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Localized or propagating Majorana boundary modes are the key feature of topological supercon-
ductors. While being a rarity in natural compounds, the tailored manipulation of quantum matter
offers novel opportunities for their realization. Specifically, lattices of Shiba bound states that arise
when magnetic adatoms are placed on the surface of a conventional superconductor can be used to
create topological minibands within the superconducting gap of the substrate. Here, we exploit the
possibilities of scanning tunneling microscopy to create and probe adatom lattices with single atom
precision to create topological crystalline superconductors. Their topological character and bound-
ary modes are protected by the spatial symmetries of the adatom lattice. We combine scanning
probe spectroscopy, spin-sensitive measurements, first principle calculations, and theoretical model-
ing to to reveal signatures consistent with the realization of two types of mirror-symmetry protected
topological superconductors: (i) with full bulk gap and topological edge as well as higher-order
corner states and (ii) with symmetry-protected bulk nodal points. Our results show the immense
versatility of Shiba lattices to design the topology and sample geometry of 2D superconductors.

Rooted in its very thermodynamic identity, a super-
conductor can be destroyed through a sufficiently large
magnetic field [1]. A local version of this effect can be
observed at magnetic impurities in conventional s-wave
superconductors: Yu-Shiba-Rusinov (YSR) states [2–4]
– or Shiba states for short – are electronic modes lo-
calized at the impurity whose bound state energies lie
within the superconducting gap. Through their spatial
or energetic separation from all other excitations, they
are well-controlled building blocks that allow one to cre-
ate structures of bound states through magnetic impurity
lattices on superconducting surfaces. This way, instead
of destroying superconductivity, magnetic impurities can
be used to design new superconducting electronic struc-
tures within the gap of a conventional s-wave supercon-
ductor with sought-after unconventional properties [5–7].
Previous experimental studies have in particular focused
on one-dimensional (1D) chains [8–14], which, as envi-
sioned in Kitaev’s model [15], may host Majorana bound
states at their ends. Two-dimensional (2D) Shiba lat-
tices have been studied as potential realizations of chiral
superconductivity with unidirectionally propagating Ma-
jorana edge modes [16]. Systems explored so far include
lead monolayers covering magnetic cobalt islands [17],
iron islands of monoatomic height on an oxygen recon-
structed Re(0001) surface [18] and, more recently, van der
Waals heterostructures consisting of monolayer CrBr3 is-
lands proximitized to superconducting NbSe2[19].

Kitaev’s Majorana chain and chiral superconductors
are the elementary topological phases of spin-orbit cou-
pled magnetic superconductors in 1D and 2D, respec-
tively, according to the topological classification of elec-

tronic matter (class D in the tenfold way [20, 21]). How-
ever, if one includes topological phases protected through
spatial symmetries, one uncovers the much richer variety
of crystalline and boundary-obstructed topological super-
conductors [22–25]. In 2D, they can support two types
of topologically protected boundary features: Majorana
edge states and higher-order corner states [26–29]. They
are, for instance, protected by mirror symmetries that
leave the edge or corner invariant. Beyond fully gapped
superconductors, crystalline symmetries can also protect
gap nodes. The resulting nodal topological superconduc-
tors may support flatband Majorana edge states [30].

The objective of this study is to demonstrate the po-
tential of Shiba lattices to create 2D crystalline topolog-
ical superconductors. Specifically, we study Shiba lat-
tices of chromium (Cr) atoms on the surface of super-
conducting niobium (Nb). Recent works about 3d tran-
sition metals on Nb already established the high versa-
tility of this material platform [11, 31–33]. Using a scan-
ning tunneling microscope, we (i) arrange the Cr into
a desired finite-size lattice, (ii) characterize its topog-
raphy, (iii) infer the magnetic structure from measure-
ments with a spin-polarized tip, and (iv) spectroscopi-
cally characterize the electronic structure of the Shiba
lattice with a superconducting tip. Here, we consider two
distinct lattice arrangements – rectangular and rhombic
– of the 2D Cr adatoms and build a total five different
structures from them. We present theoretical and exper-
imental evidence that points towards antiferromagnetic
ordering of the magnetic moments in both lattices. In
four of these structures, we observe enhanced density of
states near zero bias at edges or corners — the charac-
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teristics of topological crystalline superconductors. Only
one structure is void of boundary modes. Through sym-
metry analysis and theoretical model building, we show
how the edge modes can be naturally explained as topo-
logical flat bands protected by mirror symmetry. A more
differentiated picture arises for the corner modes: On the
rhombic lattice, they can be modeled as arising from a
nodal Shiba lattice superconductor and are thus void of
topological protection. On the rectangular lattice, the-
oretical modeling indicates a protection through higher-
order topology. Our combined experimental and theoret-
ical work highlights the enormous potential of Shiba lat-
tices for creating crystalline topological superconductors
as much as the need for scrutiny in interpreting spectro-
scopic data on them in favor of topological modes.

Design of Shiba lattices. To create Shiba lattices,
we start by depositing Cr single atoms onto the surface of
a Nb(110) single crystal prepared according to the proce-
dure described in Ref. [34]. Niobium represents an opti-
mal substrate offering the following advantages: (i) it has
the largest superconducting energy gap (2∆ = 3.05 meV)
among all elemental superconductors, which facilitates
the spectroscopic detection of in-gap states, and (ii) its
high cohesive energy makes it possible to use atomic ma-
nipulation techniques to create nanostructures atom-by-
atom using a bottom up approach [31, 32, 35, 36]. This
is demonstrated in Figure 1a–b. Figure 1a shows a topo-
graphic image of single Cr adatoms randomly distributed
onto the clean Nb(110) substrate, with the inset report-
ing an atomically resolved image of the Nb(110) surface.
Figure 1b displays the very same sample region (red cir-
cles spotlight defects used as markers) after atomic ma-
nipulation [37] has been used to create distinct Cr nanos-
tructures (highlighted by green circles).

Before analyzing 2D lattices, we examine the interac-
tion between magnetic perturbations coupled to a super-
conducting condensate starting from the simplest case:
an isolated magnetic impurity. Figure 1c reports scan-
ning tunneling spectroscopy (STS) data acquired by po-
sitioning the tip on top of an isolated Cr adatom (green
line) and on the bare Nb(110) surface (black line). To en-
hance the energy resolution and investigate the particle-
hole asymmetry of low energy modes, measurements have
been acquired using a bulk Nb tip, resulting in the typical
convoluted spectrum of tip and sample superconducting
energy gap [38] with the gray area corresponding to the
tip superconducting gap ±∆tip. Several peaks are visi-
ble within the superconducting gap for the Cr adatom.
These peaks are direct signatures of the magnetic impu-
rity–superconductor interaction, with magnetic moments
locally breaking Cooper pairs and inducing the Shiba
states [2–4, 39]. Their distinct orbital character can be
visualized by spatially mapping their wave function dis-
tribution at specific sample biases (see colored diamonds
and corresponding top panels in Figure 1c) [40, 41]. The
strongest intensity is observed for the dz2 orbital, which
corresponds to the lowest-energy Shiba state located very
close to ±∆tip. Additional dxy and dyz-derived Shiba

states are visible at higher energies [36, 42]. The ex-
istence of long range and highly anisotropic indirect
interactions between Cr adatoms makes this platform
amenable to create a large variety of distinct 2D Shiba
lattices [36].

Figures 1d,e show the artificial 2D lattice structures
subject to the present study. For each structure, an illus-
tration of the position of the Cr adatoms (red dots) with
respect to the underlying substrate (gray dots) is par-
tially overlapped to the topographic images. Figure 1d
(system A) corresponds to a rectangular lattice where
adatoms are placed at a next-nearest neighbor distance
with respect to the underlying Nb(110) lattice. This cor-
responds to a periodicity of 0.66 nm along the [001] di-
rection (black line) and 0.93 nm along the [110] direction
(green line). In Figure 1e (system B), Cr adatoms are ar-
ranged to create a rhombic lattice with adatoms placed
at a distance of 0.85 nm along the [111] direction (cyan
line). As discussed in the following, the different unit
cells characterizing systems A and B as well as the choice
of different terminations have far reaching implications
on the emergence of distinct boundary modes.

To determine the magnetic coupling between the
adatoms, Figures 1f–i report spin-resolved differential
conductance maps (dI/dU) and the corresponding line
profiles acquired using a Cr tip for chains oriented along
three distinct crystallographic directions, i.e., [001] (Fig-
ure 1g), [110] (Figure 1h), and [111] (Figure 1i). For all
directions, adatoms are placed at a distance equal to the
periodicity along the corresponding crystallographic di-
rections in the 2D lattices (see colored lines in Figure 1d-
e). In order to stabilize the magnetic order against fluc-
tuations, an external field of 0.7 T has been applied. All
1D chains are characterized by an alternating contrast,
which is indicative of antiferromagnetic coupling between
neighboring Cr adatoms. These measurements allow to
infer the existence of an antiferromagnetic ground state
for the two types of 2D lattices presented in Figure 1d-e.

Spectroscopy of Shiba lattices. When Cr im-
purities are brought close to each other, their Shiba
states start overlapping and hybridizing [43–48]. For
Cr adatoms arranged in 2D lattices, this leads to the
formation of Shiba bands [31, 33, 49]. To scrutinize
their emergence, full spectroscopic grids have been ac-
quired for all lattices presented in the topographic im-
ages of Figures 2a–e. Contrary to real materials, where
crystal terminations are generally dictated by either the
growth mechanism or the cleavage plane, artificial 2D lat-
tices built atom-by-atom allow to precisely engineer their
boundaries. This makes possible to investigate the role
of specifically designed lattice terminations.

The structures presented in Figures 2a–c, labeled by
A1,A2,A3, are characterized by the same underlying lat-
tice ordering of the Cr adatoms, corresponding to the
rectangular lattice A. The distinction between the three
structures lies in the choice of different terminations: sys-
tem A1 is terminated along the [001] and [110] directions,
system A2 is terminated along the [111] direction, and A3
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FIG. 1. System characterization a Topographic image of the Nb(110) surface after the deposition of Cr adatoms. The
inset reports an atomically resolved image of the substrate. b Distinct unit cells assembled by positioning single Cr adatoms
using atomic manipulation techniques, with the inset showing a single Cr adatom. c Spectroscopy acquired on an isolated
Cr impurity (green line) showing multiple Shiba bound states. A spectrum acquired by positioning the tip over the substrate
is given as reference (black line). Stabilization parameters: current 500 pA, sample bias −5 mV, modulation 50 µV. The
dI/dU maps on the top display the spatial distribution of different Shiba bound states. The dominant Shiba state is of dz2
character. d-e Topographic images of two types of Cr adatoms lattices scrutinized in this work. In system A Cr adatoms form
a rectangular lattice, while in system B they form a rhombic lattice. For each structure, an illustration of the position of the Cr
adatoms (red dots) with respect to the underlying substrate (blue dots) is overlapped to the topographic images. g–i dI/dU
line profiles acquired on 1D chains using a spin-polarized tip. f dI/dU maps for each one of the chains in g–i taken in constant
height mode. The alternating contrast is indicative of antiferromagnetic coupling between neighboring Cr adatoms. Scanning
parameters: sample bias 0.27 mV, modulation 80 µV ([110] and [001]) and sample bias 20 mV, modulation 1 mV ([111]).

has a double-step as an edge along [221]. For the systems
in Figures 2d,e, the lattice corresponds to structure B,
and is terminated along the [111] direction in system B1,
while system B2 is terminated along two distinct and or-
thogonal crystallographic directions, i.e. [001] and [110].

The spectroscopic data reported in Figures 2a–e com-
pare, for systems A1, A2, A3, B1, and B2, dI/dU curves
obtained by positioning the tip at distinct locations,
namely: corners, edges, and bulk. Respective atomic
positions are specified with corresponding colors in in-
sets schematically depicting the lattices. The spectra
in each structure are found to be position-dependent.
In particular, the dI/dU spectra acquired at edges and
corners show stronger spectral intensity at low energies
with respect to the bulk. It is noteworthy that the

spectral weight appears generally particle-hole asymmet-
ric. Moreover, thermally excited states appear at en-
ergy ∆tip − εYSR (see green diamond in Figure 2a) with
εYSR corresponding to the energy of the Shiba states.
These states are thermal replicas of states located at
−(∆tip +εYSR) and they appear inside the gray area cor-
responding to the tip superconducting gap [41]. To visu-
alize the spatial distribution of the local density of states
(LDOS), dI/dU maps at specific energies are reported as
insets in Figures 2a–e identified by diamond markers. A
comparison of these spectroscopic data makes it possible
to scrutinize the response of the electronic properties to
specifically designed lattice terminations.

Structures A1, A2, and A3 are all built based on the
rectangular lattice A. On the one hand, their bulk prop-
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FIG. 2. Spectroscopy of Shiba lattice superconductors Topography of the Shiba 2D lattice termination (left) and
differential conductance dI/dU measurements (right) acquired with a superconducting tip for four representative lattices sites
(see color-coded sites on the insets showing the lattice structure scheme) at the two edges, a corner, and in the bulk of each
structure for a system A1, b system A2, c system A3 d system B1, and e system B2. Insets show dI/dU maps of the entire
structure for selected energies marked in the main plots. The color-scale within the plots of each inset is identical, i.e., all maps
referring to a specific termination have the same normalization. The gray area corresponds to the tip superconducting gap
±∆tip. Stabilization parameters: current 500 pA, sample bias −5 mV, modulation 50 µV.

erties appear to be termination-independent. This is
highlighted in two distinct ways: (i) the dI/dU curves
acquired in the bulk (cyan line) are characterized by a
similar lineshape with vanishing signal at zero energy
(±∆tip in our case because of the use of a superconduct-

ing tip); (ii) the spatially resolved dI/dU maps always
show vanishing intensity inside the bulk at zero energy
(yellow diamond) while the intensity becomes progres-
sively stronger by increasing the bias (blue diamond).
These observations are indicative of a Shiba lattice char-
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acterized by a bulk gap, although a precise determination
of the gap size is beyond the limits of our experimen-
tal energy resolution. On the other hand, the boundary
modes are termination-dependent. A low energy edge
mode is clearly detected in the rectangular system A1,
as demonstrated by the dI/dU map marked with an or-
ange diamond in Figure 2a. The mode is localized at the
boundary oriented along the [110] direction, while it is
absent at the boundary oriented along the [001] direc-
tion. For terminations A2 and A3, a boundary mode is
visible around the entire edge (see insets marked by an
orange diamond). Moreover, system A3 is characterized
by a slightly enhanced low energy LDOS at the corners
(red curve) with respect to the edge (blue curve). These
results signal how the boundary electronic properties are
qualitatively distinct in structures A1, A2, and A3.

In sharp contrast to the rectangular case, the rhombic
systems B1 and B2 appear gapless. This is demonstrated
by the spectral intensity at the tip superconducting gap
±∆tip, which is far from being zero for dI/dU curves
acquired in the bulk (see blue lines and arrows in Fig-
ures 2d–e). A gapless bulk is further confirmed by the
dI/dU maps taken at −∆tip (see insets marked with a
yellow diamond in Figures 2d–e). Although a stronger
spectral intensity is observed at the boundaries, a finite
LDOS is detected also in the bulk. Similar to the termi-
nation dependence observed in lattice A, systems B1 and
B2 are also found to host distinct boundary modes: low
energy corner modes are experimentally detected in sys-
tem B1 (see dI/dU map marked by an orange diamond
in Figure 2d), while they are absent in system B2.

Overall, these observations demonstrate that, starting
from the very same building block (Cr adatoms in our
case), it is possible to create both gapped (systems A1,
A2, A3) or gapless (system B1 and B2) Shiba lattices.
This goal can be achieved by assembling 2D nanostruc-
tures characterized by distinct symmetries. Moreover,
our results reveal that, even when considering the very
same 2D structure, different lattice terminations play a
crucial role in the emergence of distinct boundary modes.

Magnetic structure. To assess the magnetic states
of the nanostructures, we complement the spin-resolved
spectroscopic measurements with first-principles simula-
tions. Specifically, we simulate systems A and B (Fig-
ures 1d,f) assuming periodic boundary conditions and ex-
tract the tensor of magnetic exchange interactions, more
details are given in Methods. The Heisenberg exchange
interaction J shown in Figure 3 is of antiferromagnetic
nature at short adatom separation, and switches to fer-
romagnetic coupling depending on the distance between
the Cr atoms. An oscillatory damped behavior is clearly
observed. The Fermi surface of Nb is rather complex
and anisotropic [36]. Therefore, the wavelength of the
oscillations is not unique and depends on the direction
along which the adatoms are positioned (see inset of Fig-
ure 3). Based on the calculated magnetic interactions, we
find the structures designed experimentally to be antifer-
romagnetic, in agreement with the spin-polarized scan-
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FIG. 3. Magnetic exchange interactions. Ab-initio
Heisenberg exchange interactions J as function of distance
R between Cr adatoms deposited on Nb(110), a being the
bulk Nb lattice parameter [50]. Positive (negative) values cor-
respond to ferromagnetic (antiferromagnetic) coupling. The
lower inset illustrates the simulated lattices, where each cir-
cle is colored as function of the size of J with respect to the
central atom (grey color).

ning tunneling microscopy (STM) measurements per-
formed on the chains presented in Figures 1e,g,h. The
Dzyaloshinskii-Moriya interaction is rather weak, which
imposes a negligible tilting of the moments for the inves-
tigated finite structures.

Theoretical Analysis. To elucidate a potential topo-
logical origin of the observed edge and corner modes, we
introduce minimal models for the Shiba lattices. Based
on detailed symmetry considerations, we can draw con-
clusions about their topological properties that are ro-
bust independently of the specific choice of model pa-
rameters. We focus our models on the most pronounced
and lowest energy Shiba orbital of a single Cr adatom,
which is of dz2 type (Figure 1c).

We developed two single-orbital tight-binding mod-
els to describe lattices composed of Shiba in-gap states.
The models include up to next-to-nearest-neighbor hop-
ping, Rashba spin-orbit coupling, the Hund’s coupling
between these electrons and the magnetic moment of
Cr adatoms, and s-wave superconductivity induced from
the bulk (see Methods and Supplementary Information).
The two models are constrained by the symmetries of the
rectangular and rhombic adatom lattices, respectively. In
both cases, we assume antiferromagnetic ordering of the
Cr moments as suggested by experimental measurements
on adatom chains, shown in the lattice schemes of Fig-
ures 4a,e,i, and we consider spins pointing along the out
of plane ([100]) direction. In Sec. I E of the Supplemen-
tary Information, we comment on the consequences of
relaxing the latter assumption.

Focusing first on the rectangular lattice, the relevant

spatio-temporal symmetries, which we denote by M̃x/y,
are a composition of either of the mirror operations
Mx/y with the spinful time-reversal transformation T ,

and M̃2
x/y = (Mx/yT )2 = +1, see Figure 4a (note that
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FIG. 4. Theoretical modeling of Shiba lattice superconductors a Upper panel: Lattice structure of system A, with
the assumed antiferromagnetic ordering (blue: spin up, red: spin down). The unit cell is marked in yellow together with
the intersection of mirror planes Mx and My with the plane of the Shiba lattice. Lower panel: Brillouin zone of the model
for system A with normal state Fermi surfaces. Light-blue and yellow lines mark the mirror invariant paths along which the
winding number topological invariant is defined. The two colors distinguish between zero (yellow) and non-zero (light-blue)
topological invariants. e Choice of unit cell for the termination A2 (upper panel) and the resulting unfolded Brillouin zone.
Grey lines indicate particle-hole invariant lines, and the color marks the value of the Wilson loop invariant ν. b,c Ribbon
spectra of the model for system A with open boundary conditions along the direction defined by the lattice vectors ax and
v1, respectively. The symmetry-protected topological boundary modes are visible in b. d Open boundary conditions spectra
for the termination A3 (n = 9, upper panel) and for an analogous termination with a larger size (n = 51, lower panel). Two
zero energy modes are visible in both spectra, separated by a gap from the remaining energy modes. These correspond to the
symmetry-protected higher-order topological corner modes discussed in the main text. f–h Local density of states (electronic
part only) at zero energy of the model in the geometry of system f A1, g A2 and h A3. A thermal broadening of 0.16 meV was
used. i Upper panel: Lattice structure of systems B, with the assumed antiferromagnetic ordering (blue: spin up, red: spin
down). The unit cell is marked in yellow together with the intersection of glide mirror planes Mx and My and mirror planes M ′x
and M ′y with the plane of the Shiba lattice. The system is invariant under the composition of either of these mirror operations
and time-reversal. Lower panel: Brillouin zone of the model for systems B with normal state Fermi surfaces. Yellow dots mark
the position of symmetry-protected gap nodes in the presence of superconducting pairing. j Ribbon spectrum of the model for
system B1/2 with open boundary conditions in y direction. The bulk gap-closing points as well as a topological boundary mode
is visible. k and l same as f–h, but for the system geometries B1 and B2, respectively.

Mx/y and T individually are not symmetries of the sys-
tem, as they flip all spins). The paths highlighted with
colors in the Brillouin Zone of Figure 4a are left invari-
ant under the action of particle-hole symmetry as well

as M̃x/y. Thus, along these 1D subspaces of momentum
space, the Hamiltonian belongs to the BDI class of the
tenfold way topological classification of topological in-

sulators and superconductors [21], with a Z topological
classification. The corresponding topological invariant is
the chiral winding number ν. Associated with the four

M̃x/y-invariant lines are thus four 1D winding numbers:
νy,kx , for kx = 0, π and νx,ky , for ky = 0, π. For a range of
the model parameters this invariant is non-trivial (ν = 2)
when computed along one of the lines, while the bulk is
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gapped. The value νx,ky=0,π = 2 implies a geometry-
dependent bulk-boundary correspondence: On the one
hand, a ribbon of the system with open boundary con-
ditions (OBC) in y direction will have a Dirac crossing
of edge modes at zero energy and momentum kx = 0, π
along the edge (and similar for x ↔ y), see Figure 4b.
Specifically, for νx,0 = 2 and νx,π = νy,0 = νy,π = 0,
these low energy modes are visible in the LDOS of a fi-
nite system, as boundary modes on the edges parallel
y, as shown in Figure 4f. On the other hand, a geome-

try with an M̃y-invariant corner will support an isolated
higher-order corner mode [26–29], as the one appearing in
the LDOS of the termination in Figure 4h (see Sec. I B
of the Supplementary Information). Two isolated zero
energy modes are also visible in the open boundary con-
dition spectra of this termination, see Figure 4d. These
predictions are consistent with the experimental obser-
vations of an increased LDOS at the [001] edge of system
A1, as shown in the inset of Figure 2a, and at the cor-
ners of system A3, see Figure 2c. Since the edge and
corner modes are protected by crystalline lattice symme-
tries, the experimental terminations A1 and A3 realize a
gapped topological crystalline superconductor.

A re-definition of the unit cell, according to Figure 4e,
naturally leads to the modeling of the termination A2.
Once again, high symmetry lines in the Brillouin zone,
corresponding to ka, kb = 0, π, are characterized by
particle-hole symmetry. Hence, these 1D paths in mo-
mentum space belong to the D class of the tenfold way,
with a Z2 classification. By a Wilson loop calcula-
tion [21], we find a non-trivial topological invariant ν = 1
along each of these lines. This results in topological edge
states (see Supplementary Material), visible in the ribbon
spectra with open boundary conditions along kb, charac-
terised by zero energy modes at ka = 0, π (see Figure 4b),
and an enhanced LDOS at the edges of an open bound-
ary structure (see Figure 4g). In contrast to the edge and
corner modes of Figure 4f,h, the edge modes in Figure 4g
do not require crystalline symmetries to be topologically
protected. Once more, this prediction is in agreement
with the experimental observations of an enhanced LDOS
at the edges of system A2 (see Figure 2b).

For the rhombic lattice, the relevant symmetries are
the glide mirror symmetries Mx/y and the composition
of the two mirror operations M ′x/y with time reversal,

again denoted as M̃x/y = M ′x/yT , where M̃2
x/y = +1 (see

Figure 4i). For this case, we find an energy structure
with gapless nodal points whose degeneracy is protected
by glide mirrors Mx/y combined with particle-hole sym-
metry (see Supplementary Information): any crossing of
the normal-state Fermi surface with the Brillouin zone
boundary becomes a symmetry-protected nodal point of
the gap once superconductivity is included (yellow dots in
Figure 4i). Furthermore, along the paths k = (kx, ky =
0) and k = (kx = 0, ky) in the Brillouin zone, along which
there is generically a full superconducting gap, the Hamil-

tonian belongs to the BDI class by virtue of M̃x/y symme-

try. As in the case of the rectangular lattice, a non-trivial
chiral winding number along one of these paths results in
a zero-energy mode in a ribbon geometry. For a specific
choice of model parameters, this is shown in the ribbon
spectrum (Figure 4j). However, in contrast to the case
of the rectangular lattice, these edge states coexist with
the bulk gapless modes. Nevertheless, they result in an
enhanced LDOS at the corners of the lattice geometry
B1 (Figure 4k), which agrees with the experimental ob-
servations (Figure 2d). As the bulk is gapless, this mode
is not topologically protected. For the lattice geometry
B2, our model has a rather featureless LDOS at zero en-
ergy with slightly enhanced spectral weight at the edges
(Figure 4l), consistent with the experimental measure-
ments (Figure 2e). The latter example shows that the
interpretation of LDOS in Shiba lattices can easily be
misguided, as the corners in Figure 4k could be misinter-
preted as carrying Majorana zero modes. Nevertheless,
our theoretical models for the rectangular and rhombic
Shiba lattices are in topological crystalline superconduct-
ing phases with gapped and gapless 2D bulk, respectively.
They demonstrate how abundant topological phases are
in spin-orbit coupled Shiba lattices.

Discussion. Our work explores a novel route towards
constructing 2D topological (crystalline) superconduc-
tors, namely a bottom-up approach where a lattice sys-
tem is built up atom-by-atom.

This bears the potential to realize a large variety of ar-
tificial 2D Shiba lattices in a clean and disorder-free plat-
form and specifically enables the investigation of topolog-
ical crystalline superconducting phases which remained
largely unexplored so far. The combined possibilities of
designing lattices characterized by different symmetries
and the use of distinct magnetic elements as building
blocks offer an unprecedented flexibility to artificially cre-
ate and control topologically protected superconducting
states.

We have constructed two lattices which we theoreti-
cally expect to realize a fully gapped and a nodal topo-
logical crystalline superconductor, respectively. Our data
are remarkably consistent with the theoretical predic-
tions of edge and higher-order corner modes. At the
same time, we caution that these modes are likely not
isolated Majorana states, as we have only focused on
the experimentally most prominent Shiba bound state
of the adatoms. The other Shiba bound states may con-
tribute additional modes not detectable within our ex-
perimental resolution. To further solidify our findings,
it is desirable to reach lower temperatures to disentan-
gle the intrinsic bandwidth of the boundary modes from
thermal broadening effects and assemble larger systems.
Another aspect motivating further investigations is the
stark particle-hole asymmetry observed in our data.

More broadly, future directions to be explored with
this platform can rely on a wealth of theoretical predic-
tions and include realizing other lattice geometries and
terminations, as well as intentionally crafted lattice dis-
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locations and domain walls. Specifically, the realization
of lattices hosting bulk flat bands, such as the Kagome

and Lieb lattices, may pave the way to the study of
interaction effects in Shiba bands.
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Brun, Raphaël T. Leriche, Mircea Trif, François Debon-
tridder, Dominique Demaille, Dimitri Roditchev, Pascal
Simon, and Tristan Cren. Two-dimensional topological
superconductivity in pb/co/si(111). Nature Communica-
tions, 8(1):2040, 2017.

[18] Alexandra Palacio-Morales, Eric Mascot, Sagen Cocklin,
Howon Kim, Stephan Rachel, Dirk K. Morr, and Roland
Wiesendanger. Atomic-scale interface engineering of Ma-
jorana edge modes in a 2d magnet-superconductor hybrid
system. Science Advances, 5(7):eaav6600, 2019.

[19] Shawulienu Kezilebieke, Md Nurul Huda, Viliam Vaňo,
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[42] Felix Küster, Ana M. Montero, Filipe S. M. Guimarães,
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STM and STS measurements. All experiments
were performed in a ultra-high vacuum STM setup, op-
erated at a temperature of 1.9 K. The bulk single-crystal
Nb(110) substrate was cleaned by repeatedly flashing
the surface to about 2300 K. Cr adatoms were deposited
in-situ and with the substrate below a temperature of
15 K. Cr adatoms could be moved with atomic precision
by approaching them with the STM tip in constant
current mode and a setpoint of −5 mV; 70 nA. dI/dU
spectra were taken by lock-in technique.

Technical details/Method – Ab-initio. The ab-
initio simulations are based on the the scalar-relativistic
full-electron full-potential Korringa-Kohn-Rostoker
(KKR) Green function augmented self-consistently with
spin-orbit interaction [51, 52]. The local spin density
approximation (LSDA) is employed for the evaluation
of the exchange-correlation potential [53]. We assume
an angular momentum cutoff at `max = 3 for the orbital
expansion of the Green function. A slab is used to model
the Nb surface by considering 22 layers enclosed by two
vacuum regions with a thickness of 9.33 �A each. On top
of one of the Nb surfaces we place the diluted Cr layer
such that the adatoms reside on the hollow stacking site
relaxed towards the surface by 20 % of the inter-layer
distance of the underlying Nb(110) surface. This was
shown to be the energetically favored stacking of single
adatoms in Ref. 48. The magnetic exchange interactions
were obtained using the magnetic force theorem in the
frozen-potential approximation and the infinitesimal
rotation method [54, 55].

Tight-Binding Models For the description of the
lattice terminations A and B, we construct a minimal
tight-binding model for dz2-like orbitals. For A, the nor-
mal state Hamiltonian of the lattice, with reference to
the unit cell shown in Figure 4a, is

Ĥn =
∑
r,σ

{ 4∑
l=1

[Jσ(−1)f(l) − µ]ĉ†rσlĉrσl

+
∑
n=0,1

[ ∑
l=1,3

tx(ĉ†rσlĉr+naxσl+1 + h.c.)

+
∑
l=1,2

ty(ĉ†rσlĉr+nayσl+2 + h.c.)

+
∑

σ′,l=1,3

λxiσyσσ′(−1)n+l̃(ĉ†rσlĉr+naxσ′l+1 + h.c.)

+
∑

σ′,l=1,2

λyiσxσσ′(−1)n+l(ĉ†rσlĉr+nayσ′l+2 + h.c.)
]}
,

(1)

with f(l) : {1, 2, 3, 4} → {0, 1, 1, 0} reproducing the an-

tiferromagnetic pattern in the unit cell, and l̃ = 1, 2 for
l = 1, 3 respectively. Here, J indicates the Hund’s cou-
pling strength between electrons and Cr magnetic mo-
ments, µ the chemical potential, tx/y and λx/y are hop-
ping and spin-orbit-coupling (SOC) amplitudes, while

σi’s indicate Pauli matrices. The Bogoliubov de Gennes
Hamiltonian of the Shiba lattice then becomes

Ĥ =
∑
k

Ψ†k

(
Hn(k) ∆

∆† −H∗n(−k)

)
Ψk (2)

with Hn(k) the Bloch Hamiltonian derived
from (1), ∆ = 14×4 ⊗ (iσy) the s-wave
superconducting pairing and spinor Ψk =

(ĉk↑1, ĉk↓1, ..., ĉk↑4, ĉk↓4, ĉ
†
−k↑1, ĉ

†
−k↓1, ..., ĉ

†
−k↑4, ĉ

†
−k↓4).

In the chiral symmetry (C = PT̃ ) basis, the Bloch
Hamiltonian (2) takes the form

H(k) =

(
0 q(k)

q†(k) 0

)
, (3)

where we introduced the chiral Hamiltonian q(k). The
chiral winding number ν ∈ Z of the BDI class of the
tenfold way can be obtained by computing the following
integral along 1D closed paths in the Brillouin zone [21]

ν = − i

2π

∫ π

−π
dk Tr[q†(k)∂kq(k)], (4)

where we parametrized the path by the variable k ∈
[−π, π). For example, for νx,kx=0, the relevant path
in momentum space is defined by k = (0, k), with
k ∈ [−π, π). This chiral winding number is the BDI class
topological invariant mentioned in the text and high-
lighted in Figure 4a.

For the lattice of type B, and with reference to the unit
cell shown in Figure 4e, the normal state Hamiltonian is

Ĥn =
∑
r,σ

{ 2∑
l=1

[Jσ(−1)l − µ]ĉ†rσlĉrσl

+
∑
b

[
t(ĉ†rσ1ĉr+bσ2 + h.c.)

+
∑
σ′

i(d(b)× σ)σσ′(ĉ†rσ1ĉr+bσ′2 + h.c.)
]

+

2∑
l=1

[
tx(ĉ†rσlĉr+bxσl + h.c.)

+ ty(ĉ†rσlĉr+byσl + h.c.)

+
∑
σ′

λx(iσyσσ′ ĉ
†
rσlĉr+bxσ′l + h.c.)

+ λy(iσxσσ′ ĉ
†
rσlĉr+byσ′l + h.c.)

]}
,

(5)

where the sum runs over b ∈ {0, bx, by, bx + by}, t and
d(b) = dx(b)x̂ + dy(b)ŷ are nearest-neighbor hopping
and spin orbit-coupling vector, tx/y and λx/y are next-
to-nearest-neighbor hoppings and Rashba SOC ampli-
tude respectively. In the last line, we took into ac-
count next-to-nearest neighbor hoppings to lift the de-
generacy of additional non-symmetry protected gapless
points. The Bogoliubov de Gennes Hamiltonian as-
sumes the same structure of the one in Eq. (2), with
Hn(k) obtained from (5), ∆ = 12×2 ⊗ (iσy) and spinor

Ψk = (ĉk↑1, ĉk↓1, ĉk↑2, ĉk↓2, ĉ
†
−k,1,↑, ĉ

†
−k↓1, ĉ

†
−k↑2, ĉ

†
−k↓2).
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I. THEORY MODELS FOR THE SHIBA LATTICES

A. Rectangular lattice

In this section, we discuss the model for the rectangular lattice proposed in Eqs. (1) and (2) of the Methods section.
As described in the main text, we construct a tight binding-model for the lowest-lying Shiba orbitals, transforming
in the irreducible representation of the site symmetry group of the 1a Wyckoff position. The nearest-neighbour
hopping along the [001] and [11̄0] crystallographic axes are tx and ty respectively. Similarly, the Rashba-spin orbit
coupling strength is parametrized by λx and λy for the two crystallographic directions. The parameter for the Hund’s
coupling between the spin of the Cr magnetic moments and electron spin is J , and the sign in front of the interacting
term alternates depending on the orientation of the adatom spin, according to the antiferromagnetic pattern. For
convenience, we introduce the anisotropy parameter α ∈ [0, π/2], which interpolates between the two fully anisotropic
limits (α = 0, π/2) and the square lattice limit (α = π/4)

tx = t cosα, ty = t sinα, λx = λ cosα, λy = λ sinα. (S1)

Note that for the experimental termination A, with [001] and [11̄0] corresponding to x and y directions, the anisotropy
lies within the range 0 < α < π/2. In momentum space, the normal state Bloch matrix Hn(k), in the basis
corresponding to Ψnk = (ĉk↑1, ĉk↓1, ĉk↑2, ĉk↓2, ĉk↑3, ĉk↓3, ĉk↑4, ĉk↓4), reads

Hn(k) =


Jσz − µσ0 hx(kx) hy(ky) 0
h†x(kx) −Jσz − µσ0 0 hy(ky)
h†y(ky) 0 −Jσz − µσ0 hx(kx)

0 h†y(ky) h†x(kx) Jσz − µσ0

 , (S2)

where we defined the hopping matrices as

hx(kx) = tx(1 + eikx)σ0 − iλxσ
y(1− eikx) and hy(ky) = ty(1 + eiky )σ0 + iλyσ

x(1− eiky ). (S3)

With the assumption of J being the dominant energy scale, the normal state band structure splits into two sets of
bands, separated by an energy gap of ∼ 2J . The Bogoliubov de Gennes Hamiltonian, with s-wave superconducting
pairing induced from the bulk, is

H(k) =

(
Hn(k) ∆̂

∆̂† −H∗n(−k)

)
, ∆̂ = ∆

iσy 0 0 0
0 iσy 0 0
0 0 iσy 0
0 0 0 iσy

 , (S4)

with basis spinor Ψk = (ĉk↑1, ĉk↓1, ..., ĉk↑4, ĉk↓4, ĉ
†
−k↑1, ĉ

†
−k↓1, ..., ĉ

†
−k↑4, ĉ

†
−k↓4) and ∆ the superconducting pairing

amplitude.
The phase diagram as a function of the chemical potential µ and α is shown in Figure S1a and consists of four

phases, either gapped or gapless. While the outer regions correspond to a trivial gapped phase, between the two
critical values µ1,2 there are two gapless phases (1 and 3), where four gapless Dirac cones are present, and two gapped
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topological phases (2x and 2x). The phase boundaries between the trivial gapped phase -unlabeled- and the two
gapless phases, labeled by 1 and 3, are described by the α-independent values

|µ1,2| =
√

(J ± 2λ)2 −∆2 (S5)

with either positive or negative µ. The symmetry under λ→ −λ originates from the spinless time-reversal symmetry
of the Hamiltonian

H(−kx,−ky,−λx, λy) = H(kx, ky, λx, λy)∗. (S6)

The separation line between phases 3 and 2x corresponds to

± µc =

√
J2 −∆2 − 4λ2cos(2β) + sign(β)4Jλ

√
−cos(2β), β = ±α α ∈

[π
4
,
π

2

)
. (S7)

The gap closes at momentum k = (−k, k), at the value of k that solves the equation cos(k) = cot(α). Similarly, to
find phase boundaries between phases 3 and 2y, it is sufficient to replace the values of β with β = π/2−α, −π/2−α
in Eq. (S7), and the gap closes at two points lying on the line k = (k, k).

The rectangular lattice structure, with the assumption of antiferromagnetic ordering of the adatom spins, is char-
acterized by two mirror operations Mx/y, which composed with time reversal symmetry lead to two spatio-temporal

symmetries of the system, M̃x/y, as described in the main text. In the basis of the normal state Hamiltonian, the
unitary part of these composite symmetries can be written as

M̃y,n(ky) =


iσy 0 0 0
0 iσy 0 0
0 0 iσye−iky 0
0 0 0 iσye−iky

 , M̃x,n(kx) =


σ0 0 0 0
0 σ0e−ikx 0 0
0 0 σ0 0
0 0 0 σ0e−ikx

 . (S8)

In Nambu space, the latter two operations and particle-hole symmetry become

M̃x(kx) =

(
M̃x,n(kx) 0

0 M̃∗x,n(−kx)

)
, M̃x(kx)H(kx, ky)∗M̃x(kx)−1 = H(kx,−ky) (S9)

M̃y(ky) =

(
M̃y,n(ky) 0

0 M̃∗y,n(−ky)

)
, M̃y(ky)H(kx, ky)∗M̃y(ky)−1 = H(−kx, ky) (S10)

P =

(
0 18×8

18×8 0

)
, PH(kx, ky)∗P−1 = −H(−kx,−ky). (S11)

The combination of either of the M̃x/y with particle-hole symmetry defines an effective chiral symmetry C̃x/y

C̃x/y = PM̃x/y, C̃xH(kx, ky)C̃−1x = −H(−kx, ky), C̃yH(kx, ky)C̃−1y = −H(kx,−ky). (S12)

As discussed in the Methods section, the Hamiltonian can be written in the basis of the operator C̃x/y, where it
assumes the chiral form of Eq. (3). This in turns allows to compute the chiral winding numbers νx,kx and νy,ky
introduced in Eq. (4) in the Methods section.

Note that the unit cell choice depicted in Figure 4a can be replaced in principle by a two-atom unit cell, as in
Figure S1c. This naturally leads to the modeling of the A2 experimental termination. The Brillouin zone defined by
this choice is shown in the upper panel of Figure S1c. The particle-hole invariant paths belong to the D class of the
tenfold way, and the calculation of the Wilson loop along the paths gives a non-trivial topological invariant ν = 1
along any of the lines and in both phases 2x and 2y. The Wilson loop is computed as [21]

Wm,n[l] = exp

(
i

∫
dl · 〈um(k)|∇k |un(k)〉

)
, (S13)

where the line over the exponent indicates the path ordering operation, um(k) are Bloch eigenstates and l is the
path in momentum space. The bands considered, labeled by the indexes m,n, are the two bands lying closest to
zero energy. The D class invariant is obtained as νD[l] = Arg(Tr(W [l]))/π. The non-trivial value of νD results into
zero-energy modes at ka = 0, π, visible in the ribbon spectra of Figure S1d, and analogous ones appear at kb = 0, π
in the ribbon spectra with momentum kb. The OBC termination that naturally arises from opening the boundaries
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FIG. S1. a Phase diagram for the tight binding model of Eq. (2), corresponding to the rectangular lattice. The phase filled in
blue is a trivial gapped phase, phases 1 and 3 are gapless, and phases 2x and 2y are gapped topological phases. b Brillouin
zone of the rectangular lattice in phase 2x and 2y. Colored lines indicate paths in k-space where the BDI chiral topological
invariant is well-defined, and the value of the invariant (ν = 0, ν = 2) is distinguished by the color, as listed in the legend.
c Brillouin zone obtained for the alternative choice of unit cell (shown in the lower c panel). The lines marked in purple are
those along which the superconductor belongs to the D class of the tenfold way. There, the D class topological invariant νD is
well-defined, and the value νD = 1 holds in both the 2x and 2y phases. The dashed orange square marks the folded Brillouin
zone, corresponding to the one of b, with the choice of unit cell considered in the main text. d Ribbon spectrum in phase 2y

along momentum ka, the reciprocal momentum vector of the lattice vector v1 shown in the lower panel d

along the directions defined by ka and kb has zero-energy topological edge modes along each of the four edges, in both
the 2x and 2y phases, see Figure S2a.

For the numerical evaluation of the model, irrespective of the choice of unit cell, we choose the parameters J =
17 meV, ∆ = 1.5 meV, α = 0.4, t = 4 meV, λ = 1.1 meV, µ = 17.2 meV and thermal broadening ε = 0.16 meV.
These values are kept the same for every numerical plot referring to the rectangular lattice, including those in the
main text.

B. Higher order topological superconductor in the rectangular lattice

Starting from the knowledge of the crystalline symmetry protected topological nature of phases 2x and 2y, we can
design a termination where higher order topological modes appear. In the geometry corresponding to the lattice
realization A1, also reproduced theoretically in Figure 4f, each point along the two [11̄0] edges is left invariant under

the action of the symmetry M̃y. To construct a higher order topological mode, we bend the straight edges to form an
angle, such that the only boundary point left invariant under the symmetry remains a single corner, one for each one
of the edges. This leads to higher order topological Majorana modes, localized at the corners and appearing at zero
energy. With an appropriate choice of angle, the edge modes visible in the LDOS of Figure 4g are lifted from zero
energy, and the emerging corner modes become separated by a gap from the remaining excited states. The predicted
energy spectrum for this geometry is displayed in Figure S2a, while the electronic part of the LDOS of the two corner
modes is shown in Figure S2d, where the enhanced LDOS at the corners is visible.

C. Rhombic lattice

We model the rhombic lattice for the B terminations with the tight-binding superconducting model introduced in
Eq. (5) in the Method section. As for the rectangular lattice, here we consider nearest-neighbor hopping, spin-orbit
coupling, and Hund’s coupling between electron spin and adatom magnetic moments. In addition, we also include
next-to-nearest hopping and spin-orbit coupling terms, to ensure that there are no additional artificial symmetries
left in the theoretical model. In the momentum-space basis corresponding to Ψnk = (ĉk↑1, ĉk↓1, ĉk↑2, ĉk↓2), the normal
state Bloch Hamiltonian reads

Hn(k) =

(
Jσz − µσ0 + hnn(kx, ky) ht(kx, ky) + hsoc(kx, ky)

h†t(kx, ky) + h†soc(kx, ky) −Jσz − µσ0 + hnn(kx, ky)

)
(S14a)

where we defined the hopping and spin orbit coupling matrix elements as follows

ht(kx, ky) = σ0t(1 + eikx + eiky + ei(kx+ky)) (S14b)
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FIG. S2. Higher order topological superconductor with corner mode a Open boundary conditions spectrum for a
termination of the A3 type, with n = 51. b Scaling of the gap between the two zero corner modes and the remaining edge and
bulk states for A3-like terminations as a function of the inverse size 1/n. c Ribbon calculation for the termination A3, with

periodic direction k̃y, marked in the scheme on the right. From the ribbon spectrum one sees that the mirror symmetry breaking
edge is gapped. d Electronic part of the LDOS for the two states closest to zero energy for the termination corresponding to

the experimental termination A3. An increased LDOS at the two corners preserving M̃x is visible.

hsoc(kx, ky) = −i[(dxσ
y − dyσx)− (σydx − dyσx)eikx + (σydx + dyσ

x)eiky + (−σydx + dyσ
x)ei(kx+ky)] (S14c)

hnn(kx, ky) = 2(tx cos kx + ty cos ky)σ0 + (−λx sin kxσ
y + λy sin kyσ

x). (S14d)

With s-wave superconducting pairing, the Bogoliubov de Gennes Hamiltonian in Nambu space becomes

H(k) =

(
Hn(k) ∆̂

∆̂† −H∗n(−k)

)
, ∆̂ = ∆

(
iσy 0
0 iσy

)
, (S15)

where we adopted as basis spinor Ψk = (ĉk↑1, ĉk↓1, ĉk↑2, ĉk↓2, ĉ
†
−k,1,↑, ĉ

†
−k↓1, ĉ

†
−k↑2, ĉ

†
−k↓2).

In the thermodynamic limit of this model, the bulk is either trivially gapped or has gapless nodal points that are
symmetry protected by the crystal symmetries. The gapped phase is topologically trivial, and it occurs for values of
the chemical potential µ far from the value of J , the Hund’s coupling term which determines the splitting between
sets of bands of the normal state Hamiltonian. The gap closings occur either at the high symmetry point k = (0, π),
for the value of the chemical potential

µc(0,π) = ±dy ±
√
J2 −∆2 + 2(tx − ty) (S16)

or at the high symmetry momentum k = (π, 0), for critical chemical potential

µc(π,0) = ±dx ±
√
J2 −∆2 − 2(tx − ty). (S17)

As for the rectangular lattice, we describe the parameters for the [001] and [11̄0] crystallographic axes in terms of the
anisotropy parameter α. More explicitly

dx = d cosα, dy = d sinα, tx = tnn cosα, ty = tnn sinα, λx = λ cosα, λy = λ sinα, (S18)

where tnn and λ describe the next-to-nearest neighbor hopping and spin-orbit coupling amplitudes respectively. The
phase diagram as a function of chemical potential µ and anisotropy α, obtained using Eqs. (S17), (S16) and (S18), is
shown in Figure S3.

To see why the gapless nodal features are protected by the crystalline symmetries of the lattice, we consider the
latter and their action in momentum space. In the basis of the normal state Hamiltonian, the glide mirrors Mx and
My are

Mx,n(ky) =

(
0 iσxeiky

iσx 0

)
My,n(kx) =

(
0 iσyeikx

iσy 0

)
(S19)

and in Nambu space with spinor Ψk = (ĉk↑1, ĉk↓1, ĉk↑2, ĉk↓2, ĉ
†
−k,1,↑, ĉ

†
−k↓1, ĉ

†
−k↑2, ĉ

†
−k↓2), glide mirrors operations and

particle-hole symmetry take the form

Mx/y(ky/x) =

(
Mx/y,n(ky/x) 0

0 M∗x/y,n(−ky/x)

)
, P =

(
0 1
1 0

)
(S20)
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Starting from these expressions for the glide mirrors, one can see that two eigenstates that are paired by the super-
conducting coupling are characterized by opposite Mx eigenvalue at kx = π, and therefore cannot hybridize and open
a gap. Likewise, the eigenstates at ky = π have opposite My eigenvalues. It is useful to first derive the commutation
relations between glide mirror symmetries at momenta kx = 0, π, which read

Mx(0,−ky)My(0, ky) = −e−ikyMy(0, ky)Mx(0, ky)

Mx(π,−ky)My(π, ky) = e−ikyMy(π, ky)Mx(π, ky)

My(−kx, 0)Mx(kx, 0) = −e−ikxMx(kx, 0)My(kx, 0)

My(−kx, π)Mx(kx, π) = e−ikxMx(kx, π)My(kx, π).

(S21)

Let us consider an eigenstate of the glide mirror symmetry Mx at kx = π, with

Mx(π, ky) |ψ±(π, ky)〉 = ±iei
ky
2 |ψ±(π, ky)〉 . (S22)

The state that pairs with |ψ±(π, ky)〉 can be obtained by applying particle-hole symmetry and then My to the latter

|ψ̃±(π, ky)〉 = My(π,−ky)P |ψ±(π, ky)〉 . (S23)

For the state in (S23), we compute the transformation properties under the action of Mx, and find

Mx(π, ky) |ψ̃±(π, ky)〉 = Mx(π, ky)My(π,−ky)P |ψ±(π, ky)〉
= PMx(π,−ky)My(π, ky) |ψ±(π, ky)〉
= PMy(π, ky)Mx(π, ky)eiky |ψ±(π, ky)〉

= PMy(π, ky)(±iei
ky
2 )e−iky |ψ±(π, ky)〉

= ∓iei
ky
2 My(π, ky)P |ψ±(π, ky)〉 = ∓iei

ky
2 |ψ̃±(π, ky)〉 .

(S24)

Eq. (S24) implies that the two eigenstates connected by the superconducting pairing remain degenerate, as they carry
opposite Mx eigenvalue. Following the same procedure, one can show that the two eigenstates of Mx that pair at
kx = 0 have the same mirror eigenvalue, and therefore the degeneracy between the two eigenstates can be lifted, in
accordance with the absence of gapless points along the high symmetry line (0, ky). With the same arguments, one
can see that eigenstates paired by superconductivity at ky = π carry opposite My eigenvalue, while they have the
same eigenvalue at ky = 0.

The composition of time reversal symmetry T and standard mirror symmetries M ′x/y leads to an effective time

reversal symmetry M̃ with M̃2 = (TM ′x/y)2 = +1. Therefore, chiral symmetry C = M̃P is well defined and we can

compute the chiral topological invariant of class BDI for any gapless particle-hole invariant path, see Figure S3b,c.
In the numerical plots appearing throughout the Supplementary Information and the main text, we used the

parameters J = 17 meV, ∆ = 1.5 meV, t = 4.0 meV, µ = 20 meV, α = 0.5, d = 1 meV, tnn = 2 meV, λ = 0.1 meV
and thermal broadening ε = 0.16 meV, used in the calculation of the LDOS maps at zero energy.

D. Importance of spin-orbit coupling

As an additional comment on the discussions presented in Sec. I A and Sec. I C, we shortly consider the case of
no spin-orbit coupling in the models for the Shiba lattices. When spin-orbit coupling is absent, the the two type of
lattices, both rectangular and rhombic, are gapped and have no non-trivial topological features. Figure S4 shows the
Fermi surface and the ribbon spectra corresponding to the ones shown in Figure 4, with all the spin-orbit coupling
strength parameters set to zero.

The prediction of a gapless bulk for the terminations A and B, in the absence of spin-orbit coupling, is in contrast
with the experimental observations. In fact, Figure 2 hints at a non-zero LDOS close to zero bias in all the measured
terminations, either for the the edges of the structures or in their bulk.

E. Discussion of adatom spins with in-plane component

In this section, we discuss the consequences of relaxing the assumption of adatom spins aligned along the z-direction.
Instead, we admit an in-plane component of the spin. Based on the experimental measurements on 1D chains and on
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FIG. S3. a Phase diagram for the rhombic lattice as a function of of chemical potential µ and anisotropy parameter α. Regions
shaded in blue correspond to gapped spectrum of the Bogoliubov de Gennes Hamiltonian, while regions colored in green have
gapless points along lines with either kx = π or ky = π. The gap closings occur at the high symmetry points k = (0, π) (black
lines) or k = (π, 0) (yellow lines). Here, µa−d only mark the values at the phase boundaries assumed by the critical chemical
potential introduced in Eqs. (S17), (S16) at α = 0. b,c: Chiral winding number of the Bogoliubov de Gennes Hamiltonian in
case B for a cut along the phase diagram a with constant α = 0.5. The paths considered are b k = (0, k) and c k = (k, 0) for
k ∈ [−π, π).

FIG. S4. Absence of spin-orbit coupling: a Normal state Fermi surface for the rectangular (upper figure) and rhombic
(lower figure) lattices. The high symmetry lines in the Brillouin zone of the rectangular lattice are colored according to the value
of the topological invariant, which is everywhere trivial. b-d: Ribbon spectra for the rectangular lattice with open boundary
conditions along b x and c y, and ribbon spectra for the rhombic lattice d with open boundary conditions along x.

the DFT calculations discussed in the main text, we assume that the antiferromagnetic ordering is maintained. For
this, we parametrize the adatom spins by

± S = ±S(ez cos θ + ex sin θ cosφ+ ey sin θ sinφ) (S25)

with the usual definition of spherical angles φ ∈ [0, 2π) and θ ∈ [0, π), and where the alternating sign should reproduce
the antiferromagnetic pattern. Figure S5 shows the scheme for the magnetic ordering of the two lattices considered.

In practice, this amounts to replacing the terms ±Jσz in the Hamiltonians (S2) and (S14a) by

± Jσz → ±J(σz cos θ + σx sin θ cosφ+ σy sin θ sinφ). (S26)

In the following, we denote Hamiltonians with the replacement (S26) by HS,n(k) and HS(k) for the normal state and
Bogoliubov de Gennes Hamiltonians respectively.

a. Rectangular lattice First, we focus on the case of the rectangular lattice, relevant for the termination A. For a
small tilting of the spins, i.e. θ � 1, the phase diagram shown in Figure S1a remains qualitatively unchanged, apart
from a renormalization of the boundaries between different phases. With the replacement (S26), the mirror operations

Mx/y and the glide mirror operations combined with time reversal symmetry M̃x/y are no longer symmetries of the
lattice. Nevertheless, there are two crystalline symmetries left, which are defined by the composition of time reversal
symmetry and half a lattice translation in either the x or y direction, see Figure S5a. These two operations, denoted by

T̃x/y = T Tax/y/2, define an effective time reversal symmetry in the crystal. In this case T̃ 2
x = −eikx1 and T̃ 2

y = −eiky1,
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FIG. S5. Antiferromagnetic ordering of the spins in a the rectangular and b rhombic lattice. The choice of unit cell is highlighted
by the dashed rectangles, and the half-lattice traslations discussed in the text are marked by black arrows. Here colored dots
indicate the z component of the spins either up (red) or down (blue), and the arrows indicate the in-plane projection of the
spins. Red (blue) sites correspond to spins with +S (−S) in Eq. (S25).

and the unitary part of these operations acts on the normal state Hamiltonian as

T̃x,n(kx) =


0 iσy 0 0

iσyeikx 0 0 0
0 0 0 iσy

0 0 iσyeikx 0

 , T̃y,n(ky) =


0 0 iσye−iky 0
0 0 0 iσye−iky

iσy 0 0 0
0 iσy 0 0

 (S27)

The extension to Nambu space of the latter reads

T̃x/y(kx/y) =

(
T̃x/y,n(kx/y) 0

0 T̃ ∗x/y,n(−kx/y)

)
, (S28)

and the action on the Bogoliubov de Gennes Hamiltonian is

T̃x(kx)H∗S(kx, ky)T̃−1x (kx) = HS(−kx,−ky), T̃y(ky)H∗S(kx, ky)T̃−1y (ky) = HS(−kx,−ky). (S29)

Particle-hole symmetry is still a valid symmetry of the system, hence we can still assign the high symmetry lines in
the Brillouin zone to some of the classes in the tenfold way. More precisely, the lines parametrized by k = (0, k) and
k = (k, 0), with k ∈ [0, 2π), belong to the DIII class of the tenfold way, while k = (π, k) and k = (k, π), for k ∈ [0, 2π),
belong to the BDI class. This allows to define the topological invariants ν̃x,kx=0, ν̃y,ky=0 ∈ Z2 for the lines in class
DIII and νx,kx=π, νy,ky=π ∈ Z for the lines in class BDI. The topological invariants ν and ν̃ can be computed from
the chiral winding number (4) and the Wilson loop (S13) respectively. From the evaluation of these invariants for a
range of parameters, we obtain that νx,kx and νy,ky always remain trivial, irrespective of the value of the chemical
potential µ, while ν̃x,kx = 1 and ν̃y,ky = 0 in the topological phases corresponding to 2x and 2y. Hence, even in the
case of a generic adatom spin direction, there are two topological zero modes protected by the effective time-reversal
symmetry and particle-hole symmetry, that appear along the y-edges of an open boundary termination analogous to
A. These topological modes are still protected by a lattice symmetry, in particular the half-lattice translation Tay/2,
which is still respected at the y-boundaries of A. Therefore, this system realizes a topological crystalline insulator as
long as antiferromagnetic ordering is ensured, irrespective of the direction of the adatom spins.

Although the topological boundary modes are stable when choosing (S25), the arguments for the higher order
topological modes described in Sec. I B fail in the case of a generic adatom spin orientation. In fact, the condition for
the realization of the corner mode at zero energy relies on the corner being invariant under the action of the mirror

operation M̃y, which is no longer a symmetry of HS(k).

b. Rhombic lattice For the case of the rhombic lattice, once more the mirror operations Mx/y and M̃x/y are
no longer symmetries of the lattice once a generic adatom spin orientation is considered. Under the assumption of
antiferromagnetic ordering, the system retains the invariance under the combination of a half-lattice translation in
each direction, T(bx±by)/2 combined with time-reversal symmetry, see Figure S5b. In the following, we only consider
T(bx+by)/2 as the two translations are equivalent up to a global phase factor. This half-lattice translation defines an

effective time-reversal symmetry T̃ = T T(bx+by)/2. This operation can be written as

T̃n(k) =

(
0 σye−i

(kx+ky)

2

σyei
(kx+ky)

2 0

)
, T̃ (k) =

(
T̃n(k) 0

0 −T̃ ∗n (−k)

)
(S30)
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and the action of the Bogoliubov de Gennes Hamiltonian is

T̃ (k)H∗S(k)T̃−1(k) = HS(−k). (S31)

The combination of T̃ with particle-hole symmetry P results in a unitary operator U(k) = T̃ (−k)P that anticommutes
with the Hamiltonian

U(k) =


0 0 0 σyei

(kx+ky)

2

0 0 σye−i
(kx+ky)

2 0

0 σyei
(kx+ky)

2 0 0

σye−i
(kx+ky)

2 0 0 0

 , U(k)H(k)U−1(k) = −H(k), (S32)

hence realizing an effective chiral symmetry. This anticommutation relation protects the nodal points, although it
does not constrain them to be fixed at the high symmetry lines with kx = π or ky = π, as it was the case in Sec. I C.
In fact, adding a term to the Hamiltonian

HS(k)→ HS(k) + U(k) (S33)

would open a gap in the bulk energy spectrum, but would also violate the condition (S32). Hence, for a small tilting
of the adatom spin direction, meaning θ � 1 in (S25), the bulk is still gapless and has nodal points close to the high
symmetry lines at kx = π or ky = π, where they are pinned for adatom spins aligned along the out-of-plane direction.
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