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Fig. 1. Fe-based superconductors (FeSCs) as a better Majorana platform: (a) The original idea for searching Majorana zero mode
(MZM) in FeSCs; (b) the typical band structure of FeSCs, the orbital characters of each band are as follows: o (dy,); 8 (dy.); 7 (dy);

M (dy); 8 (d,); w (p,); (c) the typical Fermi surface and superconducting order parameters of FeSCs™"7; (d) the mass renormaliza-

tion among different compounds, indicating strong electron-electron interactions in FeSCs®!); (e) band structure near the I point of

Fe(Te, Se) single crystals measured by ARPES/®2.
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Fig. 2. The mechanism of topological band structure and band inversion of Fe(Te, Se): (a) First-principle calculation of band struc-
ture of FeSe (without SOC), the size of red circles represents the components of p, orbital®”; (b) crystal structure of Fe(Te, Se);
(c) band inversion mechanism and orbital overlapping in Fe(Te, Se)®; (d) first-principle calculation of band structure of
FeTe 5S¢y 5 (without SOC)P™; (e) experimental band structure around I' in FeTeys5S¢ 45 measured by ultra-high resolution laser
ARPES!U; (f) realistic topological band structure in FeTeys55€q.45 (with SOC). TDS stands for topological Dirac semimetal, TI

stands for topological insulator!'0!,
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Fig. 3. Experimental observation of the linear dispersion of Dirac surface states in FeTegs5Seq 45" (a) The matrix element effect
which defines the selection rule of ARPES intensity, depending on relationship between photon polarization and electron orbitals;
(b) the Dirac surface states observed under p-polarization; (c) the d,, bulk bands observed under s-polarization; (d) orbital charac-
ters around I"in FeTej 555¢0.45; (€), (f) orbital character determined by the matrix element analysis under p- and s-polarization, re-

spectively. The orbital characters marked at the bottom represent the active orbitals under certain polarization and momentum.

The dashed parts in the band structure represent the intensity suppressed by the selection rule.
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Fig. 4. Spin-momentum locking and isotropic superconducting gap on the Dirac surface state: (a) The spin-momentum locking fea-
(b), (c) spin-resolved ARPES data measured along Cut 1 and Cut 2in panel (a),
respectively!”’; (d) temperature dependent energy distribution curves measured at ky of the Dirac surface state indicating a super-

conducting gap of the Dirac surface state opens below 14.5 K, which is the bulk 7,1%; (e) isotropic superconducting gap on the Dirac

ture in FeTes;9¢)4; single crystalllo;

surface statel'®; (f) summary of the main observations of the Dirac surface state on FeTes;Seq 45 single crystal, i.e. topological
band inversion, linear dispersion, spin-momentum locking, large superconducting gap, small Fermi energy('?; (g) the Dirac surface
state of FeTeq559€( 45 single crystal acquires an effective spinless pairing due to the proximity effective from s +-wave bulk super-
conductivity, which satisfies all of the requirements of Fu-Kane model*"],
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Fig. 5. Evidence of Dirac semimetal phase in FeTe 55Se 45 single crystal'®: (a), (b) The spin-integrated and spin-resolved ARPES
spectrum around I respectively; (c) the projected band structure on the (001) surface of a C; symmetry protected Dirac semimetal.
The spin polarized surface states are mixing with the bulk bands; (d), (e) spin polarization of the d,, bulk band measured on four
representative kp around the Fermi surface (as indicates in the insert). It is clear that the d,, bulk band has the helical spin texture;
(f) summary of the topological band structure along the in-plane momentum. There are a strong topological insulator phase around
the Fermi level and a topological Dirac semimetal phase above it; (g) the transport evidence of Dirac semimetal phase in
FeTe 555¢ 45 single crystal. The linear transverse magnetoresistance indicates the incorporation of bulk Dirac electrons. The trans-

port experiments were carried at 16 K. The PMF and SMF represent pulse and static magnetic field respectively.
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Fig. 6. The discovery of vortex Majorana zero mode in FeTej 555¢( 45 single crystal: (a) The theoretical prediction of vortex MZMs
in FeTeys55¢45 single crystall®; (b) STM topography of FeTejs5Seq45 single crystall®; (c) zero-bias conductance map which
shows vortex lattice'"?; (d) a sharp zero-bias conductance peak measured at the center of a vortex. In order to make sure the obser-
vation is indeed a zero energy vortex bound state, three careful checks are listed as follows. First of all, to make sure that the sig-
nal measured is indeed from vortex bound statel"?: (e) ZBC map after and before applying a magnetic field. It shows the local en-
vironment of the vortex is clean and free of impurities%?; (f) ZBCP is stable under different tunneling barriers. Secondly, to make
sure that the observed ZBCP is truly a single peak(!?; (g) FWHM of ZBCP measured under different tunneling barriers; (h), (i) the
observed ZBCP is truly a zero model'®?. (h) is the simultaneous measured I(V) curve and dI/dV curve on the center of a vortex

corel™ (i) is the enlarged display of red box area in Fig. (h).

110301-12


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

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 11 (2020) 110301

AEXFIE 6() TR TG, S EARIC T R
W ) e e 4 58 (FWHM) 76 [RIBE T 45 2514 F AT
. SEES K I E] ) FWHM /N T 0.29 meV, H
Bl 2 R A5 T O AR (K] 6(g)). I iR
oy PR, SLEHE MRS N RGN SR B T
2974 0.28 me VI AR 3| ZBCP 1Y
J9E TR RS PR YLE, T H R ZBCP 1Y
WL TLT- R3] T RGERIZER o BRI R, s F1 S HE
LI E] %) ZBCP & EAE A1 7245, 72 6(f)
S0 R 5 114 T T 5 3 B P B A R AR AR AR
55, FFHPREEERIS (FEAEA 8 WLAE 5719 ) XA [m] b
A5 T M SE T EIA 00 AT DUAS T el
% ZE A A5k B (1) YL %E B9 Majorana A< fiF & ¥
£ 9 e LN (ueV), A/ TR
(3.5kg T ) FIAL %5 43 B3R . RIL K] 6(g) B/~ Y
FWHM 17 4R T 5540 4 bR 28 554 T B 728
e AR L. J3AMEAF—FE M2, R G SR
FWHM K Fifi b 284 75 5 A KB o, HRLR AT
k5 % SR 5 R TR LA RRE R R 1 DE i G
FAK (FEW 5.1 7).

S, SO AR LI E A RE R PN RS S
ERZAERL. AT E AT, STM FARFFAE /R LT p
R ), RISCER S B0 Y H i F R 2 S R B
SEAE. O T RO 2 A9 ZBCP S ELIE B R,
T 2T STM 178 ;SR AT AT AR UE. A6/ M
T HL IR R R LM OC R, R AEAS RIS T 25 4%
PRI IV ) 2 i 38 500 2 5 1) L 3 A
HLRZE . A — 51, TEAAAE ZBCP (iR g
O TR ESS 55 TR IV ) th4k, IR
5 lock-in [P dI/d V -G TXTEE (1 6(h)),
P 6(h) Y ZLAERS A B AR AE K 6(1) .
SR, dI/AV IH&mIENL S I(V) fhek i a8 SRS AT
A, ARZEUR dI/d V R IR SE R (14 peV).

3.2 WMTBREBRSIENTERRE

i E AR AR T LR S, STM 52567 B
A FHANR S AR U E] T ARSI
FHREATE R A, X e Fu-Kane #5850 1 37 g
MZM. #R1f, A e i S04 5 A Tl IR A 45
P R R A Y L g h, XA 48 ZBCP
MZM ZBA34 43 RIXE. R FFM e AU AL iR
AR E O AR ZUTE  ZBCP S MZM, A

TR L, AR SCAE K B 5 e HoAh T AR
3 ZBCP (L3, 33X Lo HL I 8 28 78 HoAh A 2 vpox
YeE ZBCP S MZM 1 i R 4.

1) A1 T Andreev 2 3} 3 E ZBCPI-158 H
i EE R HLHETC S Andreev BE5F, 3X—HL
il (A% O A Andreev 5 St AR b a8 SRR T
HERL T B AH 7 2o 0. 7E LA TE Y R S A
Andreev S5 7= A 1) 25 70T LI & HL T AT %45
R EGES Z A, M-SR S0 X —R0N 2
Bt HE A SN R

2) dEAHT Andreev S R AL AT L)y
Az ZBCPUO0 G TR 55 25 1F T W SE g AH] T
JEAHT Andreev 5} A AE.

3) I Ny -1 AR G R 2R P
i kA A e S R, AT AR R AR A .
TSI 1) e A T A 1 A AL T DA e A e
WU S RG22 5, HLE LR ZBCP e/ T

BEZ [144],

4) 255 AR LU Mo 18 G A R i 2 0k
FRLE dI/dV ith4k L3RI RPN ZBCP I-HHA47 1
L B, X — B4 AT AR T I 2 S8R AR A
AUAR G 1 figp g 47980 A 4 B BT AR Y
STM SEHANGE ™ HE 29535 R AR FL L.

5) JoJF T B F RE AR D018 Hovp f LAY
HLE Class-D 555 milfb. BRGNS L KT
B3 B R (E/ N FAAAE TR 1 B,
HLFHis T o e B IR S . TR U R
YR e 2O R, XA VR R AR
SRS AR PR ER AR o4, FEFRF MR, BN o LA
AR AE 75 44 B} e A 55 S R Ak, 7= AR 2 i R L
g 093] SRR DL TS, e 2B DR BRI 11 HL 1A
T, I #L5S () Jmilfbiis i kL. H2
TF B[R] Jz 8 %F B 8 Bk 1 Class-D i S A
Andreev 53 B8 H ) LR 2SR AL AT LA
ST RS PR T AR, DT AR 55 SR Ak
ZRE 0 (5051 TN | Fe(Te, Se) H ]
REAEAEZAIL, (HRA5 55T STM Y23 [/ FREE ],
S bR D I A e 1 R B I e 1 DX e
A, AR —HIL A A RURS

6) HL 1 F7 IR T 3 8 Andreev H 40
5 196199 30— PG 73 A7 AE T AR LR 3 1 AR i
g B0 N | Fe(Te, Se) Bk H o] LIAF
TEX —AHL, BAE B34 56 1) 7 bk i 2% 5 A T

110301-13


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

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 11 (2020) 110301

() DX AT 0 B, AT DU RO R IZ AL ] R i XL
. WAk ZBCP J2 i far AR S B, IS ATELE
25 A7 B 1) Z2 00 B 0 i B

7) B WE MR 2% A9 9R ME & Yu-Shiba-
Rusinov #4245 161.162] - 5286 | 0] L 3 £ AN 1776
P 2% 5T 1 67 B AT I e DU A, R R X — XU
(3.1 7).

8) AE & HLH TR 1 ZF RE R 10 Andreev I 2
A b1 >4 Andreev % % J7 ] EAFTEK P
REBR TR, BT F%s 7 B o AHALAH T 7= AR %
fiE Andreev HZEZ, HLAN (110) BE 2 F B9 d 9%
ERAB A%, Fe(Te, Se) M43 TR 20 A
FELER AR AR 1.

9) 49 HE N 28 1 RE YL R BEAR /NI, 224k
TRe R AR BAE T M, A FRAE R/ HE R 5%
&R ZBCP R4 B-19100 X — B4 8 WL T
WL s PR (41 NbSe,) FIREEIRET. T
ME ) ZBCP By i L RS R i 7 B BR , A
BIEZ NN ER. TS 6 17204 Fe(Te,
Se) Ff i HOULI E (1) 43 ST R e SR A RE S, v L%
ZHERRIX — T fiE.

i b prik, R H AR IGE SR S STM R 4t
STM 52 55 7F FeTeg 555¢q.45 . i 1 & BL T it Jié
MZM. STM $ARBA T e i A as (8] 43 HE 3 L
KR BE WG | W ORI A 2 R E R T M ax i
TR I TE MZM B PE AT O v RE, A
AR T IEFRA TR MZM AR AR, W5 @ E—
UE Bl FeTeg 55Seq 455t i G 38 i JE w08 0 2]/
ZBCP & MZM.

4 VE R MZM: Fe(Te, Se) # &
WY A AR 3R &

28 1 AR, Fu-Kane RIS 4Ef
T, WY T RAFTE Dirac RESEN T, 487
1] (A 224 0 I e e MZM 97 A P4, Fu-Kane
A P i AL A PR BTV T B ) A O,
5] AR E R 2 T4 Majorana 209 B [#] 34 .
SR AE S5 o S5 9 Hh 4l FH %) B b AR o (1910 40 Fe(Te,
Se)) J& =4EAPEL (A WRPEFRFNERAA), P50 = B
WERss, AMUAER R — HE i A7/ Z G I
fig (RP STM WL, [ 6(c)), TEAEHMA A HLLF
TE LSRRI —GE R I 4 12 T Ak vk, R TH XL

SR BN F Y- R AT ANRT, i — 2 i 2k
MY AR . B, FeTeq 555eq 455 i AN M2 58 2 B Hi $b
YA, Dirac 22 T 258 B 3% K T A& A RHE—
() Z KT 1)) Dirac 2R A5 RS BB TR REH
MHE A (B 2(e)), XA T F AT SRR Y P FE L
R, TR, e, T EIMEFAETLT A
I BREAERTE RN R, kT IRAS S R A FEHL.
PR, 762 Bl LA B R R, S
RS R S A MZM Z Rl 5C 2, AT LLHS B)
AT 5 T T I I Fe(Te, Se) # 5% i jie MZM
FIBE A LB, JE R RLE P X MZM (B A B
TR, TTRLE R 28 SR MZM.

A WA AR BE MZM Ik 2R 81 23 8] 43 A5 5
IE 1020 D K MZM 78R 23 (R B AIAS [
HERLF BRSOV 102, FEELSEY FeTeg 555€q 45 HL i
H, MZM i Dirac 3% [ 25 B SR 7= 4, 1
A AR 8 S 36 A 5 36 A5 R R R i KL - TP B RN
2N MZM (RERlvER 7R 2R ), RS REHF IR
HETHHMYTOR T, 7RI T 15 MZM fER T
T (BAMERLF TR BN ). AT B R
4k Fu-Kane #5180 24 1 = 2 R 2R 4500 176-178] - g &5
SR LR, K% Dirac 10 A& 4
Fu-Kane £ 8 AT 2LAR G i 48 34 38 e MZM 845 A1
VEAT R, T BLSE AR = A 7 v R R 25 [ 3 A
G T S0 R E MZM AYAETS FiE AR

4.1 RIE MZM B R &L

MZM % pREEA — 2 1) <25 [ R F ) Hoor A
0 Bl i Majorana # 1 1 B P i . X 2K & A i€
MZM 1) ZBCP A H B TREH O, R TESE R
JIE o — 2 19 25 8] e [T PR AT UL 1. STM U
18 ) ZBCP W5 ph ALY 25 A7 B a9 MZM )% pR
BB g . 7 Fu-Kane F& 7 24179 3475
SR 5T MZM i BRI 77

ul? = Juy ()]* + Juz (1), (8)

Horp

wr (r) = Jo (T) exp{—/or Ay(:)dr'] (i+1), (9)

us (r) = Iy (EVFF’”> exp{—/or Ay(:l)dr’} (i—1), (10)

r IR ITIRE DB R, 1 (o) 2 DL IEJR A KE
A (r) TR PREGI AR, 1021, FTSRAG MZM 4 pRi %5

110301-14


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

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 11 (2020)

110301

(a)

High ©

Low

High

df /arb.units
dv

Distance/nm

1 i I L L
-4 -2 0 2 4

Energy/meV Energy/meV

/arb.units

/arb.units
o = = N

dr

o O

o W o o »1n o «n o

FWHM/meV gy

0.15 0.20
Momentum/A -1 f‘i /arb.units
: (2)
fﬁﬁ 4 ZBC
f 333_ 20 Model Plot
i 1.5 F Parameters
L e £ =12.3 nm
ol T e T 10k Ap=1.8 meV
|8 | 1 Er = 4.4 meV
! 1
,ig A 0.5F
T 1
: ’ i
I 1 L
P I " | " 0 L Il L Il L 1 L 1
—-10 -5 0 5 10 0 2 4 6 8 1012 14
Distance/nm r/nm

BT e MZM B9 R A 102 (a) fE3E W 5E 19 M S B 22 8] (b) W (a) B BB s 2R /R A B DU & 09 dI/d V(r, V) SR EE 43
il (c) 5 (b) BIXRE dI/AVEE; (d) M (c) Bl P 3EBR Y dI/d Vg & & R s (e)ZBCP sk (&) LI FWHM(F ) 7625
8] 4345 ; (f)ARPES H1 STS K048 %t L, 5L 254 Dirac A Ay = 1.8 meV, FBp = 4.4 meV, € = vp/ Ay = 123 A; (g) L5 &

AR MZM 38 ¥ 25 [ 201, Z80h () B2 4L

Fig. 7. The wavefunction of vortex Majorana zero model'”?: (a) A zero bias conductance map of a topological vortex; (b) a dI/d V(r, V)

line-cut intensity plot along the black dashed line indicated in (a); (c) a waterfall-like plot of (b) with 65 spectra; (d) an overlap-
ping display of eight dI/d V spectra selected from (c); (e) spatial dependence of the height (top) and FWHM (bottom) of the ZBCP;
(f) comparison between ARPES and STS results, Ay = 1.8 meV, Ep = 4.4 meV, ¢ = vp/A, = 123 A; (g) comparison between the
measured ZBCP peak intensity with a theoretical calculation of MZM spatial profile with the parameters extracted from (f).
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Fig. 8. Quasiparticle poisoning of vortex Majorana zero modes!'?: (a) Three vortex Majorana zero modes measured on different loc-
ations, the FWHM of ZBCP at the center of the vortex core is larger when the SC gap around the vortex core is softer; (b) a zero
bias conductance map of vortex and line-cut intensity plot of Majorana zero modes measured under 0.55 K (left) and 4.2 K (right),
respectively; (c) temperature evolution of ZBCPs in a vortex core. The gray curves are numerically broadened 0.55 K data at each
temperature; (d) amplitude of the ZBCPs of three vortex MZMs under different temperatures. The amplitude is defined as the
peak-valley difference of the ZBCP; (e) left panel: C/T fitting of amplitude of Majorana ZBCPs under different temperatures. Right
panel: summary on several temperature evolution measurements; (f) schematic explanation of the temperature effect on Majorana
ZBCPs. The red line is the vortex MZM and the blue line is the bound state of body votex.
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Fig. 9. Topological vortex phase transition in the three-dimensional vortex line model. The first line: Evolution of the band struc-
ture of a topological material by tuning the chemical potentials. The second line: Evolution of the low energy vortex bound state at
k, = 0 under different chemical potentials. The third line: The k, dispersion of low energy vortex bound states. The fourth and fifth
line: evolution of vortex Majorana zero modes under different chemical potentials in topological insulator and normal insulators, re-

spectively. This figure is adapeted from Ref. [176], some features are added by us.

110301-19

g
G


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

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 11 (2020) 110301

] I, Fu-Kane FERLZF 5T R E MZM A% L
PR = Y AR Fu-Kane £ (90 1. B
SRR = HERRIEAAL G AT AN AL
N, T ELE O A A3 25 T 51 T IR N
A5 FASHT I IR E MZM 7= A s . = e Lkt
Y b F 0 F A A0 R 38 R 2 T LB AR R — 2R
Class-D #iF M- T 4 (191197 = 2 1 2R A5 0 o) 351 it
WRALSHFMAZ BATRZIE L, e 2 A
TRERE L, HEln Fe(Te, Se) B i b il I8 £ 90 $ M A
A 98] S FMA BT 5 7R (AR B #E A B R R £ A
A (FFNEF A X AR T AR AT A4 R A
Dirac #7,)19, 2£& (Zeeman) A5 RSN IR L4 b
FHAE 200 E B ARG N LR PO D) K Dirac
4 J@ 1202205 Bf (R 2§ MAE AR SR AEE

ARG T B =R R IR E MZM (1)
PR, PRI T It 4 Fe(Te, Se) i RE fh
HFEFEIRIE MZM. 1] LB $, Dirac R A&
PAE MZM () F 2 5Tk #, 76 MZM 1 3 A 42
T, Fu-Kane BRI AT DIARLF H A I € MZM. B9
RIRAT N, X IR L = ek o] LA 20 . ik
TR BRSOV SN IR E MZM, iR R RS REN &
SIAKANMERL T TR BERCN, I W iE MZM 415
I RIS R B AEFE IR 2352 0 i TiE MZM. 1Y 7 A
Al AT AEAR G 1 23 (R B, 55032 (B4 ]
DB A AR A5, AR ) 8 3 T R AN BB A= MZM.
TEHE T FeTeg 555€0 45 H- A AL I iE MZM AL
HZJG, ASCT A R AETDIE MZM [ 3EAPE .

5 &k MZM By Majorana 4 Jfi:
A NEMNE

A REA ALY R (=) 2
MZM AT, dJ& MZM 3515 “Majorana” iy
AR L MZM AT DL E SOk 75347 (cf, 0 5
1 Bogoliubov #ER FHIE R, Bl

v = uct + ve, (14)
MZM i A i P Bt (Majorana Xf % ) fili 1%
MZM H L5300 F S TR I RS (™ = ),
B F-25 7O P& MZM Y Majorana, A8 Jii /) B
PR B -8 AR5 ¥ 45 & Law-Lee-Ng B g 204y
2 Majorana Ik HLF-25 7 CAE M P B0 e
Andreev J2 5, iX {15 Majorana fEk: T IRFGAE
HPRE TS (2¢2/h), FEHAESZIRRG T MZM 1Y

PSP (BN R 24 7 5 B 1 A8 Ak S g . SCik [105]
AR AR STM 3 J51%, 7 FeTeg 555¢0 45 -
i P T3 T MLZIVE I SO0 28] %o ok T 245 72 A e 88 11 Fl
FF-G, LRI ST BT 82 MZM i
1), ZEABRAERE CAGM &5 . E3Z KLU L S5
BRAMYE LS F AR S BATR, R
&, STM SEERAE Hrf —AN iR i MZM 1l & 5] 7
2¢?/h & T ALHY Majorana i -5, X —&5 R 08
ZU W 7 S0 B D WL ] T MZM S 30 I PR
Andreev JX #} (MIRAR), X & % it MZM [
Majorana A< (1) EL I AR,

5.1 Majorana EFESIEIL: IR Andreev
B 5t

MIRAR W] LU 1 2 28 4R ik 2 205-207)
HEMUA. FE RS S T R TR 7
T DM 7 AU A2 R R 45 4. 1R 10(a) BT, )
H AlGaAs S % B 22 A0 3 1) 1 7 P P A e
TR, XY i A [) A 5 bt BB 2
B, QSR ZE A DI B A ], DU R 2R B G R

re= () /- mr ()] o

Horp ry FMERGS R T, B, MRS
FIREREL. 1] UL Y A B A I S5 i R A S RE
X5, TR AETHRE T EE . X—HR 54
¢ Fabry-Perot & (1) 3L4%3% 5 HAT AU AL, A
T 7E B T B A3 22 2 ) 2 A 22 o 5 A
T, Yl i 5 B, W R, Bk kAR
TV A S S U T, B RECh 1, BB
S REONZ AR FE . 2 LR R 27 (1411 bR
aniE 10(b) Fros. S s LR EE 28 148 AT DL3E i #
AR TRV AT 22 1 5 % 2 Sk S B (1 10(c)), 24 PREFR
SRS 2Z R iR LRI R (4 = b),
MePRRE 2 &L EHA TR, RS IRE (1)
HERGEJLRIE (1) ZRIMKERN L = 2np|t)?, H
W py Je SRR A A SIS . A RO B
MRS, ¢ SRS I AR AR

WS 25 LR R 27 593 40 1 F - il s
7, A T R A il s O 4 IR A
— i FE AR b 3L PR Andreev 2 8 (K] 10(d))R04,
BAANEFJRBE AT DS Y A LA AT LSS Y e 4
237, X HARMFIE T Andreev OB FEF £, = ¢,

110301-20


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

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 11 (2020) 110301

1

(@) T (d)
L2 C
[ Electronlead ty Electronlead I .
5y ) X 2
Electronlead7
2

N e

“h
Hole lead ok

(e) (0
(2) (h) ® 1
Magnetic insulator
M = —
: < < _
Q RY =
t o g 3
»n =
(| Vortex > S 3
=
Superconductor © 0.1k 1010w To

0 1 2 3 4

101 10°
keT/ T

Energy (nhvy,/L)

10 JE4R Andreev S5 MZM AAE i F LS () 2 508 5 BT 45 i) 28 L4 % 2 071, R 2 WL B At 5 0034 &2 oM sl A 2 g
it — BB ST RECH 1; (b) £ M PR R 5 Y FL T pR 10 (c) 20 AR R 5 0 R A S I A TR T B A R ik 5 204, S 4 i e
R % 25 (1 00 2 % 1 T 4 5 i R A 2 22 18] 4 BRSE JL R IR AR 48 (4 = 1); (d) MZM 20 MIRARPY. 5 28 LR % 28 AN W]
MIRAR Sz L F128 A R A1 45 2 (] ) 5B 3 4R 8 2, A1 Dl AUSS /L 7 AR B S 2 5T f) — S B 2R b S i, PR ke 2 o R, 1 B R
HTILRMEAHSE (4, = ), MZM X FRPEARIEA S AR WS 208 A SR EEA S (I = I T, = 2mp|t2, Horh py BAT RIS H ),
SEHULAR 25145 (e) MZM 2 511 Andreev Ut Y25 8]0 e 8%, b % R385, 20 @0 5 7G4 199 () CAGM R4 &2
5 Andreev Y 45 18] 9% B 10%); (g) Law-Lee-Ng B # 75 Majorana B 3 9 AR AE F 4R By G 204; (h) BEIE 55 A9 Majorana i 1
LS 262/ b, ol 20 B () Hh RS A P AE AR B i I A AR 0, £ €0 gt SR A 7 A A TR BE B9 155 B PO (1) Maajorana it
T B BRI BEAT O LR L T R R0 o ik T EL- S B R

Fig. 10. Resonance Andreev reflection induced Majorana quantum conductance: (a) Conventional electron resonance tunneling in a
semiconductor heterostructurel®”; (b) the wavefucntion of conventional resonance tunneling!'®”; (c) two tips cross-tunneling can be
regarded as a replacement of semiconductor heterostructure for realizing semiconductor heterostructure under the condition of equal
hopping amplitude around the two tips (#, = #,)*!; (d) the Majorana induced resonance Andreev reflection (MIRAR) can be re-
garded as a superconducting version of the conventional resonance tunneling in the particle-hole Hilbert space. Here a single elec-
trode plays both roles of electron and hole electrode®. Due to the particle-hole equivalence property, Majorana modes couple to
the incident electron and reflected hole with equal tunneling coupling strength, which satisfies the resonant condition (I¥ = 1"[1‘; Ii=
21p|t%, po being the related density of states); (e), (f) the wavefucntion of Andreev reflection mediated by MZM and a convention-
al Andreev bound states, respectively[!®; (g) the material setup used in Law-Lee-Ng model?¥; (h) the theoretical calculated re-
sonance quantum conductance of Majorana modes?; (i) theoretical calculated Majorana conductance under finite temperature and

poisoning rate.
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Fig. 11. Variable-tunnel-coupling STM method and the observation of conductance plateau of vortex Majorana zero modes!'%):
(a) The tunnel coupling strength can be changed by the tip-sample separation distance under the effect of STM regulation loop;
(b) a three-dimensional plot of tunnel coupling dependent measurement, dI/d V(E, Gy), which shows a zero bias conductance plateau;
(¢), (d) the general phenomena observed on Majorana conductance of FeTeg 555€( 45, i.e. non-quantized plateau; (e), (f) the rare case
of Majorana conductance of FeTe555€q 45, i.€. quantized plateau; (g) a histogram of the plateau conductance (Gp) from 31 sets of
data; (h)—(j) the conductance evolution under different tunnel couplings. It shows no plateau feature measured on finite energy

CdGM states, the continuum outside the superconducting gap and zero filed superconducting state, respectively.
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Fig. 12. Surface Dirac electron induced half-integer level shift of vortex bound states: (a) Half-odd-integer quantized level sequences
of vortex bound states in a conventional s-wave superconductor. There are only parabolic bulk bands involved!; (b) the quantum
limit is difficult to reach in conventional s-wave superconductors, so that a large ZBCP observed in the center of vortex core is gen-
erally due to multiple overlapping of densely packed non-zero peaksi®!; (c) integer quantized level sequences of the vortex bound
state in Fu-Kane model. The intrinsic spin Berry phase carried by Dirac surface states induces the half-integer level shiftl%4; (d) the
zero-doping limit is defined as the chemical potential is approaching the energy of the Dirac point. In this case, a vortex MZM is the
only allowed subgap bound state'!; (e) the theoretical calculated angular momentum resolved wavefunction of BdG eigenstate, the
blue and green curves are spin down and up components, respectively?'l. Insert: The calculated spin-integrated 2 D local density of
states of three lowest levels of vortex bound states in the case of (c) and (a), respectivelyl!; (f) theoretical calculated eigenvalue of

BdG Hamiltonian near the zero chemical potential limit.
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Fig. 13. Observation of integer quantized vortex bound states!'%J: (a) A dI/d V(r, V) line-cut intensity plot measured on a topological
vortex #1. Integer quantized vortex bound states are clearly observed; (b) peak positions extracted from (a); (¢) the comparison
between experimental observed and theoretical calculated level energy in topological vortex #1; (d) same as (a), but measured on
vortex #11, which is close to the zero chemical potential limit; (e) overlapping display of dI/dV spectra selected from (d); (f) same
as (c), but shows the case of vortex #11; (g) the comparison of observed MZM line profile in topological vortices under integer
quantization (open circles) and near the zero chemical potential limit (dark stars); (h) the calculated MZM wavefuction under dif-
ferent chemical potential by Fu-Kane model; (i) a histogram of averaged level energies normalized by the first level spacing, i.e. the
ratio By /AE. The statistical analysis is performed among all the 35 topological vortices which show integer quantized CdGMs
levels; (j) experimentally observed spatial pattern of the lowest three levels of vortex bound state in a topological vortex.
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Fig. 14. The inhomogeneity of material helps coexisting ordinary and topological vortices: (a) A dI/dV(r, V) line-cut intensity plot
measured on ordinary vortex #8. Half-odd-integer quantized vortex bound states are clearly observed('®); (b) the comparison
between experimental observed and theoretical calculated level energy in ordinary vortex #81°4; (c) a histogram of averaged level
energies normalized by the first level spacing, i.e. the ratio E;/AE. The statistical analysis is performed among all the 26 ordinary
vortices which show half-odd-integer quantized CAGM levels!'™); (d) surface disorder transforms the strong topological insulator to a
normal insulator. The scattering potentials are gradually larger from left to right/*?; (e) concentration of the dopants could drive a
strong topological insulator to be a normal insulator or weak topological insulator in Fe(Te, Se). The bands in green (red) represent
p. (d,./d,.) orbital with odd (even) parity!.
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Fig. 15. Spatial distribution of the two classes of vortices!'": (a), (c), (e) Zero-bias conductance maps of three well-separated re-
gions. The yellow solid circles mark the vortices with ZBCPs and integer quantized CAGM levels, yellow dashed circles mark the
vortices with ZBCPs but its CdGM level sequences can not be fitted to integer quantization, blue solid circles mark the vortices
without ZBCPs and half-integer quantized CdGM levels, and blue dashed circles mark the vortices without ZBCPs or half-integer
quantized CBS levels. The green dashed lines encircle the same class of vortices. Topological vortices and ordinary vortices usually
group together, which indicates topological region and trivial region coexist on the sample surface due to spatial inhomogeneity; (b),
(d), (f) summary of the ratio of different types of vortices in the three regions, respectively. The data in the three regions are meas-
ured under 40 mK and 2.0 T.
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Fig. 16. Mechanism of the presence or absence of MZMs in Fe(Te, Se)[1!: (a) Fe(Te, Se) single crystals are intrinsically inhomogeneous.
Disappearance of Dirac surface states is possible in some regions of the (001) surface (brown color). In the conventional regions, the
corresponding bulk states can be normal insulators or weak topological insulators. Consequently, the Dirac surface state moves
deeper into the bulk and go around the conventional region, as indicated by the gray boundary inside the crystal. In other topolo-
gical regions (gray color), where Dirac surface states remain intact, the corresponding bulk states are still in the strong topological
insulating phase; (b) a schematic phase diagram of vortex MZMs appearing in topological regions (topological vortices). The gradi-
ent blue areas in (b) and (c) indicate the phase sector that MZMs can be detected by STM/S experiments. In the dark blue sector,
the Majorana wave function is more localized on the sample surface, while in brighter positions, the Majorana wave function
strongly hybridizes with bulk quasiparticles and moves deeper beneath the surface, leading to weak ZBCP signal measured by
STM/S. The vertical axis demonstrates MZMs evolution as a function of effective temperature which can be represented by extrinsic
broadening of the observed ZBCPs. The horizontal axis demonstrates the MZMs evolution as a function of quantum parameters,
e.g., chemical potential (p) measured from the Dirac point. The black dots with an arrow indicate the quantum critical points in
which a vortex phase transition happens. Across the critical point, the vortex line turns to be topological trivial and MZMs disap-
pear in the topological region. The red dashed line indicates the achievable region in experiments; (c) a schematic phase diagram of
vortex MZMs appearing in conventional regions (ordinary vortices). There are no MZMs in our measurements in those vortices. The
observable MZMs can only exist above the critical points when the vortex phase transition turns the trivial vortex line into a 1D to-

pological superconductor in the conventional region.
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Condensed matter
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Fig. 17. Braiding vortex MZMs and topological quantum computing. Left-top panel: Surface effective spinless p-wave pairing in-

duce by k-proximity effect from bulk bands in Fe(Te, Se)®!. Left-bottom panel: The pristine vortex MZM observed in Fe(Te,
Se)[1%3], Middle panel: It is possible to use a STM tip to manipulate vortex MZMs on the surface of Fe(Te, Se)!'"2. Right panel: To-

pological qubit built by braiding four vortex MZMsll.
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SPECIAL TOPIC—Majorana in condensed matter
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Abstract

During the recent years, the iron-based superconductors with a topological band structure have attracted
intensive attention from the science community as a new and promising platform for emerging Majorana zero
modes in their vortex core. These topological iron-based superconductors possess all of the desirable properties,
i.e. single material, high-T, superconductivity, strong electron-electron correlation and topological band
structure, thus successfully avoiding the difficulties suffered by previous Majorana platforms, such as intrinsic
topological superconductors and multiple types of proximitized heterostructures. So far, one has observed
pristine vortex Majorana zero modes in several different compounds of iron-based superconductors. The
systematic studies performed on those systems show that the vortex Majorana zero modes are quite evident
experimentally and very clear theoretically, leading to a bright future in applications. The vortex cores of iron-
based superconductors can become one of the major candidates for exploring topological quantum computing in
the future. In this review article, we will focus on Fe(Te, Se) single crystal, to introduce the original ideas and
research progress of the new emerging “iron home” for Majorana zero modes. Having elabrated the basic band
structures and the experimental facts of the observed vortex zero modes in Fe(Te, Se), we will systematically
summarize the main observations and fundamental physics of vortex Majorana zero modes in Fe(Te, Se). First
of all, with the help of the observed behavior of Majorana wavefunction and quasiparticle poisioning, we will
analyze the emerging mechanism of vortex Majorana zero modes in Fe(Te, Se). Then we will elaborate the
measurements on Majorana symmetry and topological nature of vortex Majorana zero modes, assisted by
several existing Majorana theories. After that, we will switch our view angle from quantum physics to quantum
engineering, and comprehensively analyze the fate of vortex Majorana zero modes in a real material under a real
environment, which may benefit the potential engineering applications in the future. This review article follows
the physical properties of vortex Majorana zero modes, and emphasizes the link between theories and
experiments. Our goal is to bridge the gap between the classical Majorana theories and the new emerging
Majorana platform in iron-based superconductors, and help the readers to understand the experimental

observations of the newly discovered “iron home” for Majoranas.
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