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Magnetic Weyl semimetal phase in a
Kagomé crystal
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Weyl semimetals are crystalline solids that host emergent relativistic Weyl fermions and
have characteristic surface Fermi-arcs in their electronic structure. Weyl semimetals

with broken time reversal symmetry are difficult to identify unambiguously. In this work,
using angle-resolved photoemission spectroscopy, we visualized the electronic structure of
the ferromagnetic crystal Co3Sn,S; and discovered its characteristic surface Fermi-arcs
and linear bulk band dispersions across the Weyl points. These results establish CozSn,S,
as a magnetic Weyl semimetal that may serve as a platform for realizing phenomena
such as chiral magnetic effects, unusually large anomalous Hall effect and quantum
anomalous Hall effect.

he past decade has witnessed exciting prog-
ress in condensed-matter physics: relativis-
tic phenomena can be simulated in easily
available tabletop materials (I-5), and the

bulk and surface Fermi arc (SFA) states that con-
nect the Weyl points of opposite chirality (6-11).
This can give rise to unusual physical phenome-
na (I12-16) and even inspire theoretical prog-

principles of topology can be used for the
discovery of materials with exotic physical prop-
erties (3-5).
One such class of materials are Weyl semimetals
(WSMs), which host emergent Weyl fermions in the

ress (17-20). In solids, WSMs can exist in crystals
that break the time-reversal symmetry (TRS)
(5, 6, 21, 22), the inversion symmetry (IS) (7-11, 23),
or both (24). Compared with the IS-breaking
WSMs (9-11, 25-28), TRS-breaking WSMs

provide a playground for the interplay among
magnetism, electron correlation, and topological
orders, which can give rise to rich exotic quan-
tum states (Fig. 1A) ranging from quantum
anomalous Hall (QAH) effects to axion insulators
(5, 6, 29-31).

TRS-breaking WSMs have other preferred
properties. For example, chiral anomaly is easier
to observe in materials that have only two
Weyl points (5, 32), which is possible only in
TRS-breaking WSMs [Fig. 1B (i)]; by contrast,
time-reversal invariant IS-breaking WSMs have
a minimum of four Weyl points [Fig. 1B (ii)] (5).
Additionally, by preserving the IS, the energies
of a pair of Weyl points in a TRS-breaking WSM
are required to be the same (5), making it pos-
sible to realize the true nodal WSM phase when
the Fermi energy coincides with the Weyl nodes.
Finally, the TRS-breaking WSMs are attractive
for spintronics applications, as the enhanced
Berry curvature, together with its intrinsic mag-
netism, may lead to unusually large anomalous
Hall conductivity (AHC) and anomalous Hall
angle (AHA) (33, 34).

However, despite the many proposed candi-
dates (6, 21, 22, 35-38), unambiguous and direct
experimental confirmation of TRS-breaking WSMs
remains challenging.

Recently, a ferromagnetic Shandite CosSn,S,
was proposed to be a TRS-breaking WSM with
three pairs of Weyl points in its three-dimensional
(3D) Brillouin zone (BZ) (33, 39). The transport

A B (|) Simplest (i) Simplest
1 Magnetic WSM Non-Magnetic WSM
QAH Conductive K
Insulator | Domain Wall L. ot K
FM s AN D E 2 Fniorens AR B

Massive
DSM

() (i)

-V

Crystal

field
VB‘

Fig. 1. Co3Sn,S; as a candidate magnetic WSM. (A) Exotic neighboring
states of the magnetic WSM can be achieved by tuning parameters such
as magnetism, thickness, and electron correlation (see text for more
details). SM, semimetal; DSM, Dirac semimetal; WSM, Weyl semimetal;
QAH, quantum anomalous Hall; FM: ferromagnetism. (B) Comparison
between (i) simplest magnetic WSMs (with one pair or two Weyl points)
and (ii) simplest nonmagnetic WSMs (with two pairs or four Weyl points).
Magenta and green color of the Weyl points represent positive (+) and
negative (=) chirality, respectively; the arrows illustrate the Berry
curvature. k, momentum; s, spin; WP, Weyl point; IS, inversion
symmetry; TRS, time reversal symmetry. (C) Crystal structure of
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Co3Sn,S;, showing the stacked ...—Sn-[S-(Co3-Sn)-S]-... layers.

(D) Mechanism for the magnetic WSM phase in Co3Sn,S; (see text for
details). CB, conduction band; VB, valence band; FM, ferromagnetism;
SOC, spin-orbital coupling. (E) Schematic of the bulk and surface
Brillouin zones along the (001) surface of Co3Sn,S,, with the Weyl points
marked and connected by SFAs (yellow line segments). (F) Temperature
dependences of longitudinal electric resistivity. The ferromagnetic
transition occurs at T¢ = 175 K, as indicated by the kink in the curve.
Inset: Hysteresis loop of the magnetization (external magnetic field is
along the z axis) measured at T = 2 K, showing a typical ferromagnetic
behavior. PM, paramagnetism.

1 of 4

6T0Z ‘Z JaquianoN uo /Hio°Bewadualds adualds//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | REPORT

measurements have demonstrated an unusually
large AHC and large AHA (33, 34) in this material,
making it a promising magnetic WSM candi-
date. The electronic band structure obtained
from theory has shown similarity to previous
experiments (34); however, direct evidence for
WSMs, such as the existence of bulk Weyl points
with linear dispersions, and the SFAs, is still
missing. Here, we used angle-resolved photo-
emission spectroscopy (ARPES) to systematically
study the electronic structures of single-crystal
Co3Sn,S, and observed the characteristic SFAs
and the bulk Weyl points in the ferromagnetic
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Fig. 2. General electronic structure and band evolution with binding
energy. (A) Stacking plots of constant energy contours at different binding
energies obtained from ARPES show sophisticated band structure
evolution. (B) Comparison between three experimental constant energy
contours at different binding energies [(i) to (iii)] and the ab initio
calculations of the bulk bands (superimposed in red on the right half of the
plots), showing excellent agreement except for the triangle-shaped FSs
around the K and K’ points. Note that the experimental plot has been
symmetrized according to the crystal symmetry for comparison with the
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phase. These findings, further supported by ex-
cellent agreement with ab initio calculations,
confirm the TRS-breaking WSM phase in Co3Sn,S,
and provide important insights for the under-
standing of its exotic physical properties [see
discussion in (40) for details].

The crystal structure of Co3Sn,S, is composed
of stacked ...- Sn-[S-(Co3-Sn)-S] -... layers (see
Fig. 1C, space group R3m, no. 166). In each
[S-(Cos-Sn)-S] layer group, the central Co layer
forms a two-dimensional (2D) Kagomé lattice
with an Sn atom at the center of the hexagon;
S atoms are located alternately above and below
the triangles formed by the Co atoms, with the
adjacent [S-(Coz-Sn)-S] layer groups linked by
layer-sharing Sn atoms (Fig. 1C).

The TRS-breaking WSM phase in CosSn,S,
(Fig. 1D) is caused by the joint effects of crystal
field, ferromagnetism (FM), and spin-orbital cou-
pling (SOC): The crystal field first mixes the valence
band (VB) and conduction band (CB) to form four-
fold degenerate nodal lines [Fig. 1D (ii), black
curve]; subsequently, the degeneracy of the nodal
line is lifted [Fig. 1D (iii), green curve] by the FM
transition that breaks the TRS; finally, SOC splits
the doubly degenerate nodal line in Fig. 1D (iii)
into a pair of Weyl points with opposite chirality
[Fig. 1D (iv)]. According to recent ab initio calcu-
lations for this material (33, 39), there are three
pairs of Weyl points within each bulk BZ con-
nected by the SFAs (Fig. 1E).

To study the electronic structure of CozSn,S,
and its magnetic WSM nature, we synthesized
high-quality crystals with flat, shiny, cleaved
surfaces (40). The temperature-dependent trans-
port (Fig. 1F) and magnetization measurements
(Fig. 1F, inset) clearly illustrate that an FM tran-
sition occurs at a critical temperature 7¢ = 175 K
with a hysteresis loop [for additional character-
ization, see (40)].

The overall band structure of CosSn,S, ob-
tained through ARPES is summarized in Fig. 2.
The experimental stacking plots of constant ener-
gy contours of the electronic bands at different
binding energies (Fig. 2A) show sophisticated
structures and their evolution with energy. To
understand these rich details, we performed ab
initio calculations [for details, see (40)] for the
bulk electronic bands for comparison. As shown
in Fig. 2, B to D, the experimental results and
calculations show good overall agreement, ex-
cept for the triangle-shaped Fermi surface (FS)
pieces around the K and K’ points, which were
observed in experiments (Fig. 2C) but absent in
the bulk calculations. These unusual FS pieces,
as we will demonstrate below, arise from the
topological surface states that will result in char-
acteristic SFAs.

After establishing the overall correspondence
between the experimental and calculated (bulk)
band structures, we now focus on the vicinity of
the triangle-shaped FSs by performing fine ARPES
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calculation (as in Figs. 3 and 4). (C) Magnified Fermi surface around the K
and K’ points as indicated by the orange dashed line in (B) (i). The triangle-
shaped FSs around the K and K’ points, which are formed by SFAs, are
marked by red arrows (see text for details). (D) Comparison of the
experimental (i) and calculated (ii) band dispersions along different
high-symmetry directions across the whole BZ (T —K — M’ —T — M),
showing good agreement. The calculated bandwidth was renormalized by
a factor of 1.43, and the energy position was shifted to match the
experiment. The data were recorded at 10 K.
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Fig. 3. Observation of the SFA and TSS disper-
sion on the (001) surface. (A) Comparison

of (i) the calculated FS from both bulk and
surface states and [(ii) to (iv)] the experimental
FSs under different photon energies. The
magenta and green dots in (i) represent the
Weyl points with opposite chirality, and the
SFAs are indicated by red arrows. (ii) to

(vi) Experimental FSs under different photon
energies all show SFAs agreeing with the
calculation in (i). The triangle-shaped FSs
formed by the SFAs do not change in size and
shape under different photon energies,
confirming their surface origin. (B) 3D intensity
plot of the experimental band structure near
the K’ point. The SFAs and the dispersions of the
TSSs are marked by red arrows. (C) Comparison
of the dispersions from (i) calculated TSS

along the T' — K' — T direction and [(ii) to (vi)]
the experimental TSSs. (D) Photon energy—
dependent ARPES spectral intensity map

at Er along the T — K' — T direction, where the
black dashed lines indicate the topological
surface states that show no dispersion

along the energy (and thus k) direction.

The data were recorded at 10 K.

mapping with high resolution to study their de-
tailed geometry and to search for the unusual
SFAs, the characteristic signature of the WSM.

According to our calculations [for details, see
the materials and methods section in (40)], the
SFAs in Co3Sn,S, are located around the K’ of the
BZ [Fig. 3A, (i)], formed by a line segment that
connects one pair of Weyl points with opposite
chirality in each BZ. These line segments from
three adjacent BZs can form a triangle-shaped
surface FS piece. This unusual surface FS topol-
ogy was indeed observed experimentally [Fig.
3A (ii) to (vi)], where the unchanged shape of
these line-segment FS pieces from different photon
energies indicates their surface origin [Fig. 3A (ii)
to (vi); results from more photon energies can be
found in (40)]. Notably, each line-segment FS
piece merges into the bulk FS pockets near the
M’ point of the BZ [where the Weyl points are
located; Fig. 3A (i)], in excellent agreement with
the calculations.

In addition to the FS topology, we can study
the dispersions of the topological surface states
(TSSs) that result in the SFAs discussed above
(Fig. 3B). The dispersions of the TSSs from dif-
ferent photon energies are in good agreement
with calculations (Fig. 3C). Indeed, the photon
energy dependent ARPES measurements (Fig.
3D) show the characteristic vertical dispersion-
less FS with respect to the photon energy (and
thus also £.), unambiguously confirming the sur-
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face nature of TSSs (Fig. 3C) and the triangle-
shaped FS pieces [Fig. 3B; further discussion on
the SFA states can be found in (40)].

With the SFAs identified, we next searched
for the characteristic bulk Weyl fermion disper-
sion. For this purpose, we performed broad-
range (50 to 150 eV) photon energy-dependent
ARPES measurements (see (40) for details) to
precisely identify the £, momentum locations
of the Weyl points [Fig. 4A (i)]. In Fig. 4A (ii),
bulk bands with strong k. dispersion can be
seen in the k,~k, spectra intensity map (in
contrast to the TSSs without %, dispersion in
Fig. 3D), agreeing well with our calculations
[overlaid in red in Fig. 4A (ii)]. The measured
dispersions along two different high-symmetry
directions show good overall agreement with
calculations [Fig. 4B; further discussion on the
comparison can be found in (40)].

The agreement between experiments and cal-
culations in Fig. 4, A and B, allows us to identify
the bulk Weyl points in CosSn,S,, which lie at
k. = +0.086 A" planes [Fig. 4A (i)] and can be
accessed by using 115-eV photons (corresponding
to k, = -0.086 A™ in Fig. 4A). To precisely
locate the in-plane momentum loci of the Weyl
points, we first performed k,-%, FS mapping
[Fig. 4C (i)] of the band structures across the
surface BZ, and then we focused on band dis-
persions that cut through the Weyl point [see
the cutting plane in Fig. 4C (i)].

20 September 2019

k, (A1)

Indeed, the measured bulk band dispersion
is linear, matching the calculations [Fig. 4C (ii),
red curve]. However, because the Weyl points
are located at an energy ~50 meV above the
Fermi level (Ey) for the undoped sample [Fig.
4C (ii)], to observe the band crossing at the
Weyl point, we introduced in situ electron doping
using an alkaline metal dozer [Fig. 4D, see
(40) for details] and successfully raised Ey to
the Weyl points. As illustrated in Fig. 4E, with
the lifting of Ef, spot-like FSs (i.e., the Weyl
points) emerge [Fig. 4E (i); at this photon
energy, the FS mapping only cuts across three
bulk Weyl points at k, = —0.086 A™! plane, as
shown in Fig. 4A (i)]. The band dispersion in
Fig. 4E (ii) also shows the linear crossing of the
bands at the Weyl point, in good agreement with
the calculations.

The observation of the distinctive SFAs and
bulk Weyl points with linear dispersions, together
with the overall agreement of the measurements
with theoretical calculations, establishes CosSn,S,
as a magnetic WSM. This finding extends the
possibilities for the exploration of other exotic
phenomena associated with TRS-breaking WSMs
(such as the unusually large AHC and QAH ef-
fects at the 2D limit) and potential applications.
In addition, the topological phase transition
across the FM ordering and the detailed spin
textures of the SFAs in CosSn,S, merit further
investigation.
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Fig. 4. Bulk-band structure and observation of the Weyl point. (A) (i)
Schematic of the measurement k, -k, plane (vertical yellow plane) of the
intensity plot in (ii). Weyl points are also illustrated, with the reference
k«-ky plane (horizontal gray plane, corresponding to 115-eV photons) used to
help show their locations. (i) Photoemission intensity plot along the k,-k,
plane [yellow plane in (i)]. Energy integration window from Eg — 100 meV

to Ef is shown. Overlaid red contours are calculated bulk FSs with the
same energy integration window, showing overall agreement with the
experiment. The black curves indicate the k, momentum locations probed
by 115-eV photons. The two dashed lines marked as “cutl” and “cut2”
indicate the momentum direction of the two band dispersions shown in
(B). (B) Bulk-band dispersions along two high-symmetry directions,
indicated as cutl and cut2 in (A), (ii), respectively. The calculated band

dispersions (red curves) are overlaid. (C) (i) 3D ARPES spectra intensity
plot measured with 115-eV photon energy, showing both the FS (top
surface) and the band dispersions (side surfaces). The gray plane indicates
the location of the band dispersion cut in (ii). (ii) Band dispersion showing
linear dispersions toward the Weyl point above the Ef, in agreement with
the calculations (red curves overlaid). (D) lllustration of the in situ electron
doping using an alkaline (potassium) metal dispenser. (E) (i) 3D ARPES
spectra intensity plot measured after potassium dosing, which lifted Eg;
Weyl points now emerge (marked by green arrows). (ii) The measured
band now shows a linear dispersion across the Weyl point, agreeing well
with the calculations (red curves overlaid). The calculated bandwidth was
renormalized by a factor of 1.43 and the energy position was shifted to
match the experiment. The data were recorded at 10 K.
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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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