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Supplementary Note 1: Fitting of Tunneling Spectra

We try to extract superconducting energy gap by fitting the tunneling spectra with Dynes formula.
Here, we take the blue spectrum at the bottom of Figure 3b in the main text as an example. Before
fitting, the normalization is performed by dividing the raw spectrum by its background (blue solid
and red dashed curves in Figure S1a). The background is extracted from a quintic polynomial fit
to the conductance for |V| > 30 mV. The normalized spectrum, denoted by the blue circles in
Figure S1b, still has a pair of coherence peaks with slightly different intensities. Such electron-
hole asymmetry, which is common in iron-based superconductors, may be caused by the band-
edge effect due to the relatively shallow band2. The normalized spectrum is then fitted by the

Dynes formula:

dI +00 2w 1 af(E+eV)
E oC f—oo dE fO Edg v

Re ()|

(E-iI2-A2(0)
where f is the Fermi-Dirac function, I' is a broadening factor due to the finite quasi-particle
lifetime. Since the angle-resolved photoemission spectroscopy measurement has demonstrated that

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

a function of angle includes cos26 and cos48 terms®, we take a gap function of

0= [y [ os[o (0 ]| - 1 - sl 0 2]}

where p, and p, are the weight of cos46 and cos26 terms, respectively.

Based on the above formula, the normalized data is well fitted, as shown by the red curve in
Figure S1b. More fitting results of normalized tunneling spectra with different superconducting
gap magnitude are shown in Figure Slc, and corresponding fitting parameters are summarized in
Table S1. Under such criteria, we obtain the evolution of the gap magnitude near the (11) and (01)
edges (Figures 2a and 3a in the main text), as shown in Figures S1d and Sle respectively. It is

found that gap magnitude decreases with moving close to the edge.
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Figure S1 | Fitting of tunneling spectra. a, A copy of the blue spectrum at the bottom of Figure

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

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

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

(11) and (01) edges.

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

No. A (meV) I (meV) P1 P2
1 10.0 0.10 0.28 0.09
2 11.1 0.15 0.29 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
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Supplementary Note 2: Additional data for the (01) edge
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Figure S2 | Electronic states at the (01) edge of single-layer FeSe. a, STM topographic image
(Vs = 0.5V, It = 100 pA) of the (01) edge. b-d, Tunneling spectra (Vs = 50m V, Iy = 500 pA)
measured along the black (b), blue (c) and red (d) arrows in a. The top two spectra in ¢ are taken

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

spectra.
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Figure S3 | Electronic states at the (01) edge of single-layer FeSe. a, STM topographic image
(Vs=1V, 1I;=50 pA) of the (01) edge. b-d, Tunneling spectra (Vs = 50m V, I = 500 pA) measured
along the black (b), blue (c) and red (d) arrows in a. The top four spectra in b-d are taken on the

SrTiO3(001) surface. The zero-bias conductance is almost position-independent.
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Supplementary Note 3: Additional data for the corner between (11) and (11) edges
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Figure S4 | Electronic states at the corner between (11) and (11) edges. a, STM topographic
image (Vs = 1 V, I = 50 pA) of the corner between (11) and (11) edges. b, Atomically resolved
image (Vs = 50 mV, Iy = 500 pA) taken from the area outlined by the black dashed box in a. c-e,
Tunneling spectra (Vs = 50 mV, It = 500 pA) measured along the black (c), blue (d) and red (e)

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

a '/\,\\ A (o]
S A

%@ O Q;bo.’ 10 -]

n

£

1nm N

R Q

i

-----------------------------

V (mV)

Figure S5 | Electronic states at the corner between (11) and (11) edges. a, STM topographic
image (Vs = 1V, Iy = 50 pA) of the (11) & (11) corner. b, Atomically resolved image (Vs = 50 mV,
I: = 500 pA) taken from the area outlined by the black dashed box in a. ¢, Tunneling spectra (Vs =

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

The zero-bias conductance peak as supposed for s:+-pairing is missing.
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Supplementary Note 4: Simulations for the possible influence of the substrate on the
experimental observations

We carry out numerical simulations for the possible influence of the STO substrate on the
experimental observations of the topological edge/corner modes. In the calculations, instead of
using the genuine but complicated model Hamiltonian for the single-layer FeSe which involves all
the five d orbitals from Fe, we adopt a simple toy model which captures the key topological
properties of the sign-changed s:-wave pairing state. In the toy model, we consider one single s
orbital at each Fe lattice site and the normal-state Hamiltonian reads as

Hy(k) = [2t(cosk, + cosky) — u]soop — 2R(sink, s, + sink,, s;)03 + 4t cos%coskz—ysoal,
where s; and o; are the Pauli matrices in the space of the electron spin and two Fe sublattices,
respectively. Notice that k, and k., are defined according to the primitive lattice translations along
the next-nearest-neighbour Fe-Fe directions, i.e. the (10) and (01) directions in the main text. In
Hy(k), u is the chemical potential, t (t") is the hopping between the next-nearest-neighbour
(nearest-neighbour) Fe lattice sites, and R is the Rashba-type spin-orbit coupling between the
next-nearest-neighbour Fe lattice sites which arises from the mismatch between the Fe lattice sites
and the inversion center. Hy(k) respects the symmetry group of the single-layer FeSe and the
corresponding band structures are plotted in Figure S6a. For the superconducting part, we consider
the following s-wave pairing

Hpair (k) = [Ag + 24,4 (cos k, + cos ky)]iszao,

where A, is the onsite pairing and A, is pairing between the next-nearest-neighbour Fe lattice sites.
By tuning the relative magnitude of A, and A;, we can control the pairing signs on the different
Fermi surfaces in Hy(k). As shown in Figure S6b, we choose a set of parameters ({Aq, A} =
{0.48,0.2}) to simulate the sign-changed s:-wave pairing state in the iron-based superconductors.
For the state in Figure S6b, we calculate the superconducting edge modes on the (10) edge and
the corner modes between the (11) and (11) edges directly and show the results in Figures S6c
and S6d. Obviously, the above simple model well captures the main features of the second-order
topological superconductivity in the sign-changed s:-wave pairing state in the iron-based

superconductors predicted in Ref. 4.
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Figure S6 | Simulations for the topological edge/corner modes. a shows the band structures
calculated from H,(k) with parameters {t,t',R, u} = {—1.0,0.4,0.5,2.5} with the Fermi energy
labeled by the dashed line. b shows the Fermi surfaces (colored lines) corresponding to the
condition in a, and the different colors represent the different pairing signs on the Fermi surfaces
corresponding to the superconducting pairing in Hyg;-(k) with {Ag,A,} = {0.48,0.2}. The
superconducting edge/corner modes corresponding to the condition in b are presented in c/d. ¢
shows the edge modes near k = m on the (10) edge. Notice that the Dirac edge modes are twofold
degenerate. d shows the wavefunction profile for the corner Majorana modes with open boundary

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

In the following, we utilize the above model to simulate the influence of the substrate on the
experimental observations, and we adopt the real-space configurations shown in Figures S7a-S7c
in the simulations. The total Hamiltonian for the system reads
Hiota1(K) = Hge (k) + Hy (K) + Hpyp (K).

In this equation, Hs. = Hy + H ;- is the toy-model superconducting Hamiltonian in the above,
H, (k) = 2t,(cos ky + cosky) + V — u describes a simple square lattice with ¢, being the
nearest-neighbour hopping and V being the onsite energy. The hybridization between the
superconducting and normal parts is depicted by Hy,,;, containing simply the nearest-neighbour
hopping as indicated Figure S7c. In modeling the system, we choose proper V = V,, to make the
normal region beneath the superconductor metallic since charge transfer is believed to occur
between FeSe and STO, and we make the other normal regions insulating (V = V), i.e. contribute
no Fermi surface, as indicated in Figures S2-S3, Figure 4d in the main text, and Ref. 5.

We present the main numerical results in Figure S7. In the calculations, we consider V,, = 6.0 and
Vp, = 5.0 in the normal region beneath the superconductor, and in both cases H,, contribute an
electron Fermi pocket near the Brillouin zone center. In the latter case, the normal region has

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



140  superconductor shown in Figures S6a and S6b. We also consider the strong (t;, = 0.5) and weak
141 (t, = 0.2) hybridization between the superconducting and normal layers. As shown in Figure S7,
142 the topological edge/corner modes, especially the corner modes, can be weakened due to its
143 leakage into the substrate; however, finite constant density of states (DOS) are still expected on
144 the (10) edge as indicated in Figures S7d1-S7d4 and S7el-S7e4. Similarly, a residual zero-bias
145  peak is also expected at the corner between the (11) and (11) edges as indicated in Figures S7f1-

146  S7f4 and S7g1-S7g4.
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148  Figure S7 | Possible influence of the substrate on the experimental observations of

149  edge/corner modes. a and b sketch the real-space configurations with which we simulate the
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influence of the substrate on the edge and corner modes respectively. In a we adopt open boundary
condition in the (10) direction and periodic boundary condition in the (01) direction, and in b we
adopt open boundary conditions both in the (11) and (11) directions. The gray (pink) part
corresponds to the superconducting (normal) region, and the size of the lattice is marked in the
figures. ¢ shows the side view corresponding to a and b. Due to the charge transfer between the
superconductor and the substrate, the normal region beneath the superconductor can have different
onsite energy from the other regions, which is indicated by V}, and V;, in c. d1-d4 show the
simulations for the real-space zero-energy DOS of the superconducting edge modes in the
configuration in a, and the figures share the same color bar. el-e4 present the local DOS at the
location marked by x in a, and the colored lines in el-e4 are in accordance with the locations
marked with the corresponding colors. f1-f4 show the real-space zero-energy DOS of the
superconducting corner modes in the region marked by the dashed line in b, and the figures share
the same color bar. g1-g4 present the local DOS at the corner marked by the red point in b. In the
superconducting region described by H. we adopt the same parameters with these in Figure S6, in
which case the region has a bulk superconducting gap about 0.2. In the normal region described
by H,,, we sett, = —1.0, and set V, = 6.0 (I, = 5.0) for the region beneath the superconductor
in d1-g1 and d2-g2 (d3-g3 and d4-g4) to make it metallic, and in other regions we set 1, = 7.5 to
make them insulating. For the hybridization between the superconducting and normal parts
described by Hp,,;, we set t, = 0.2 (t, = 0.5) for the region beneath the superconductor in d1-g1

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

As a comparison, we also calculate the experimental observations at the edge/corner
corresponding to the sign-preserving s-wave pairing state in the presence of the substrate. It is
found that the results are completely different from the sign-changed s:-wave state, as shown in
Figure S8. Obviously, a U-shape superconducting gap with no in-gap DOS is expected on the
(10) edge, and no signature for the zero-bias peak is expected at the corner between the (11) and

(11) edges.
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Figure S8 | Influence of the SrTiOs substrate on the experimental observations of
edge/corner states. a and b show the local DOS at the (10) edge and at the corner between the
(11) and (11) edges in the sign-preserving s-wave pairing state respectively. The colored curves
in a are calculated at locations marked by the corresponding colored x in Figure S7a. The curve in
b is calculated at the location marked by the red point in Figure S7b. In calculating a and b, we
adopt the superconducting order parameters {A,, A;} = {0.2,0.0}in Hpq;-(k), and the other

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

Finally, it is worth mentioning that although the model we adopted in the calculations is simpler
compared to the actual FeSe/STO system, the results can still provide us important implications as
the model captures the main physics near the Fermi energy. Therefore, it is reasonable to conclude
that the topological edge/corner modes can serve as experimental observables to distinguish the

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

Z. Z. Ge et al. argues a nodeless d-wave pairing based on the observation of decreased gap
magnitude and emergent conductance peak at the (01) edge but not at the (11) edge®. The
conductance peak is located near the superconducting gap and can only be resolved after a
normalization done by subtracting the spectrum far from the edge. In this work, however, we
observe the decrease of A at both (01) and (11) edges (Figures 2c and 3c in the main text and
Supplementary Figures S1d and Sle), which may be due to the lattice discontinuity (Figures 2a
and 3a in the main text). In addition, we capture the conductance peak in normalized tunneling
spectra at both (01) and (11) edges. Figure S9c shows a set of tunneling spectra measured along
the black arrow in Figure S9a. Using the normalization method proposed by Ref. §, that is,
subtracting each spectrum (#1 ~ #23) from the spectrum far from the edge (#1), a pair of
conductance peaks with energy close to A are identified near the (11) edge (dashed lines in Figure
S9d). Similar conductance peak can be obtained near the (01) edge (Figures S9b and S9e). Here,
we want to point out that such conductance peak is not related to topological properties, but is a
natural consequence of the reduction in superconducting gap magnitude, which can be reproduced
by Dynes formula. Figure S9f shows two spectra simulated by Dynes formula with an anisotropic
gap function (See Supplementary Note 1 for details). Based on the evolution of gap magnitude
near the edges (Figures S1d and Sle), A = 12 and 10 meV are used to mimic the tunneling
spectra away from (red) and near (blue) the edge, respectively. The conductance peak indicated by
dashed lines emerge naturally after subtracting the red spectrum from the blue spectrum (Figures
S9g). Therefore, great care should be taken in determining pairing symmetry using the spectral

weight obtained by such normalization method.
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Figure S9 | Spectral weight of the normalized tunneling spectra. a-b, STM topographic images

(Vs =1V, I =50 pA) of the (11) and (01) edges. Insets: atomically resolved images (Vs = 50 mV, |;
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=500 pA). c-d, Raw and normalized spectra collected along the black arrow in a. e, Normalized
spectra collected along the arrow in b. f, Spectra with different gap values simulated by Dynes
formula, where T=4.8 K and I' = 0.1 meV. The red and blue curves mimic the tunneling spectra
away from and near the edge, respectively. g, Normalized spectra obtained by subtracting the red

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

We note that a previous work (Ref. 7) has investigated the topological properties of single-layer
FeSe and discovered the 1D topological edge states at the M point of the Brillouin zone. It should
be emphasized that our findings do not conflict with those in Ref. ”. Notice that the topological
phase in Ref. 7 is associated with the spin-orbit coupling gap in the antiferromagnetic state,
and the topological band lies ~ 100 meV below the Fermi surface, which is well beyond the
energy window of the superconducting gap (~ 15 meV). Therefore, the topological edge states
revealed in Ref. 7 are not related to the specific properties of superconductivity and cannot reflect
the relevant information of superconducting pairing. In contrast, our theoretical* and experimental
works focus on the superconductivity near the Fermi energy and the possible topological
edge/corner states located within the superconducting gap which are closely related to the details
of pairing symmetry. According to our theoretical calculations*, a sign-changed s.-wave pairing
leads to a second-order superconducting state at the (01) edge and at the corner between the (11)
and (11) edges, while the sign-preserving s-wave state remains topologically trivial even in the
presence of the inversion symmetric Rashba SOC. The tunneling spectra we collected at edges and
corners exhibit full gap and substantial dip near the Fermi energy, respectively, demonstrating the
absence of topologically non-trivial edge/corner modes within the superconducting gap, and thus

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