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Fig. 1. Bound states in the vortex core of superconductor: (a) Sketch of a magnetic vortex (b) vortex lattice measured on NbSes;

(c) calculated discrete bound states near the vortex core of s-wave superconductor; (d) a seris of spectra measured near the vortex

center of NbSey; (e) wave functions of several low-energy quasiparticle excitations in a vortex of topological superconductor; (f) col-

or plot of a set of dI/dV spectra measured along the vortex core on 5 QL Bi,Te;/NbSe, heterostruture. Majorana zero mode exists

within a certain distance near the vortex center.
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Fig. 2. Band structure and topological surface states of (Li, Fe)OHFeSe: (a) The crystal structure and bulk & (001) surface Bril-
louin zone of (Li, Fe)OHFeSe; (b) band structure of (Lij5Feq05) OHFeSe along M-I-Z-(R) direction, represented by spectral func-
tions calculated by density functional theory (DFT) combined with dynamical mean-field theory (DMFT) methods; (c) calculated
bulk and Dirac-cone-like topological surface states on the (001) surface along the T° — M direction; (d) band structure of
LiOHFeSe in the PM state without spin orbital coupling (SOC).
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Fig. 3. ARPES measurement of (LiygFeq;5)OHFeSe: (a) Photoemission intensity across T° along cut #1 in Fig.2(a); (b) an en-
largement of data corresponds to the green dashed rectangle in panel (a) near Ep at T° point; (c) second derivative of the photoe-
mission intensity in the marked region of panel (b), a Dirac-cone like dispersion can be seen; (d) the FWHM obtained from fitting,
as a function of energy; (e) E-k dispersion extracted from the data, and the linear fit around the crossing point; (f) symmetrized en-
ergy distribution curve (EDC) near the Fermi crossing of the M pocket, where a superconducting gap of ~10 meV is observed;
(g) photoemission intensity taken along cut #2 across M in Fig.2(a); (h) the energy distribution curves (EDCs) of the data in pan-
el (d) after dividing by Fermi-Dirac distribution. All the data were measured at 5.6 K using 21.2 eV photons.
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Fig. 4. Topography, superconducting gap, QPI and vortex bound states of (Lijg,Feq5) OHFeSe: (a) Topographic image of a cleaved
film. Insct: the lattice of FeSe surface (ay = 3.8 A). A dimer-like defect is marked by the circle; (b) typical dI/dV spectra taken on
FeSe and (Lijg,Feg15)OH surface; (c) electron-like Energy dispersion measured by QPI at A7 point. Dashed curve is a parabolic fit;
(d) zero bias conductance map on FeSe surface under B = 10 T. Pinned-vortices are indicated by arrows. The dashed circle en-
closes a free vortex; (e) dI/dV spectra taken across the free Vortex 1 and discrete low-energy states were observed in the vortex
core; (f) color plot of the spatial dependence of the dI/dV spectra shown in panels (e) and arrows indicate the positions of discrete

vortex states; (g) dI/dV spectra taken at the small range near the vortex and the zero-bias peak keeps unchanged.
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Fig. 5. Quantitative characterization of the vortex core states: (a)—(d) Summed low-energy dI/dV spectra taken near the centers of
Vortex 1-4. Red solid curves are the fits to multiple Gaussian peaks (dashed curves are the individual peaks); (e) local supercon-
ducting gaps measured where Vortex 1-4 emerge. The bottom curves are the symmetrized dI/dV spectrum (blue one) for vortex
1 after subtracting a background slope and corresponding fit (red one) using anisotropic gap function; (f) calibration for the zero bi-
as offset using a set of I-V spectra taken at different setpoints; (g) plots of |Ez| (red circles) as a function of (‘A1 )2, and |E4|

(blue circles) as a function of (AD*)2. Dashed lines are the linear fitting (see legend).
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Fig. 6. Resonant Andreev reflection and quantized conductance of Majorana zero mode: (a) Conventional resonant tunneling;

(b) Majorana zero mode induced resonant Andreev reflection (MIRAR); (c), (d) the relationship between Majorana zero mode con-

ductance and temperature, tunneling coupling strength.
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Fig. 7. (a) Red curve: dI/dV spectrum at the core center. The tunneling conductance is calibrated by scaling to the numerical dif-
ferential of the I/V curve. Blue dashed curve: Lorentzian fit to the ZBCP, with a FWHM = 0.10 meV; (b) spatial dependence of
the dI/dV spectra in panel (a), shown in a false-color plot; (c), (d) evolution of the dI/dV spectra as a function of increased tunnel-
ing transmission for free vortex 1&2 reflected by Gy = L/ V;, (V}, =-1.7 mV for vortex 1 and V},, =-0.9 mV for vortex 2); (e)—(f) sel-
ected dI/dV spectra taken at different Gy for vortex 2.
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Fig. 9. (a) STM image of FeSe/SrTiO; film with a thickness of ~1.3 ML; (b) typical gap spectrum (blue curve) of 1 ML FeSe (Vy, =
30 mV, I =60 pA, T = 4.2 K) taken at B =0 T and the fitted gap is shown in red curve; (c) zero-bias dI/d V mapping taken at B =
10 T. Green arrows indicate surface defects and the pinned vortices, dashed circles indicate free vortices; (d) sketch of the gap dis-
tribution on the electron pocket at M. Ay, A; and Ay, correspond to the two local gap maxima and the gap minima, respectively,
and tg(0y) = k,/k,; (e), (f) dI/dV spectra taken across Vortex 1 and 3 at T = 0.4 K (T, = 1.18 K). Discrete vortex states (without

zero bias peak) were observed.
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Fig. 10. Quantitative fitting of vortex bound states: (a)—(d) Low energy spectra of free Vortices 1-4. Red curves are multiple Gaus-
sian-peak fits (Dashed curves are individual peaks); (e) normalized energy of the CAGM state of Vortices 1-4, via dividing the aver-
aged 8E of each vortex; (f) the relation of (Ag)?/Eg and 8F for Vortices 1-4, dashed line is the linear fitting. (g) superconducting
gap spectra taken at the area where Vortex 1-4 appear (B = 0 T). The mean gap sizes (4) are obtained from the gap fitting.
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Fig. 11. Calculated vortex states under s-wave and nodeless d-wave pairing. Sketch of the Fermi surface for (a) s-wave (d) nodeless
d-wave pairing. (b), (e) Calculated vortex states at different distance to the core center for (b) s-wave (e) nodeless d-wave with A =
0.02¢ (¢ is the coherence length and A is SOC strength). (c), (f) Calculated vortex states under s-wave (c¢) and nodeless d-wave

(f) pairing at d = 0.1 &, with various SOC strength.
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SPECIAL TOPIC—Superconductivity and its applications

Vortex bound states and Majorana zero mode in electron-
doped FeSe-based high-temperature superconductor”
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Abstract

As a novel quantum state in condensed matter physics, Majorana zero mode has become a popular research
topic at present because of its potential value in topological quantum computing. Theory predicts that
Majorana zero mode appears in the vortex core of the topological superconductor as a unique bound state.
However, due to various factors such as the existence of conventional low energy bound states or impurity
states, it is difficult to identify the Majorana zero mode and to put it into the specific applications. Nowadays,
it is still urgent to find a suitable topological superconducting system and identify the clean Majorana zero
mode in experiment. In this paper, we study the vortex states of electron-doped iron-selenium-based
superconductors (Li, Fe)OHFeSe and single-layer FeSe/SrTiO; with extremely high energy resolution STM.
There exists a robust and clean Majorana zero mode in the free vortex core of (Li, Fe)OHFeSe, which has the
quantized conductance. As for single-layer FeSe/SrTiO; film, it has only conventional Caroli-de Gennes-
Matricon (CAGM) bound states without zero energy mode. These experimental results provide a suitable
platform for further studying the physical properties of Majorana zero mode, and also shed light on the source

of topological superconductivity in iron-based superconductors.

Keywords: magnetic vortex, vortex bound states, Majorana zero mode, topological superconductor, quantized

conductance
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