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Microscopic Fingerprint of Chiral Superconductivity
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Chiral superconductors have long been theorized to break time-reversal symmetry and support exotic
topological features such as Majorana modes and spontaneous edge currents, promising ingredients for
quantum technologies. Although several unconventional superconductors may exhibit time-reversal
symmetry breaking, clear microscopic evidence of chiral pairing has remained out of reach. In this work,
we demonstrate direct real-space signatures of chiral superconductivity in a single atomic layer of tin on
Si(111). Using quasiparticle interference imaging, we detected symmetry-locked nodal and antinodal
points in the Bogoliubov quasiparticle wave function, tightly bound to atomic point defects in the tin
lattice. These nodal features, along with their surrounding texture, form a distinct real-space pattern
exhibiting a clear and exclusive hallmark of chiral superconductivity. Our findings, reinforced by
analytical theory and numerical simulations, offer unambiguous evidence of chiral pairing in a two-

dimensional material.
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Chiral superconductivity is a long-sought phase of
matter in which Cooper pairs acquire a well-defined
handedness, spontaneously breaking time-reversal sym-
metry. These states are predicted to host Majorana bound
states, protected edge modes, and exotic vortices—hall-
marks of topological superconductivity with potential
applications in quantum information processing [1-3].
Despite extensive efforts, definitive microscopic evidence
for chiral pairing has remained elusive. Leading candidate
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materials, including Sr,RuO, [4-8], UTe, [9-11], and a
range of heavy fermions [12,13] and engineered platforms
[14-17], exhibit signatures of time-reversal symmetry
breaking but lack unambiguous confirmation of chiral
phase winding.

Quasiparticle interference (QPI) imaging using scanning
tunneling microscopy (STM) is a powerful technique for
probing superconducting pairing symmetries. In systems
such as NbSe, [18], Fe(Se,Te) [19,20], and the cuprate
superconductors [21], QPI has provided critical insights
into the momentum dependence of the superconducting
gap, coherence factors, and the sign structure of the order
parameter. However, interpreting QPI patterns remains
challenging, especially in multiband systems, where analy-
sis often requires input from angle-resolved photoemission
spectroscopy (ARPES) data and theoretical modeling
[22-24]. Further complicating interpretation is the often-
unknown nature and range of the scattering centers and
tunneling pathways [25], which can obscure the connection
between observed QPI features and the underlying pairing
symmetry.

Published by the American Physical Society
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FIG. 1. (a) Side and (b) top view of the Sn/Si(111) interface.
The Sn atoms (yellow) adsorb right above the second-layer Si
atoms (small gray spheres). The Sn-Sn adatom spacing is
V3 x3.84 A =6.65 A, where 3.84 A is the Si-Si distance in
the Si(111) plane. (c) Electronic band dispersion of the Sn layer
calculated with the tight-binding model provided in
Appendix A 3. (d) Corresponding Fermi surface plotted in the
hexagonal Brillouin zone with high-symmetry points indicated.

The Sn/Si(111) platform offers a key advantage in its
structural and electronic simplicity (Fig. 1). It consists of a
triangular array of Sn atoms adsorbed on the Si(111)
surface. Each Sn atom forms three backbonds with the
Si substrate, leaving one half-filled dangling bond orbital
per Sn site. This dangling-bond-derived surface state lies
entirely within the Si band gap [26]. The surface state
bandwidth W = 0.5 eV and Hubbard interaction energy
U = 0.66 eV indicate a Mott insulating state for the
undoped system [26,27]. In hole-doped samples, super-
conductivity emerges from a Cooper instability in the
dangling bond orbitals of Sn adatoms, with a critical
temperature 7, of 9 K at ~6% doping [28,29]. As a doped
single-band Mott insulator [26,27,30-32], the system
exhibits cupratelike behavior, where strong correlations
are believed to drive d-wave pairing [33]. However, the
triangular symmetry of the Sn adatom lattice supports a
chiral variant, d,>_,» & id,, that breaks time-reversal sym-
metry [29,34-37]. Prior momentum-space QPI studies have
pointed to such symmetry breaking [29], while enhanced
zero-bias conductance at domain boundaries suggests the
presence of edge states. However, their topological char-
acter could not be verified and the definitive proof of
chirality remained an open question [29].

Because STM provides real-space access to the relevant
orbitals, including those at atomic defects, high-resolution
QPI imaging should, in principle, unveil signatures of the
underlying pairing symmetry—provided that the scattering
potential and tunneling pathway are sufficiently well
understood and modeled. Here, we identify a microscopic
fingerprint of chiral Cooper pairing from high-quality real-
space QPI data centered at atomic-scale point defects in the Sn

layer. Remarkably, the scattering potential at these defects is
extremely simple—well described by a delta function—while
electrons tunnel directly into the active layer. The observed
anisotropic interference patterns are almost perfectly repro-
duced without parameter fine-tuning and are indicative of
quasiparticle focusing along preferred crystallographic direc-
tions as dictated by the Fermi surface geometry [38]. As we
will show, this level of agreement between our modeling and
the experiments gives us unprecedented ability to confirm a
chiral order parameter and rule out any nonchiral pairing
variants.

Figure 2(a) shows an atomically resolved 55 x 55 nm?
topographic image of the Sn/Si(111) system, acquired at
400 mK using a tungsten tip. (The experimental details are
provided in Appendix A.) The image reveals a highly
ordered Sn adatom lattice interspersed with randomly
distributed atomic-scale point defects, marked by arrows.
Scanning tunneling spectroscopy (dI/dV point spectra) of
the unperturbed Sn sites exhibits a “hard” U-shaped
superconducting gap with sharp coherence peaks at
—2.26 and +2.22 meV [Fig. 2(b), bottom spectrum].
This gap is well described by either a chiral d-wave or
an anisotropic s-wave order parameter. In contrast, a
conventional isotropic s-wave model yields a poor fit,
while single-component d-wave and chiral p-wave sym-
metries can be excluded due to their characteristic soft
energy gaps (see Appendix B).

Each point defect generates a pair of in-gap bound states,
confirming their pair-breaking nature [Fig. 2(b)]. The
defects can be classified by their bound-state energy.
Substitutional Si defects (red) exhibit bound states around
+0.54 meV, while vacancy defects (blue) show states
around +0.85 meV. In addition, there are two unknown
point defects, labeled “type A” (green) and ‘“type B”
(purple) defects (see Appendix C for defect identification).
dI/dV line scans taken along the atom rows (Fig. 3) reveal
that these bound states extend up to ~12 nm from the
defect center. The intensity of the dI/dV signal exhibits an
oscillatory beating pattern governed by two fundamental
wave vectors, ¢, = 2kg and ¢, = G| — 2k, where |kg| =
0.38 +0.01 A" is the Fermi wave vector measured along
the 'K direction in reciprocal space and G, is a reciprocal
lattice vector. These wave vectors are clearly visible in the
momentum-space QPI maps (Appendix D), connecting
nearly parallel segments of the Fermi surface and its
replicas. The exceptionally long-range Friedel oscillations
observed here are reminiscent of magnetic-impurity bound
states in conventional s-wave superconductors such as Pb
[39], 2H-NbSe, [40], and La(0001) [41], which also exhibit
similar Fermi surface topologies—though without the
distinct beating patterns reported here.

The real-space QPI pattern reflects the spatial distribu-
tion of the local density of states (LDOS o dI/dV). The
LDOS maps in Figs. 2(c)-2(h), acquired over the same area
shown in Fig. 2(a), reveal the structure of defect-bound
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FIG.2. (a) Atomically resolved 55 x 55 nm?> STM image of Sn adatoms on the Si(111) surface (sample bias V; = 20 meV; tunneling
current /, = 0.1 nA). Blue arrows indicate atomic-scale vacancies in the Sn lattice, revealing the underlying Si atoms. Red arrows mark
substitutional defects (Sub-Si) where a Sn adatom is replaced by a Si atom. Green and purple arrows highlight unidentified type A and
type B point defects, respectively (see Appendix C). (b) dI/dV spectra acquired at the defect sites indicated in panel (a). Their color
coding matches the arrow colors in panel (a). Each spectrum exhibits a pair of in-gap bound states straddling the Fermi level, with
pronounced asymmetry in their intensities. A reference spectrum from a defect free region is included at the bottom, displaying a well-
defined superconducting gap. (¢)—(h) dI/dV maps of same surface region, recorded at the energies of the bound states identified in panel
(b). The maps reveal starlike and hexagonlike spatial features at opposite bias polarities, with the sequence of these patterns depending
on the specific bound state energy. Visual markers next to point defects are added to highlight common LDOS features. All data shown
were collected at 400 mK.
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FIG. 3. dI/dV intensity mapping of in-gap bound states associated with (a) a substitutional (+0.54 meV) and (b) type A point defect
(+1.20 meV). The intensities are extracted from a series of single-point dI/dV spectra measured along the row of Sn atoms indicated in
panel (a) with the point defect at the center. The broad blue band represents the superconducting gap. Pronounced peaks (red) at
+2.16 meV correspond to the coherence peaks. The intensities of the in-gap bound states decay with distance from the central defect
site, exhibiting a superimposed oscillatory beating pattern with wave vectors ¢q; = 2k and ¢, = Gy; — 2kg (see Fig. 9; Gy is a
reciprocal lattice vector). The oscillations at positive and negative bias are largely out of phase. (c) and (d) Corresponding dI/dV
intensities plotted as a function of distance from the defect, revealing two characteristic spatial modulations with approximate
periodicities of 7 and 34 A. All data shown were collected at 400 mK.
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states with significantly improved spatial and spectroscopic
resolution compared to our previous report [29]. As shown
in Fig. 2(b), the in-gap bound states are symmetrically
located about the Fermi level at Ex £ E,. One state displays
a sharp, star-like pattern with spikes aligned along the atom
rows (or 'K direction), reflecting long-range Friedel
oscillations. The other, at opposite polarity, exhibits a more
rounded, hexagonal, flowerlike structure. These features
are indicated by visual markers next to representative
defects.

Remarkably, the spatial features are identical across all
three observed point defects, despite large variations in
bound-state energies. This consistency indicates that the
LDOS maps reflect intrinsic properties of the Sn/Si(111)
system rather than the specific nature of each defect.
Notably, the starlike and flowerlike patterns can reverse
polarity depending on the type of defect. The correspond-
ing bound-state energies should depend on the strength of
the scattering potential [42,43].

While g-space QPI images primarily emphasize the pole
structure of the electronic response function, governed by
the Fermi surface topology, the real-space LDOS maps
provide a direct and distinctive fingerprint of the super-
conducting order parameter. Figures 4(a) and 4(b) show
high-resolution real-space images of bound states associ-
ated with a substitutional Si defect. At the positive bound-
state energy Ey= 0.54 meV, the LDOS shows an atomi-
cally sharp node at the impurity site, indicated by the arrow
in panel (a), surrounded by a bright hexagonal ring formed
by enhanced LDOS on the six nearest neighbors. A dip at
the next-nearest neighbors follows, producing a ripple
pattern that evolves into long-range Friedel oscillations
(Fig. 3). In contrast, the corresponding state at —E|, in panel
(b) exhibits a more centralized, starlike pattern with LDOS
maxima at the defect site and adjacent atoms. In fact, the
large antinodal peak at the defect site [Fig. 4(b)] sharply
contrasts with the nodal behavior of the LDOS at +E in
Fig. 4(a). This observation is perhaps even more striking in
the dI/dV line scan in Figs. 4(e) and 4(f). This character-
istic defect-center node-antinode and “flower-star”
dichotomy persists across defect types and bound state
energies and is therefore robust (Appendix E).

To understand this striking pattern, we perform large-
scale real-space simulations with an ab-initio based tight-
binding model of Sn/Si(111) [44]. Details of the model
Hamiltonian and simulation procedure are provided in the
Methods section (Appendix A). Assuming chiral d-wave
pairing order, we introduce a delta-function-like nonmag-
netic impurity potential with strength Uy= 183 meV,
chosen to reproduce the experimentally observed bound-
state energies of the substitutional Si defect, as shown in
Fig. 5(a). Remarkably, the simulated LDOS patterns
in Figs. 4(c) and 4(d) convincingly capture all key
experimental features, including the contrasting node-anti-
node behavior and flower-star textures. Importantly, this
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FIG. 4. (a) and (b) Experimental dI/dV maps of a substitu-
tional Si defect, located at the center of each image. Data were
collected at 400 mK. (c) and (d) Theoretical LDOS maps
calculated for a repulsive scattering potential of 183 meV [see
Fig. 5(a)]. Notice the pronounced dark spot at the center of panels
(a) and (c), indicated by blue arrows, which is a key signature of a
chiral superconducting order parameter. (e) and (f) dI/dV line
scans along the atom rows from (a) and (b), showing the strong
node or antinode at the defect site, respectively. The remaining
small dI/dV signal at the node location is attributed to the finite
spatial resolution of STM. Very similar behavior has been
observed for all other defects, as shown in Appendix E (Fig. 11).

agreement remains robust over a wide range of U, in line
with the consistency of the experimental results across
various impurities [Figs. 5(b)-5(d)]. The high level of
correspondence—achieved without fine-tuning—under-
scores the predictive power of our modeling framework,
in which all parameters are derived from first-principles
calculations or experimental data.

The reproduction of the LDOS patterns naturally invites
a closer look at their microscopic origin. In a recent
complementary study [45], we demonstrate that such
robust, particle-hole asymmetric nodal behavior of
LDOS is a generic hallmark of chiral superconductors
with atomically localized impurities. Specifically, for
chiral d +id pairing on a Cg-symmetric Sn lattice, the
pairing order carries an angular momentum of +2 and
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FIG. 5. (a) Bound state energies E, of point defects as a function of impurity potential strength, calculated using Bogoliubov—de

Gennes (BdG) theory for a chiral d-wave order parameter. For attractive potentials (U, < 0), the bound state energies asymptotically
approach the center of the superconducting gap with increasing potential strength. In contrast, for repulsive potentials, the bound states
cross the Fermi level at a critical potential strength of 438 meV. The LDOS maps of the substitutional defect shown in Fig. 4 were
computed using Uy= 183 meV [red dots in panel (a)], chosen to reproduce the experimentally observed bound state energies at
+0.54 meV. (b)-(d) Additional LDOS simulations for impurity potentials indicated by the colored dots in (a), labeled by (U, E;). In
particular, an attractive impurity with Uy, = —287 meV (purple dots) yields bound states at +0.85 meV, consistent with the natural
vacancy defects in Fig. 2. Notably, both the node-antinode and flower-star spatial patterns persist across a broad range of impurity
strengths, consistent with experimental observations. Their polarity inverts both with the sign change of the scattering potential and upon
crossing the quantum critical point at 438 meV. Notably, for Uy = —287 meV, the starlike LDOS (b1) appears more isotropic within the
second hexagonal shell surrounding the impurity, with the six arms becoming noticeably blurred, agreeing with the experimental LDOS
in Fig. 2(g). In contrast, both simulation and experimental LDOS maps of substitutional Si defects produce a sharper, more anisotropic
star pattern. This atomic-level agreement of these LDOS simulations provides further evidence for intrinsic chiral d-wave

superconductivity in Sn/Si(111).

transforms nontrivially under rotations. As a result, the
anomalous Green’s function, which encodes pairing
correlations, vanishes exactly at the impurity site, as
proved in the Methods section (Appendix A). This
enforces a local decoupling of particle and hole sectors
of the Bogoliubov bound states, forcing the impurity state
to host either an electron component yw, or a hole
component y, at the impurity site, but not both. Since
v, and y;, give rise to LDOS resonances at —E( and +E|,
respectively, there will always exist an LDOS node at one
energy and an antinode at the opposite energy, a direct
consequence of the chiral Cooper pairs.

To rule out competing pairing scenarios, we repeat the
simulations for conventional and (anisotropic) s-wave as
well as chiral p-wave order parameters (Appendix F). In
the s-wave case, only magnetic scatterers generate in-gap
bound states; we therefore consider many possible combi-
nations of magnetic and nonmagnetic impurity potentials.
At first glance, all resulting images display the character-
istic starlike features arising from the Fermi surface top-
ology. However, a closer inspection reveals that the
impurity-induced LDOS qualitatively differs from the
experimental observations—the starlike patterns are all
different and none of the simulated patterns reproduces

the distinct flower-star motif seen in the data. In particular,
the flowerlike pattern of Fig. 4(a) appears unique to chiral
d-wave pairing. Nonchiral pairing states, in general, lack a
robust (nonaccidental) node-antinode structure at the
impurity site. These discrepancies underscore the incom-
patibility of alternative pairing symmetries with the
observed impurity response. Taken together, the exper-
imental results, microscopic theory, and comparative
simulations provide strong evidence that the supercon-
ducting state in Sn/Si(111) is characterized by intrinsic
chiral d-wave pairing.

The definitive identification of chiral superconductivity
presented here is made possible by the structural simplicity
of the Sn/Si(111) system, which permits unambiguous
detection of atomic-scale point defects that preserve the
underlying C¢ symmetry and greatly facilitates modeling of
the corresponding scattering potentials. In contrast, more
complex or disordered defect configurations—such as an
intentionally created vacancy via STM manipulation
(Appendix G)—tend to obliterate the characteristic chiral
LDOS signature due to symmetry breaking and the
increased complexity of the scattering potential. This
highlights a broader challenge: the chiral QPI fingerprint
may remain hidden in many material systems. Our
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emphasis on symmetry-preserving point defects not only
enables direct visualization of the chiral fingerprint in this
work, but may also serve as a guiding principle for future
QPI-based studies of unconventional superconductivity.
Most importantly, the clear manifestation of chiral QPI
patterns here provides unambiguous experimental evi-
dence that topological superconductivity is a physically
realizable quantum phase. Our findings also lend strong
credence to recent theoretical predictions not only of
chiral d-wave pairing at moderate hole doping, but also of
proximate chiral p-wave and f-wave instabilities [46—48],
suggesting that Sn/Si(111) may serve as a versatile
platform for exploring a rich landscape of exotic super-
conducting states.
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APPENDIX A: METHODS

1. Sample preparation

About 1 monolayer of Sn atoms was deposited onto the
Si(111) surface from a thermal effusion cell while main-
taining the substrate temperature between 620 °C — 630°C
without post-annealing. This process led to the formation
of coexisting superconducting (/3 x v/3) and semicon-
ducting (2\/§ X 2\/§) domains within the Sn adatom
layer. The superconducting domains reached lateral
dimensions of up to 300 x 300 nm?. Compared to our
previous reports, increasing the substrate temperature
(~550°C for Ref. [26], and ~600°C for Refs. [28,29])
facilitates the growth of larger (v/3 x v/3) domains with

FIG. 6. Large-area STM images of two samples grown on the
same Si substrate. The samples were grown at substrate temper-
atures of 600 °C (a) and 620 °C (b), respectively. The coexisting
superconducting (v/3 x V/3) and semiconducting (2V3 x 2V/3)
domains are indicated.

low defect density, as shown in Fig. 6. However, exces-
sively high substrate temperatures induce a disordered

(v/3 x /3) phase that competes with the superconducting
(\/§ X \/§) domains. Because the domain size and defect
density are highly sensitive to the growth conditions,
careful fine-tuning is typically required for each new
sample to achieve domains larger than 200 x 200 nm?,
and the optimal parameters may vary across different Si
substrates.

2. Scanning tunneling microscopy
and spectroscopy measurements

STM measurements were performed using a cryogenic
STM system (Unisoku) capable of cooling both the sample
and the tip to approximately 400 mK, under magnetic
fields up to 15 T. Differential conductance spectra,
including single-point d/dV point measurements and two-
dimensional conductance maps, ¢(r,V) « LDOS, were
acquired using standard lock-in detection with a typical
modulation voltage of V ;= 0.14 meV and a modulation
frequency of 673 Hz. A typical g(r,V) map consists of
240 x 240 pixels, covering a 55 x 55 nm’> area. The
g-space QPI images were obtained by computing the
power spectral density of the Fourier transformed conduct-
ance maps |g(r, V)|, and subsequently symmetry averaged
[26]. Updated processing codes are available in the data
repository linked to the current paper.

3. Impurity state simulations

We model the electronic structure of Sn with a two-
dimensional tight-binding model on a triangular lattice,

H= Ztijczscj’s + Z ia;;[z-6 x (r; —rj)]czscj’sr,

i.j.s ij,s.s'

(A1)
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where CIS creates an electron at lattice site r; with a spin

index of s = 1, . Besides the spin-conserving electron
hopping process, we also include the Rashba spin-orbital
coupling effect a;; with the spin Pauli matrices denoted as
6 = (0,.0,,0,). We consider model parameters taken
from DFT calculations [44], including nearest, next
nearest, and third nearest neighboring hopping, denoted
by t1: 52.773 meV, t2 = —02703t1, t3 = 00974t1,
respectively, and a nearest-neighboring a; = 0.10291,.
Together with a chemical potential of y = —22 meV,
we find that the above parameter set quantitatively
reproduces the Fermi surface revealed in the k-space
QPI measurement [29]. Upon a Fourier transform, we
have H = Zkl//;ho(k)ll/k with wg = (cxp. )’ To
describe superconductivity, we further update the
Hamiltonian matrix hg(k) to a Bogoliubov—de Gennes
(BdG) form, with

ho(k) — A(k)
H(k) = . (A2)
AT(k)  —hg (k)
For chiral d-wave pairing, the pairing matrix

A(k) = Aylfax(k)o, + fay(k)o,], where the form factors
fax(k)=0 and f,, (k)= 2i[cos(k,) — cos (v/3k,/2)x
cos (k,/2)] —2v/3sin (v/3k,/2) sin (k,/2). For our pur-
pose, we also consider two other candidate pairing
channels: (i) s wave with A(k) =iAjo, and (ii)
chiral p wave with A(k) = A,[f, (k)o, + f,,(k)oy]
and f, (k) = 2v/3sin (v/3k,/2) cos (k,/2) + 2i[sin(k, )+
cos(\/§ky/2) sin (k,/2)], and f, (k) =0. The pairing
amplitudes are chosen to be A= 1.88 meV, A,=
0.76 meV, and A, ;= 0.54 meV, to match the gap profile
measured in the differential conductance with STM [29].

Back to real space, we consider a finite-size hexagonal
geometry with each edge of the hexagon containing
L =120 unit cells. At the center of the hexagon, we
consider a delta-function-like, nonmagnetic potential impu-
rity iy = Uyd(r) for the chiral p-wave and d-wave SCs. In
the s-wave case, a magnetic impurity is required to break
Cooper pairs and induce bound states, modeled by
hy = (Uy+ U,,06.)8(r). In all simulations, periodic boun-
dary conditions are applied along all edges to eliminate
edge states, ensuring any in-gap states solely arise from the
impurity potential. Under the BAG framework, impurity-
induced bound states appear in particle-hole conjugate
pairs, denoted by ¥, (r) at +E,, respectively. The pos-
itive-energy eigenstate can be expressed as W, (r) =
[ug(r), vy (r)]T, where u(r) and v(r) are the electron and
hole components of the Bogoliubov quasiparticles.
Particle-hole symmetry imposes the relation ¥,_(r) =
[v5(r), u}(r)]T. The LDOS is computed as

7,

(A3)

plw.r) =Y [8(0 — E)lug(r)]* + 8( + E,)|v,(r)

a

where the index a runs over all in-gap bound states. We
noticed that exclusion of the Rashba SOC does not lead to
noticeable changes in the real-space QPI pattern.

4. Origin of nodal impurity states

We establish an analytical theory for nonmagnetic
impurity states in a two-dimensional chiral d-wave super-
conductor. Consider a BdG Hamiltonian with a spin-singlet
d + id pairing,

ec—H  Agkd

H(k) =
() Aok?

, (A4)

H— €
under the Nambu basis (k) = (cx1. ¢k |- CT—k,y —cT_k,T)T.
We have employed a different notation of ¥ (k) compared
to that of Eq. (A2), with which H (k) is decomposed into
two decoupled yet identical matrix blocks, one for each
spin sector. From now on, we will drop the spin indices for
convenience. Without loss of generality, we consider an
isotropic electron dispersion €, = k*/(2m), and further
define &, = €, — p for shorthand notation. The conclusion
derived here remains robust even if we relax the isotropic
condition and include the Rashba effect [45]. We will now
switch to the polar coordinates (k,,k,) = k(cos@,sin@),
where k, = ke®™. The corresponding momentum-space
Green’s function is thus given by

AO k2 €2i6

w+i6—& |

1 w+16+ &

Glw, k) = Qk.w) | Agk2e20

(AS)

where Q(k,w) = (w +15)? — & — A3k*. We consider a
pointlike, nonmagnetic impurity at r = 0, as described
by a potential term U,z.6(r), where 7, ,, . are Pauli matrices
in the particle-hole space. The bound-state energy E and the
bound-state wave function ¥(0) at the impurity site can be
calculated by solving the following matrix equation
[50,51]:

[to — Uz, G(E,r = 0)]¥(0) = 0. (A6)
Here, the real-space Green’s function is given by
G(E.r =0) = [[(d*k)/(27)*|G(E.k). While getting an
exact analytical expression can be generally tricky, we

note that G(E,r = 0) must be diagonal with a vanishing
anomalous propagator part:
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- [ dk Ak
(G(E.r = 0)];, = A (20 (E+18) - & — Agk*

2r .
X / e?0de = 0.
0

Physically, this implies a complete, local decoupling
between electron and hole degrees of freedom at the
impurity site, arising from the chirality of Cooper pairs.
It is then easy to show that the eigenstate solutions for
Eq. (A6) must follow

wo=(1) vo=(3)

an inherent consequence of chiral Cooper pairs.

Summarizing, there must exist a pair of impurity-bound
states at opposite energies: one with a vanishing electron
component and the other with a vanishing hole component
at the impurity site. Combined with the LDOS expression
p(w,r) in Eq. (A3), we conclude that ¥, (0) yields exactly
zero LDOS at the impurity site at energy E, i.e., a nodal
point, while the LDOS at —E,, arising from ¥, (0), remains
finite. This asymmetry explains the striking node-antinode
structure seen in both simulation and experiment, which we
identify as a robust and intrinsic consequence of chiral
Cooper pairing.

(A7)

APPENDIX B: FITTING THE TUNNELING
SPECTRUM

Figure 7 shows a normalized dI/dV tunneling spectrum
of the Sn/Si(111) system, recorded far from surface
defects, along with theoretical fits for different super-
conducting order parameters. A detailed description of
the fitting procedure can be found in Ref. [28]. The

dl/dV (arb. units)

0

S ani-ls-wa}ve

1 1 1 1

5 4 -3 2 1 0 1 2
Tunneling bias (mV)

| I
3 4 5

FIG. 7. dI/dV tunneling spectrum of the Sn/Si(111) system,
recorded far from surface defects at 400 mK, along with
theoretical fits for different superconducting order parameters
(see text).

conventional d-wave order parameter features a nodal
gap and produces a V-shaped spectrum (blue line), which
is inconsistent with the experimental data. Both the
conventional s-wave (red) and chiral d-wave (green) order
parameters yield a hard, U-shaped gap consistent with the
measurements. The chiral d-wave order parameter clearly
produces a better fit, yielding an optimized pairing
amplitude of Ay=0.98 meV and phenomenological
broadening parameter I'=0.04 meV. A slightly better
fit can be achieved using an anisotropic s-wave order
parameter of the form A(6) = Ay + A cos(26), where
Ap= 1.94 meV represents the isotropic gap component,
and A;= 0.28 meV captures the angular anisotropy of the
pairing. Here, A(0) denotes the momentum-dependent
gap function at the Fermi wave vector kg(@); 6 is the
azimuthal angle in k space. This fit introduces an addi-
tional fitting parameter (A;) and requires a slightly larger
broadening I'=0.06 meV. It is worth noting that an
anisotropic s-wave order parameter does not generate
in-gap bound states in the presence of nonmagnetic
defects. A chiral p-wave fit is not shown, as it poorly
reproduces the data [29]. This failure occurs because any
p-wave gap function must vanish at the M point, which
coincides with the location of the van Hove singularity at
7 meV below Eg [29].

APPENDIX C: STM CHARACTERIZATION OF
POINT DEFECTS

As shown in Fig. 8, STM images (7.5 x 7.5 nm?)
acquired at various tunneling biases (with constant tunnel-
ing current /, = 0.1 nA) show three surface regions con-
taining point defects. Four distinct types of point defects are
labeled in panels (al), (bl), and (cl). Among them, the
substitutional Si defect and the Sn adatom vacancy are
identified based on their bias-dependent STM signatures,
following Refs. [29,52]. The substitutional Si defect
[labeled “Sub-Si” in panels (al)—(a3)] appears as a vacancy
at a sample bias of V, = —800 mV, with its six nearest-
neighbor Sn adatoms slightly brighter than the surrounding
ones. At V=500 mV, the Si adatom becomes visible,
while nearby Sn adatoms appear somewhat darker at lower
biases such as V, = —20 mV. The Sn adatom vacancy [top
defect in panels (b1)-(b3)] consistently appears as a
missing Sn adatom at all biases, with minimal contrast
changes in the surrounding adatoms relative to the pristine
Sn background. Two additional point defects, labeled type
A and type B, both exhibiting C symmetry, are frequently
observed and show distinct bias-dependent contrasts. The
type A defect [panels (c1)—(c3)] appears as a bright adatom at
V, = —800 mV but becomes dim in filled-state images at
V, = 20 and 500 mV. In contrast, the type B defect [lower
defect in panels (b1)—(b3)] appears dim at V, = —800 and
20mV, butbrightat V= 500 mV. Type A and type B defects
are absent in Sn/Si(111) samples grown on n-type Si wafers
doped with As (data not shown), suggesting they are
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FIG. 8. Bias dependent STM images of the various point
defects in the Sn adatom layer collected at 400 mK. (a) Pair
of substitutional Si defects. (b) A vacancy plus type B defect.
(c) A pair of type A defects (see text).

associated with (subsurface) B atoms, although their exact
atomic structures remain undetermined.

APPENDIX D: MOMENTUM SPACE QPI

Figure 9 shows momentum-space QPI images of
Sn/Si(111), recorded at bias voltages within the super-
conducting gap. The images are similar to those of
Ref. [29] but are better resolved. Panel (c) highlights the

High

Low

e [M3my

FIG. 9. Fourier transformed QPI images for bias voltages of
(a) —1.3, (b) 0.8, (c) —0.5, (d) +1.3, (¢) +0.8, and (f) +-0.5 meV,
as indicated in each panel. These images correspond to the dI/dV
maps in Fig. 2. The 2k wave vector and Gy; reciprocal lattice vector
are indicated in panel (c). T'K is shown in panel (f). For a detailed
explanation of these momentum space images, see Refs. [26,29].

scattering vectors 2kp and G, where G|; connects the
nearest Bragg points along the 'K direction in momentum
space. The Fermi wave vector magnitude was determined
using the Bragg peaks for scale calibration. The TK
direction is indicated in panel (f). The arrow in panel
(d) points to a flowerlike feature centered at the origin of
momentum space, which arises from scattering processes
that break time-reversal symmetry [29]. It is replicated at
the other Bragg positions.

APPENDIX E: dI/dV MAPPING OF ALL FOUR
POINT DEFECTS

Figure 11 presents the experimental maps for a substitu-
tional Si defect, a Sn vacancy defect, and type A and B
point defects, along with the corresponding line scans taken
along the atomic rows. All data were acquired at 400 mK.
Line scans recorded with opposite bias polarity clearly
reveal a pronounced node and antinode at each defect site.

APPENDIX F: ADDITIONAL IMPURITY-STATE
SIMULATIONS

1. s-wave superconductivity

Figure 10 presents additional impurity state simulations
of Sn/Si(111) with s-wave superconductivity. Panel
(a) plots the bound-state energy E, as a function of
magnetic U,, and nonmagnetic U, impurity potential, as
defined in the color bar. Red contours mark constant-
energy lines at Ey= 0.54 meV corresponding to the bound-
state energy associated with a substitutional Si defect
shown in Fig. 4. Along these contours, we compute
impurity-induced LDOS for 82 distinct (U,,, U,) combi-
nations, each yielding two LDOS maps at +E,. Because of
space constraints, only 14 representative cases (orange
dots), labeled as (d) through (q), are shown. For each point
X, the simulated LDOS at +E,, and —E|, are displayed in
panels (X1) and (X2), respectively, with annotations
indicating the potential parameters and bound-state ener-
gies (U,,, Uy, £) in meV. (b) and (c) Experimental LDOS
maps of a Si substitutional defect at £0.54 mV, shown for
comparison. Numerically, we find that flipping the sign of
U,, = —U,, leaves both the bound-state energy and LDOS
unchanged, so we restrict our simulations to U, < 0.
Panels (r1)-(w2) show LDOS calculations with an aniso-
tropic s-wave pairing, where the extended s-wave pairing
component is A;= 0.28 meV, following the gap fitting.
These panels use a distinct color scale to differentiate them
from the conventional s-wave results. The following panels
share the same impurity parameters: (d) and (r), (e) and (s),
(n) and (t), (o) and (u), (p) and (v), and (q) and (w). The
resulting LDOS patterns are nearly indistinguishable,
differing only by minor quantitative details. Crucially,
none of the s-wave simulations—whether conventional
or anisotropic—reproduce the experimentally observed
flower-star pattern [see panels (b) and (c)].
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(-145, 0, +) (-82,0, +)

FIG. 10. QPI image simulations for an s-wave order parameter. (a) Bound-state energy E as a function of magnetic U,, and non-
magnetic U, impurity potential, as defined in the color bar. We take the pairing amplitude Ay = 1.88 meV. Red contours mark constant-
energy lines at Ey= 0.54 meV corresponding to the bound-state energy associated with a substitutional Si defect shown in Fig. 4. (b)
and (c) Experimental LDOS maps of a Si substitutional defect from Fig. 4. (d)—(q) Simulated LDOS maps following the red contours in
(a). (r)—(w) Simulated LDOS maps for anisotropic s-wave pairing, using Ay = 1.94 and A;= 0.28 meV. For details, see text.

2. Chiral p-wave superconductivity

Figure 12 shows impurity state simulations of Sn/Si(111)
with chiral p-wave superconductivity. Panel (a) plots the
evolution of BAG energy gap as a function of Rashba spin-
orbital coupling a;, showing a transition from nodeless to

nodal behavior for a; > 0.03¢,. The gap closing arises from
the competition between Rashba effect and spin-triplet
p-wave pairing. Panel (b) shows the momentum-resolved
BdG spectrum with the ab-initio Rashba parameter
a; = 0.1029¢; [44], revealing gapless BAG bands caused
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FIG. 11. Real-space differential conductance maps taken around
asubstitutional Si defect, a Sn vacancy, a type B defect, and a type A
defect. The bias voltage in each case is indicated in each panel. All
four defects show a clear suppression in dI/dV atthe location of the
impurity, with contrast inversion occurring between positive and
negative applied bias.
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FIG. 12. Impurity state simulations of Sn/Si(111) for a chiral
p-wave order parameter, including Rashba spin-orbital coupling.
(a) BAG gap as a function of Rashba spin-orbital coupling «;.
(b) Momentum-resolved BdG spectrum with a; = 0.1029¢,. (¢)
and (d) Simulated LDOS maps at +0.54 and —0.54 meV with
a; = 0, respectively. See text.

by the Rashba spin-splitting. Simulated LDOS maps at
+0.54 meV and —0.54 meV with a; = 0 are shown in
panels (c) and (d), respectively. Similar to the chiral d-wave
case, the node-antinode structure at the impurity site reflects

the chiral nature of pairing order. However, the overall
patterns fail to reproduce the experimental features.

3. Magnetic impurity with chiral d-wave
superconductivity

Next, we numerically examine the effect of a point-like
magnetic impurity in our Sn/Si(111) system with a chiral d-
wave pairing order. Similar to the s-wave model, U, and U,
represent the nonmagnetic and magnetic component of the
impurity potential, respectively. Such a magnetic potential
typically generates two pairs of spin-split bound states, two
at positive and two at negative energies, as shown in Fig. 13.
In contrast, our experiments consistently reveal only a single
pair of subgap resonances, one at positive and one at negative
bias (Fig. 2), with no evidence of spin splitting within the
~0.1 meV energy resolution of our STM. This robust two-
peak structure is incompatible with the generic behavior
expected from a non-negligible U,,.

Our numerical simulations further show that, for any
fixed U, only a very narrow range of U, values yields a
single spin-polarized bound state at positive energy and its
particle-hole conjugate at negative energy (Fig. 13). For
example, to reproduce the experimentally observed
bound-state energies (+0.54 meV) of the substitutional
Si defects with magnetic scattering, we must require that
(U, U,,) ~(=500,-516 meV) as shown in panel (b).
This fine-tuned condition is highly unstable: even slight
deviations in U,, produce additional subgap states, con-
tradicting experimental observations. It is statistically
implausible that all four experimentally observed defect
types would coincidentally satisfy such finely tuned
magnetic conditions. Moreoever, the simulated LDOS
images with (Uy, U,,) = (=500, =516 meV), shown in
panels (h) and (i), qualitatively disagree with the exper-
imental images of substitutional Si defects shown in (j)
and (k). Not only is the overall polarity reversed, but the
theoretical images also fail to reproduce the node-antinode
structure observed at the defect site.

APPENDIX G: BROKEN ROTATIONAL
SYMMETRY

Figure 14 shows QPI images near a manmade vacancy
defect. The manmade vacancy, located at the original Sn
adatom site, appears similar to a natural vacancy in STM
topography. However, at low bias, three of the six nearest-
neighbor Sn adatoms appear dimmer, indicating a structural
difference from natural vacancies. We speculate that this
reflects a frozen metastable configuration of a natural
vacancy, stabilized at low temperature. Panel (b) shows a
dI/dV spectrum acquired on top of the manmade vacancy,
revealing several in-gap states. Panel (c) shows an STM
image (V,=-2.0V, I, =1nA) of the same region,
highlighting the manmade vacancy (black arrow), one
type B defect (purple arrow), and two type A defects
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FIG. 13. (a)-(g) Bound-state spectra as a function of impurity potential strength, obtained from Bogoliubov—de Gennes calculations
while sweeping the magnetic component U, for fixed values of the non-magnetic component U, (ordered as indicated by the arrow
from Uy = —750 to +750 meV). Horizontal dashed lines mark the experimentally observed bound state energies at +0.54 and
+0.85 meV. Vertical dotted lines indicate the values of U, that would yield a level at +/— 0.54 meV (substitutional defect). The width
of the yellow bands (0.1 meV) exceeds the instrumental energy resolution of 0.1 meV. Across all phase diagrams, varying U,
produces bound states at £0.54 meV; however, except for panel (b), additional subgap states appear at other energies. [In panel (c), the
spin-polarized bound state energies near U,, = +426 meV may be too close in energy to be experimentally resolved]. The spectrum is
exactly symmetric under U,, - —U,,, and the corresponding LDOS is likewise symmetric; here we focus on the states with negative
U,,. (h)—(@i) Simulated LDOS maps at the red-dot conditions in panel (b): Uy = =500 meV and (U,,, E) = (=516 meV, —0.54 meV) in
(h)and (U,,, E) = (=516 meV, 4+0.54 meV) in (i). (j),(k) Experimental dI/dV maps at —0.54 and +0.54 mV, for comparison with the
theoretical images in (h) and (i). Note the polarity reversal between the theoretical LDOS and experimental d/dV maps. The theoretical
images also fail to reproduce the node-antinode structure observed at the defect site in (j) and (k).

(green arrows). Panels (d) and (e) show dI/dV maps of the
same region as in panel (c). Notably, the manmade vacancy
lacks the starlike or hexagonlike spatial features at opposite
bias polarities that are characteristic of type A and type B

defects. It also does not show the distinct node-antinode
feature at the defect location. Evidently, the chiral signature
is hidden due to the increased complexity of the (threefold)
scattering potential.
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FIG. 14. (a) STM image (V,=20mV, [,=0.1 nA) of a

manmade vacancy, created by removing a Sn adatom via tip-
induced manipulation using V, = —2.0 V in a defect-free region.
(b) dI/dV spectrum acquired on top of the manmade vacancy,
revealing several in-gap states. (¢) STM image (V,—2.0V,
I,=1nA) of the same region, highlighting the man-made
vacancy (black arrow), one type B defect (purple arrow), and
two type A defects (green arrows). (d),(e) dI/dV maps of the
same region as in panel (c). All data shown were collected
at 400 mK.
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