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in fig. S6, C to F). We naturally attribute the
doubling of this QPI mode to the slight diffe-
rence in momentum transfer when scattering
from the hexagonal pocket at I" to the triangular
pockets at either K or K’ (traced from ab initio
calculations in Fig. 2J). The distinct extent in
momentum space of the triangular pockets is a
direct manifestation of broken time-reversal sym-
metry, and the appearance of the second inner
QPI mode is a direct measure of it. These sig-
natures of the time-reversal symmetry broken
surface band structure and the Fermi arcs that it
hosts on the Sn termination provide experimen-
tal confirmation for the existence of a magnetic
Weyl semimetal phase in Co3Sn,S,.

Having established Fermi-arc existence on
the Sn termination, we now show that the Co-
terminated surface exhibits a distinct con-
figuration of Fermi arcs with different Weyl
node connectivity. A topographic image of a
Co-terminated surface and its corresponding
dZ/dV map are shown in Fig. 3, A and B, respec-
tively. The associated QPI linecut taken along the
high-symmetry line K-I'-M (Fig. 3C) presents a
rich QPI pattern with replicas that span up to
the second-order Bragg peaks. The QPI pattern
differs from the dispersion that we have presented
on the Sn surface (Fig. 2G) owing to the distinct
surface potential on the different crystal termi-
nations. To resolve the main scattering processes,
in particular the ones involving Fermi arcs, we

first identify the three main regimes in the
energy evolution of the calculated band struc-
ture in Fig. 3D (further details are in fig. S7A):
(i) At low energies we find six closed electron
pockets around the BZ corners at K and K'; (ii)
upon increasing the energy, all pockets widen
until the three pockets around the K points,
disconnect, and flatten, revealing the Fermi-arc
connectivity. In contrast to the Weyl node con-
nectivity observed on the Sn termination, where
the Fermi arcs connect pairs of Weyl nodes within
the same BZ, on the Co termination the Fermi
arcs connect pairs of Weyl nodes from adjacent
BZs. These changes in Fermi-arcs connectivity
result from their hybridization with different
sets of nontopological surface bands that coexist
on the Co and Sn surface; (iii) upon further
increase in energy, the surface pockets around
K’ split by hybridizing with the Fermi-arc
bands around K, forming C-shaped bands that
are partially composed of Fermi-arc states.
These three regimes of pocket structures cor-
respond to three regimes that we identify in the
evolution of the QPI patterns in Fig. 3C: (i) At low
energies (10 to 30 meV), we find several dispers-
ing QPI patterns; (ii) at intermediate energies
(30 to 60 meV), we find a single slightly dispers-
ing mode; (iii) at high energies (60 to 80 meV),
we find a single nondispersing mode. Identifying
this energy evolution together with theoretical
ab initio calculations of the JDOS allowed us to

resolve the scattering processes that give rise to
the QPI patterns that are marked in dotted lines
and arrows of the corresponding color in Fig. 3, C
and D, respectively (see fig. S7 for further infor-
mation). Among the scattering processes that we
have identified, we concentrate here on those that
involve Fermi-arc states (pink arrows), and bands
that evolve with energy into Fermi arcs. The high-
energy scattering between the C-shaped bands
generates the nondispersing high-intensity peaks
in QP as well as in the corresponding JDOS [ellipses
in Fig. 3, E(iii) and F, respectively]. At interme-
diate energies, the Fermi-arc bands separate and
give rise to the slightly dispersing scattering process
marked by the pink arrow in Fig. 3D(ii). It gen-
erates the elongated QPI pattern demonstrated
in Fig. 3E(ii) (pink ellipse) that accordingly sig-
nifies inter-Fermi-arc scattering. At low energies,
we find multiple dispersing scattering processes
whose corresponding origin and JDOS are shown
in Fig. 3D(i) and G, respectively, and traced in the
rich QPI patterns in Fig. 3H. The QPI patterns
that we detect on the Co-terminated surface
indeed differ substantially from those that we
observed on the Sn termination. This allowed
us to confirm the distinct surface band struc-
ture with distinct shape of Fermi arcs and Weyl
nodes connectivity.

We conclude by discussing the S-terminated
surface band structure, which presents a third
distinct case. In contrast to gapped systems in

Fig. 3. Inter-BZ Fermi-arc connectivity on the Co surface. (A) Topo-
graphic image of Co-terminated (001) surface (Vpias = 95 meV, lset =
250 pA) featuring adatoms and subsurface impurities. (B) d//dV
measurement taken on the region shown in (A), at Vpias = 5 meV (Vac =
2.1 meV RMS, f =733 Hz). (C) Energy-momentum cut of the QPI along the
K-T-M direction. Dispersing scattering peaks are marked by dotted lines.
Scattering events involving Fermi-arc bands appear in pink. Three energy
QPI regimes (i to iii) are identified. (D) Calculated DOS(k) at different
energies, representing the three regimes in the energy evolution of the
band structure: (i) triangular pockets at K, K; (ii) the pockets at K unfold
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into Fermi arcs; (iii) Fermi arcs hybridize with triangular pockets at K.
Identified scattering processes are marked in colored arrows in corre-
spondence with the colored dotted lines in (C). (E) Fourier transform

of two dI/dV maps taken at intermediate (ii) and high (iii) energies,
showing QP! broad peaks along I'-M (marked by pink ellipses) that
originate from the scattering processes in the respective energy ranges in
(D). (F) Calculated JDOS at an energy corresponding to regime (iii).

(G) Calculated JDOS at low energy. Identified scattering processes are
marked by corresponding color in (D)(i). (H) Fourier transform of two di/dV
maps taken at relatively low energies, showing rich dispersing QPI patterns.
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Fig. 4. Weyl cone dispersion on the S termination. (A) Topographic
image of the S-terminated (001) surface (Vpias = 50 meV, Iser = 250 pA)
featuring S vacancies. (B) dI/dV map taken on the region shown in
(A) (Vpias = 100 meV, Vac = 5.3 meV RMS, f = 733 Hz), showing
electronic interference patterns correlated with the location of the
vacancies. (C) Energy-momentum QPI cut along the K-I'-M direction,
showing several dispersing QPI branches. (D) Fourier-transformed
dl/dV map at the vicinity of the Weyl node energy, showing the
flower-shaped QPI pattern around I" and broad peaks along T-M.

(E) Ab initio calculated DOS(k) at the corresponding energy,
showing a single sharp surface band and the extremal scattering

which the topological surface states are protected
by the bulk gap, the protection of the surface Fermi
arcs is more subtle. To be protected from scatter-
ing into the bulk, the contour of the Fermi arcs
should lie within the Weyl cone’s bulk gap. The
local surface potential, however, can push the
Fermi-arcs contour out of that gap and hence lift
their protection from scattering into the bulk. This
is the case for the S-terminated surface for which
the Fermi arcs overlap with surface-projected bulk
bands at almost all energies and momenta away
from the Weyl node energy (19). Nevertheless,
the S-terminated surface, whose topographic land-
scape is dominated by vacancies (Fig. 4A), exhibits
clear signatures of electronic interference in the
dZ/dV mappings (Fig. 4B).

The energy dispersion of the QPI pattern on
the S-terminated surface along the K-I'-M sym-
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metry line is shown in Fig. 4C. We find several
dispersing patterns (shown in detail in fig. S8);
however, here we focus our attention on the QPI
features that appear along the I"-M direction at
~100 meV (within the white dotted rectangle).
In the Fourier-transformed dZ/dV map taken at
100 meV (Fig. 4D), these QPI features correspond
to the I'-M broad peaks, located between the
Bragg peaks and the centered flower-like pattern.
In the calculated DOS(k), at the corresponding
energy shown in Fig. 4, E and H, we identify a
single dominant surface band that decorates
the rims of the bulk band and terminates in the
vicinity of the Weyl nodes. Detailed calculation
shows that it indeed hybridizes with the Fermi-arc
bands as they emanate from the Weyl nodes (19).
The calculated JDOS (Fig. 4F) is similar to the
measured QPI in Fig. 4D, showing both the broad
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wave vectors (Q, ap) among it, where Qa corresponds to the largest
momentum separation of the Weyl nodes, Akwey. (F) Calculated
JDOS at the corresponding energy agrees well with the measured
QPI pattern in (D). (G) Highlighted QPI cut [from the dotted rectangle
in (C)] showing inward dispersing peak from which we extract

the Weyl cones structure in momentum, Akweyi, and energy, AEweyi.
(H) Energy-momentum cut of the DOS(k) along the dashed-dotted
line in (E), showing the evolution of the Q, A scattering processes.
(I) Energy-momentum cut of the DOS(k) along the dashed line in

(E), showing the extent of the inter-Weyl cone bulk, AEwey, gap as
projected to the S surface termination.

peaks and the flower-like patterns. This identifies
the broad QPI peaks with interband scattering
processes (bounded by Q, and Q,), and the flower-
like pattern with intraband scattering processes
(bounded by Qy,) of that surface band.
Following the energy evolution of the broad
peak QPI pattern, highlighted in Fig. 4G, we find
that it shifts toward smaller momentum transfers
with increasing energy and seems to terminate
below 200 meV. This dispersion is well captured
by the DOS(k) calculation in Fig. 4H, which
shows that the surface band remains bound to
the rims of the bulk band. Finally, cutting the
dispersion DOS(%) through two adjacent Weyl
nodes, as shown in Fig. 41, reveals that the pro-
jected bands that the surface state follows are the
bulk Weyl cones that hybridize AEyye, above the
Weyl node energy. The dispersion of the QPI
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pattern in Fig. 4G accordingly embodies the dis-
persion of the Weyl cones. In particular, its vanish-
ing slightly below 200 meV corresponds to the
merging of the two adjacent bulk Weyl cones and
the termination of the Weyl gap about AEvyey =
95 meV above the Weyl node energy. The maximal
momentum transfer of @, = 9.5 nm ™" at the Weyl
node energy indicates that the Weyl node momen-
tum separation, Akyyy, is in agreement with our
ab initio calculation (Fig. 4E). Although on the S
termination the Fermi-arc contours are pushed
out of this bulk gap and therefore could not be
detected, on the Sn and Co terminations, they lie
within this gap, which protects their hybridiza-
tion and allows their detection.

By exposing three different surface termina-
tions in CosSn,S,, we draw a distinction between
the conserved properties of this topology class,
such as the energy and momentum of the Weyl
nodes, and those that are sensitive to the details
of the surface, as the Fermi-arc’s dispersion and
Weyl node connectivity. Our results character-
ize the time-reversal symmetry-broken Weyl
phase of the semimetal CosSn,S, and demon-
strate the unprotected aspects of topological
semimetals. These may manifest in other mea-
surements, such as modified magneto-electric
paths in quantum oscillation experiments, and
demonstrate the potential to manipulate and
engineer those topological states by controlled
surface perturbations.
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Magnetic Weyl semimetals

Weyl semimetals (WSMs)—-—materials that host exotic quasiparticles called Weyl fermions——must break either
spatial inversion or time-reversal symmetry. A number of WSMs that break inversion symmetry have been identified, but
showing unambiguously that a material is a time-reversal-breaking WSM is tricky. Three groups now provide
spectroscopic evidence for this latter state in magnetic materials (see the Perspective by da Silva Neto). Belopolski et al.
probed the material Co ,MnGa using angle-resolved photoemission spectroscopy, revealing exotic drumhead surface
states. Using the same technique, Liu et al. studied the material Co3Sn»S,, which was complemented by the scanning
tunneling spectroscopy measurements of Morali et al. These magnetic S%VI states provide an ideal setting for exotic
transport effects.
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