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Supplementary Note 1: Fitting of Tunneling Spectra 23 

We try to extract superconducting energy gap by fitting the tunneling spectra with Dynes formula. 24 

Here, we take the blue spectrum at the bottom of Figure 3b in the main text as an example. Before 25 

fitting, the normalization is performed by dividing the raw spectrum by its background (blue solid 26 

and red dashed curves in Figure S1a). The background is extracted from a quintic polynomial fit 27 

to the conductance for |V| > 30 mV. The normalized spectrum, denoted by the blue circles in 28 

Figure S1b, still has a pair of coherence peaks with slightly different intensities. Such electron-29 

hole asymmetry, which is common in iron-based superconductors, may be caused by the band-30 

edge effect due to the relatively shallow band1,2. The normalized spectrum is then fitted by the 31 

Dynes formula: 32 
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where 𝑓𝑓  is the Fermi-Dirac function, Γ  is a broadening factor due to the finite quasi-particle 34 

lifetime. Since the angle-resolved photoemission spectroscopy measurement has demonstrated that 35 

the superconducting gap of single-layer FeSe is moderately anisotropic and a best fit of the gap as 36 

a function of angle includes cos2𝜃𝜃 and cos4𝜃𝜃 terms3, we take a gap function of  37 

Δ(𝜃𝜃) = Δ0 �1− 𝑝𝑝1 �1 − cos �4 �𝜃𝜃 − 𝜋𝜋
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where 𝑝𝑝1 and 𝑝𝑝2 are the weight of cos4𝜃𝜃 and cos2𝜃𝜃 terms, respectively. 39 

Based on the above formula, the normalized data is well fitted, as shown by the red curve in 40 

Figure S1b. More fitting results of normalized tunneling spectra with different superconducting 41 

gap magnitude are shown in Figure S1c, and corresponding fitting parameters are summarized in 42 

Table S1. Under such criteria, we obtain the evolution of the gap magnitude near the (11) and (01) 43 

edges (Figures 2a and 3a in the main text), as shown in Figures S1d and S1e respectively. It is 44 

found that gap magnitude decreases with moving close to the edge. 45 



 46 

Figure S1 | Fitting of tunneling spectra. a, A copy of the blue spectrum at the bottom of Figure 47 

3b in the main text, and its background (red dashed curve). b, Normalized data (blue circles) and 48 

the fitting result (red curve). c, Fitting results of normalized tunneling spectra with various 49 

superconducting gap magnitude. d-e, Averaged gap magnitude as a function of the distance to the 50 

(11) and (01) edges. 51 

 52 

Table S1 | Fitting parameters of the spectra shown in Figure S1c. 53 

No. 𝚫𝚫 (meV) 𝚪𝚪 (meV) 𝒑𝒑𝟏𝟏 𝒑𝒑𝟐𝟐 

1 10.0 0.10 0.28 0.09 

2 11.1 0.15 0.29 0.09 

3 12.0 0.10 0.28 0.10 

4 12.6 0.20 0.25 0.09 

5 13.1 0.15 0.27 0.09 

6 13.6 0.15 0.27 0.10 

7 14.1 0.15 0.29 0.08 

 54 
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Supplementary Note 2: Additional data for the (01) edge 56 

 57 

 58 

Figure S2 | Electronic states at the (01) edge of single-layer FeSe. a, STM topographic image 59 

(Vs = 0.5 V, It = 100 pA) of the (01) edge. b-d, Tunneling spectra (Vs = 50m V, It = 500 pA) 60 

measured along the black (b), blue (c) and red (d) arrows in a. The top two spectra in c are taken 61 

on the SrTiO3(001) surface. These is no significant change in zero-bias conductance of these 62 

spectra. 63 

 64 

 65 

Figure S3 | Electronic states at the (01) edge of single-layer FeSe. a, STM topographic image 66 

(Vs = 1 V, It = 50 pA) of the (01) edge. b-d, Tunneling spectra (Vs = 50m V, It = 500 pA) measured 67 

along the black (b), blue (c) and red (d) arrows in a. The top four spectra in b-d are taken on the 68 

SrTiO3(001) surface. The zero-bias conductance is almost position-independent. 69 
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Supplementary Note 3: Additional data for the corner between (11) and (1𝟏𝟏) edges 71 

 72 

 73 

Figure S4 | Electronic states at the corner between (11) and (1𝟏𝟏) edges. a, STM topographic 74 

image (Vs = 1 V, It = 50 pA) of the corner between (11) and (11) edges. b, Atomically resolved 75 

image (Vs = 50 mV, It = 500 pA) taken from the area outlined by the black dashed box in a. c-e, 76 

Tunneling spectra (Vs = 50 mV, It = 500 pA) measured along the black (c), blue (d) and red (e) 77 

arrows in a. There is no trace of Majorana zero-energy mode. 78 

 79 

Figure S5 | Electronic states at the corner between (11) and (1𝟏𝟏) edges. a, STM topographic 80 

image (Vs = 1 V, It = 50 pA) of the (11) & (11) corner. b, Atomically resolved image (Vs = 50 mV, 81 

It = 500 pA) taken from the area outlined by the black dashed box in a. c, Tunneling spectra (Vs = 82 

50 mV, It = 500 pA) collected at the locations marked by the corresponding colored circles in a. 83 

The zero-bias conductance peak as supposed for s±-pairing is missing.  84 



Supplementary Note 4: Simulations for the possible influence of the substrate on the 85 

experimental observations 86 

We carry out numerical simulations for the possible influence of the STO substrate on the 87 

experimental observations of the topological edge/corner modes. In the calculations, instead of 88 

using the genuine but complicated model Hamiltonian for the single-layer FeSe which involves all 89 

the five d orbitals from Fe, we adopt a simple toy model which captures the key topological 90 

properties of the sign-changed s±-wave pairing state. In the toy model, we consider one single s 91 

orbital at each Fe lattice site and the normal-state Hamiltonian reads as 92 

𝐻𝐻0(𝒌𝒌) = [2𝑡𝑡(cos𝑘𝑘𝑥𝑥 + cos𝑘𝑘𝑦𝑦)− 𝜇𝜇]𝑠𝑠0𝜎𝜎0 − 2𝑅𝑅(sin𝑘𝑘𝑥𝑥 𝑠𝑠2 + sin 𝑘𝑘𝑦𝑦 𝑠𝑠1)𝜎𝜎3 + 4𝑡𝑡′ cos 𝑘𝑘𝑥𝑥
2

cos 𝑘𝑘𝑦𝑦
2
𝑠𝑠0𝜎𝜎1, 93 

where 𝑠𝑠𝑖𝑖 and 𝜎𝜎𝑖𝑖 are the Pauli matrices in the space of the electron spin and two Fe sublattices, 94 

respectively. Notice that 𝑘𝑘𝑥𝑥 and 𝑘𝑘𝑦𝑦 are defined according to the primitive lattice translations along 95 

the next-nearest-neighbour Fe-Fe directions, i.e. the (10) and (01) directions in the main text. In 96 

𝐻𝐻0(𝒌𝒌) , 𝜇𝜇  is the chemical potential, 𝑡𝑡  (𝑡𝑡′) is the hopping between the next-nearest-neighbour 97 

(nearest-neighbour) Fe lattice sites, and 𝑅𝑅  is the Rashba-type spin-orbit coupling between the 98 

next-nearest-neighbour Fe lattice sites which arises from the mismatch between the Fe lattice sites 99 

and the inversion center. 𝐻𝐻0(𝒌𝒌) respects the symmetry group of the single-layer FeSe and the 100 

corresponding band structures are plotted in Figure S6a. For the superconducting part, we consider 101 

the following s-wave pairing  102 

𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝒌𝒌) = [∆0 + 2∆1�cos𝑘𝑘𝑥𝑥 + cos𝑘𝑘𝑦𝑦�]𝑖𝑖𝑖𝑖2𝜎𝜎0, 103 

where ∆0 is the onsite pairing and ∆1is pairing between the next-nearest-neighbour Fe lattice sites. 104 

By tuning the relative magnitude of ∆0 and ∆1, we can control the pairing signs on the different 105 

Fermi surfaces in 𝐻𝐻0(𝒌𝒌). As shown in Figure S6b, we choose a set of parameters ({∆0,∆1} =106 

{0.48, 0.2}) to simulate the sign-changed s±-wave pairing state in the iron-based superconductors. 107 

For the state in Figure S6b, we calculate the superconducting edge modes on the (10) edge and 108 

the corner modes between the (11) and (11�) edges directly and show the results in Figures S6c 109 

and S6d. Obviously, the above simple model well captures the main features of the second-order 110 

topological superconductivity in the sign-changed s±-wave pairing state in the iron-based 111 

superconductors predicted in Ref. 4. 112 



 113 

Figure S6 | Simulations for the topological edge/corner modes. a shows the band structures 114 

calculated from 𝐻𝐻0(𝒌𝒌) with parameters {𝑡𝑡, 𝑡𝑡′,𝑅𝑅, 𝜇𝜇} = {−1.0, 0.4, 0.5, 2.5} with the Fermi energy 115 

labeled by the dashed line. b shows the Fermi surfaces (colored lines) corresponding to the 116 

condition in a, and the different colors represent the different pairing signs on the Fermi surfaces 117 

corresponding to the superconducting pairing in 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝒌𝒌)  with {∆0,∆1} = {0.48, 0.2} . The 118 

superconducting edge/corner modes corresponding to the condition in b are presented in c/d. c 119 

shows the edge modes near 𝑘𝑘 = 𝜋𝜋 on the (10) edge. Notice that the Dirac edge modes are twofold 120 

degenerate. d shows the wavefunction profile for the corner Majorana modes with open boundary 121 

conditions along the (11) and (11�) directions, and the inset shows the low-energy spectrum. 122 

 123 

In the following, we utilize the above model to simulate the influence of the substrate on the 124 

experimental observations, and we adopt the real-space configurations shown in Figures S7a-S7c 125 

in the simulations. The total Hamiltonian for the system reads 126 

𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝒌𝒌) = 𝐻𝐻𝑠𝑠𝑠𝑠(𝒌𝒌) + 𝐻𝐻𝑛𝑛(𝒌𝒌) + 𝐻𝐻ℎ𝑦𝑦𝑦𝑦(𝒌𝒌). 127 

In this equation, 𝐻𝐻𝑠𝑠𝑠𝑠 = 𝐻𝐻0 + 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the toy-model superconducting Hamiltonian in the above, 128 

𝐻𝐻𝑛𝑛(𝒌𝒌) = 2𝑡𝑡𝑛𝑛(cos𝑘𝑘𝑋𝑋 + cos𝑘𝑘𝑌𝑌) + 𝑉𝑉 − 𝜇𝜇  describes a simple square lattice with 𝑡𝑡𝑛𝑛  being the 129 

nearest-neighbour hopping and 𝑉𝑉  being the onsite energy. The hybridization between the 130 

superconducting and normal parts is depicted by 𝐻𝐻ℎ𝑦𝑦𝑦𝑦 containing simply the nearest-neighbour 131 

hopping as indicated Figure S7c. In modeling the system, we choose proper 𝑉𝑉 = 𝑉𝑉𝑏𝑏 to make the 132 

normal region beneath the superconductor metallic since charge transfer is believed to occur 133 

between FeSe and STO, and we make the other normal regions insulating (𝑉𝑉 = 𝑉𝑉𝑛𝑛), i.e. contribute 134 

no Fermi surface, as indicated in Figures S2-S3, Figure 4d in the main text, and Ref. 5. 135 

We present the main numerical results in Figure S7. In the calculations, we consider 𝑉𝑉𝑏𝑏 = 6.0 and 136 

𝑉𝑉𝑏𝑏 = 5.0 in the normal region beneath the superconductor, and in both cases 𝐻𝐻𝑛𝑛  contribute an 137 

electron Fermi pocket near the Brillouin zone center. In the latter case, the normal region has 138 

larger electron Fermi pocket which almost compensates the hole Fermi pockets in the 139 



superconductor shown in Figures S6a and S6b. We also consider the strong (𝑡𝑡ℎ = 0.5) and weak 140 

(𝑡𝑡ℎ = 0.2) hybridization between the superconducting and normal layers. As shown in Figure S7, 141 

the topological edge/corner modes, especially the corner modes, can be weakened due to its 142 

leakage into the substrate; however, finite constant density of states (DOS) are still expected on 143 

the (10) edge as indicated in Figures S7d1-S7d4 and S7e1-S7e4. Similarly, a residual zero-bias 144 

peak is also expected at the corner between the (11) and (11�) edges as indicated in Figures S7f1-145 

S7f4 and S7g1-S7g4. 146 

 147 

Figure S7 | Possible influence of the substrate on the experimental observations of 148 

edge/corner modes. a and b sketch the real-space configurations with which we simulate the 149 



influence of the substrate on the edge and corner modes respectively. In a we adopt open boundary 150 

condition in the (10) direction and periodic boundary condition in the (01) direction, and in b we 151 

adopt open boundary conditions both in the (11)  and (11�)  directions. The gray (pink) part 152 

corresponds to the superconducting (normal) region, and the size of the lattice is marked in the 153 

figures. c shows the side view corresponding to a and b. Due to the charge transfer between the 154 

superconductor and the substrate, the normal region beneath the superconductor can have different 155 

onsite energy from the other regions, which is indicated by 𝑉𝑉𝑏𝑏  and 𝑉𝑉𝑛𝑛  in c. d1-d4 show the 156 

simulations for the real-space zero-energy DOS of the superconducting edge modes in the 157 

configuration in a, and the figures share the same color bar. e1-e4 present the local DOS at the 158 

location marked by × in a, and the colored lines in e1-e4 are in accordance with the locations 159 

marked with the corresponding colors. f1-f4 show the real-space zero-energy DOS of the 160 

superconducting corner modes in the region marked by the dashed line in b, and the figures share 161 

the same color bar. g1-g4 present the local DOS at the corner marked by the red point in b. In the 162 

superconducting region described by 𝐻𝐻𝑠𝑠𝑠𝑠 we adopt the same parameters with these in Figure S6, in 163 

which case the region has a bulk superconducting gap about 0.2. In the normal region described 164 

by 𝐻𝐻𝑛𝑛, we set 𝑡𝑡𝑛𝑛 = −1.0, and set 𝑉𝑉𝑏𝑏 = 6.0 (𝑉𝑉𝑏𝑏 = 5.0) for the region beneath the superconductor 165 

in d1-g1 and d2-g2 (d3-g3 and d4-g4) to make it metallic, and in other regions we set 𝑉𝑉𝑛𝑛 = 7.5 to 166 

make them insulating. For the hybridization between the superconducting and normal parts 167 

described by 𝐻𝐻ℎ𝑦𝑦𝑦𝑦, we set 𝑡𝑡ℎ = 0.2 (𝑡𝑡ℎ = 0.5) for the region beneath the superconductor in d1-g1 168 

and d3-g3 (d2-g2 and d4-g4). 169 

 170 

As a comparison, we also calculate the experimental observations at the edge/corner 171 

corresponding to the sign-preserving s-wave pairing state in the presence of the substrate. It is 172 

found that the results are completely different from the sign-changed s±-wave state, as shown in 173 

Figure S8. Obviously, a U-shape superconducting gap with no in-gap DOS is expected on the 174 

(10) edge, and no signature for the zero-bias peak is expected at the corner between the (11) and 175 

(11�) edges. 176 



 177 

Figure S8 | Influence of the SrTiO3 substrate on the experimental observations of 178 

edge/corner states. a and b show the local DOS at the (10) edge and at the corner between the 179 

(11) and (11�) edges in the sign-preserving s-wave pairing state respectively. The colored curves 180 

in a are calculated at locations marked by the corresponding colored × in Figure S7a. The curve in 181 

b is calculated at the location marked by the red point in Figure S7b. In calculating a and b, we 182 

adopt the superconducting order parameters {∆0,∆1} = {0.2, 0.0} in 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝒌𝒌) , and the other 183 

parameters are all the same with these in Figure S7e4 and S7g4. 184 

 185 

Finally, it is worth mentioning that although the model we adopted in the calculations is simpler 186 

compared to the actual FeSe/STO system, the results can still provide us important implications as 187 

the model captures the main physics near the Fermi energy. Therefore, it is reasonable to conclude 188 

that the topological edge/corner modes can serve as experimental observables to distinguish the 189 

pairing symmetry of the single-layer FeSe system even in the presence of the substrate. 190 
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Supplementary Note 5: Analysis of spectral weight of the normalized tunneling spectra 192 

Z. Z. Ge et al. argues a nodeless d-wave pairing based on the observation of decreased gap 193 

magnitude and emergent conductance peak at the (01) edge but not at the (11) edge6. The 194 

conductance peak is located near the superconducting gap and can only be resolved after a 195 

normalization done by subtracting the spectrum far from the edge. In this work, however, we 196 

observe the decrease of Δ at both (01) and (11) edges (Figures 2c and 3c in the main text and 197 

Supplementary Figures S1d and S1e), which may be due to the lattice discontinuity (Figures 2a 198 

and 3a in the main text). In addition, we capture the conductance peak in normalized tunneling 199 

spectra at both (01) and (11) edges. Figure S9c shows a set of tunneling spectra measured along 200 

the black arrow in Figure S9a. Using the normalization method proposed by Ref. 6, that is, 201 

subtracting each spectrum (#1 ~ #23) from the spectrum far from the edge (#1), a pair of 202 

conductance peaks with energy close to Δ are identified near the (11) edge (dashed lines in Figure 203 

S9d). Similar conductance peak can be obtained near the (01) edge (Figures S9b and S9e). Here, 204 

we want to point out that such conductance peak is not related to topological properties, but is a 205 

natural consequence of the reduction in superconducting gap magnitude, which can be reproduced 206 

by Dynes formula. Figure S9f shows two spectra simulated by Dynes formula with an anisotropic 207 

gap function (See Supplementary Note 1 for details). Based on the evolution of gap magnitude 208 

near the edges (Figures S1d and S1e), Δ0 = 12 and 10 meV are used to mimic the tunneling 209 

spectra away from (red) and near (blue) the edge, respectively. The conductance peak indicated by 210 

dashed lines emerge naturally after subtracting the red spectrum from the blue spectrum (Figures 211 

S9g). Therefore, great care should be taken in determining pairing symmetry using the spectral 212 

weight obtained by such normalization method. 213 

 214 

Figure S9 | Spectral weight of the normalized tunneling spectra. a-b, STM topographic images 215 

(Vs = 1 V, It = 50 pA) of the (11) and (01) edges. Insets: atomically resolved images (Vs = 50 mV, It 216 



= 500 pA). c-d, Raw and normalized spectra collected along the black arrow in a. e, Normalized 217 

spectra collected along the arrow in b. f, Spectra with different gap values simulated by Dynes 218 

formula, where T = 4.8 K and Γ = 0.1 meV. The red and blue curves mimic the tunneling spectra 219 

away from and near the edge, respectively. g, Normalized spectra obtained by subtracting the red 220 

spectrum from the blue spectrum in f. 221 
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Supplementary Note 6: Correlation between edge state and pairing symmetry 223 

We note that a previous work (Ref. 7) has investigated the topological properties of single-layer 224 

FeSe and discovered the 1D topological edge states at the M point of the Brillouin zone. It should 225 

be emphasized that our findings do not conflict with those in Ref. 7. Notice that the topological 226 

phase in Ref. 7 is associated with the spin-orbit coupling gap in the antiferromagnetic state, 227 

and the topological band lies ~ 100 meV below the Fermi surface, which is well beyond the 228 

energy window of the superconducting gap (~ 15 meV). Therefore, the topological edge states 229 

revealed in Ref. 7 are not related to the specific properties of superconductivity and cannot reflect 230 

the relevant information of superconducting pairing. In contrast, our theoretical4 and experimental 231 

works focus on the superconductivity near the Fermi energy and the possible topological 232 

edge/corner states located within the superconducting gap which are closely related to the details 233 

of pairing symmetry. According to our theoretical calculations4, a sign-changed s±-wave pairing 234 

leads to a second-order superconducting state at the (01) edge and at the corner between the (11) 235 

and (11) edges, while the sign-preserving s-wave state remains topologically trivial even in the 236 

presence of the inversion symmetric Rashba SOC. The tunneling spectra we collected at edges and 237 

corners exhibit full gap and substantial dip near the Fermi energy, respectively, demonstrating the 238 

absence of topologically non-trivial edge/corner modes within the superconducting gap, and thus 239 

providing solid evidence for the sign-preserving s-wave pairing in single-layer FeSe. 240 

  241 



Reference 242 

1. Wang, Z. et al. Close relationship between superconductivity and the bosonic mode in 243 
Ba0.6K0.4Fe2As2 and Na(Fe0.975Co0.025)As. Nat. Phys. 9, 42-48 (2012). 244 

2. Chen, C. et al. Observation of discrete conventional Caroli-de Gennes-Matricon states in the 245 
vortex core of single-layer FeSe/SrTiO3. Phys. Rev. Lett. 124, 097001 (2020). 246 

3. Zhang, Y. et al. Superconducting gap anisotropy in monolayer FeSe thin film. Phys. Rev. Lett. 247 
117, 117001 (2016). 248 

4. Qin, S., Fang, C., Zhang, F.-C. & Hu, J. Topological superconductivity in an extended s-wave 249 
superconductor and its implication to iron-based superconductors. Phys. Rev. X 12, 011030 250 
(2022). 251 

5. He, S. L. et al. Phase diagram and electronic indication of high-temperature superconductivity 252 
at 65 K in single-layer FeSe films. Nat. Mater. 12, 605-610 (2013). 253 

6. Ge, Z. Z., Yan, C. H., Zhang, H. M., Agterberg, D., Weinert, M. & Li, L. Evidence for d-wave 254 
superconductivity in single layer FeSe/SrTiO3 probed by quasiparticle scattering off step 255 
edges. Nano Lett. 19, 2497-2502 (2019). 256 

7. Wang, Z. F. et al. Topological edge states in a high-temperature superconductor 257 
FeSe/SrTiO3(001) film. Nat. Mater. 15, 968-973 (2016). 258 

 259 


