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The moiré superlattice formed by van der Waals (vdW) stacking of two-

dimensional (2D) monolayers with a twist angle can give rise to a variety of
novel correlated physical phenomena. In this study, we propose that a 2D

semiconductor composed of vdW layers with band edge states extended into
the interlayer region can host time-reversal-invariant topological states, as
demonstrated by density functional theory and tight-binding calculations. This
emergent physics in moiré superlattices is experimentally verified in a twisted
bilayer InSe with a twisting angle of 8 =7.34°. Using scanning tunneling
microscopy/spectroscopy (STM/STS), we observed topological edge modes
associated with the Z, topological metal state at the moiré domain boundary,
while these states are absent in the bilayer without twisting. Our theoretical
predictions and experimental discoveries advance the field of moiré physics

and twistronics, offering a promising strategy for the creation of moiré
topological devices.

Recent advances in experimental techniques allowing precise control
of twist angles in van der Waals (vdW) layered materials have opened a
vast field known as twistronics'”. In these systems, low-energy physics
is typically governed by quasiparticles in a moiré superlattice, which
can be readily tuned by twisting. The period of this superlattice can be
orders of magnitude larger than the lattice constant of the two-
dimensional (2D) component layers, leading to surprising emergent
physics®?, particularly in terms of electronic correlations*** and
topological properties”*', For example, twisted bilayer graphene has
been shown to host an unusual electronic structure with “flat bands” at
a magic angle of ~1.1°, resulting in strongly correlated electrons and
unconventional superconductivity'. Correlation effects arising from
flat bands may also spontaneously break time-reversal symmetry,
leading to integer or even fractional quantum anomalous Hall
states™*,

Topological states, however, can exist even in the presence of
time-reversal symmetry. Time-reversal-invariant topological insulators
in two dimensions, also known as quantum spin Hall insulators, are
characterized by a Z, topological invariant in the bulk and spin-helical
modes at the boundary™. The search for material realizations of such
Z, topological insulators has been a central focus of research over the
past two decades”?*. Several systems, including semiconductor
quantum wells** and 2D materials’**>*?°, have been experimentally
confirmed. Recently, it has been proposed that the moiré superlattice
formed by twisted 2D bilayers MoTe, is a versatile platform for rea-
lizing time-reversal-invariant topological states”, which is accom-
plished experimentally by K. Kang et al*®. Time-reversal invariant (TRI)
topological states in twisted 2D semiconductors are also present in
twisted bilayer WSe,. B. A. Foutty et al. provided indirect, yet sugges-
tive evidence for QSH states”, and the follow-up work from K. Kang
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et al made more direct measurements of these states and confirms
them via their edge-state conductance®. 2D semiconductors com-
posed of vdW layers with band edge states extending into the inter-
layer region are particularly promising candidates for enhancing the
effects of the moiré superlattice under twisting®. Besides, TRI topo-
logical states in moiré 2D semiconductors can also be realized in
aligned MoTe,/WSe,™. But to now, atomic detection in real space of
time-reversal-invariant topological states in such twisted vdW semi-
conductors has remained elusive.

In this work, we investigate the vdW semiconductor InSe as an
example, demonstrating that its twisted bilayers generally form a tri-
angular moiré superlattice with an effective p-orbital symmetry. Using
first-principles calculations and symmetry analysis, we construct a
generic tight-binding (TB) model for these systems. In the presence of
spin-orbit coupling (SOC), the bands acquire nontrivial topology.
Interestingly, while the band structure exhibits only local gaps, the
global gap closes, corresponding to the Z, topological metal state
proposed in earlier studies®. We experimentally fabricate a twisted
bilayer InSe with a twisting angle of 6=7.34°. Scanning tunneling
microscopy/spectroscopy (STM/STS) measurements reveal topologi-
cal edge modes associated with the Z, topological metal state at the
moiré domain boundary, whereas these states are absent in the bilayer
without twisting. Our theoretical and experimental findings pave the
way for time-reversal-invariant topological phases and establish
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twisted vdW layers as a promising platform for the development of
topological devices.

Results and Discussion

Theoretical modeling

InSe is a typical 2D vdW layered material®***. The structure of a
monolayer InSe consists of four atomic sublayers stacked in the order
of Se-In-In-Se, each forming a triangular lattice. This structure pos-
sesses D3, symmetry (Fig. 1). The calculated band structure for
monolayer InSe (Fig. 1a) indicates that InSe is a semiconductor with an
almost direct bandgap located around the I point. The low-energy
bands are predominantly derived from In-s orbitals and Se-p orbitals,
with the valence band edge mainly dominated by Se-p, orbitals
(Fig. 1b). Since Se atoms are positioned in the outer sublayer of the InSe
monolayer, the states at the valence band edge extend substantially
into the interlayer region, making them sensitive to interlayer twisting.
This mechanism for moiré physics has been proposed in previous
studies?.

Next, we consider a bilayer structure of InSe. Upon twisting, a
moiré superlattice is formed, comprising regions with different local
stacking configurations, as illustrated in Fig. 1c. The two most distinct
configurations are AA and AB stacking. We focus on the two closest Se
sublayers in the vdW interlayer region, which are most relevant to our
discussion of the valence band edge. In AA stacking, the two Se
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Fig. 1| The geometric and band structure of the monolayer and bilayer InSe.
a The band structure of monolayer InSe, The contribution of Se-p, orbitals is
indicated green dots. b The side and top view of spatial distribution of wave
function of the valence band (VB) edge at k=T, as marked by a red rectangle in a.
Blue and grey spheres represent In and Se atoms, respectively. Blue and yellow
colors represent the phase of wave function. The isosurface value is 3.8 x 10 7 e/
bohr?. ¢ Twisted bilayer InSe with a twist angle 6 =7.34°. The red and black circles

highlight the AA stacking and AB stacking regions. d Energy bands of bilayer InSe
with AB stacking and AA stacking configurations. The dash red lines indicate the
height of valence band maximum (VBM), and the VBM difference of AA stacking
and AB stacking is AE = 0.16 eV. The orange double arrows indicate splitting energy
for the VBM states in the bilayer of AB stacking and AA stacking are AE = 0.59 eV and
AE=0.89 eV. e The spatial distribution of wave function of the valence bands at
k=T, as marked by the red rectangles in d.
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Fig. 2 | A scenario of the formation of atomic p-like orbitals. a Energy bands of
twisted 2 L InSe with twisted angle 6 =7.34° by density functional theory (DFT)

calculations. The topmost three valence bands (VBs) are highlighted by red, green,
and blue lines, corresponding to the atomic py, py and p.-like orbitals, respectively.
The Fermi level is set to zero. b Band structure of the (p,, p,, p,)-orbital triangular
lattice model with £;=-0.285, t,=0.095, £3=0.07, t,=-0.04, &= 0.07, £, =-0.405
and &,,= 0.495, where hopping parameters t;, t, t3, ty, ts are py — py, py, — py,

Px = P2, Py — P;, P, — P, respectively, 65, and &, are the onsite energies of (py,

py) and p, orbitals respectively. The top right and bottom left insets show schematic
figures of a triangular lattice and atomic p orbitals, respectively. ¢ The spatial
distribution of wave function for topmost three VBs at T, corresponding to the band
structure in a. The isosurface value is 0.00015 e/bohr?. d, e Band structure including
SOC effect based on the result of aand b. A;= 0.1, ;= 0.6 and A, =-0.025, where 4,,
A,, A, are hopping parameters. f Comparison between bulk band and edge states,
which are indicated by arrows.

sublayers are aligned, meaning their Se atoms are directly above each
other. In contrast, in AB stacking, the Se atoms from the upper layer are
positioned in the voids of the lower layer. Considering the p, orbitals
on Se sites, which dominate the valence band edge of InSe, it is evident
that the two Se sublayers exhibit much stronger interlayer interaction
in AA stacking than in AB stacking. This results in a significantly larger
splitting of the Se-p, bands in AA stacking. This expectation is con-
firmed by density functional theory (DFT) results in Fig. 1d, which
compares the band structures for bilayers with AA and AB stacking. A
large energy splitting of 0.89 eV is observed at the I' point for AA
stacking, and a smaller splitting of 0.59 eV is found for AB stacking. The
valence band maximum (VBM) for AA stacking is AE - 0.16 eV higher
than for AB stacking. Therefore, in the moiré superlattice of bilayer
InSe with twisting, which contains both AA and AB stacking regions
(Fig. 1c), the AA regions will have the highest VBM energy, surrounded
by six minima in AB stacking regions. For holes near the VBM, the AA
regions act as potential wells, while the AB regions behave like
potential barriers. In other words, the effective physics for holes in this
twisted bilayer can be described by a triangular superlattice con-
structed by the AA regions.

This physical picture is further confirmed by our direct DFT cal-
culations of the twisted bilayers, which include possible lattice
reconstruction effects at different twisting angles. We have calculated
structures with twisting angles of 6=32.2°, 21.8°, 13.2°, 9.43°, and
7.34°. These angles were selected based on commensurate structures,
satisfying the relation cos §= J= M1 where m and n are positive
integers. In the following, we focus on the case of 8 =7.34°, as a typical
example, while DFT results for other twisting angles are provided in
the Supporting Information (SI). The bilayer InSe twisting angle

6=7.34° corresponds to the commensurate structure (m, n) = (4, 5),
and its moiré supercell contains 488 atoms. Figure 2a shows the cal-
culated band structure for the twisted bilayer in the absence of SOC.
We focus on the valence bands. At low energies, three entangled bands
are present: the top two are degenerate at the I' point, while the lower
two linearly cross at the K point. The wave function distribution for the
three topmost valence band states at the I' point is plotted in Fig. 2c,
indicating that these states are indeed concentrated around AA
regions, which correspond to the lattice sites of the triangular super-
lattice. Interestingly, we find that at each site, these states exhibit p-
orbital-like symmetries. The top two states resemble p, and p,, orbitals
at each site, while the lower one is p,-like. Note that these are not
microscopic atomic orbitals, but rather correspond to the moiré
superlattice at a much larger scale, representing an emergent physical
property.

This key observation suggests that the low-energy physics of the
valence band can be described by a triangular lattice model with three
p-orbital bases at each site. The twisted bilayer structure breaks the
horizontal mirror symmetry of the monolayer, but still approximately
respects D; symmetry. Constrained by this symmetry, we derive the
following TB model on the triangular lattice:

&y O 0 Ex Ey Ex
H=|0 &y 0|+ |Ex £y £y @®
O O (g)ZZ sz Ely EZZ

where &,, and &, are the onsite energies of (py, p,) and p, manifolds,
respectively. The nearest-neighboring hopping integrals are written as
E;jwith i, je{x, y, z} and the details are shown in SI. The band structure
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Fig. 3 | Bilayer InSe on highly oriented pyrolytic graphite (HOPG). a Large-area
scanning tunneling microscopy (STM) image of bilayer InSe on HOPG substrate
with two different twisted domains (0° and 7.34°, the dashed line represents the
domain boundary) coexisting (with the set bias and current Vs=1.5V, /=30 pA).
b The di/dV curves taken on 1L and 2 L InSe surfaces. ¢, d Left panel: High-
resolution experimental STM images of different domains on 2 L InSe surface with
twisting angles of 7.34° and 0°, respectively. Each protrusion corresponds to Se
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atoms (c: Vs=-1.1V, /=70 pA; d: V;=-1.6 V, =70 pA). Right panel: Simulated STM
images of bilayer InSe with same twisting angle (the red and yellow dashed circles
represent AA and AB, respectively). e, f Top and side view of the atomic structural
model of 2 L InSe with twisting angles of 7.34°(single-moiré-unit) and 0°, respec-
tively. Blue and grey spheres represent In and Se atoms, respectively. The moiré
supercell is labeled by a red rhombus in ¢ and e and the 1x1 unit cell is labeled by an
orange rhombus ind and f.

derived from this TB model, shown in Fig. 2b, successfully captures the
key features of the DFT results for the twisted bilayer InSe (Fig. 2a),
especially the band degeneracies at the I and K points.

Including SOC in the DFT calculations lifts the spin degeneracy of
each band due to the broken inversion symmetry. As illustrated in
Fig. 2d, three pairs of bands appear, and each pair exhibits degeneracy
at the I' point. The top pair of bands is separated from the lower bands
by a local direct gap at each k-point in the Brillouin zone, even though
the global gap vanishes. In other words, the top pair of bands forms a
single band complex, for which the topological properties can be
analyzed. In the TB model, we incorporate SOC terms up to first
neighbor hopping processes (details are shown in SI). The resulting
band structure in Fig. 2e qualitatively agrees with the DFT
results (Fig. 2d).

This twisted bilayer InSe system preserves time-reversal sym-
metry. In 2D, such systems can be characterized by a Z, topological
invariant. Due to computational complexity, we evaluate this invariant
using the TB model results (Fig. 2e). We find that both band complexes
—the top two bands and the lower four bands—are topologically non-
trivial, resulting in a Z, topological metal state® when the system is
hole-doped. The manifestation of this nontrivial topology is the pre-
sence of topological edge modes™. Using the TB model, we calculated
the edge spectrum, shown in Fig. 2f. The topological edge modes are
clearly visible below the top pair of bands. Our calculations indicate

that these modes are located near the edge below the VBM, which will
be discussed later.

Experimental results
To demonstrate the existence of twisting-induced topological band
structures in bilayer InSe, we performed experimental growth of
bilayer InSe and conducted atomic-scale characterization. Bilayer InSe
was grown on a highly oriented pyrolytic graphite (HOPG) substrate
using molecular beam epitaxy, as shown in the STM image in Fig. 3a.
The line profile in the inset shows that the height of the upper layer is
approximately 8.4 A relative to the lower layer, corresponding to the
thickness of a monolayer (1L) InSe. In Fig. 3a, the distinct domain
boundary in bilayer (2 L) InSe indicates the presence of two naturally
formed domains. The differential conductance (d//dV) spectra of InSe
shown in Fig. 3b display stair-like density of states (DOS) in the con-
duction bands (CBs) and peak-like DOS in the valence bands (VBs),
corresponding to 2D electron gas and quantum well states of InSe,
respectively, related to the number of layers®?%, As the number of
layers increases, the energy position of the first peak gradually
approaches the Fermi level, and the bandgap decreases from 2.9 eV for
1Lto 2.0eV for 2L InSe.

High-resolution STM images of 2 L InSe reveal a lattice constant of
top-layer Se atoms of 4.0+ 0.1A, consistent with previous studies.
However, we identified two types of domains with moiré patterns due
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Fig. 4 | The bias-dependent STM images of twisted bilayer InSe. a-c High-
resolution STM images (left panels) and the corresponding atomic structures (right
panels) of bilayer InSe with twisting angle of 7.34° taken at -1.8 V,-1.9 Vand -2.0 V.

20.2=5x4.04 A

N N A
T 31 \J\/
e
NO-

5 10 15 20 25 30
X (A)

The yellow circle area represents the AA stacking without breaking the original
symmetry. d line profile of the region without a moiré pattern along the blue line in
c. e line profile of with a moiré pattern along the black line in c.

to different twisting angles between the 1L and 2 L InSe, as shown in
the left panels of Fig. 3¢ and 3d. The triangular moiré pattern in Fig. 3¢
exhibits a lattice period of 3.13+0.05nm, corresponding to a 7.34°
rotation of 2L InSe relative to the underlying 1L InSe. This domain
aligns with the bilayer system with a twisting angle of 7.34° calculated
in Fig. 2. In contrast, the lattice orientation of the 2L InSe domain in
Fig. 3d is consistent with the underlying 1L InSe, indicating a twisting
angle of 0°. The atomic structures of twisted bilayer InSe with 8 =7.34°
and 0°, depicted in Fig. 3e and 3f, respectively, show that the moiré
lattices closely match the experimental results (details in Methods).
For the twisting structure (6=7.34°), the AA and AB stacking regions
are located at the corner and center of the unit cell of the moiré
superlattice, respectively, while the non-twisting bilayer (6 = 0°) exhi-
bits AB stacking throughout. The corresponding d//dV curves are
shown in Supplementary Fig. 4, which shows the rotated part is nearer
to the Fermi level than the unrotated part, and the valence band
maximum (VBM) for AA stacking is higher than for AB stacking.
Interestingly, we observed modulation of the moiré pattern by an
electric field between the STM tip and the substrate. As shown in the
STM images of 2 L InSe with a twisting angle of 7.34° containing a step
edge at different bias voltages [Fig. 4a—c], the moiré pattern of 2 L InSe
near the step starts to disappear, and the region without a moiré
pattern expands as the bias increases from 1.8V to 2.0V (The cor-
responding Fast Fourier Transform is shown in Supplementary Fig. 5).
The lattice constant in the region without the moiré pattern is mea-
sured to be 4.14 A, slightly larger than in the region with the moiré
pattern (4.04 A), as shown in Fig. 4d and 4e. The lattice expansion near
the edge of 2 L InSe should alter the lattice commensuration between
2L and 1L InSe, resulting in the disappearance of the moiré pattern.
This lattice expansion by the electric field may be due to dangling
bonds at the step edge of semiconductors®. The residual charge from
these dangling bonds, along with the electric field between the tip and
the sample, can generate a Coulomb force that stretches the surface
lattice near the edge of 2 L. This Coulomb force becomes more pro-
nounced as the bias increases, causing the region without a moiré

pattern to grow even larger. Additionally, 2D InSe has been reported to
exhibit strong piezoelectricity and flexibility***, indicating significant
ductility and malleability. Our DFT calculations also show that the
lattice constant at the edge of an InSe nanoribbon is larger than that in
the center (Supplementary Fig. 3).

The disappearance of the moiré pattern induced by the electric
field creates two domains in the same terrace of 2L InSe with a con-
tinuous lattice. The on-off switching of the moiré pattern in these
domains provides an ideal platform for verifying the topological nat-
ure of the band structure in twisting bilayer InSe through STS to
measure bulk-edge correspondence. Figure 5a-c shows a series of d//
dV maps taken from the same area of bilayer InSe with a twisting angle
of 7.34° containing a step at —2.3V, -2.0V, and -1.8 V, respectively. A
pronounced electronic state is observed at the domain boundary
between the moiré and non-moiré regions at -1.8 V [Fig. 5a], while this
edge states disappear at —2.0 V and -2.3 V. In addition, Supplementary
Fig. 6, which depicts the spatial spread of the edge states, reveals an
exponential decay of the edge state on the terrace side of the step
edge. The edge states decay with a characteristic length of ro = 0.70 nm
on the crystal side, indicating a strongly confined nature of the edge
states*>**,

The edge state at the moiré domain boundary in bilayer InSe with
a twisting angle of 7.34° is further confirmed by comparing the
experimental DOS at the boundary and terrace with the calculated
results. Figure 5d shows the experimental d//dV curves taken at the
domain boundary and terrace of 2 L InSe. A peak is positioned at 2.0 V
in the d//dV curve of the terrace, corresponding to the intrinsic states
of bilayer InSe*”?%. In contrast, the d//dV curve taken at the moiré
domain boundary reveals a prominent peak at -1.9V, with an addi-
tional shoulder appearing at a lower energy. To better illustrate the
extra electronic states, we performed Gaussian fitting on the d//dV
curve taken at the moiré domain boundary [Fig. 5e]. The fitting results
reveal three peaks: a major one at -1.90V, corresponding to the
intrinsic states of bilayer InSe, and two smaller ones at -1.75eV and
-1.65 eV, corresponding to the electronic edge states observed in the
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Fig. 5 | Edge states of bilayer InSe with 7.34° twisting angle. a-c d//dV maps of
bilayer InSe with 7.34° twisting angle (the dashed lines represent the 2 L step). The
scanning bias from up to down is -2.3V,-2.0 V and -1.8 V with tunneling current 70
pA. d d//dV curves taken at the Position A and Position B marked in a (the
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responding d//dV curve on Position A in d. f Calculated density of states (DOS) of
bulk and edge states of bilayer InSe with 7.34° twisting angle.

d//dV map shown in Fig. 5c. Moreover, we calculated the local density
of states (LDOS) of bulk and topological edge states in bilayer InSe with
a twisting angle of 7.34° using TB theory, as shown in Fig. 5f. The
calculated LDOS peak positions are in perfect agreement with the
experimental results. Based on the spatial distribution and energy
location, the extra electronic states at —1.75eV and —1.65 eV are iden-
tified as topological edge states in twisting bilayer InSe.

To further confirm the topological nature of the band structures
in twisted bilayer InSe, we performed STS measurements on a bilayer
InSe with a twisting angle of 0°, which did not display any moiré pat-
tern in the STM image [Fig. 3d]. The d//dV maps of the non-twisted
bilayer InSe, including the step edge at various sample biases [Sup-
plementary Fig. 7a], show almost identical features across the entire
surface, including the step edge. This observation suggests the
absence of edge states in the non-twisted bilayer InSe. Furthermore,
the d//dV curves obtained at the terrace and near the edge of the non-
twisted bilayer InSe exhibit a single pronounced peak at -1.90 V, with
no additional small peaks or shoulders observed at any other energy
range Supplementary Fig. 7c]. By comparing the STS results of the non-
twisted bilayer InSe, we infer that the bulk-edge correspondence
observed in the moiré domain supports the presence of twisting-
induced topological valence bands in the bilayer InSe.

More importantly, we performed STM/STS measurements on 2 L
InSe under a magnetic field, as shown in Fig. 6. Figure 6ais a STM image
containing the twisted and untwisted parts of 2 L InSe simultaneously.
From Fig. 6b, the edge states can be obviously observed at the moiré
boundary with B=0T, where some scratch lines occur in the image,
and should result from the moving of a small cluster under the STM tip
during scanning. When a small magnetic field was applied, the sup-
pression of edges states occurs. We have repeated these experimental
measurements under several magnitude values of magnetic field: 2T,
3T and opposite -2T, -3T, as shown in Fig. 6¢-f, and the features are
same, suggesting a small magnetic field can break the time-reversal
symmetry and suppress the edge states, proving that the edge states
are protected by time-reversal symmetry.

Our results demonstrate that twisted bilayer InSe functions as a
moiré topological system, characterized by robust edge states. The
topological properties are modulated by the twisting angle. These
findings, supported by TB and DFT calculations based on a triangular
lattice model, identify bilayer InSe as a promising candidate for
enhancing our understanding of topological effects in twisted 2D
semiconductors and for enabling applications in topological devices,
such as flexible topological field-effect transistors***’.

In summary, we have theoretically proposed an artificial
multiorbital triangular lattice in 2D twisted bilayer vdW materials.
Using low-temperature STM/STS, we verified the electronic states
at the moiré domain boundary in twisted bilayer InSe. Together
with DFT calculations, the observed edge states are considered
orbital-active topological edge states. Our work reveals a method
for generating p-like atomic orbitals in twisted 2D materials.
Additionally, we expect that other potential materials, such as GaSe
and In,Ses, could also exhibit artificial p orbitals with topological
bands close to the Fermi level, paving the way for intriguing avenues of
experimental and theoretical exploration of widely tunable topologi-
cal character.

Methods

DFT methods

Our first-principles calculations were carried out within the
density functional theory based on the projected augmented wave
(PAW)***° pseudopotentials as implemented in the Vienna Ab-initio
Simulation Package (VASP)*°. The generalized-gradient approximation
(GGA) in the form of Perdew-Burke-Ernzerhof (PBE)*! functional was
used. The cutoff of the plane wave basis was set to guarantee that the
absolute energies are converged to a few meV. The DFT-D3 method
with Becke-Johnson damping®® was employed to incorporate the
effects of vdW interactions. The vacuum region was set larger than 15 A
to minimize artificial interactions. Based on the orbital analyses, we
constructed the Wannier functions to calculate the topological
properties.
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Fig. 6 | Topological nature of the twisted bilayer InSe. a STM image bilayer InSe
containing the rotated region and unrotated region (dashed line: moiré boundary).
b Scanning tunneling spectroscopy (STS) mapping acquired at -1.8 V with evident

0. 5 mm— 20 pS

STS: -1.8
untwisted

r—

edge states on the edge of the rotated region (dashed line: moiré boundary).
c—f STS mapping acquired at -1.8 V (dashed line: moiré boundary) under a mag-
netic field of 2 T, 3 T, -2T and -3 T, respectively, with no edge state.

Experimental methods

The bilayer InSe was synthesized by MBE in an ultrahigh vacuum (base
vacuum 4 x 107 mbar). The HOPG substrate was cleaved and trans-
ferred into the UHV chamber to degas at 500 °C. Indium and selenium
were simultaneously deposited by two Knudsen cells held at 667 and
126 °C, respectively, and the flux ratio of In: Se is about 1: 2. The tem-
perature of the substrate was kept at 320-350 °C during the InSe
growth, to avoid the formation of In,Se; phase. The in situ STM mea-
surements were performed at 77 K on a homemade low-temperature
STM interfaced to a Nanonis controller. An electrochemically etched
tungsten tip was used for topographic and spectroscopic measure-
ments. We performed in situ STM measurements with an applied out-
of-plane magnetic field at 4.6 K in the Unisoku STM(1300) system. STM
images were taken in the constant current mode, and the voltages refer
to the bias on samples with respect to the tip. d//dV curves were
acquired using a lock-in amplifier while the sample bias was modulated
by a 667 Hz, 20 mV sinusoidal modulation voltage. STS mapping was
obtained for each pixel one after the other under different feedback
open/closed, first by scanning and recording the topography of the
sample in closed feedback, then by turning off the feedback loop and
revisiting these topographic coordinates to measure the differential
conductance between the tip and sample. For Grid Spectroscopy, the
image was divided into pixels and dI/dV spectra (setpoint: -3.0V, 70
pA) were obtained at each pixel’s location. Finally, a slice of d//dV at a
selected bias for every pixel location was assembled to form another
type of STS mapping.

Data availability

Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request

Code availability
The computer code used for numerical calculation and data proces-
sing are available from the corresponding authors upon request.
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