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The interplay of magnetism and superconductivity can lead to intriguing
emergent phenomena. Here we combine two different two-dimensional anti-
ferromagnetic magnet-superconductor hybrids (MSH) and study their prop-
erties using spin-polarized scanning tunneling microscopy. Both MSHs show
the characteristics of a topological nodal point superconducting phase with
edge modes to the trivial substrate superconductor. At the boundary between
the two MSHs we find low-energy modes which are spin-polarized. Based on a
tight-binding model we can explain the experimental observations by con-
sidering two different topological nodal point superconductors. At their
boundary spin-polarized chiral edge modes emerge that connect topological
nodal points of the two different MSH. We demonstrate via the complex band
structure that due to an asymmetric lateral decay these edge modes are spin-
polarized, regardless of the details of the spin structure at the boundary. This

work shows how interfaces between two distinct topological nodal point
superconductors can serve as a platform to engineer spin-polarized

edge modes.

Topological superconductivity has become of great interest, as it
allows the formation of topologically protected states, such as
Majorana bound states (MBS) and edge modes'. These modes can
occur at the boundaries between trivial and topological
superconductors®® or between two different topological super-
conducting phases. A promising platform to establish topological
superconductivity are magnet-superconductor hybrid (MSH) systems,
where magnetic chains or thin layers are grown on a conventional s-
wave superconductor’. In particular, two-dimensional (2D) magnets
can host a plethora of different spin textures®® which can be placed in
direct proximity to a superconductor, emerging as an ideal material
class for the search for topological superconductivity. This is con-
firmed by several theoretical predictions of the emergence of intri-
guing phenomena in such hybrid systems’™,

In the last decade, a variety of 2D magnet-superconductor hybrids
have been investigated both experimentally and theoretically. In those

previous studies the boundary between a topological and a trivial
superconducting phase was investigated, as it is the case for magnetic
islands on the surface of a conventional superconductor. Here, the
topological phase arising due to the magnetic island is surrounded by
the trivial phase of the superconducting substrate. For a ferromagnetic
state®®'*"® or non-coplanar spin textures®'**'*"" gapped topological
superconductivity has been found or predicted. Antiferromagnetic
(AFM)*2'52% or spin spiral*® states can induce topological nodal point
superconductivity (TNPSC). This TNPSC can generally be expected for
AFM textures due to the combined symmetry of time-reversal and
lattice translation. Antiferromagnetism-based MSHs are of particular
interest for applications, because in addition to their intriguing topo-
logical superconductivity they exhibit a zero net moment and ultrafast
dynamics. In contrast to gapped superconductors, such TNPSCs have
at least one pair of nodal points (NP), where the band gap is closed®%*.
The two NPs are characterized by opposite topological charges. Such
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topological NPs are protected against spontaneous annihilation and
can only be detached from the Fermi surface when a pair of NPs is
merged. At boundaries with a trivial superconducting phase, NPs of
opposite topological charge connect via low-energy modes. The
occurrence of the edge mode depends on the projection of the NPs on
the crystallographic direction of the boundary*?'®*°%, resulting in the
emergence of different edge modes for non-equivalent edges of the
MSH system.

Edge modes, appearing as an increased density of states at
boundaries between different regions, can in-principle have a topolo-
gical or non-topological origin. Recent studies have found the emer-
gence of Yu-Shiba-Rusinov (YSR) states at edges of 2D van-der-Waals
materials®*°, originating from a different coupling to the super-
conducting layer at the edges compared to the interior of islands.
Furthermore, Andreev bound states may form in superconductors
(SCs), also giving rise to a local modification of the in-gap states at
boundaries?”*®. A topological boundary mode in a gapped two-
dimensional SC must be present at the entire edge of such an MSH
island as it traces the path where the Chern number changes. This is
different for antiferromagnetic MSH-systems, where the presence of
edge modes, that depend on the specific crystallographic direction of
a boundary, has been identified as a hallmark for TNPSC'**#2°%, From
experiments alone it is challenging to identify the origin of boundary
modes, even if the magnetic state has been determined, and often a
comparison to a theoretical model is required to obtain a deeper
understanding.

For future applications a controlled tuning of topological
boundary modes is mandatory. In a recent experimental work, where
a magnetic spin spiral was proximitized to an s-wave super-
conductor, it was shown that the dispersion of the edge modes
sensitively depends on the actual magnetization direction at the
boundary of the MSH system?. This observation shows a possible
avenue towards the tuning of the properties of edge modes in 2D
topological superconductors. A more versatile route to increased
controllability could be achieved by interfacing two different topo-
logical superconducting phases, whose properties could be tuned
ideally via electrical means. The observation of such edge modes at
the boundary between two different topological superconducting
phases has so far not been reported.

Here we report on the combined experimental and theoretical
investigation of the magnetic and superconducting properties of
hybrid MSH systems consisting of a Mn monolayer (ML) and a
Mn bilayer (BL) on a superconducting Ta(110) surface. Low-
temperature spin-polarized scanning tunneling microscopy (SP-STM)
investigations reveal the presence of local AFM order in both Mn lay-
ers. Furthermore, highly spin-polarized low-energy edge modes are
observed between the two different MSH regions. Such a spin-
polarization of edge modes has not been reported before. Tight-
binding model calculations allow us to explain the observed edge
modes at the Mn-ML/Mn-BL boundaries as the result of the presence of
two different TNPSC phases in the two MSH regions. These calcula-
tions reveal, that edge modes in TNPSCs can even emerge between two
MSH systems, which differ only slightly in their electronic structure.
Using the complex band structure we show that the spin-polarization
of the edge mode at the boundary between two antiferromagnetic
MSH systems is a general effect originating from a different decay of
the edge mode into the bulk electronic structure of the adjacent
TNPSCs.

Results

Experimental results on the Mn ML and Mn BL system

We have prepared ultra-thin films of Mn on Ta(110), see “Methods”, and
find that both the Mn ML as well as the Mn BL grow pseudomorphi-
cally. For a coverage of ~1.25 atomic layers grown at elevated tem-
peratures we observe an almost fully closed ML with BL regions

attached to the step edges, see constant-current STM image and side
view sketch in Fig. 1a, b, respectively.

Tunnel spectroscopy was performed at different positions of this
sample as indicated by crosses in Fig. 1a, including the bare Ta sub-
strate (i.e., a hole in the Mn ML), the Mn ML and the Mn BL, see Fig. 1b.
Due to thermal broadening at the measurement temperature of 1.3 K,
the density of states in the superconducting gap of the Ta does not go
down to zero but is seen as a dip in the differential conductance (dI/
dU) signal around zero energy. We observe similar spectra for the two
different Mn layers with a slight increase of the dI/dU signal around
zero-bias compared to the Ta substrate, demonstrating that due to the
proximity to the substrate also the Mn layers are superconducting. The
less pronounced superconducting gap is a manifestation of additional
states inside the gap, which is a hallmark of magnetic moments in
proximity to a superconductor”.

First, we focus on the characterization of the Mn ML and prepare
Mn ML islands by depositing sub-monolayer amounts at room tem-
perature, see constant-current STM image in Fig. 2a. The islands are
elongated along [001] and several straight edges along that direction,
together with some well-developed edges along 111 , can be seen. We
have investigated the magnetic state of these Mn ML islands at low
temperature using SP-STM, see current map in Fig. 2b (see “Methods”).
The lines along [001] visible on the Mn ML island are separated by a
distance equivalent to two atomic rows, demonstrating that the mag-
netic state is antiferromagnetic®, see inset. (For further information on
the magnetic state see Supplementary Notes 1 and 2).

Zero-bias dI/dU maps of the antiferromagnetic Mn ML islands
show an increased signal along their edges, see Fig. 2c. This demon-
strates an increased density of states in the center of the super-
conducting gap at the edges compared to the interior of the island.
The intensity of this edge mode varies depending on the direction of
the edges, as seen in a series of spectra taken across two different
edges of this island: Figure 2d, e show the dI/dU signal (color-coded) as
a function of the bias voltage and the path across the 111 and [001]
edges indicated in Fig. 2a, respectively. While we do observe an
increase of the intensity within the gap for both edges, the spectra at
the [001] edge (Fig. 2e) clearly feature a peak close to zero bias. For
additional data with a different tip comparing the three high-symmetry
edges, see Supplementary Note 4).

An unambiguous identification of the origin of such features only
based on experiments is challenging. We rule out the formation of
trivial YSR states only at the edges, as recently reported for van-der-
Waals heterostructures®?, because our system shows strong coupling
of magnetism and superconductivity also in the interior of the island.
While we cannot rule out slight changes of the atom position or
magnetic moments at the edge, this is not expected to lead to such a
strong zero-bias intensity in our metallic system. Furthermore, we have
no reason to believe that other trivial states, such as Andreev bound
states (ABS), may be the origin of the features close to zero bias
observed in our experiments. In principle, due to the presence of the
boundary an electronic state may exist and could couple to the
superconductor, giving rise to an ABS. However, due to the strong
coupling in our metallic system such an ABS would merge with the
coherence peaks®™. Instead, antiferromagnetic MSHs are known to
typically exhibit TNPSC, as also seen for a similar system, the anti-
ferromagnetic Mn ML on Nb(110)®, and we also observe the distinct
edge mode properties at different edges, which are typical for TNPSC
phases of this surface symmetry. Therefore, our experimental finding
of an increased dI/dU signal near zero bias is in agreement with an
interpretation of TNPSC with boundary modes to the surrounding
trivial SC phase of Ta.

Next, we investigate the properties of the Mn BL, and the
boundary between the ML and BL, using a sample with a nearly closed
ML and BL islands. We find that the BL islands exhibit rather long
straight edges along [001], see current map in Fig. 3a (and
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Fig. 1| Superconducting properties of Mn/Ta(110). a Partially differentiated
constant-current STM image of a sample of 1.25 atomic layers of Mn on Ta(110).
b Tunnel spectra acquired at 1.3 K on the bare Ta, the Mn ML and the Mn BL, at the
positions indicated by colored crosses in a. Inset shows line profile and side view
sketch of the sample along the dashed black line in a. Measurement parameters: a:
U=+60mV, =1nA, b: stabilization bias Us = + 4 mV, stabilization current Is= 1 nA,
modulation bias U,,q =50 pV, T = 1.3 K; all: Cr-bulk tip.

corresponding constant-current STM image in Supplementary Fig. S5).
SP-STM reveals that the BL is also antiferromagnetic, see Figs. 3a, b,
and here both the ML and the BL have all spins aligned out-of-plane
with a strict phase relation between them due to antiferromagnetic
inter-layer coupling, see sketch in Fig. 3c (and also Supplemen-
tary Fig. S1, and S2). The termination of the antiferromagnetic state of
the BL at the [001] edges results in an edge with parallel spins. The two
opposite magnetization directions at the edge can be identified in the
SP-STM current image in Fig. 3a by two distinct signal intensities, see
green and red markers. The edge indicated by the left rectangle
exhibits two single atomic kinks resulting in opposite magnetization
directions for adjacent segments of this island edge. Similar to the case
of the Mn ML we observe edge states between the Mn BL and the trivial
Ta substrate, see Supplementary Fig. S9. However, due to the sample
morphology only the [001] edges of the elongated BL islands to the Ta
substrate could be characterized, while the #110 , and 111 edges are
inaccessible. Nevertheless, based on the same arguments as put for-
ward regarding the interpretation of the ML edge modes, our experi-
ments suggest that also the Mn BL hosts a TNPSC phase with boundary
modes to the trivial SC of the Ta substrate.

The boundary between Mn ML and Mn BL

We have seen that both antiferromagnetic layers, the Mn ML and the
Mn BL, show a superconducting gap and develop edge modes at the
boundary to the trivial superconducting phase of the Ta substrate. This
presents an opportunity to investigate the transition between the two
different antiferromagnetic MSH systems. For the sample area indi-
cated by the left rectangle in Fig. 3a we have measured the zero-bias
dl/dU intensity, see Fig. 4a. We observe an increased zero-bias signal at
the [001] edges between the Mn BL and the Mn ML, indicating that
there is an edge mode between the two regions. We find that this edge
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Fig. 2 | Magnetic State and Edge Mode of the Mn ML on Ta(110). a STM constant-
current image showing an island of the Mn ML with several straight edges. b SP-
STM current map of the same island using a spin-polarized tip, inset shows the row-
wise antiferromagnetic order; fast scan direction is vertical; color range 1 + 0.15 nA.
¢ Zero-bias dI/dU map of the same island (multi-pass mode); color range 1.00 - 5.63
arb. units. d, e Spatially- and energy-resolved dI/dU signal across a #111 =t001 edge
along the green/red line marked in (@) respectively. Each spectrum was normalized,;
color range 0.45 - 1.20 arb. units, for raw data see Supplementary Fig. S4. Mea-
surement parameters:a:U=+4mV,|=1nA;b:U=+5mV,I=1nA;c:U=0mV,
Umog =50 WV, T = 4.2 K, measured at the tip-sample distance obtained in a; d.e:
spectrawith stabilization bias Us = + 4 mV, stabilization current Is =1 nA, modulation
bias U ,oq =50 pV; a, b, d, e: T = 1.3 K, all: Cr-bulk tip.

state vanishes when the superconductivity is quenched by an external
magnetic field (see Supplementary Note 6), verifying that it originates
from the superconducting state. Moreover, we observe two distinct
intensities for this BL/ML edge mode: as seen in Fig. 4a the middle
segment of the edge has a lower intensity than the ones on the left and
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Fig. 3 | Magnetic State of the Mn ML and BL on Ta(110). a SP-STM current map of
Mn BL islands on a nearly closed Mn ML (note the buried Ta step edge in the center
of the image); red/green markers indicate the two different contrast levels; color
range 0.705 - 1.475 nA. b SP-STM current map of a Mn BL island (top), next to an
area of Mn ML (bottom). Both areas show the same magnetic stripe contrast indi-
cative of antiferromagnetic order. Fast scan axis is vertical; color range -2 + 0.15 nA.
¢ Sketch of aregion of Mn BL and ML. The top layer atoms sit in the fourfold hollow
site positions. Measurement parameters:a:U=+5mV,1=1nA, T=13K;b: U=-15
mV, =2nA, T =4.2K; all: Cr-bulk tip.

right, which in turn have the same intensity as the edge shown in
Fig. 4b (see right rectangle in Fig. 3a for its position and edge mag-
netization). This two-stage contrast at zero-bias is correlated to the
magnetization direction of the respective edges, compare Fig. 3a and
Fig. 4a, b. We therefore conclude that our antiferromagnetic Mn film
exhibits an edge mode at the BL/ML boundary, which shows a spin-
polarization that is governed by the magnetization direction at the
specific edge.

In order to characterize this spin-polarized low-energy edge mode
between Mn ML and Mn BL we perform spatially-, spin-, and energy-
resolved dI/dU spectroscopy across two [001] edges with opposite

dl/dU (arb. units)

o

o

lateral pos. (nm)

P RL n O Un

0 1
U (mV)

Fig. 4 | Spin-polarized edge mode between ML and BL. a, b Zero-bias dI/dU maps
at the sample areas indicated by black rectangles in Fig. 3a (constant-height mode);
red/green markers show the magnetization of the different segments of the [001]
edge between ML and BL (to scale); inset sketches the edge magnetization across
an atomic kink; color range -0.58 — 6.40 arb. units. ¢ Spectra of the ML, the BL, and
the oppositely magnetized [001] edges; right inset shows a side view sketch of the
sample, left insets shows the positions of the spectra in an SP-STM current map.
d, e Spatially-, spin-, and energy-resolved dI/dU signal across [001] edges with
opposite magnetization directions, see lines in inset to ¢; Each spectrum was nor-
malized, for raw data see Supplementary Fig. S7; color range 0.7 - 1.20 arb. units.
f Calculated asymmetry of the data shown in d,e. Measurement parameters: a, b:
U=0mV, U, =50 puV, T =13 K, measured with the tip moving on a plane parallel
to (110); c—e stabilization bias Us = + 4 mV, stabilization current Is = 1 nA, modulation
bias U ,,,q =50 pV. Leftinsetina: U =+5mV, | =1 nA; all: Cr-bulk tip, T=1.3 K.

spin orientations. Spectra taken on the two magnetically distinct [001]
edges are shown in Fig. 4c, together with the spectra on the adjacent
Mn ML and Mn BL, see inset. The spectra of both edges exhibit a peak-
dip structure in the superconducting gap, but their intensity differs
due to their different spin orientations. These spectra are part of a
series of equidistant spectra across each edge, and the full datasets are
displayed in Fig. 4d, e. Indeed, when moving from the BL (top) to the
ML (bottom) we find that the dI/dU intensity in the superconducting
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Fig. 5 | Computational setup for the tight-binding model. a Sketch of a magnetic
layer containing an AFM state (cones) and a superconducting layer (spheres). Red
and green cones represent the directions of the magnetic moments. In the model
the magnetic and superconducting properties are mapped onto a single atomic
layer. The onsite parameters p, A, which reflect the chemical potential and the
superconducting order parameter, and the hopping parameter t as well as the
Rashba-type SOC parameter A are marked. The coupling between the magnetic and
the superconducting layer is indicated by springs between the respective lattice
sites. The coupling strength is denoted as JSy,_for the Mn/Ta(110) system and as JSg,
for Mn/Mn/Ta(110). The spatial transition from a ML system to a BL system is
represented by a change in the local coupling, as marked by the springs of different
colors. b Unit cell of the AFM state in the magnetic layer. Edges in two crystal-
lographic directions are marked. ¢ Stripe geometry for a ML stripe interfacing a
trivial Ta domain. The stripes are periodic in [001] direction and alternating in #1110
direction. Each ML or Ta stripe has a width of 200 unit cells in the tight-binding
calculation. d Sketch of a similar setup as in panel ¢, but here ML and BL stripes are
alternating in the 1110 -direction. et t-edge in [001] direction. f1 L-edge in [001]
direction.

gap is significantly increased at the edges, with a clear maximum just
below zero-bias and different signal strengths for the two oppositely
magnetized edges. The difference due to the spin-polarization can
more easily be seen in the asymmetry map displayed in Fig. 4f, where
the difference of t (Fig. 4d) and 1 (Fig. 4e) divided by their sum is
plotted as a function of position and energy. Whereas edge states have
been observed before in two-dimensional MSH systems, they were
located at the boundary between the magnetic TNPSC and the non-
magnetic SC substrate’®?. The existence of an edge mode at the
boundary between what appears to be two different magnetic TNPSCs
—the antiferromagnetic Mn ML and BL in our case— raises questions
about how the formation of such edge modes can be understood.

Tight-binding model

The experiments demonstrate a low-energy spin-polarized edge mode
between two different antiferromagnetic MHSs, represented by a Mn
ML and a Mn BL on a Ta(110) surface. To understand the origin of this
edge mode and its spin-dependent properties we use a tight-binding

model. In the model we map all properties onto a single layer, whose
superconductivity is influenced by the magnetization of the ML or BL
via a coupling J to the spins S (Fig. 5a). Further model parameters are
the chemical potential y, the superconducting order parameter A, the
hopping term t, and the Rashba-type spin-orbit coupling (SOC) term A.
The Hamiltonian is given by

P
H = p o c+A 6cy €Y 4G 4Ci b
g i
. P
+to ciyyocjyo A Dc?"cfﬁé,i r, X OPC; b
i,j,o i,j,0,0
+JS ¢l .08 abc;

i,0,0"

where cy and c; s are the electronic creation and annihilation opera-
tors at the position r; with spin o, ér T is the normalized connection
vector between lattice sites i and j, and o is the vector of the Pauli spin
matrices. The geometry of the bcc(110) surface and the anti-
ferromagnetic ground state of the Mn ML and BL are displayed
in Fig. 5b.

Previous theoretical investigations have demonstrated that AFM
order can in general lead to TNPSC'®*, and we obtain the same for a
large region of the parameter space (see Supplementary Note 11 and
Supplementary Fig. S20). While our findings are independent of the
exact choice of parameters, as a starting point we use parameters that
lead to a different number of NPs for the ML and the BL, as this is a
tentative explanation for the experimental observation of a boundary
mode between them (see “Methods section” for a detailed discussion
of the values). To model boundaries along the high-symmetry crys-
tallographic directions between different surfaces we use a stripe
geometry, where each stripe represents one material and is infinite in
one direction, whereas the properties of the stripes alternate in the
other direction. This ribbon geometry is sketched in Fig. 5¢c for an edge
along the [001] direction (cf. Fig. 5b) between the Mn ML and Ta. In the
calculations each stripe has a width of 200 unit cells. For boundaries
along #110 the stripes are oriented accordingly. To model a ML/BL
boundary we use a stripe geometry with alternating BL and ML
domains (Fig. 5d). In this case two different spin configurations at the
boundary are possible: either the two layers terminate with the same
spin direction (Fig. 5e), which leads to an 1 1 edge at the boundary as in
the case where the top layer of the BL is considered (see sketch in
Fig. 3c); or the boundary continues the antiferromagnetic order
resulting in a 1 | edge (Fig. 5f), which is realized in the lower Mn layer
of the BL (see sketch in Fig. 3c).

Band structures and edge modes of MSH systems

First, we characterize the bulk properties of the ML and the BL by
calculating their respective band structures (Fig. 6a, b). The ML exhi-
bits six nodal points at the Fermi energy (red sheet) which are high-
lighted by yellow points. Two pairs of nodal points are located on the
boundary of the two-dimensional Brillouin zone (2D-BZ) and one pair
is located in the center (Fig. 6a). The BL has only two pairs of nodal
points located on the boundary of the BZ (Fig. 6b). To identify whether
these nodal points are topological we investigate boundaries from
these TNPSC to the trivial Ta surface, where the occurrence of edge
modes is a hallmark of topologically distinct properties. The bulk band
structures of ML and BL, projected along the high symmetry direction
of the 2D-BZ denoted by Kooy, are shown in black in Fig. 6¢, e. The red
points mark the additional states arising for a stripe geometry along
[001] with a boundary of the ML or BL, respectively, to the trivial Ta
surface (cf. Fig. 5¢). For both systems, the ML and the BL, an edge state
(red line) connects the two nodal points located on the boundary of
the BZ, in agreement with the experimental observation of low energy
modes at the boundaries between each layer and the Ta substrate.
Similar stripe geometry calculations have been performed for the
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Fig. 6 | Band structure calculations for monolayer and bilayer. a, b Energy
dispersion of the 2D-BZ around the Fermi energy for a Mn monolayer (a) and a Mn
bilayer (b). The red surface represents the Fermi energy and the colored round
markers highlight the positions of the nodal points. c—f Projected band structures
from an infinite sized sample (black) and the dispersion along the periodic direction
of a stripe geometry (red). The dispersions are shown for the ML (c, d) and the BL
(e, f). In both cases the magnetic domains are adjacent to Ta domains as sketched in
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Fig. 5c. ¢, e Band structure projected onto the [001] direction of the 2D-BZ. The

ribbon has an infinite length in the [001] direction and a width of 200 magnetic unit
cells in the #1110 direction. d, f Band structure projected onto the 1110 direction in
which the ribbon is periodic in the same direction. The positions of the bulk nodal
points from panels (a, b) are marked with vertical yellow (ML) and purple (BL) lines.
g, h 2D-BZ with the positions of the nodal points marked. Nodal points, which are
connected by edge states in the ribbon geometry are connected by curved lines.

#110 -direction and the corresponding projected band structures for
the ML and BL are shown in Fig. 6d, f, respectively. In this crystal-
lographic direction only the ML has an edge mode, which connects the
two nodal points located in the middle of the 2D-BZ. The pairwise
connection of nodal points by edge modes seen in Fig. 6¢c—f is sum-
marized in Fig. 6g, h for the ML and BL, respectively. As all nodal points
form pairs, connected by edge modes, we conclude that all nodal
points are topological.

To investigate the boundary between the two different TNPSCs
we create a pattern of alternating stripes of the ML and the BL with the
stripes infinitely extended in the [001]-direction (Fig. 5d). To model the
antiferromagnetically coupled Mn layers (cf. Fig. 3c), we assume the
1 1-edge (cf. Fig. 5e); note that similar results are found for a 1 L-edge
(see Supplementary Fig. S10). In the band structure along the [001]
direction (Fig. 7a) the positions of the nodal points obtained from the
ML and BL bulk calculations (cf. Fig. 6) are marked by vertical yellow
(ML) and purple (BL) lines. Due to the bulk-like properties in the wide
stripes the same nodal points are also present in the stripe geometry.
Two modes emerge around zero energy between nodal points
(Fig. 7a). In contrast to the edge modes at an interface with a trivial
phase (Fig. 6) these edge modes connect nodal points of the two dif-
ferent TNPSC systems, i.e., a ML nodal point is connected to a BL nodal
point. This is qualitatively different to previous work on edge modes
between TNPSC and trivial states®'®?. Here we find edge states
emerging between two different TNPSCs, which differ only in the
coupling strength to the magnetic layer.

The spectral functions obtained in our tight-binding calculation
for the four rows of atoms (two in the ML and two in the BL) located
closest to the boundary are displayed in Fig. 7b, ¢ for the spin-up (1)
and spin-down (1) states, respectively. First, these graphs demonstrate
that indeed these modes connecting NPs are located at the ML/BL
boundary, and second, it can be seen that the t and | channels differ in
their contribution to the edge mode (Fig. 7b,c), resulting in a finite
spin-polarization. Some states outside of the superconducting gap
also show a spin polarization. A spin polarization can also be seen for
an edge along #110 (see Supplementary Fig. S11).

In the experiments the BL/ML edge mode manifests as an
increased dI/dU signal at zero-bias compared to the bulk of the MSHs
(Fig. 8a, b). The 1-edge and the L-edge terminate with an opposite
magnetic moment, and using the same magnetic tip the two edges
have a different signal intensity, demonstrating that the edge mode is
spin-polarized. The line profiles across the edges and the position-
dependent spin polarization SP = - are shown in Fig. 8c, d, respec-
tively. To compare the experimental findings with the calculated edge
states (cf. Fig. 7a) we have performed SP-STM simulations (Fig. 8f, g)
based on the spin-polarized generalization of the Tersoff-Hamann
model’®*, In this model, the tunneling current is proportional to the
spin-dependent local density of states (LDOS) at the position of the
STM tip, i.e., in the vacuum (see “Methods” for details on the STM
simulation).

Using an 1 1-edge (Figs. 5e and 7) we perform simulations for two
opposite tip magnetization directions, which is equivalent to the case
of two opposite edges measured with the same magnetic tip as in the
experimental setup (Fig. 8a, b). For simplicity, we assume an ideal tip
with a 100% spin polarization. In this case, the simulated SP-STM
images for the two tip magnetizations (Fig. 8f, g) correspond to the
vacuum LDOS of the spin-up (1) and spin-down (i) channel (for
simulations with a 50% tip spin-polarization see Supplementary
Fig. S12 and Supplementary Note 8). Comparison shows that the signal
near the boundary is strongly spin-polarized, with the maximum
intensity in the t channel.

The line profiles of the two spin channels (Fig. 8h) show that the
spin-up and the spin-averaged signal have their maximum intensity on
the ML side. The obtained spin polarization (Fig. 8i) also exhibits its
maximum value on the ML side of the interface. When moving further
into the ML the spin polarization is oscillating, while it is going to zero
comparably fast in the BL. This indicates a different decay of the edge
state into both MSH systems. Given the much smaller spin polarization
of the experimental tip we find good qualitative agreement between
the experimental and theoretical data, both showing an edge mode
with a sizable spin-polarization.
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Fig. 7 | Band structure for the ML/BL stripe geometry withan  edge. a Band
structure along Kooy for ribbons, which are periodic in this direction. The positions
of the nodal points from the ML bulk and the BL bulk are marked by vertical lines
(cf. Fig. 6). b, ¢ Spectral functions of the first two rows of the ML and the first two
rows of the BL counting from the boundary. The spectral function is shown for the
electron spin-up orbitals (b) and the electron spin-down orbitals (c). d Sketches of
the 2D-BZ with the positions of the bulk nodal points of the ML and BL. Nodal points
which are connected by edge modes for the [001] or 1110 geometry are indicated
by wavy lines. For a ML/BL interface with an 1 | edge and a stripe geometry in the
4110 -direction see Supplementary Figs. S10 and S11.
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Spin-polarization of MSH edge modes

Based on the tight-binding model we can explain the existence of an
edge state between two different TNPSC and its spin-polarization, and
found good qualitative agreement with the experimental observations.
However, the question arises how general the result of a spin-polarized
edge state is, i.e., does it occur also for different boundary termina-
tions and other model parameters. In correspondence with the
experiment, we have so far discussed a boundary with an 1 1-edge
(Fig. 5e). However, in general an 1 1-edge can also occur (Fig. 5f), e.g.,
for a buried step edge in the Ta; note that in the samples studied here
the directions of the buried Ta step edges do not coincide with the
[001] direction, preventing an experimental study of this boundary
type. While the spin polarization at an 1 t-edge seems rather intuitive,
it is not obvious whether an edge mode at the 1 {-edge can be spin-
polarized as well (For a boundary between ML or BL and the Ta surface
see Supplementary Fig. S13).

To resolve this issue, we have performed tight-binding calcula-
tions for a ML/BL boundary with an 1 {-edge (Fig. 9a). As seen from the
spin-polarization of the vacuum LDOS (Fig. 9b) and the position
dependent spin-averaged LDOS at the atoms (Fig. 9c) there is a spin-
polarized edge state also at this boundary (for band structure see
Supplementary Fig. S10 and for SP-STM simulations see Supplemen-
tary Fig. S14). Interestingly, the spin polarization of the LDOS is very
similar for the 1 L-edge (Fig. 9b) and the t t-edge (Fig. 8i) and both
curves show the characteristic shift towards the ML. The edge state
decays exponentially in both directions and in addition displays
oscillations in the ML (Fig. 9c), which leads also to an enhanced
oscillation of the spin polarization in the ML (Fig. 9b). The effective
decay constant is obtained from a fit to the spin-averaged LDOS of
atom sites far from the boundary (starting from the outermost atoms
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Fig. 8 | Measured and simulated zero-bias SP-STM images for the ML/BL
boundary withan  edge. a, b Zero bias dI/dU maps of an t-edge and a 1 -edge
between the BL(top) and ML(bottom) measured by retracing the topography
measured at 4 mV. The black dashed lines shows the estimated edge position,
see Supplementary Fig. S7c for more information. ¢ dI/dU line profiles across the
two edges in a,b created by averaging ten scan lines. d Calculated asymmetry
between the two plots in (¢). e Sketch of the magnetic moment fora t t edge in the
[001]-direction between the ML and BL. f, g Simulated zero-bias SP-STM contrast
for a 100% spin polarized tip, which is t polarized (f) or | polarized (g).The
boundary between both domains is displayed as a black dashed line. The tip height
is4 and the averaged voltage interval is [ - 0.02t,, 0.02t,]. h Integrated SP-STM
signal along [001] for spin-up (red), spin-down (green) and spin-averaged (gray).
The position of the maximum intensity is marked by a thin solid line. i Spin
polarization of the SP-STM signal calculated from the values shown in (h).

from the interface visible in Fig. 9c) and it is larger in the ML
(K& =0:37) than in the BL (k& = 0:25) (cf. Supplementary Fig. S15 and
Supplementary Note 9).

The spin-resolved LDOS displayed in Fig. 9d—g for the atom sites
closest to the edge (denoted according to the sketch in Fig. 9a)
demonstrates that the edge mode is highly spin-polarized in the
direction of the respective magnetic moment. When comparing the
different spin channels for these four lattice sites one can see that the ©
channel dominates, leading to a net spin polarization in the LDOS. Both
spin contributions can compensate on an atomic scale in the BL as the
edge state is only slowly decaying (Fig. 9b). Due to the faster decay of
the edge state into the ML, the spin termination on the ML side defines
the spin polarization of the edge mode and the maximum spin polar-
ization is shifted into the ML (Fig. 9b).

In the case of surface states it is known that their decay into the
bulk is an intrinsic material property and can be calculated via the
complex band structure®. In our system that corresponds to the decay
of the edge mode into the two adjacent antiferromagnetic MSH films.
The decay constants are calculated individually for the ML and the BL
as they stem from the respective bulk band structures (for details see
the “Methods section”). Figure 9h shows the decay constants
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Fig. 9 |LDOS for the -edge and decay constants for surface states calculated
from the complex band structure. a Sketch of the spin structure close to the edge.
b Spin polarization for the 1 L-edge, calculated from the vacuum LDOS at 4 .

c spin-averaged LDOS for lattice sites close to the boundary. The LDOS is integrated
inan energy interval E [ - 0.02t,, 0.02t,] around the Fermi energy. The solid line
represents a fit, where the fitted decay values k& and k¢f are noted. The dashed
line is a guide to the eye. d—-g LDOS for the spin-up (red) and spin-down (green)
orbitals for the lattice sites BL2, BL1, ML1, and ML2, respectively, as defined in (a).
The energy window used for the integration in (c) is marked by vertical gray lines.
h, i Decay constantk E, k., asa function of the energy E and the wave vector
koo Of a surface state. h Decay constants for the ML and (i) for the BL. The edge
mode from the ML/BL boundary (cf. Fig. 7a) is marked in red. The positions of the
bulk nodal points of the ML and BL (cf. Fig. 6) are indicated by purple and yellow
lines. j Decay constants for the edge modes from (h, i).

KmL(E, Kroorg) for the ML, which are universal for all possible boundaries.
The edge mode at the t L-edge is marked in red and the positions of
the bulk nodal points are indicated by vertical yellow lines. The areas of
vanishing k (dark blue) coincide with the bulk band structure (cf.
Fig. 6¢c) and indicate an infinite decay length. Finite values for K
represent states which lie in the projected bulk band gap, resulting in a
faster exponential decay. For the ML, the states of the edge mode (red
line) have a small k at the ML NPs, and it increases when moving

towards the position of the BL NPs (see Fig. 9j). The decay constants for
the BL (Fig. 9i) show a similar correlation with the projected bulk band
structure (cf. Fig. 6e). Also here the edge mode states have the smallest
K near the respective NP, in this case the BL NP, and increase towards
the NPs of the other MSH system (the ML), see Fig. 9j. This k-dependent
decay of the edge mode can also be seen in the spectral function
(Supplementary Fig. S16).

The total decay of the edge state into each MSH system is given by
an integration of all kjooy; contributions, weighted with the spectral
function. While the explicit calculation of the decay length for the
whole edge mode is quite tedious, an effective decay constant of the
edge state is obtained by a fit as in Fig. 9c, which reveals an overall
faster decay into the ML. Different decay lengths can be expected in
general for boundaries between any two systems, due to their different
electronic structures. Consequently, any edge mode between two
TNPSCs is expected to have a net spin-polarization, independent of the
details of the boundary and its specific termination. At an t t-edge the
spin polarization can be further enhanced by the parallel spin termi-
nation at the boundary.

Discussion

The experimental observation of a spin-polarized edge mode at the
boundary between the AFM Mn ML and the AFM Mn BL on a super-
conductor can be explained by our tight-binding model, assuming
topological nodal-point superconductivity with slightly different
parameters in both regions. While we cannot experimentally prove the
topological nature of edge modes at the boundary between these two
AFM MSHs, we can clearly observe their spin-polarization, and find
good agreement with the tight-binding model. The edge states con-
nect NPs from the different TNPSCs, which are located at different
positions on the BZ boundary.

To investigate how general this finding is we have varied the
coupling strengths JS, thereby continuously decreasing the difference
between the two neighboring MSH systems until they become iden-
tical (Supplementary Fig. S16, Supplementary Fig. S17, Supplementary
Fig. S18, Supplementary Note 10). In this scenario, the NP structure of
one MSH transitions into that of the other MSH. Interestingly, edge
states emerge even for small differences in the coupling strengths and
also for the same number of nodal points in both MSHs. The only
requirement for an edge mode between two TNPSC is the presence of
NPs in the projected band structure for both MSH systems, so that the
different NPs can be connected for the specific direction of the
boundary. Consequently, depending on the symmetry and the MSH
properties, such boundary modes can arise in several directions or be
confined to one direction only. The weight of the edge state in the
LDOS, which is a measurable fingerprint, scales with the distance of the
connected nodal points. The emergent different electronic structures
of the two adjacent MSH systems directly lead to different decay
lengths of the edge modes, which in turn governs their spin-
polarization. Both the width of boundary modes and their spin-
polarization impact the lateral transport properties of such MSH sys-
tems with TNPSC.

In contrast to gapped systems that have edge modes at bound-
aries between phases of different Chern number, our study reveals that
systems of nodal-point superconductors allow for a tuning of the edge
states. The distance between the nodal-points in adjacent TNPSC
strongly varies with the parameter set and is directly related to the
dispersion of the edge state. A lateral change in the band structure
might also be achieved in a single TPNSC film by external means such
as applying local strain or electric fields. For example, a gate could be
fabricated which covers one part of the TNPSC. An applied voltage
would then change the electronic structure below the gate with
respect to the uncovered TNPSC, triggering the formation of a spin-
polarized edge mode at the boundary between gated and non-gated
parts of the MSH. The combination of two or more antiferromagnetic
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