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Fig. 1. Schematic comparison of two-dimensional chiral to-

pological superconductor (TSC), IQHE, two-dimensional
helical TSC and QSHE. (a) Schematic comparison of two-
dimensional chiral TSC and IQHE state. In both systems,
time reversal symmetry is broken, and the edge states have
a definite chirality. (b) Schematic comparison of two-dimen-
sional time reversal invariant TSC and QSHE. Both sys-
tems maintain time reversal symmetry and have a helical
pair of edge states, where opposite spin states counter-
propagate. The dashed lines indicates that the edge states
of the topological superconductors are Majorana fermions so
that the E< 0 part of the quasi-particle spectra are redund-
ant, adapted from Ref. [95].
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Table 1.  Symmetries and corresponding topological invariants of superconductors!™.

Class TRS PHS CS d=1 d=2 d=3
Spinful or Spinless SC D 0 +1 0 Z;/gcom Z(TKNN) 0
Spinful SC with TRS DIIT —1 +1 1 Z;geom/ 2 ZéKM) Z(3dW)
Spinful SC with SU(2)-SRS C 0 -1 0 0 2 Z(TKNN) 0
Spinful SC with SU(2)-SRS+TRS CI +1 -1 1 0 0 2 Z3dW)
Spinful SC with TRS BDI +1 +1 1 Z04W) 0 0

4:: TRS (time reversal symmetry, i [A] & B FRIME), PHS (particle hole symmetry, #7285 7 kM), CS (chiral symmetry, T
XIFRME), SRS (spin rotation symmetry, HBEREFXIFRYE), Yyoom JUAHFAAL), ZTENN (TKNNAE ), Z(QKM) (Kane-Mele /NVIE ),

Z09W) (—HEGLERY), Z50W) (S HEGELEEY).
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Fig. 2. Schematic of the non-Abelian statistics principle of
MZMs: (a) 7; winds counterclockwise around 7, by half a
turn; (b) v, winds counterclockwise around 73 by one full
turn; (c) schematic of braiding two pairs of MZMs.
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1.0

K3 TEESESEMTRN ZBCP  (a) Sn/BiSe; B3 45#4 T i BLi ZBCP, 72 A P 730y H — i % 25 L S 7E A [ IR 2
HRET T R T E R Vi BIRRE, Ay Ay Bl TR R BRI REBR S5, 7EARIR S k3% T RE M EE B .2 /Y ZBCP, 5| A 3Tk [57).
(b) 7o 5 58 A2 B 5 YR ZEAR P oW I B Y MZM B . 72 K R T AL SE A B 5 7Y InAs 2B SARGUR LA Y% L3 L 7
W f48% (scanning electron microscope, SEM) M A, A5 B 1y W THESFHL T dI/d V R Tl 2L 9K I AMINeEE (K5l ) Al s
MR (AR B TR, R T R ROE AL E AR AR, AKX — ARG T By AL B AL R REBR N R R RERS, T O R T AETE MZM
7 BLRIREILAE SR, 51 H STk [177). (c) 55— DIEH S /2R ARG R L 451 T UL 22 B ZBCP 5236 of B i 4% 474 9 SEM [ . 1IE# 4
JE& L Au S22 5 InSb 9K Z8, 18 5 s B NDTIN W) R 35 FHorp—3. Rl I TH 1—4 4832, 51 A SCHk [47). (d) B (c)
ETEE SN T, d/dV S#ESFAMEERE VIR, Hd A By 4005 90K 81719 200 mT #3705, ZBCP fix
R, Bk5TEETHKRLEN, ZBCP %k, B ECHTERE H T A RPLEM G Bso WV T LN 150 mT W HEH #%, ZBCP 7T
FEHAATE. S TR R 75 A A B A AR B (AR IRAL B R &, docf I IELBUN B3R 2050008 (i) B3 H Bso, REBRTT
IF, R BR PR TR, X 2 923 MZM W B4 A5 (i) B ~FAT Bso, A IF) FIEREHY I8 HL % 3 2, TEIX ML, A 22 i B MZM;
(i) A B gt n BIR; (iv) B B RERe G 7 m BIAL, 51 B STk [47]

Fig. 3. Detecting ZBCP in superconducting hybrid structures. (a) ZBCP structure observed in Sn/BiySes, the normalized tunnelling
conductance as a function of bias voltage Vi, collected at different temperatures (left) and magnetic fields (right), with A; and A,
indicating two different gap structures, a significant ZBCP can be observed at low temperatures and low fields, adapted from
Ref. [57]. (b) MZM fingerprints in full-shell nanowires. Left image shows a false-color SEM image of a full superconducting shell sur-
rounding an InAs semiconducting nanowire. Top right shows a color map of the tunnelling conductance dI/dV as a function of ex-
ternal magnetic flux (horizontal axis) through the nanowire and source-drain voltage (vertical axis), revealing a hard induced super-
conducting gap near zero magnetic flux and a gapped region with a discrete zero-energy state around one flux quantum @, . Bot-
tom right shows the simulation results for the presence of MZM, adapted from Ref. [177]. (¢) SEM image of the device used in the
first observation of ZBCP in superconductor/semiconductor nanowire structures. The normal metal electrode Au completely covers
the InSb nanowire, while the superconducting electrode NbTiN covers only one side. The bottom gates are labelled with numbers 1
through 4, adapted from Ref. [47]. (d) The relationship between dI/dV and the angle of magnetic field and bias voltage at a fixed
magnetic field. Fig. A shows rotating the magnetic field |B| =200 mT in the plane of the substrate. The ZBCP is maximal when
B is parallel to the nanowire and absent when B is perpendicular to the nanowire. Fig. B shows rotating the magnetic field
|B| = 150 mT in the plane perpendicular to Bgo. Now, the ZBCP exists at all angles. The top panels show the linecuts at angles
with corresponding colors in Fig. A and Fig. B. The rightmost panels show, from top to bottom: (i) The gap opening lifts the Fermi
surface degeneracy when B is perpendicular to Bgg, which is a necessary condition for achieving MZM; (ii) when B is parallel to
By, different spin bands shift vertically by 2E,, MZM is absent; (iii) schematic of the rotation of B in Fig. A; (iv) schematic of the
rotation of B in Fig. B, adapted from Ref. [47].
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MR, R T 20 I 1o 946 AS MOt A, F IR T e G WS MIBE S, , BEREY B, M35, 51 8 SCHK [180); (o) 2L (b) [,
JerR T BERE Y G BLRY 2¢ HL 602 1 R TR DM TERR B A TR B, A B D B AR X B ORI, 51 A SO [180]; () ZE B K F
FHE S A KRR HIVE LS 6 DAL A T B 880 SEM T 26 F KRR T LS dI/dV X TES By Rl L Vg
H A B A TR VR S PR IR A D6 T T LAY R MNER, Wi R HB B R A = Age™L/8 | 51 B SCHK [177)

Fig. 4. Using Coulomb blockade spectroscopy to detect MZM: (a) Principal of detecting MZM by Coulomb blockade spectroscopy.
(b) Top panel shows the relationship between the conductance dI/dV;, and the magnetic field B,, and gate voltage Vp, display-
ing a transition from 2e-periodic Coulomb-peak to le-periodic Coulomb-peak. Bottom panel shows the Coulomb peak spacing S, .
as a function of magnetic field B/, , exhibiting clear oscillations, adapted from Ref. [180]. (c) Similar to (b), the parity undergoes a
transition from even to odd in the 2e-periodic electron transport process as the magnetic field increases. The inset shows a zoom
view of the transition region, adapted from Ref. ['*"). (d) Top left panel shows the SEM image of six superconducting islands with in-
dividual gates constructed on a single full-shell nanowire. Bottom left panel shows the conductance dI/dV as a function of magnetic
field B) and gate voltage V. Right panel shows the relationship between the oscillatory amplitude A and the island length L,
which satisfies an exponential relationship A = Age~ /¢ | adapted from Ref. [177].
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Fig. 5. Non-local conductance spectroscopy measurement: (a) Three-terminal device configuration. Two normal electrodes are con-
nected to central grounded superconducting region, where the potential can be controlled by the gates, adapted from Ref. [186].
(b) Illustrations of possible scattering processes in energy space when L > £, adapted from Ref. [182]. (¢) The conductance matrix
as a function of magnetic field B and bias voltage Vj, g, Adapted from Ref. [183]. (d) Two-dimensional plot of the conductance ma-
trix as a function of magnetic field B and bias voltage Vr p, adapted from Ref. [184].
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Fig. 6. Energy (current) vs. phase relationship and LZT in Josephson junctions: (a) The energies and the currents in the conven-
tional Josephson junction as functions of the phase difference ¢ for D = 1 (orange) and D = 0.6 (blue); (b) the energies and the cur-
rents in the topological Josephson junction as functions of the phase difference ¢ for D =1 (orange) and D = 0.6 (blue); energy (c)
and current (d) vs. phase ¢ after zero (green solid line) and two (blue dashed line) LZTs occurred, in (c), the gray and red regions
correspond to adiabatic and non-adiabatic evolutions, respectively, the green solid line (2 periodicity) and blue dashed line (4w

periodicity) represent the evolution in the adiabatic and the non-adiabatic limits, adapted from Ref. [74].
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Fig. 7. Detection of AC Josephson effect. (a) False-color SEM image of HgTe Josephson junction device. Blue represents HgTe
covered by an insulating layer, purple represents Al electrodes, and yellow represents the gate. The shunt resistor Rg enables stable
voltage bias. The measurement of the voltage across the junction and Ry is directly yields V and I. The rf signal enters the amplifica-
tion circuit through the bias T circuit and finally enters the spectrum analyzer, adapted from Ref. [65]. (b) The power collected
from the topological Josephson junction as a function of the DC voltage V and the detection frequency f;. The emission lines of fj/2,
fi and 2f; can be seen in order, adapted from Ref. [65]. (¢) Emission lines of an underdamped Josephson junction, adapted from
Ref. [192]. (d) Detection of the Josephson junction radiation signal using an on-chip detector. From left to right: (i) SEM images of
nanowire Josephson junctions placed on three gates. The inset shows a false-color SEM image of the junction, with the epitaxial Al
shell highlighted in cyan. (ii) Optical image of the coupling circuit between the nanowire Josephson junction (blue box) and the de-
tection junction (red box). (iii) SEM image of the microwave detector composed of two parallel Josephson junctions, adapted from
Ref.[68]. (e) Transconductance dlp,r/d Vay as a function of the detector voltage Vppr and the nanowire voltage Vyw. The dashed
lines indicate the theoretically predicted peak positions of the 2e (green) and le (red) electron behavior. le electron emission behavi-
or (orange solid line) is observed at a magnetic field of B = 650 mT, adapted from Ref. [68].
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Fig. 8. Detection of the inverse AC Josephson effect. (a) Fractional AC Josephson effect observed in a three-dimensional topologic-
al insulator HgTe. Left panel shows a 2D plot of voltage distribution (data points grouped by voltage) as a function of microwave
current I; and bias voltage V at a fixed frequency f = 2.7 GHz, with the first step significantly suppressed. Right panel is a histo-
gram showing the same result, adapted from Ref. [63]. (b) Differential resistance d V/dI as a function of power P and current I at a
frequency of f; = 0.953 GHz, adapted from Ref. [67]. Voltage distribution as a function of microwave power P and bias voltage V
under parallel (c¢) and perpendicular (d) magnetic fields of 20 mT. Voltage distribution as a function of microwave power P and bi-
as voltage V under parallel (e) and perpendicular (f) magnetic fields of 40 mT, adapted from Ref. [71].
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Fig. 9. Measurements of current-phase relationships. (a) Measured CPR in Nb/3D-HgTe/Nb, exhibiting a slight forward skewness
compared to the perfectly symmetric sinusoidal form (black solid line). Adapted from Ref. [197]. (b) Schematic of measuring CPR
using a scanning SQUID microscope. The field coil, pickup loop, and induced current I are shown. Adapted from Ref. [197]. (¢) Sche-
matic of measuring CPR using a highly asymmetric SQUID. Here, 7 represents the phase of the reference junction, é represents the
phase of the measured junction, and I, is the excitation current, adapted from Ref. [201]. (d) Schematic of measuring CPR using a
single junction coupled to a SQUID. The current I excites a supercurrent in the junction and generates magnetic flux in the loop.
The generated flux is coupled to the SQUID through a flux transformer. Adapted from Ref. [203].
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Fig. 10. Detection of energy-phase relationships: (a) False-color SEM image of a Josephson trijunction fabricated on the surface of
BiyTe;y with two superconducting loops (in blue). Local magnetic flux is applied to the loops using two half-turn coils. Au electrodes
are used to detect the ABSs at the center and ends of the junction. Adapted from Ref. [205]. (b) The dV/dl, as a function of the
currents I and I;, (for applying magnetic flux) measured at 7' = 0.25 K, in good agreement with the theoretically predicted Joseph-
son trijunction phase diagram. Adapted from Ref. [205]. (¢) Schematic of measuring energy-phase relationships using a tunnel junc-
tion. The superconducting loop (blue) forms a SQUID, and the excitation current Iy is applied to observe supercurrent interference
(diffraction), while the voltage Vr is applied for tunneling spectroscopy. Adapted from Ref. [208]. (d) False-color SEM image of a
Josephson junction in Bi,Tes. Pb is used as the superconducting electrode, and Pd electrodes are used to detect point-contact spec-
tra at points of A, B and C, which correspond to the ends and center of the junction, adapted from Ref. [204]. (e¢) Contact resist-
ance as a function of current [, near the m phase. The blue line represents the normal state resistance. The peak height change ratio
of ~95% from 147 Q (red) to 8 Q (black) reflects the closing of the energy gap, adapted from Ref. [204]. (f) Density of states (DOSs)
as a function of energy E and perpendicular magnetic field AB | , showing several discrete ABSs, adapted from Ref. [208].
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SPECIAL TOPIC — Quantum transport in topological materials and devices
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Detecting Majorana zero modes with transport measurements

Xu Lei"?  Li Pei-Ling!  Lii Zhao-Zheng!  Shen Jie 2?3
Qu Fan-Ming V?%4%  Liu Guang-Tong V234 Lii LiV2)3)4)
1) (Beijing National Research Center for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)

2) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)
3) (Songshan Lake Material Laboratory, Dongguan 523000, China)

4) (Hefei National Laboratory, Hefei 230000, China)

( Received 7 June 2023; revised manuscript received 13 July 2023 )

Abstract

Topological superconductors have attracted much research interest, because they were proposed to host
non-abelian Ising Anyon Majorana zero modes and thus can be used to construct fault-tolerant topological
quantum computers. This paper mainly reviews the electrical transport methods for detecting the presence of
Majorana zero modes. First, the basic concepts of topological superconductivity, Majorana zero modes and non-
Abelian statistics are introduced, followed by a summary of various schemes for implementing topological
superconductivity. Then, the experimental methods for detecting topological superconductivity or Majorana
zero modes by using low-temperature transport methods, including electron tunneling spectroscopy, Coulomb
blockade spectroscopy and non-local conductance detection, which are widely used in superconductor/nanowire
hybrid systems, are discussed. On the other hand, the measurements of the (inverse) AC Josephson effect and
current (energy) phase relationships are also reviewed to identify Majorana zero modes in Josephson devices.
Meanwhile, to deepen our understanding of Majorana zero modes, some mechanisms for explaining the
experimental data observed in the above experiments are provided. Finally, a brief summary and outlook of the

electrical transport methods of Majorana zero modes are presented.
Keywords: topological superconductivity, Majorana zero modes, zero-bias conductance peak, Josephson effect
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