams predicted by the low-energy theory (inside
the blue curve) and by perturbation theory (the region be-
neath the yellow shading enclosed by the red solid line). For
InSb-Al and InAs-Al heterostructures, the deviation of the

chemical potential in the nanowire is on the order of 1 eV.
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AR LA EF R0 F =D EGRF] 1 eV B i
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FE). R, REAb 23 AE~1 eV BT,
WL £y 2307 g4 R ()AL 2E A5 F AR 1 meV.
XEME, WS8R 5 Rk 3 F 3
(Zops ) HEH I 0.1% WS, Wi FEELR Tk
WL F] Majorana 2K . 33 %k S Ga LIS 2 F1 57
FRR SRR E RS T E APk, I IR ATER
)R (AR ) 2 1 20 BRI Ay 24 11 0 2 L 38 B 2 i 4
TG S TS IAMRE, It — DS
DU T 2R XIS AR Ry AR LI B E ) 5 2
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R RGBT - R RS B
TR HL, DEE RS 21 TR AR T R T &R
G R EAAET S AR AT, AT LA
WNZRGAERME G SRR MR AT T DY
PSR T e, B REBHE— 2D W 1 Fi 52
R ES R T REN &R, 2R T T
PSS LR PR T IAEAE. X S BT A AU T
F-HSE TR G 097 N BRI, %07
RERE A A2 95 N S hr N B oK A AE A i 2, LA
YNEMUNNE- 256N

T FRATA G g B P 5 R
X7 - S5 R S8 (WA 10) Hhos N2
PR FAEE M 2500, BRI =, W5 18
SR S TR R S SUEER 9T N E 2y high
(dressed poor man’s Majorana), M Ifij 75 ZK i 19
5 NS LR oK T AFAE S5 B AR
TS, BAE TS (WK 11).

QD1 sc QD2

L[... ooo}i

Vll le

K10 - R A R B IR
Fig. 10. Schematic of a two quantum dots-superconductor
hybrid system.
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K11 5 NS AR AETE SR A€ 2 B0, Ho g M hg 200 BT R im0 et SIS E, ¢ 2B TR S ESZ Em

R 25 R

Fig. 11. When the system parameters lic on the surface, the dressed Poor Man’s Majorana emerges. pq and hy denote the chemic-

al potential and Zeeman energy of the quantum dot, respectively, ¢ is the tunneling strength between the quantum dot and the su-

perconductor.
(a) — ui,m
U ny
§ 01 A
¥
()
= L
“~ 0 f\l\/\n
o v
: L
z
—0.1 H
0 50 100 150
SC siten
() — Ub g
ua,nl
5 0.1 -M
=2
Q
=L
o~ 0 ﬂ/\/\
o U v
: [
3
g V
701 L
0 50 100 150
SC siten

B 12 HEARST N T2y 3ok T 10 I sR e R 5 P i o3
4G5 N T YL I PR RCTE A 9 20 A

(b) — ug,m
u?‘],nL
§ 01r :
2 ]
o
=
2
o 0
7
E
70.1 -
0 50 100 150
SC site n
(d) - ui,nT
0.1 ui,nL
o
: hﬂ
5
g 0 VAVI\VAUn
g
3
Z —0.1
0 50 100 150
SC site n

(a), (b) 5 1, 2 55 NS L N R AR = P I 20415 (c), (d) 5 3,

Fig. 12. The distribution of the wave function of the dressed poor man’s Majorana fermion in a superconductor: (a), (b) The distri-

butions of the first and second poor man’s Majorana wave functions in the superconductor; (c), (d) the distributions of the third

and fourth poor man’s Majorana wave functions in the superconductor.
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Abstract

Majorana fermions, particles that are their own antiparticles, have attracted significant attention in
condensed matter physics due to their exotic properties and potential applications in fault-tolerant topological
quantum computing. Although nanowire-superconductor hybrid systems and topological insulator-
superconductor heterostructures, are considered the most promising platforms for realizing Majorana fermions,
recent experimental progress has been overshadowed by controversies, including the retraction of several high-
profile papers claiming their observation. These controversies fundamentally originate from experimental data
being selectively presented to conform to oversimplified theoretical models. Traditional phenomenological
approaches, which model Majorana fermions through simplified effective Hamiltonians, neglect crucial
experimental complexities such as quasiparticle excitations in superconductors and the effects of strong
proximity tunneling and high magnetic fields. Consequently, they fail to predict the correct parameter regimes
for Majorana Fermion emergence in realistic devices, leading to false-positive signals in experiments. To
overcome these challenges, we formulate a unified “dressed Majorana” theory that treats both the electrons in a
nanowire and the superconducting quasiparticle excitations on an equal footing. Our results reveal the stringent
conditions necessary for the realization of Majorana fermions: the precise alignment of chemical potentials
(within ~1 meV in a 1 eV tuning range), and the careful control of tunneling strength and magnetic field
strengths. These findings explain the persistent absence of definitive signatures in experiments and provide
quantitative guidelines for future studies. Notably, for alternative platforms like quantum dot-based “poor man’s
Majorana” systems, our analysis shows that the obtained Majorana wavefunctions are localized at both ends of
the superconductor, demonstrating the essential role of the superconducting component in these configurations.
In summary, our study not only clarifies the current controversies surrounding the detection of Majorana
fermions but also establishes a robust theoretical foundation guiding future experimental efforts toward

unambiguous observation of Majorana Fermions.

Keywords: Majorana fermions (zero modes), hybrid superconducting system, topological superconducting

phase

DOI: 10.7498/aps.75.20251512 CSTR: 32037.14.aps.75.20251512

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12088101, 12547124), the Joint Fund of
the National Natural Science Foundation of China and the China Academy of Engineering Physics (Grant No. U2330401),
and the China Postdoctoral Science Foundation (Grant No. 2025M784438).

1 Corresponding author. E-mail: suncp@gscaep.ac.cn

060701-14


http://doi.org/10.7498/aps.75.20251512
https://cstr.cn/32037.14.aps.75.20251512
mailto:suncp@gscaep.ac.cn
mailto:suncp@gscaep.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

AR ARG DL PR T RIEIR T I S LS I 1
A EE KEE W%

Theoretical study of Majorana fermions in hybrid systems and experimental observation challenges
QIAO Guojian  YUE Xin  ZHANG Zhilei  SUN Changpu

5] Fi{5 &, Citation: Acta Physica Sinica, 75, 060701 (2026) DOI: 10.7498/aps.75.20251512

CSTR: 32037.14.aps.75.20251512

TELR T2 View online: https://doi.org/10.7498/aps.75.20251512

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

LA RN ZE RERE i 00
Detecting Majorana zero modes with transport measurements

WyFEEEAR. 2023, 72(17): 177401 https:/doi.org/10.7498/aps.72.20230951

BRI R P A T 2P A R B I SRR 3R
Majorana zero mode and its lattice construction in iron—based superconductors

YrE2E 4. 2024, 73(3): 030302  https:/doi.org/10.7498/aps.73.20232022

i SR A O X T Majorana 2 K - iR 58 48 (14 18 il
Chiral Majorana fermions resonance exchange moudulated by quantum dot coupling strength

YrHE2E 4. 2024, 73(13): 130502  https://doi.org/10.7498/aps.73.20240739

e DXAME A KA PhTe—1E F A (LA AR LL: — ST RESE IS M TS BT IR R

Selective—area—epitaxied PbTe—superconductor hyhrld nanowires: A new candidate system to realize topological quantum computing

YIBR2A 4. 2023, 72(23): 238101  hitps:/doi.org/10.7498/aps.72.20231603

T B B VR AR L BRI ST

Research progress of material, physics, and device of topological superconductors for quantum computing

WAL 2022, 71(16): 160302 https://doi.ore/10.7498/aps.71.20220596

Pt - SRS A I AR AR

Josephson effect in topological semimetal-superconductor heterojunctions

YFREER. 2023, 72(8): 087401 https://doi.org/10.7498/aps.72.20230397


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20251512
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230951
https://doi.org/10.7498/aps.72.20230951
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20232022
https://doi.org/10.7498/aps.73.20232022
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240739
https://doi.org/10.7498/aps.73.20240739
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20231603
https://doi.org/10.7498/aps.72.20231603
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220596
https://doi.org/10.7498/aps.71.20220596
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230397
https://doi.org/10.7498/aps.72.20230397

	1 引　言
	2 什么是马约拉纳费米子?
	2.1 作为基本粒子的马约拉纳费米子
	2.2 作为准粒子的马约拉纳费米子
	2.3 作为束缚态的马约拉纳零模[2,33]

	3 异质系统中的马约拉纳费米子
	4 实验的进展以及问题
	4.1 纳米线超导异质系统实验观测进展
	4.2 拓扑绝缘体超导异质系统实验观测进展
	4.3 超导异质系统实验观测的新征程
	4.4 实验观测和数据解释的理论基础以及存在的问题

	5 超越低能有效理论解释问题的本质
	6 发现马约拉纳零模的“缀饰”理论探讨
	7 总　结
	附录A 马约拉纳零模
	参考文献

