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Topology'and interactions are foundational concepts in the modern understanding

of quantum matter. Their nexus yields three important research directions: (1) the
competition between distinct interactions, asin several intertwined phases, (2) the
interplay between interactions and topology that drives the phenomenain twisted
layered materials and topological magnets, and (3) the coalescence of several
topological orders to generate distinct novel phases. The first two examples have
grown into major areas of research, although the last example remains mostly
unexplored, mainly because of the lack of a material platform for experimental studies.
Here, using tunnelling microscopy, photoemission spectroscopy and a theoretical
analysis, we unveil a‘hybrid’ topological phase of matter in the simple elemental-solid
arsenic. Through aunique bulk-surface-edge correspondence, we uncover that
arsenic features a conjoined strong and higher-order topology that stabilizes a hybrid
topological phase. Although momentum-space spectroscopy measurements show
signs of topological surface states, real-space microscopy measurements unravel a
unique geometry of topologically induced step-edge conduction channels revealed
onvarious natural nanostructures on the surface. Using theoretical models, we show
that the existence of gapless step-edge states in arsenic relies on the simultaneous
presence of both a non-trivial strong Z, invariant and a non-trivial higher-order
topological invariant, which provide experimental evidence for hybrid topology. Our
study highlights pathways for exploring the interplay of different band topologies and
harnessing the associated topological conduction channels in engineered quantum

ornano-devices.

Despite its dubious reputation as the ‘king of poisons’, arsenic (As)
has long been used in semiconductor technology, tonics and even
for cancer treatment*. Here we find that the most stable form of As,
namely a-As®, hosts a novel quantum phase of matter, which, at low
energies, can be understood with the mathematical framework of
topology" 3. Prototypical examples of this class of materials are topo-
logicalinsulators, whichactasaninsulator intheirinterior but feature
time-reversal-symmetry-protected conducting states on the surface
or edge'**°8, In particular, strong (or first-order) topological insula-
torsinthree-dimensional crystals are gapped in the bulk but stabilize
gapless surface states, whereas higher-order topological insulators
are also gapped on their surfaces but host one-dimensional gapless
hinge modes® ' The controllability of such topologically protected
conduction channels has garnered immense interestin energy-saving

technology and quantuminformation science. By combining first-and
higher-order topology in a single material, this work provides aroute
tothe precise control of asingle-crystal quantum system. Leveraging
a combination of experiments and theory, we find that a-As carries
simultaneous topological modes on the surface and along the step
edge(s). Notably, we show that the step-edge modes appear only for
selected, crystalline-symmetry-allowed orientations, which, unlike
surface or hinge states, are not expected for either first- or higher-order
topologicalinsulators butonly for ahybrid materialinwhich both kinds
of band topology are present.

Thediscussion of the electronicstructure of a-Asis facilitated by the
presence of inversion symmetry, which allows us to designate the bands
athigh-symmetry momenta withinversion eigenvalues. The number of
plusand minus eigenvalues below the Fermilevel reveals the so-called
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bandinversionsin momentumspace and links to symmetry-indicator
topological invariants® ™, a-As features a series of band inversions
around the Fermilevel that combine to produce its hybrid topology'®**:
(1) Adoublebandinversionat thel point ofthe rhombohedral (primi-
tive) Brillouin zone, which, on its own, would result in a higher-order
topological insulator with gapped surfaces but helical hinge states™.
(2) Asingle band inversion at the three C;-related L points of the rhom-
bohedral Brillouin zone (Extended Data Fig. 1a), which is expected to
lead to a first-order topological insulator® with gapless Dirac-cone
surface states. Existing angle-resolved photoemission spectroscopy
(ARPES) work on a-As has explored the first-order topological insulator
state'®, reporting topological Rashba-type, spin-split surface states.
However, areal-space investigation into how the higher-order topology
isintertwined with the first-order topological insulator phase remains
lacking. Owing toits high spatial resolution, electronic detection and
magnetic field tunability, scanning tunnelling microscopy (STM) can
visualize the topological boundary modes directly in real space? >, By
revealing gapless step-edge-localized states, our STM measurements
expose the unique, hybrid, first- and higher-order topology of a-As.

Observation of surface state

We start with the surface characterization of a-As. The crystalline
lattice has arhombohedral primitive cell with a space group of R3m
(No.166).Inthe following, we work with the hexagonal (conventional)
cellfor convenience. Asillustrated in Fig. 1a, the crystal canbe regarded
asastack of Asbilayers along the c axis. The Asatoms within the bilayer
form a buckled honeycomb lattice, and cleaving leaves a triangular
latticeinthe ab plane (Fig.1b). Using STM on a freshly cleaved sample,
we visualized the large surface area shown in Fig. 1c, which has an
atomically resolved triangular lattice (Fig. 1c top inset) with sharp Bragg
peaks inthe Fourier transform image (Fig. 1c bottom inset). Figure 1d
summarizes our energy-resolved tunnelling spectroscopy measure-
ments on a clean region taken over a large distance. The averaged
spectrum reveals a soft gap, namely, a suppression in the spectral
weight near the Fermi energy. Figure 1le shows the temperature-
dependentresistance datameasuredinabulk a-As sample while pass-
ingacurrentalongthe abplane. Here, the resistance decreases as the
sample is cooled down, indicative of a metallic state on the surface.
Indeed, the presence of such a surface state is captured by our ARPES
measurements. Figure 1f, where we plot the second derivative of an
energy-momentum cut along the I' > M direction of the surface
Brillouinzone (Extended DataFig.1a), provides such data. We observe
a pair of sharp, parabolic, surface bands that is consistent with both
previous photoemission work' and our first-principles calculations
(Fig.1g), indicating the presence of a topological Rashba-like surface
state (see also Extended Data Figs.1and 2) alongT > M. Note that, when
projected on the surface Brillouin zone, the bulk spectrum is gapped
along thel > M line (Extended Data Fig. 1). Hence, the surface state
within the bulk gap marks the topological bulk boundary correspond-
ence and indicates a first-order topological insulator phase in a-As.
Additional photoemissionspectroscopy and first-principles calculation
results pertaining to the topological surface state in a-As are summa-
rized in Extended Data Figs.1and 2.

Notably, the surface state also manifests in our real-space imaging.
Our approach invokes the quasiparticle interference in the ab plane.
Extended DataFig. 3, which captures the results of such experiments,
shows aprominent scattering branch whose origin and shape match the
parabolic surface band visualized in our photoemission spectroscopy
(Fig. 1f) and first-principles calculations (Fig. 1g); see Supplementary
Table1for a quantitative comparison between the three sets of data.
Thus, quasiparticle interference spectroscopy provides a real-space
detection of the presence of a surface state in a-As.

Togaininsightinto the surface state more quantitatively, we investi-
gated the Landau quantization in a-As using tunnelling spectroscopy
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measurements under perpendicular magnetic fields and constructed
alandau fan diagram®3**%, As a function of energy and magnetic field,
the tunnelling spectra form the Landau fan diagram shown in Fig. 1h
(see Extended Data Fig. 4 for details). A close examination of Fig. 1h
reveals two sets of electron-type Landau fans, which can be fitted
to the Rashba-split up- and down-spin Landau levels (marked with
colour-coded dashed lines in Fig. 1h) stemming from the Rashba-split
surface statein a-As. Here, the terms ‘spin up’ and ‘spin down’ refer to
two sets of electronic structures with opposite spin directions, with-
out specifying any particular direction (see ‘Mapping the Landau fan
diagram’ in Methods for details).

Observation of step-edge state

Next, we investigated the electronic structure of its step edges. We
derived d//dVspectroscopic maps at amonolayer step edge along the
a-axis directionidentified by atopographicimage (Fig. 2a). We found
that the step edge exhibits pronounced step-edge states within the
soft gap (spectroscopic images in Fig. 2a). Figure 2b captures the line
profile obtained from the d//dV map, demonstrating an exponential
decay (with a characteristiclength of r ~ 2.1nm) of the step-edge state
on the crystal side. The step-edge state decayed more sharply on the
vacuum side. The corresponding topographic line cut is presented in
Fig. 2c. Further spectroscopic measurements taken perpendicular to
the step edge (Fig. 2d) revealed a peakin the step-edge spectra (orange
curves) near the Fermi energy (at approximately -5 mV) where the
spectra away from the step edge (violet curves) exhibited a soft gap.
Atopological edge state is protected by time-reversal symmetry,
which canbebrokenby applying an external magnetic field. When we
applied amagnetic field perpendicular to the ab plane, we found that
the differential conductance measured at the step edge was suppressed
substantially. The field-induced suppression of the step-edge state can
be clearly seenin the d//dV map taken at B=2 T and shown in Fig. 2e.
Upon further examination of the field-dependent tunnelling spectra
(Fig.2ffor B=1,2and 4 T), we found that anenergy gap gradually devel-
oped at the step-edge state. The response of the step-edge state to an
out-of-plane magnetic field is consistent with the established phenom-
enonintime-reversal symmetric materials, whereby the field induces
the mixing of helical edge states and the opening of aZeeman gap® .
To investigate the quasiparticle interference of the step-edge state
and compareittothat of the surface state, we used energy- and spatially
resolved d//dV spectroscopy perpendicular (top panel of Fig. 2g) and
along (top panel of Fig. 2h) a monolayer step edge. In both cases, we
observed pronounced ripple-like quantum interference patterns. By
taking a one-dimensional Fourier transformation of the spectroscopic
data with respect to the spatial location, we obtained quasiparticle
scattering patterns perpendicular (bottom panel of Fig. 2g) and along
(bottom panel of Fig. 2h) the step edge. The quasiparticle interference
perpendicular to the step edge captured the parabolic dispersion of
the surface state centred at ¢ =0, which is akin to the data shown in
Extended Data Fig. 3c. In contrast, the quasiparticle spectrum along
the step edge exhibited a single, sharp, scattering branch covering a
distinct energy-momentum space, which is different from the scat-
tering branch of the surface state shownin the bottom panel of Fig. 2g.
Remarkably, this branch comes to an abrupt halt at finite momentum
transfer with a distinct finite slope, a feature that cannot arise solely
from a one-dimensional band dispersion. Instead, it aligns well with a
band structurein which astep-edge band hybridizes with surface states
at afinite momentum. A comparison between the edge quasiparticle
interference (bottom panel of Fig. 2h) and the edge d//dV spectra
(Fig. 2f) reveals that the energy location of the d//dVpeak in the latter
seems to coincide with the point of the dispersive branch vanishingin
the former. Additional insights derived from a straightforward
two-dimensional, lattice-based model are discussed in Supplementary
Information sectionIll. Notably, this contrasts with bismuth?, for which
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Fig.1|Observation of surfacestatein a-As andits Landau quantization.

a, Top, side view of a-As crystal, constituting astacking of As bilayers along the
c-axisdirection. Bottom, top view of the crystal structure showing the As atoms
within the bilayer forming abuckled honeycomb lattice. b, Cleaved ab plane
comprising a triangular lattice. ¢, STMimage of the a-As ab plane (V,,, =10 mV
and/,=1nA). Top inset, magnified, atomically resolved image of the triangular
lattice. Bottominset, Fourier transform of the topographicimage revealing
sharp Bragg peaks corresponding to the triangular lattice. Here, theaand b
axesrepresent two symmetry equivalent axes thatare rotated by 120° with
respecttooneanother. The axisdirectionillustrated hereis consistently
maintained throughout the manuscript to designate these axes. Hand L labels
inthe colourbar denote highandlowscale, respectively.d, Large-scale
spectroscopicline cut of the surface, takenat 7=4 K. The corresponding
location is marked on the topographicimagein cwithadotted greenline.
Thedirection of the scanis marked with an arrow. The averaged d//dV, shown
atthebottom, revealsasoft gap (reduced spectral weight) near the Fermi
energy. Tunnellingjunction set-up: V,,,=100 mV, /,,,;= 0.5nAand V.o = 0.5 mV.
e, Resistance asafunctionofthetemperature measuredinabulk a-As crystal
with the contacts placed onthe ab plane. Consistent with the presence ofa

(1) the step-edge scattering does not vanish at finite momentum and
(2) theedge di/dVpeaks are associated with singularities of the density
of states at the top and bottom of the edge bands.

Next, we explored step edges with different geometric configura-
tions. We identified two bilayer step-edge geometries along the a axis,
asshowninthe topographicimagesin Fig.3a,b. The bilayer step edge
inFig. 3a exhibits a pronounced step-edge state manifestingasad//dV
peak atV~-5mV (d//dVmaps in Fig. 3a and spectroscopy in Fig. 3¢c),
which resembles its monolayer counterpart. The dispersion of the
bilayer step-edge state is shown in Extended Data Fig. 5. We observe a
single prominent scattering branch thatis qualitatively like that of the
monolayer step-edge state in Fig. 2h. In sharp contrast, the d//dV
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metallicsurface state, the resistance decreases as the sampleis cooled down.
f,Second derivative (curvature) of the energy-momentum cut along thel > M
directionofthe surface Brillouin zone (Extended Data Fig. 1a), obtained from
photoemissionspectroscopy onthe cleaved (111) surface (ab plane). The spectra
areacquired using 22 eV, linear-horizontally polarized light. The topological
surface state ismarked by the white arrow. The small Rashba splitting is
visualized inthe curvature plot. g, Calculated surface bands connecting the bulk
conduction and valence bands with Rashba-like features, depicted as bright
orange curves projected onto the (111) surface (ab plane). h, Top, averaged
d//dVspectrumunder B=8Tapplied perpendicularly to the cleaved surface,
exhibiting intense modulationin differential conductance due to Landau
quantization. Bottom, Landau fan diagram of a-As obtained with tunnelling
spectroscopy. Two sets of Landau fans, corresponding to the Rashba-split
surfacestate, are visible. Thered and blue dashed lines denote afit to the
Rashba-split, up-and down-spin Landaulevels, respectively. Left inset, magnetic
field applied perpendicularly to the triangular As lattice. Right inset, schematic
depiction of Rashba-split bands connecting the bulk conductance bands (BCB)
andbulk valence bands (BVB). Tunnelling junction set-up: V.., =50 mV, /.= 0.5 nA
and V,,,=0.5mV.Scalebar, 5nm (c) and 1nm (inset of ¢).

spectrum taken on the step edge in Fig. 3b (d//dV maps in Fig. 3b and
spectroscopy in Fig.3c) features asuppressed spectral weight near the
Fermi energy. We can understand this discrepancy by noting that the
two step-edge geometries shown in Fig. 3a,b are not related to each
other by any crystalline symmetry. In Fig. 3a, the sample extends to
theleft of the step edge, whereasin Fig. 3b, it extends to the right. Cor-
respondingly, eventhough both step edges are aligned along the same
crystal axis, they do not exhibit the same electronic structure (mon-
olayer step edges are demonstrated in Extended Data Fig. 6). This
situationis reminiscent of the hinge statesin higher-order topological
insulators, which appear only on alternating edges along the same axis,
as, for instance, seen in bismuth**. Interestingly, however, a pure
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Fig.2|Observation oftopological step-edge state inamonolayer step edge.
a,d//dVmaps at different bias voltages (corresponding topography isshownin
the bottom panel) around a monolayer step edge parallel to the a-axis direction.
b, Intensity distribution of differential conductance taken at -5 mV around the
step edge. The corresponding location is marked onthe topographicimage
inawithagreenline. The direction of the scanis marked withanarrow. Thered
curve shows the exponential fitting of the decay of the state away from the step
edge. Thefitted decay lengthis2.1nm.c, Corresponding height profile, taken
perpendicular to the a-axis direction. d, Tunnelling spectra, revealing asoft
gap away from the step edge and apronounced in-gap state on the step edge.
Orange and violet curves represent the differential spectra taken at different
positions (marked on the topographicimage shownin theinset) at the step
edge and away fromit, respectively. Spectraare offset for clarity. e, d//dVmap
atB=2T(V=-5mV)takeninthesameregionasina(topographyinthebottom
image of a), exhibiting asuppressed differential conductance along the edge.
f, Differential spectraatB=0,1,2and 4 T. Orange and violet curves denote the

(non-hybrid) higher-order topological insulator would not exhibit
gapless monolayer or bilayer step-edge states, as the step-edge height
would need to be thermodynamically large to guarantee gapless hinge
states (Extended Data Fig. 7). Moreover, a pure (non-hybrid) strong
topological insulator is expected generically to feature only surface
statesontheplateausborderingthe step edge, rather thanwell-localized
gapless states along the step edges themselves. Below and in the Sup-
plementary Information, we explain how the step-edge states measured
ina-Asinstead result fromhybridization between the gapless first-order
surface states and the gapped higher-order hinge state precursors.
They, therefore, represent animmediate experimental indicator for
hybrid topology. Notably, this contrasts with bismuth, for which our
ab initio calculations (Supplementary Information section IV) reveal
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spectrataken atthestep edge and far away from the step edge, respectively.
Spectraat different magnetic fields are taken at the samelocationsand are
offset for clarity. Dashed horizontal lines mark the zero d//dV for different fields.
Thespectraare presented within the bias range [-30 mV,30 mV].g,h, Line
spectroscopies with high spatial and energy resolutions taken perpendicular
toamonolayer step edge (g) and along the same monolayer step edge (h). This
monolayer step edge, whose orientation matches that of the step edge shown
ina, exhibitsaclear step-edge state. The top panels depictintensity plots, with
greendotted lines marking the correspondinglocations on the topographic
images (which are shown at the top) and arrows indicating the scan directions.
Thebottom panels display corresponding one-dimensional Fourier transforms
showcasing clear dispersions. Tunnellingjunction set-up for d//dVmapsina
ande: V,,,=100mV, /= 0.5nAand V,,,s=1mV. Tunnellingjunction set-up for
thedifferential spectraindandf: V,,,.=100 mV, /., =0.5nAand V,,,4= 0.5 mV.
Tunnellingjunction set-up for the line spectroscopiesingandh: V,,,=200 mV,
l.=0.5nAand V,,,y=0.5mV.Scalebars,5nm(a,e), 0.2nS (d,f),2nm (d, inset).

agapless edge mode inmonolayer bismuth, inagreement with previous
experiments®, Conversely, for monolayer a-As, our ab initio calcula-
tions indicate the presence of a pair of gapped edge states (Supple-
mentary Information section V). The emergence of gapless edge modes
in a-As step edges occurs only upon hybridization with the surface
states existing in the bulk step-edge geometry.

The hybrid topology is further orchestrated in a triangular pit
(Fig. 3d) composed of a bilayer step edge along the a-axis direction
and two monolayer step edges along the b axis and rotated by 120° with
respecttoit. Owingto the same geometric configuration as that of the
step edge in Fig. 3a, the bilayer step edge features a pronounced
step-edge state (d//dVmaps in Fig. 3d and d//dV spectrum in Fig. 3e).
Note that the bilayer step edge in Fig. 3d has similar electronic
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Fig.3|Orientation dependence of the step-edge states. a,b, Topographic
images, height profiles, and the corresponding differential conductance maps
around two bilayer step edges:1(a) and 2 (b), as marked. The colour-coded
arrows inthe topographies and the height profiles indicate the directions from
thebottomtothetop terraces. ¢, Differential spectra, taken at the bilayer step
edgel(orange), bilayer step edge 2 (green) and away from the step edges
(violet), revealing striking differences between the two step edges. Orange and
greendotsinthetopographicimagesinaandbdenotetherespective positions
onthebilayer step edges1and 2 where the differential spectra were taken.

d, Topographicimages and the corresponding differential conductance maps
around a triangular pit composed of abilayer step edge (whose orientation
isakintothebilayer step edge 1ina) along the a axis of the crystal and two
monolayer step edges along the b axis and rotated by 120° withrespect toit.

e, Differential spectratakenat the three step edges shownind (abilayer step

properties as the monolayer step edge in Fig. 2, namely a peak at
V~-5mV and the emergence of an energy gap as a function of the
magnetic field (Fig. 3f). Correspondingly, d//dV at the step edge
becomes substantially suppressed (d//dV map for B=2 T in Fig. 3g).
Intriguingly, however, the monolayer step edges in Fig. 3d, which are
oriented along the b axis and rotated by 120° with respect toit, do not
showanenhancementind//dValongthe step edge. Infact,asisevident
in Fig. 3e, instead of a peak in the d//dV spectra, they exhibit a sup-
pressed spectral weight near the Fermienergy, pointing to the absence
of a step-edge state along these two step edges. Analogous to the
absence of step-edge states along certain bilayer (monolayer) orienta-
tions, which are clear in Fig. 3b (Extended Data Fig. 6), this finding

edgeinorangeand two monolayer step edgesin green and purple) and away
fromthestep edges (violet). Orange, green and purple dotsin the topographic
imageinddenote therespective positions on the bilayer and the two monolayer
step edges where the differential spectrawere taken.f, Differential spectra for
B=0Tand2T.0rangeand violet curves denote the spectrataken at the bilayer
stepedgeindand far away fromthe step edge, respectively. Spectraat the two
magnetic fields are taken at the same locations and are offset for clarity. Dashed
horizontal lines mark the zero d//dV for different fields. The spectraare plotted
overabiasrange[-30 mV,30 mV].g, d//dVmap at V=-5mV takenonthesame
regionasind (topographyindbottomimage) for B=2T. Tunnellingjunction
set-up for the differential spectra: V,,,=100 mV, /., = 0.5nAand V,,,4= 0.5 mV.
Tunnellingjunction set-up for d//dVmaps: V., =100 mV, /,,,= 0.5nAand

Vimoa =1mV.Scalebars,10 nm(a,b,d,g), 0.2 nS (f).

suggests that one should observe step-edge states at the monolayer
step edges along the b axis (and axes rotated by 120° with respect to
it) whenthe sample extendsin the opposite direction compared to the
monolayer step edges in Fig. 3d. Our experimental results in Extended
DataFig. 8 confirm this.

Theoretical calculations

To understand the unusual geometric properties of the step-edge
states discussed in the above two paragraphs, we undertook system-
atictheoretical calculations, which are detailed in the Supplementary
Information. We relate the presence of step-edge modes in a-As (Fig. 4a)
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bandinversion that would imply higher-order topology. As derived in the
Supplementary Information, the gapless state at k, = O isnot localized well
atthestepedge.c, Schematicband structure of anon-hybrid higher-order
topologicalinsulator cutinto the step-edge geometry shownina. The valence
bandswere obtained fromatrivial insulator by adouble band inversion at
thel point of the Brillouin zone. Unlike a-As, there is no additional single band
inversion that would imply first-order topology. There are no gapless modes, but
weexpectthatthereare gapped higher-order hinge states that are well localized
alongeitherthe AorBstep edge.d, Superimposed spectrafrombandc.

toits bulk topology. First-principles calculations predict that a-Asis a
first-order topological insulator with Dirac-cone surface states', but
also that it should host higher-order hinge states'®, We have already
discussed the experimental evidence for first-order topology. Interms
of the experimental signature of higher-order topology, we observed
apronounced gapless state localized at a six-atomic-layer-thick step
edge of a specific orientation, whereas no such state is present in the
other orientation (Extended Data Fig. 9e,f,i). In this case, the step-edge
height is sufficiently thick to permit well-separated hinge states
betweenthe top and bottom hinges. Therefore, the observation of such
geometry-dependent hinge states on athick step edge canbe regarded
as evidence for the presence of non-trivial second-order topology.
Note that we cannot exclude the possibility of hybridization between
the edge and surface states, even for higher step edges, if it does not
lead to the gapping-out of the step-edge states. However, we empha-
size that this does not impact our conclusion, which is the presence
of higher-order topology, from the gapless hinge states observed on
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e, Thebulkelectronicstructure of a-As is acombination of the situations shown
inbandc.Inthe step-edge geometry, thisleads to hybridization between the
gaplesssurface statesaround k; = 0 and the gapped, localized, step-edge,
higher-order, hinge states at finite k;, giving rise to gapless and localized
step-edge states with an enhanced density of states close to the Fermilevel.
f-m, Step-edge statesinatight-binding system modelling the band topology of
o-As. f,Monolayer step-edge geometry with k;as a conserved crystalmomentum.
Therearetwo step edges, oneoftype Aand one of type B, on each of the top and
bottom surfaces. Thisis the minimal configuration of step edges that preserves
inversion symmetry as well as periodicboundary conditions along the a,
direction. g, Monolayer step-edge dispersion with k; using the lattice showninf.
Thespectrumintherangek, € [, 2n] isrelated by time-reversal symmetry.
Thereisagapless helicalmode with crossing at k; = 0 (compare witha). h, Local
density of states (LDOS) for the Astep edge. i, LDOS for the Bstep edge. j, Bilayer
step-edge geometry.k, Bilayer step-edge dispersion.l,LDOS for the A step edge.
m, LDOS for the Bstep edge.

high step edges. Furthermore, we showin detail in the Supplementary
Information that the presence of gapless states on thinstep edges, such
as the monolayer and bilayer step edges discussed above, is another
unambiguousindicator of higher-order topology. Thisisbecause such
states would notbe presentinanon-hybrid first-order topological insu-
lator. To confirm this, we first derive the presence of gapless (helical)
step-edge states on general grounds and then corroborate our analysis
by an explicit tight-binding model. Although the existence of gapless
statesinthestep-edge geometry relies only ona-Asbeinga (first-order)
topologicalinsulator (asillustrated in Fig. 4b), their hybridization with
thehigher-order hinge states (detailedin Fig.4c-e), whichare finite-size
gapped along monolayer and bilayer step edges, localizesthemto the
step edges and substantially increases their spectral weight around the
Fermilevel (see Supplementary Fig.1and Supplementary Information
section IC for details). The resulting electronic structure of the step
edge in a-As (Fig. 4e), therefore, hosts a helical pair of gapless states,
which are protected to remain gapless by the non-trivial first-order



topologyinthe presence of time-reversal symmetry butlocalized along
the step edge by the concurrent non-trivial second-order topology. For
thetight-binding model, which has the same topological invariants as
a-As, we chose idealized monolayer (Fig. 4f) and bilayer (Fig. 4j) geom-
etries that preserve the crystalline inversion symmetry. The result-
ing band structure features gapless step-edge states along both the
monolayer and bilayer step edges, as shown in Fig. 4g k, respectively.
Consistent with the situation in a-As, the states that are closest to the
Fermi level prefer one step-edge orientation over another, and the
preferred orientation is swapped when going from the monolayer
(see Fig. 4h,i for orientation-resolved density of states) to the bilayer
(see Fig. 41, m for the orientation-resolved density of states). Such an
even/odd effectinthe preferred orientation of the step-edge state per-
sistsinthree-and four-layer step edges (Extended DataFig. 9a-d,g,h),
which also display geometry-dependent step-edge states.

Conclusion

The combination of theoretical and experimental results presented
here clearlyindicates that the observed step-edge statesin a-As, unlike
surface or hinge states, are not expected for either first or higher-order
topologicalinsulators separately but only for hybrid materialsinwhich
both kinds of band topology are present. Our resultsreveal the presence
oftopological step-edge modes along specific geometrical configura-
tions that are compatible with its crystalline symmetries, thus offer-
ing anew pathway for engineering topological step-edge conduction
along selective crystallographic orientations and advanced quantum
techniques. The topological order observedin a-As suggests that it can
be used as a platform for exploring quantum information science in
future devices. Furthermore, the identification of elemental solids as
material platforms, such as antimony hosting a strong band inversion
topology® or bismuth hosting a higher-order topology*, has led to
the substantial development of novel materials that have immensely
benefited the field of topological materials. We envision that arsenic,
withits unique topology, may serve as anew platform at a similar level
for developing novel topological materials and quantum devices that
are not at present accessible through bismuth- or antimony-based
platforms.
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Methods

«-As single-crystal growth

Single crystals of a-As were grown by the chemical vapour transport
method. First, the As (PPM pure metals, 99.999995%) was filled into
an evacuated quartz ampoule and subsequently heated up to 1,073 K
for 48 h. The polycrystalline As pellets were ground and placed
into the quartz ampoule along with iodine shots (2 mg cm™) as the
transport agent. The quartz ampoule was then evacuated and sealed
under vacuum. The quartz ampoule was kept under a temperature
zone with a gradient ranging from 1,073 K (growth zone) and 1,173 K
(source zone) for 5 days, and subsequently cooled down to room
temperature at a rate of 50 K h™%, Large two-dimensional high-quality
o-As crystals of dimensions up to 8 mm were obtained at the low-
temperature zone.

Scanning tunnelling microscopy

Single crystals were cleaved mechanically in situ at 7=77 K under
ultra-high vacuum conditions (less than 5 x 10" °mbar) and thenimme-
diately inserted into the microscope head, which was already at the
*He base temperature (4.2 K). More than 20 single crystals were cleaved
for this study. For each cleaved crystal, we explored surface areas over
10 pm x 10 pum to search for atomically flat surfaces. Topographic
images in this work were taken in the constant current mode. Tunnel-
ling conductance spectra were obtained with acommercial Ir/Pt tip
(annealed inanultra-high vacuum and then characterized with arefer-
ence sample) using standard lock-inamplifier techniques with alock-in
frequency of 977 Hz and tunnellingjunction set-ups asindicated in the
corresponding figure captions. The magnetic field was applied through
azero-field cooling method. Toacquire the field-dependent tunnelling
conductance map, we first withdrew the tip away from the sample and
thenslowly ramped the field up to the desired value. Then we returned
thetip tothesample, found the same atomic areaand performed spec-
troscopic mapping at this magnetic field.

ARPES measurements

The ARPES measurements shown in Extended Data Figs. 1d-g and 2d
were performed at the beamline BL21_ID of National Synchrotron Light
Sourcell. The samples were cleaved and measured at T=10 K. For the
Fermi surface measurements, the energy and angle resolution were
below 20 meV and 0.2°, respectively. For the energy-momentum cuts,
the energy and momentum resolutions were below 8 meV and 0.2°,
respectively.

The ARPES datashowninFig.1fand Extended DataFig. 1h,iwere taken
atbeamline BL-13U of the National Synchrotron Radiation Laboratory,
Hefei, whichis equipped with a Scienta Omicron DA30L electron ana-
lyser. The incident light (hv = 22 eV) was horizontally polarized. The
energy and angular resolutions were below 20 meV and 0.3°, respec-
tively. The samples were cleaved in situ at around 7T=12 K under a
vacuum better than 6 x 10™ mbar.

First-principles calculations

Electronic structure calculations were performed with density func-
tional theory using the Vienna Ab initio Simulation Package (VASP)*¢*",
The general gradient approximation functional was used to treat the
exchange-correlation effect*®. A plane-wave cutoff of 500 eV was used
in all calculations. The relativistic effect of spin-orbit coupling was
included self-consistently in the calculations. The structural parameters
were taken from experimental data. An energy tolerance of 108 eV was
used. We performed the calculations using 18 x 18 x 14 k points centred
atthel pointwith 4,536 k pointsintheBrillouin zone. We extracted the
real-space, tight-binding, Hamiltonian with an atom-centred Wannier
function with (s, p and d)-As orbital projection using the wannier90
code®. We constructed our model using a real-space, tight-binding,
Hamiltonian to study the topological properties using the Wannier

tools package®. The Fermi surface was calculated on an interpolated
mesh 0f 180 x 180 x 140 using the wannier90 code and visualized with
Xcrysden (refs. 51,52).

Energy-momentum diagrams

Here we discuss the bulk and surface band structure of a-As in light of
our first-principles calculations and photoemission spectroscopy data.
Thebulk and the (111) surface Brillouin zones are displayed in Extended
DataFig.1a. Extended Data Fig. 1b captures the bulk bands and shows
asemimetal feature at the Fermienergy. Thatis, both the bulk valence
and bulk conduction bands cross the Fermi energy, whereas thereisa
gap between the two throughout the Brillouin zone.

Next, we turn to the electronic band structure projected onto the
(111) surface (ab plane). As shown in Extended Data Fig. 1c, the As (111)
surface features a pair of parabolic bands, which split along thel > M
direction but it stays degenerate at the point . Note that these two
parabolic bands form two concentric Fermi surfaces enclosing the
pointT (Extended Data Fig. 2c). Consistent with previous work on a-As
(ref.14), these two parabolic bands signal the Rashba-split surface state.
Upon inspecting the spin textures of the corresponding bands
(Extended Data Fig. 1c, right panel), we found that the two bands are
spin polarized and of opposite spins, lending further credence to the
Rashba-like nature of these surface bands.

Having discussed the bulk and surface bands of a-As from the lens
of first-principles calculations, we now proceed to experimentally
probethese bands. Extended Data Fig. 1d-f shows the ARPES bulk band
structure measured with synchrotronradiation. Although the energy-
momentum cuts (cuts 1-3 as marked in the bulk Brillouin zone) do not
completely cover the complete Brillouinzones, they still bring out the
salient features of the electronic structure of a-As near its Fermi energy.
Extended DataFig. 1d-falso contains the calculated energy-momentum
diagrams along the cuts 1-3 to facilitate a comparison between first-
principles calculations and photoemission experiments. Note that
our synchrotron photoemission spectroscopy captures only the occu-
pied side of the band structure. As displayed in Extended Data Fig. 1d,
consistent with the first-principles results, we observe a valence band
with the band maximum (near the point T) below the Fermi energy.
On the other hand, the energy-momentum cut encompassing the
point I' (Extended Data Fig. 1e) features no band, matching the
first-principles calculations as well. Lastly, examining the energy-
momentum cut along L (Extended DataFig. 1f), we found that both the
valence (magentabandsinthe correspondingfirst-principles results)
and conduction bands (cyanbands in the corresponding first-principles
results) cross the Fermi energy. Furthermore, the spectral intensity
stemming from the conduction band crossing the Fermienergy (cyan
bands in the corresponding first-principles results) indicates a band
minimum at the L point. All these properties of the band structure
visualized in the photoemission energy-momentum cuts are in excel-
lent agreement with the first-principles calculations.

Upon furtherinspection of the photoemission results presentedin
Extended Data Fig. 1d-f, we found that parabolic-shaped band intensi-
ties are present and centred at k=0 in all three energy-momentum
cuts. Extended Data Fig. 1g, which depicts the photon energy depend-
ence, further highlights the ubiquity of this band intensity throughout
k, (see the spectral intensities near k, ~+0.05 A, which are present in
the entire range of photon energies used in our experiments). This
finding s consistent with the presence of the Rashba-like surface state™.

To carefully probe the surface state in our photoemission spectros-
copy experiments, we used a lower photon energy (22 eV) and focused
onasmaller energy range. Along T > M, we observed sharp, parabolic
bands whose bottoms lie at £=-215+20 meV and close to k=0
(Extended Data Fig. 1h; also shown in Fig. 1f). Extended Data Fig. 1i
presents the dispersion of the surface state extracted from our exper-
imental dataalong with parabolicfits. Like the experimental bulk bands,
the surface bands exhibit consistency with the first-principles results



presented in Extended Data Fig. 1c (also depicted in Fig. 1g). We found
that the separation between the Rashba-split surface bands is very
small (Ak=0.006+0.0025 A™). This value of Rashba splitting is in excel-
lent agreement with our first-principles results (see Supplementary
Table1for a quantitative comparison) as well as with previous photo-
emissionwork'®, which used a high-resolution 6 eV laser as alight source
and reported a similar value of Ak = 0.0054 A™,

In summary, our comprehensive and high-quality photoemission
spectroscopy measurements of the bulk states of a-As demonstrate that
thefirst-principles calculation accurately captures the bulk states and
validates our first-principles based tight-binding modelling approach.
Importantly, we also confirmed the nature of the surface state of the
Rashba state by examining the photon energy dependence of our
measurements. Furthermore, our analysis of the surface-state spec-
trum, whichis also reproduced well by first-principles calculations,
and the demonstration of the small but well-resolved Rashba split-
ting in photoemission experiments using synchrotron radiation not
only confirmed the previous laser-based photoemission spectroscopy
results but also provide areference point for interpreting the Landau
fandiagram and quasiparticleinterference obtained from STM meas-
urements of the same sample.

Fermi surface mapping

Here, we discuss our findings from the Fermi surface mapping based on
first-principles calculations (Extended Data Fig. 2a-c) and photoemis-
sion spectroscopy (Extended Data Fig. 2d). Asillustrated in Extended
Data Fig. 2a,b, the bulk Fermi surface in a-As contains a hole-like (a)
and an electron-like () pocket, both of which are threefold symmet-
ric. Inclusion of the Rashba-like surface states adds two concentric
ring-shaped Fermi pockets centred at k= 0. Extended Data Fig. 2¢c
shows the resulting Fermi surface projected on the a-As (111) surface.
Extended DataFig.2d depicts the Fermi surface sheets obtained from
photoemission spectroscopy of the cleaved As (111) surface. The shape
of the experimentally obtained Fermi surfaces broadly matches our
first-principles results. Furthermore, photoemission spectroscopy
measurements confirmed the presence of the three Fermi pockets.
Thering-shaped pocket centred around k = 0 (Extended Data Fig. 2d)
is associated with the Fermi pockets stemming from the Rashba-like
surface states.

Extended STM data
Quasiparticle interference experiment. Our systematic spectro-
scopicimaging ofthe As ab planeis presented in Extended DataFig. 3.
We collected differential conductance maps at different bias voltages
over alarge area. Thanks to the scattering of quasiparticles on the sur-
face, the maps show real-space patterns, which vary as a function of
bias (Extended DataFig.3a). We obtained the quasiparticle interference
databy taking the Fourier transform of the d//dVmaps. AtV >—-250 mV,
there was aring-shaped signal centred at g = 0. The radius of the ring-
shaped patternincreased as the bias was raised from -250 mV, and the
pattern was clearly visible up to V=150 V. At V=100 mV, a sixfold-
symmetric star-shaped patternwas seeninside thering-shaped pattern,
which evolved at higher biases, and eventually, at V=200 mV, only a
sixfold-symmetric line-crossing pattern was visualized. These scatter-
ing patterns exhibit a qualitative agreement with our calculated
quasiparticle interference results that were obtained using the joint
density of states method and presented in Extended Data Fig. 3b.
Using the quasiparticle interference data as a function of bias,
we obtained the quasiparticle scattering spectrum illustrated in
Extended Data Fig. 3c. The spectrum contains several quasiparticle
interference branches, the most prominent of which disperses in the
form of a parabola, akin to the Rashba-like surface state visualized
in the photoemission spectroscopy and first-principles calculations
(Fig. 1f,g). Furthermore, the energy location of the scattering branch
bottom matches the energy of the surface band bottom (Fig. 1f,g).

Therefore, it is fair to say that the parabolic scattering branch in
Extended Data Fig. 3b stems from the Rashba-like surface state. Note
that the Rashba-split band bottoms are separated only in the momen-
tum direction (see the first-principles results in Fig. 1g), which is why
our quasiparticle spectrum, which is not sensitive to momentum,
cannot resolve it. The observed quasiparticle scattering spectrum
qualitatively matches the quasiparticle spectrum computed using
the joint density of states method, which is presented in Extended
DataFig.3d. Additionally, we provide a quantitative comparison of the
quasiparticleinterference spectrum with the band structure obtained
from photoemission spectroscopy and first-principles calculationsin
Supplementary Table1.

Mapping the Landau fan diagram. Here, we discuss the measurements
of the tunnelling spectrum under an applied magnetic field and the
mapping out of the Landau fan. Note that mapping the Landau fan
through tunnelling experiments is non-trivial, and there have only
been a few successful examples in the world of quantum materials,
including ultra-clean materials such as graphene®, bismuth (ref. 36),
Bi,Se; (ref. 37), PbSnSe (ref. 38) and TbMn,Sn (ref. 33). Here, in a-As, as
illustratedin Fig. 1d, the zero-field spectrumis spatially homogeneous.
Extended DataFig. 4ais anintensity plot of the tunnelling differential
conductance over alarge region when the a-As sample was subjected
toan 8 Tmagnetic field along the caxis. Comparedto the B= 0 data, the
tunnelling spectraat 8 T show dramatic changes with the emergence of
aseries of intensity peaks indicative of a series of states that are widely
distributed inenergy (Extended DataFig.4b). The appearance of such
states signals Landau quantization. The Fourier transformplot revealed
that the spectrum contains two nearby frequencies (Extended Data
Fig. 4c), hinting at the presence of two sets of Landau fans.

To better understand the Landau quantization, we map its fan dia-
gram in Fig. 1h by slowly ramping up the magnetic field. Mapping the
Landau fanis particularly useful in extracting precise band structure
information. We highlight several key features in the Landau fan dia-
gram of a-As below.

Focusing onthe Landau fans in the magnetic field range 3to 8 T, we
found that the Landau fans exhibit a reasonably linear dispersion as a
function of the magnetic field. (Note that at low magnetic fields, the
Landaufansare not clearly visible, possibly because of thermal broad-
ening. Therefore, for our analysis, we used the dataabove 3 T). This is
consistent with the Landau fans being formed within parabolic bands.

Further examinationrevealed that the Landau fan diagram features
two sets of electron-type Landau fans. To understand this, we analyti-
callyinvestigated the Landau quantization stemming from the Rashba
surfacestates of a-As, which canbe described in a nearly-free-electron
band dispersion’®,

1 8,
H=E(P§+P§)Uo+?nﬂBBUzJ“a(OxPy_OyPX)’ W

where g, is the identity matrix and B denotes the homogeneous mag-
neticfield perpendiculartothe plane of motion, which can be expressed
as

B=(0,0,8),  A(Y)=>(-y. %)

Inthe presence of amagnetic field, the set of momentum operatorsis

P=-inV +eA. (3)

Here we can define creation and annihilation operators:

1 . 1 .
a'= W(Pxﬂpy), a= m(PX—IPy). (4)
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Then the momentum operators can be expressed in terms of the
creation and annihilation operators:

P.=. / hes (a'+a), P= / hes (a-a"i. ®)

Therefore, we can rewrite equation (1) as

1 g 2eB 0 ia
H=ho, [a a+ Zj 5 'ugBo,+ A a(—ia* Oj' (6)

The first term represents the Landau levels for a two-dimensional
electrongas, the second term denotes the Zeeman energy and the third
term is the Rashba spin-coupling term. Next, we define a basis that
contains only the two spin states {|N, 1), [N +1, V)}. The Hamiltonian
in this basisis

H=hw (N+1)oy,— \}%a N+1o

Finally, we can get all the eigenvalues of the Rashba states in a
perpendicular magnetic field:

4 1
+ (EHVBB - Ehwcjoz. (7)

11 1 1
ENi=fzw(N+2 2) /(hw guBB)2+8a [N+§ 5] (8)

Here w,.=eB/m*, m*is the effective mass, a is the strength of Rashba
effect, g, is the effective g factor, y1; is the Bohr magneton, N denotes
the Landaulevels and + (-) represents the spin up (down) state. Impor-
tantly, the terms ‘spin up’ and ‘spin down’ used in this context are idio-
maticand simply refer to two sets of electronic structures with opposite
spindirections, without denoting specific directions. This phenomenon
of Rashba-like electronic states generating two sets of Landau fans
under a perpendicular magnetic field has been observed in various
two-dimensional systems, including magic-angle bilayer graphene®
and few-layer black arsenic®*. The underlying physical mechanism of
this phenomenon is that the Zeeman term induced by the magnetic
field opensan energy gap at the crossing point of the Rashba electronic
states (second terminequation (8)). This leads to the Rashba electronic
states splitting into two independent electronic states™.

Existing photoemission results for a-As suggest that the Rashba
states should exhibit nearly-free electron behaviour’. Therefore, the
effective g factor can be set as g, =1.00, which is corroborated in
ref. 56. (Note that the gfactor associated with the Rashba surface state
isdifferent from the gfactor that we obtained from the field-dependent
edge spectrain Fig. 2). Next, we fitted the effective mass (m*) and
Rashbaeffect (a) to calculate the Landau fan. By fitting m*and a based
on the experimentally obtained Landau fan diagram we obtained:

Effective mass m* ~ 0.11m,.

Rashbastrengtha ~ 0.6 eV A.

Our photoemission results suggest that 5k ~ 0.006 A™. Therefore, a
Rashbastrengtha = 26E/5k = 0.6 eV Aleads to 6E =~ 1.8 meV. Thisis rea-
sonable based on our photoemissionresults for the surface states. Based
on the above fitted parameters, we obtained two sets of Landau fans,
markedinred (up spin) and blue (downspin) in Fig.1h, whose origin can
be traced to approximately —22 meV. (Note that the linear fits of the
Landau bands do not intersect the horizontal axis at the same point
because of the Rashbaspinsplitting). Importantly, this energy position
matches the band bottom of the Rashba-like surface state obtained from
aseries of techniques, namely photoemission spectroscopy (Fig. If),
quasiparticle interference (Extended Data Fig. 3b) and first-principles
calculations (Fig. 1g). This observation leads us to conclude that the
Landau fansin a-As arise from the Rashba-like surface state.

The Landau fan diagram also provides information about the
Fermi surface. Taking aline cut at the Fermi energy, we obtained the

field-dependent tunnelling differential conductance data depictedin
Extended DataFig.4d. The data exhibit1/Bperiodic oscillations, result-
ing from Landau quantization of the two-dimensional electronic bands.
Replotting the data as a function of 1/B and then taking the Fourier
transform renders two sharp peaks, at 175 and 187 T, as shown in the
Extended DataFig. 4e. These two peaks denote the Fermisurfacearea
(in the units of cyclotron frequency) of the two electron-like Fermi
pockets stemming from the Rashba-split surface state. Extended Data
Fig.4fschematically depicts the Rashba Fermisurface containing two
concentric ring-shaped pockets. Here in a-As, the areas of the two
ring-shaped Fermi pockets are 175 T (inner ring-shaped pocket) and
187 T (outer ring-shaped pocket) in the units of cyclotron frequency.
Note that the two frequencies (in the area of both Fermi pockets) are
fairly similar. Consequently, the possible crossings between the two
sets of Landau fans are not pronounced in the fan diagram shown in
Fig.1h.

Note that, although we observed well-developed Landau levels in
«-As (Fig.1h), itisasemimetal with asubstantially higher carrier density
compared to typical semiconductor quantumwells®. Consequently, the
magnetic fields employed in our experiments do not suffice to trigger
strong quantum Hall edge states, for example, the integer quantum
Hallstate at Landau-levelfilling factor 1, at the step edge. The magnetic
field essentially opened a gap at the Kramers degeneracy point of the
step-edge state. The position of the energy gap in Fig. 2f suggests that
the Kramers degeneracy pointis at around -5 mV, slightly below the
Fermi energy. From our field-dependent data, we estimated that the
gap opening rate was approximately meV/T, suggesting a large c-axis
Landé gfactor of approximately 35 for the edge. Note that the large g
factor, which may arise from the orbital contributions*, has also been
reported in other topological materials®**>*,

Quasiparticle interference along a bilayer step edge

Inthis section, we present the quasiparticle interference spectrum of
abilayer step-edge state. Extended Data Fig. 5a depicts energy- and
spatially resolved d//dVspectroscopy along abilayer step edge with the
same orientation as the step edges displayedin Fig. 3a,d. We observed
apronounced ripple-like quantum interference pattern, which, upon
one-dimensional Fourier transformation with respect to spatial loca-
tion, yielded the quasiparticle spectrum along the bilayer step edge.
Theresulting quasiparticle spectrumis shown in Extended DataFig. 5b,
which visualizes a scattering branch akin to the one shown in Fig. 2h
for the monolayer step edge. As with the monolayer step-edge state,
this scattering branch was distinct from the one that stems from the
surface state, as it occupied a different energy-momentum space.

Orientation dependence of the monolayer step edge

In the main text, we discussed the orientation dependence of the
step-edge states using two bilayer step edges (Fig. 3a,b), with both
lying along the a axis of the crystal but oriented in opposite directions.
These orientations differed not by the crystalline axis but by whether
thesample heightincreased or decreased as we crossed the step edge
alongafixed perpendicular direction. The datareveal that the step-edge
state preferred one orientation over the other. That is, one step edge
harboured astep-edge state (Fig. 3a) whereas the other did not (Fig. 3b).
Inthis section, we show similar data but for two monolayer step edges.
Extended Data Fig. 6a,b shows two monolayer step edges of opposite
orientations along the a-axis direction, as identified by the topographic
images. The monolayer step edge in Extended Data Fig. 6adid not carry
astep-edge state (see the d//dVmaps in Extended Data Fig. 6a). Rather,
it exhibited a suppressed spectral weight near the Fermi energy, as
seen in the spectroscopic data in Extended Data Fig. 6¢. In stark con-
trast, a pronounced step-edge stateis seenin the monolayer step edge
in Extended Data Fig. 6b. The step-edge state was manifested by a
d//dVpeak atV~-5mV (see the d//dV maps in Extended Data Fig. 6b
and spectroscopy in Extended Data Fig. 6¢).



Analogousto thesituation where the step-edge states are seen only
along certainbilayer orientations, here the orientation dependence is
alsorooted in the fact that the two monolayer step-edge geometries
in Extended Data Fig. 6a,b are not related to each other by any crys-
talline symmetry. In Extended Data Fig. 6a, the sample extends to
the left of the step edge, whereas in Extended Data Fig. 6b, it extends
to the right. Correspondingly, although the step edges are aligned
along the same crystal axis, they did not exhibit the same electronic
structure. Furthermore, we make the following two remarks connect-
ing the data in Extended Data Fig. 6 to our observations regarding
Figs. 2 and 3. First, the monolayer step edges in Fig. 2a and Extended
Data Fig. 6b have the same crystal axis and orientation (the sample
extends to the right of the step edge). Consequently, they have a
similar electronic structure that hosted a step-edge state. Second, by
comparing the orientation dependence of the two bilayer step edges
in Fig. 3a,b with the two monolayer step edges shown in Extended
Data Fig. 6a,b, we found that the orientation hosting gapless states
was swapped when going from the bilayer to the monolayer. Specifi-
cally, for bilayer step edges, the step edge where the sample extends
to the left of the step edge harboured a step-edge state (Fig. 3a). Con-
versely, the monolayer step edge where the sample extends to the
right of the step edge had a step-edge state (Extended Data Fig. 6b).
As discussed in the main text (and later in Methods), such an even/
odd effect appears independently of the orientation dependence of
the step-edge states and is related to the atomic structure of the step
edges, whichis determined by the crystal structure of a-As and not by
its bulk topology.

Extended theoretical discussion on the step-edge states

See the Supplementary Information for a detailed theoretical discus-
sion of the step-edge states in a-As as well as a derivation of and Ham-
iltonian matrix for the tight-binding model used in our theoretical
calculations.

Here we elaborate on the schematic mechanismlinking the step-edge
states and hybrid topology that was summarized in Fig. 4b-e. Extended
Data Fig. 7 is the analogue of Fig. 4f-m for a tight-binding model of a
higher-order topologicalinsulator that liesin the same symmetry class
as a-As but which, unlike a-As, does not have non-trivial first-order
topology. The resulting step-edge spectra, which are schematically
depicted in Fig. 4c, were fully gapped but did contain well-localized
hinge-mode precursors that contributed asubstantial density of states
justaway from the Fermilevel. Onthe other hand, the step-edge spectra
of afirst-order topological insulator (schematically depicted in Fig. 4b)
generically featured a helical gapless mode, but this mode—unlike the
step-edgemodeintheregime modelling a-As thatis showninFig.4f-m—
isnotexpected tobe well localized or to contribute a substantial density
of states around the Fermi level.

Considering the above discussion, we conclude that the hybrid topol-
ogy of a-As (asimultaneous first-and higher-order topological insula-
tor) is indispensable for the existence of gapless step-edge-localized
states near the Fermilevel, as schematically depicted in Fig. 4e.

Step-edge states at the monolayer step edges along b and b
rotated by 120° axes

InFig.3d, we show that two monolayer step edges along the b axis and
those rotated by 120° with respect to it did not exhibit a step-edge
state. Here, in another set of monolayer step edges along the b axis
androtated by 120° with respect toit but oriented exactly opposite to
the monolayer step edges in Fig. 3d, we found pronounced step-edge
states. Extended Data Fig. 8 spectroscopically visualizes this scenario.
As demonstrated in Extended Data Fig. 8c, differential conductance
maps taken near the Fermi energy (with the corresponding topographic
image shownin Extended DataFig. 8a) revealed an enhanced spectral
weight along the step edges. This observation further highlights the
orientation dependence of the step-edge states in a-As.

Step-edge states at three-, four- and six-layer step edges

In this section, we further investigate the orientation dependence of
step-edge states by examining three- and four-layer-thick atomic step
edges, and we present spectroscopic data for six-layer-thick step edges
asanindication of the higher-order topological insulator phasein a-As.

We commence by presenting a spectroscopic study of two trilayer
step edges (Extended Data Fig. 9a,b) that lie along the a axis of the
crystalbut facein opposite orientations. Our d//dVspectroscopic data
and mapsrevealed that the step edge where the sample extends to the
right of the step edge harboured a step-edge state (Extended Data
Fig. 9b). In contrast, the step edge where the sample extends to the
left of the step edge had no such state (Extended Data Fig. 9a). This
orientationdependenceisidentical to that of the monolayer step edge
(Extended DataFig. 6). Next, we identified two oppositely oriented
four-layer-thick step edges along the a-axis direction (Extended Data
Fig. 9¢,d). Spectroscopic measurements suggest that the four-layer
step edges also exhibited an orientation dependence of the step-edge
state. Namely, the step edge where the sample extends to the left of the
step edge hosted a step-edge state (Extended Data Fig. 9c) whereas
the step edge where the sample extends to the right of the step edge
featured no step-edge state (Extended Data Fig. 9d). This character-
istic of the four-layer step edge is identical to that of the bilayer step
edge but opposite to the monolayer (and trilayer) step edges. Thus,
the orientation dependence of the step-edge state and the even/odd
effect inits preferred orientation are also evident for the three- and
four-layer step edges.

We also simulated the three- and four-layer step-edge geometries
using our tight-binding model. We again took into account the asym-
metry between different step edges and layer heights thatisinduced by
the buckled structure of Asmonolayers (see Supplementary Informa-
tion for details). We found gapless helical step-edge states along both
the three- and four-layer step edges, with an orientation dependence
that mirrored that of one- and two-layer step edges, respectively.

Lastly, we examined two six-layer-thick step edges along the a-axis
direction (Extended DataFig. 9e,f) that are oriented in opposite direc-
tions. Consistent with all the examined layer thicknesses, we found
that the step-edge state preferred one orientation over the other. The
step edge where the sample extends to the left of the step edge hosted
astep-edge state (Extended DataFig. 9e), whereas the step edge where
the sample extends to the right of the step edge had no step-edge state
(Extended Data Fig. 9f). Notably, the thickness of the six-layer step
edge was probably sufficient to allow for well-separated and gapless
hinge states between the top and bottom hinges. Because STM is sensi-
tive only to the top hinge, a hinge state that propagates by alternating
betweenthetop and bottom hinges would manifest as astep-edge state
inone orientation (where the hinge state is located on the top hinge),
whereas the absence of a step-edge state would be observed in the
opposite orientation (where the hinge state is located on the bottom
hinge). Therefore, our observation of such orientation-dependent
step-edge states on a thick step edge is evidence for the existence of
hinge states within the higher-order topological insulator phase.

Edge geometry of a-As

In this section, we will discuss the asymmetry in the atomic structure
of a-As step edges along a certain crystallographic axis and its rela-
tion to the even/odd effect observed in the step-edge states. As seen
from the side view of the crystal structure depicted in Extended Data
Fig.10a, the two monolayer step edges along the a direction exhibited
anasymmetry, with one orientation featuring asharper step edge. This
atomic configuration can be visualized from the top view in the atomi-
cally resolved topographic images of the corresponding monolayer
step edges shown in Extended Data Fig. 10b,c. Similarly, the bilayer
step edges of two different orientations also exhibited anasymmetry,
with one orientation featuring a sharper step edge (see Extended Data
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Fig.10d for aschematicside view of the bilayer step edge and Extended
DataFig.10e,ffor the top view visualized by STM). Notably, the orienta-
tion with a sharper step edge alternated between the monolayer and
bilayer cases. This switchingisinaccordance with the even/odd effect
observedinthe step-edge states, in which the step-edge state appears
to favour the smoother edge. This preference alternated between
opposite orientations as the layer thickness was increased from one
to two layers. Such a pattern may indicate a connection between the
preferred orientation of the step-edge state and the crystal symmetry.
Importantly, although the bulk topology of a-As dictates the presence
of step-edge states in one of the two possible step-edge orientations
along any given crystallographic axis, it does not determine which
particular orientation will host the step-edge state. Here, we found that
the crystal structure may play arole in this determination.

Additional data on the step-edge states

Here, we present additional data acquired from a different sample.
Extended DataFig.10g shows the topography and corresponding spec-
troscopic maps around a monolayer step edge (along the a axis) taken
at V=-5mV. Consistent with the step height and the orientation of the
step edge in Fig. 2, we also observed a pronounced step-edge state
signalled by enhanced differential conductance at the step edge. Fur-
thermore, in agreement with the field-dependent datain Fig. 2e,f, the
d//dVmap taken at B=2T has suppressed tunnelling conductance at
the edge, which is consistent with the nature of the step-edge state
being protected by time-reversal symmetry.

Orientation dependence of the step-edge states

Itisimportant to distinguish between the topologically enforced fea-
tures of the step-edge states and those properties that are not topologi-
calbutrather arise from the microscopic details of a-As. In particular,
along any given direction and for any number of layers terminating at
the step edge, the existence of asingle, helical, step-edge mode for one
fixed orientation (with the sample extending either to the left or right of
the step edge) is topologically enforced. However, which orientationis
preferred by the step-edge state is not dictated by topology but rather
depends on the specific properties of the material. (The same holds
for hinge modes in a higher-order topological insulator). To decide
which orientation is preferred by the step edge for a given number of
layers, thereby explaining the observed even/odd effect, we need to
take into account more detailed information about a-As beyond its
bulk topological invariants. In fact, the orientation dependence of
step-edge states and the associated even/odd effect canbe attributed to
the asymmetry in the atomic structure between the two orientations of
the step edge, whichis specific to the crystal structure of a-As (see also
‘Edge geometry of a-As’ in Methods and Supplementary Information).
Extended DataFig.10 further illustrates thisasymmetry by showing the
crystal structure and corresponding topographic images of both the
monolayer and bilayer step edges. Both the monolayer and bilayer step
edges display an asymmetry between the two orientations, with one
orientation havingasharper step edge thanthe other. Interestingly, this
preferred orientation alternates between the mono- and bilayer cases,
inaccordance with the even/odd effect observedin the step-edge states,
inwhich the step-edge state always prefers the smoother edge. In fact,
this asymmetry simply arises due to the buckling of the As monolayers,
asexplainedinthe Supplementary Information. (Note that we could not
isolate the effects of the layer number and the type of buckled atoms
fromonly our experimental data). There, we also provide further sche-
maticillustrations for three- and four-layer step edges to confirm that
this purely geometric effect, as well asits associated mode localization,
persists for thick step edges. As discussed above, a pure higher-order
phase generically has gapped hinge states on amonolayer and bilayer
step edge (see also Extended Data Fig. 7). Only in the hybrid case will
the step-edge state be agapless helical state that connects the valence
and conductance bands (Fig. 4). Although distinguishing between these

two cases based solely on the observation of step-edge states may be
difficult, our ARPES data presented in Fig. 1f, in conjunction with the
merging of the surface state into the step-edge state observed in the
quasiparticleinterference spectrainFig.2g,h, suggests that the hybrid
interpretation is more appropriate. This observation holds crucial
significance for future applications in microelectronics and spintron-
ics utilizing a-As step-edge states, as only gapless helical states enjoy
protection from backscattering by time-reversal symmetry.

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper. Additional data are available from the corresponding
authors uponreasonable request.
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Extended DataFig.1|First-principles calculations and angle-resolved
photoemissionspectroscopy determination ofthe electronicband
structures. a, First Brillouin zone and the projected surface along (111).
NotethatLis partofagroup of threeinequivalent L-points that are related

by C,rotation symmetry around the z-axis. Inthe caption of Fig. 4 and the
Supplementary Information, these arereferredtoas.,’,andL”. b, Electronic
band structure of bulk a-As calculated using density functional theory over the
wholebulk Brillouin zone, taking into consideration the presence of spin-orbit
coupling. The bands crossing the Fermienergy are highlighted in magenta
(valenceband) and cyan (conductionband). ¢, Left: Calculated surface bands
connectingthe conduction and valence bands with Rashba-like features. These
bands, depicted using bright orange curves, are projected on the (111) surface
(alsoshowninFig.1g). Right: Calculated spin texture of the Rashba-like surface
bands. d-f, Angle-resolved photoemission spectroscopy energy-momentum
cuts encompassing highsymmetry points-T (paneld), I (panele),and L
(panelf)- of the bulk Brillouin zone. The directions are marked in panel awith
dashedbluelines. The cuts are measured with alinear -horizontal polarized

light with the photon energies of 67 eV (paneld), 40 eV (panel e),and 97 eV
(panelf), respectively. Theright panelsin d-fshow the corresponding band
structures obtained viafirst-principles calculations. The bulk bands obtained
from photoemission spectroscopy qualitatively match the first-principles
results. g, Constant energy contour of the photonenergy dependence
measurement at the Fermienergy. The size of the electron pocket near /" does
notdependon the photon energy, which confirmsits surface-state nature.

h, Energy-momentum cut (left) and its second derivative (right) taken along

I - M direction of the surface Brillouin zone, obtained from photoemission
spectroscopy on the cleaved (111) surface (ab plane). The spectrawere acquired
using 22 eV, linear-horizontally polarized light. The topological surface state is
marked by the white arrow. The small Rashba splittingis visualized in the second
derivative plot (also shownin Fig. If). i, Extracted dispersion of the Rashba-split
surface states, shown using red and blue points. Red and blue curves denote
parabolicfits to the photoemission data. These photoemission spectroscopy
results are consistent with the first-principles calculations presented in panel c.
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bandsin Extended DataFig.1b, respectively. ¢, Fermisurface projected onthe additionto the three-dimensional bulk state.

(111) surface obtained using first-principles tight-binding calculations. It exhibits
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d/dV maps

Extended DataFig. 3 | Quasiparticleinterference signature of the surface
state.a, Large-scale spectroscopic maps (left) and the corresponding Fourier
transformat different tip-sample biases; the respective topography isalso
shown. Clear quasiparticleinterference patterns are seen atall the bias voltages.
b, Calculated quasiparticle interference patterns. Thejoint density of states
method, which takesintoaccountall possible scattering vectors, hasbeen
employed for the calculation. ¢, Experimental quasiparticleinterference
spectrum (energy resolution ~25meV whichis determined by the number of bias
pointsinthe tunneling spectrum at each spatial point; gresolution=0.0015A™
which comes from the dimensions of the scanned area) taken along a high-
symmetry direction, marked withanarrowin panela, right column. The spectrum

Quasiparticle interference

Experiment
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A
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demonstrates severalinterference branches. The parabolic-shaped branch,
whichisthe most prominentscatteringbranchinthe quasiparticleinterference
spectrum, originates from ~ - 230+15meV. This energy position matches the
location of the surfaceband bottomin the photoemission spectroscopy (Fig. 1f)
and thefirst-principles calculation results (Fig.1g). (A quantitative comparison
betweenthe threesets of datais provided in Supplementary Table 1). Therefore,
itismostlikely that this quasiparticle interference branch stems from the
surfacestate. Tunnelingjunctionset-up for d//dVmaps: V=200 mV, /., =1nA,
Vimoa =5 mV.d, Calculated quasiparticle interference spectrum, showing aclear
parabolic-shaped scattering branch, whichisinexcellentagreement with the
experimentalresult presentedin panelc.
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Extended DataFig.4|Landaulevel spectroscopy of a-As. a, d//dVline map
(top) and its derivative (bottom) under B=8 T applied perpendicularly to the
cleaved surface. Theintense modulationin differential conductanceis due
toLandau quantization. b, Averaged d//dVspectraatB=0T,and 8 T taken

from the same region clarifying that the d//dVmodulationis due to Landau
quantization. ¢, Derivative (to remove the slowly varying background) of

the8 Tdataandits Fourier transform (inset) showing two (close-by) peaks,
suggesting two sets of Landau fans. d, Field-dependent differential conductance
dataobtained fromaline cut of the Landau fan (shownin Fig.1h) at the Fermi
energy. e, Fourier transform of panel d data (afterreplotting the dataasa
function of%). Fourier transform magnitude asafunction of cyclotron frequency
reveals two well-developed peaks at175 Tand 187 T. The two peaks correspond

tothe Fermisurfaceareas (in units of cyclotron frequency) of the two Fermi
pockets stemming from the Rashba-split surface state. f, Schematicillustration
ofthe Fermisurface stemming from the Rashbabands (see Extended Data
Fig.1cfor numerically computed bands). Left: Schematic energy-momentum
plotof the parabolic Rashbabands. A cutat the Fermienergy yields two
concentric, ring-shaped Fermi pockets. Right: Schematic Fermi surface plot
containing the two concentricring-shaped pockets (see Extended Data Fig. 2¢c
for numerically computed Fermisurfaces). The experimentally obtained175T
and 187 T peaks (panel e) represent the area of the inner and outer ring-shaped
Fermipockets, respectively. Tunneling junctionset-up: V,,,=50 mV, /.= 0.5nA,
Vinoa = 0.5 mV.
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Extended DataFig. 5|Line spectroscopy with highspatial and energy
resolutions and the corresponding Fourier transform taken along abilayer
step edge. Thisbilayer step edge, whose orientationisidentical to that of the
step edges displayedinFig.3aand d, manifests astep edge state. a, Intensity
plotrevealing pronounced quantuminterference patterns. The green dotted
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line onthe topographicimage (shown at the top) indicates the location where
thed//dVline spectroscopyis performed. The direction of the scanis marked
byanarrow.b, Corresponding one-dimensional Fourier transform, highlighting
aclearedgestate dispersion. Tunnelingjunctionset-up: V,,, =100 mV, /., = 0.5nA,
Vinod = 0.5 mV.



a  Monolayer step edge 1 b Monolayer step edge 2 c
i v i, ' 5 I T
g t &.{:ﬁb ij - R — Monolayer step edge 1
€ ] L2 K [ L - r
8 { o LAt o, 0.6r — Monolayer step edge 2
3 S A Terrace
° 0.06 F 10.5nS 0.06lF 0.5nS :
E iEOA-
: = |
o ol 0.12nS 3
0.2r
>
15 o
>O -
2
© 0.06 IF 0.08nS L
-200 -100 0 100
Bias (mV)

J

Extended DataFig. 6 | Orientation-dependence of the monolayer step
edgestates. a, b, Topographicimages, height profiles, and the corresponding
differential conductance mapsaround two monolayer step edges (1and 2 as
marked). The color-coded arrows in the topographies and the height profiles
indicate the directions from the bottom to the top terraces. Depending on this
direction, one monolayer step edge (monolayer step edge 2) exhibits astep
edge state while the other monolayer step edge (monolayer step edge 1)
doesnot. ¢, Differential spectra, taken at the monolayer step edge 1 (orange),
monolayer step edge 2 (green), and away from the step edges (violet), revealing
striking differences between the two step edges. Orange and green dotsinthe
topographicimagesin panelsaand b denote the respective positions onthe
monolayer step edges1and 2 where the differential spectraare taken. While the
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monolayer step edge 2 exhibits a pronounced step edge state, the monolayer
step edge 1features alargely suppressed differential conductance within the
soft gap. Note that the monolayer step edge 2 has the same orientation as the
monolayer step edgein Fig.2a, and thereby both exhibit the same electronic
structure. Ontheother hand, resembling the two bilayer step edges shownin
Fig.3a,b, the two monolayer step edges also show a dramatic contrast—one
step edge exhibits apronounced step edge state while the other step edge
along the same crystallographic axis, but with adifferent orientation, does not.
Here, however, the orientation favoring astep edge state is opposite to that
ofthebilayer case (Fig.3a,b). Tunneling junction set-up for the differential
spectra: V,,,=100 mV, /., = 0.5nA, V.= 0.5 mV. Tunneling junction set-up for
d//dVmaps: V=100 mV, /.= 0.5nA, V,,,q=1mV.
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Extended DataFig.7|Low-energy spectraofthe tight binding modelin
absence of first-order topology. Here we delineate the step edge dispersion
inatight-binding system that differs from a-Asin thatitonly hasadouble
bandinversionatthe/ point of the bulk Brillouin zone, and not an extra
singlebandinversionateachofthethreel,l’,L” points asis the case for a-As.
Correspondingly, the model only has nontrivial higher-order topology, but no
first-order topology. As derived in our Supplementary Information, such a
situationimplies agapped step edge dispersion, however, the gapped modes
areprecursors of hinge modeslocalized near the step edges. This situation
isschematically depicted in Fig.4c.a, Monolayer step edge geometry. We
preserve periodicboundary conditionsin the a-direction (the out-of-plane
direction, with lattice spacing a,), so thatk, is aconserved crystalmomentum.
There aretwo step edges, one of type Aand one of type B (see Supplementary
Information), on each of the top and bottom surfaces. This is the minimal
configuration of step edges that preservesinversion symmetry as well as
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periodicboundary conditions along the a,-direction. b, Monolayer step edge
dispersion with k; using the lattice shownin panela. We only show the momentum
range k€ [0, t] because the spectrumin therange k,€ [m, 2m] is related by time-
reversal symmetry. Thereis no nontrivial spectral flow (the spectrumis gapped).
¢, Local density of states (LDOS) for the Astep edge. The LDOS is large for the
low-energy bands closest to the gap, implying that they are well-localized at
thestep edge.d, Local density of states for the Bstep edge. This LDOS is small,
implyingthat there are nolow-energy states at the step edge. e, Bilayer step
edge geometry.f, Bilayer step edge dispersion. Thereis stillagap, but the
low-energy bands are slightly different from the monolayer case. g, Local
density of states for the Astep edge. The LDOS is again large for the low-energy
bands,implyingthat they are well-localized at the same step edge as for the
monolayer. h, Local density of states for the B step edge. Like the monolayer
case, there arenostep edge states close to the Fermilevel.
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Extended DataFig. 8 |Step edge states at the monolayer step edges along
the b-axisand rotated by 120° withrespect toit. a, Topographicimage of two
monolayer step edges along the b-axis and rotated by 120° with respect toit.
Theorientation of the two step edges is opposite to those of the two monolayer
stepedgesinFig.3d. Here the crystal side liesbetween the two step edges
contrarytoFig.3d, where the crystal side extends away from the pit. b, Height
profile taken perpendicular to the b-axis direction. The corresponding location
ismarked onthe topographicimagein panelawithagreenline; the direction of
thescanismarked withanarrow. ¢, Differential conductance maps at different
biasvoltages, takenin theregionshownin panela. The two monolayer step

RO S——— Y]

didv,

30 mV

dndv, .,

OF 0.12nS

0.06F 0.5nS

edges, along the b-axis and rotated by 120° with respect toit, harbor step edge
states that are manifested viaan enhanced differential conductance. This
behaviorisinstark contrast to the monolayer step edges along the same
directions, but with opposite orientations (Fig. 3d). Such an orientation
dependenceis consistent with our other data on different step edges along
different crystallographic directions and with different orientations and layer
thicknesses. Tunnelingjunction set-up for the differential spectra: V,,, =100 mV,
le;=0.5nA, V.= 0.5 mV. Tunnelingjunction set-up for d//dVmaps: V,.,=100 mV,
= 0.50A, Vyog =1mV.
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Extended DataFig. 9| Orientation-dependence of the three-, four-, and
six-layer-thick step edge states. Topographicimages, height profiles, and the
corresponding differential conductance maps at V=-5mV around two tri-layer
(aandb), four-layer (cand d), and six-layer (e and f) step edges. The color-coded
arrows inthe topographies and the height profilesindicate the directions
fromthebottomtothetopterraces. Depending on this direction and the layer
thickness, certain step edge orientations (such as tri-layer step edge 2, four-layer
step edgel, and six-layer step edge 1) exhibit step edge states, while other
orientations (like tri-layer step edge 1, four-layer step edge 2, and six-layer step
edge2) donot. g-i, Differential spectra, takenat the two tri-layer (panel g),
four-layer (panel h), and six-layer (paneli) step edges, revealing striking
differences betweenthe two step edge orientations. Consistent with the
orientation dependence of the monolayer step edgesin Extended DataFig. 6,
and opposite to that of the bilayer step edgesin Fig.3a,b, the tri-layer step edge
2 (greencurveinpanelg; d//dVmapin panelb) shows apronounced step edge

olF 0.42nS OF |0.12nS OlF |0.12n8 olF o0.12 nS OFF |0.12nS OlF 0.12nS

12 12 1 16 2 24
< al Trilayer | 8F  Trilayer gl 4-Layer sl 4-Layer | 1of 6-Layer 19 6-Layer
< 0 [ step edge g step edge 0-step edge 0 - step edge 0 step edge 0 - step edge
0 10 20 20 0 10 20 0 70 20 0 10 200 10 20
X {(nm) X (nm) X {(nm) X (nm)
£
Q.
©
>
[e]
Q.
h]
5om LIEH 5om LIE H 5nm 5nm LIE [H 5nom LI H

9 h i

L — Trilayer step edge 1 I —4-layer step edge 1 I — 6-layer step edge 1
& 0.4+ Trilayer step edge 2 0.4+ 4-layer step edge 2 0.4+ 6-layer step edge 2
= - Terrace - Terrace - Terrace
> 0.2k 0.2 0.2k
E -\___/ \/\A\/ r

Ot ; - = = - 0 ; - . ? - 0 F : - = -
-200 -100 0 100 -200 -100 0 100 -200 -100 0 100
Bias (mV) Bias (mV) Bias (mV)

state, while the tri-layer step edge1(orange curvein panel g; d//dVmapin panel a)
exhibits largely suppressed differential conductance within the soft gap of the
surface. Interestingly, this orientation dependence switches for the four-
layer step edge, where the four-layer step edge 2 (green curve in panel h; d//dV
mapinpaneld)lacks astep edge state, while the four-layer step edge 1 (orange
curveinpanel h; d//dVmap in panel c) carries astrong step edge state. This
observationis consistent with the even-odd effect observed between the step-
edge preferred orientations in mono and bilayer step edges. The six-layer step
edge displays asimilar geometry dependence as the four-layer step edge, with
thesix-layerstep edge 2 (greencurvein paneli; d//dVmapin panelf) lacking a
step edge state, while the six-layer step edge 1 (orange curvein paneli; d//dV
map in panel e) exhibits apronounced step edge state. Tunnelingjunction
set-up for the differential spectra: Vi, =100 mV, /., = 0.5nA, V;,,q=0.5mV.
Tunneling junction set-up for d//dVmaps: V,,,=100 mV, /., = 0.5nA, V,,.,q=1mV.
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Extended DataFig.10 | Atomic structure for two different geometric
orientations ofthe mono and bilayer step edges, highlighting the asymmetry
betweenthem. a, Side view (along the bc plane) of the two monolayer step
edges.band ¢, Atomically resolved topographicimages of the corresponding
monolayer step edges along the a-direction. d, Side view (along the bc plane)

of the two bilayer step edges. e and f, Atomically resolved topographicimages
(Veap =100 mV, ;=3 nA) of the corresponding bilayer step edges along the a
direction. Notably, thereis anasymmetry between the two orientationsin both
monolayer and bilayer step edges, with one orientation featuring a sharper
step edge. Interestingly, this preferred orientation alternates between the
mono and bilayer cases, inaccordance with the even-odd effect observedin the
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step edge states, where the step edge state appears to favor the smoother edge.
We note that visualizing atoms directly at the step edge poses challenges due to
theabrupt changeinheight at thatlocation and the small inter-atomic distance
(=3.7 A)ina-As. As aresult, the atom arrays at the step edge may not be as clearly
visualized in our scanning tunneling microscopy compared to those located
away fromthe step edge. g, Extended scanning tunneling microscopy data:
Topography (bottom) and the corresponding d//dVmaps (V=-5mV) acquired
atB=0Tand2T.AtB=2T,thespectral weightat the step edgeis suppressed.
Such asuppression highlights theimpact of time-reversal symmetry breaking
onthestep edge state. Tunnelingjunctionset-up: V., =100 mV, /., = 0.5 nA,
Vinoa =1 mV.
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