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Co3Sn2S2 is a magnetic Weyl semimetal, in which ferromagnetic ordering at 177K is predicted to
stabilize Weyl points. We perform temperature and spatial dependent angle–resolved photoemission
spectroscopy measurements through the Curie temperature (Tc), which show large band shifts and
renormalization concomitant with the onset of magnetism. We argue that Co3Sn2S2 evolves from a
Mott ferromagnet below Tc to a correlated metallic state above Tc. To understand the magnetism,
we derive a tight–binding model of Co-3dx2−y2 orbitals on the kagome lattice. At the filling obtained
by first–principles calculations, this model reproduces the ferromagnetic ground state, and results
in the reduction of Coulomb interactions due to cluster effects. Using a disordered local moment
simulation, we show how this reduced Hubbard-U leads to a collapse of the bands across the magnetic
transition, resulting in a correlated state with . Using a disordered local moment simulation, we
show how this reduced Hubbard-U leads to a collapse of the bands across the magnetic transition,
resulting in a correlated state which carries associated characteristic photoemission signatures that
are distinct from those of a simple lifting of exchange splitting. The behavior of topology across Tc

is discussed in the context of this description of the magnetism.

I. INTRODUCTION.

Quantum materials encompass a broad array of phe-
nomena, unified by the concept of emergent phases [1, 2],
which can arise as result of thermodynamic or topological
phase transitions. Recently, magnetic topological mate-
rials have united these two paradigms with a promise
to realize novel elementary excitations in a switchable
manner, as exemplified by magnetic Weyl semimetals
(WSMs). Magnetic WSM states were initially predicted
in rare–earth pyrochlore iridates [3], and HgCr2Se4 [4],
and recently observed in a number of materials[5–9].

A WSM state occurs as an intermediate metallic
regime between normal and topologically insulating
phases when either inversion (I) or time–reversal (T )
symmetries are broken [10–12]. Specifically, magnetic
WSMs break T symmetry, and can realize the minimal
number of Weyl points in the Brillouin zone (BZ), since
the preserved inversion symmetry guarantees the exis-
tence of Weyl points with opposite chirality at k/−k mo-
menta, necessarily satisfying the Nielsen-Ninomiya theo-
rem [13]. This chirality is topological property that man-
ifests as Fermi arc surface states [3, 10] connecting pairs
of projected Weyl points, and generally guarantees their
stability, since the chirality can only be removed by merg-
ing with a Weyl point of opposite chirality.

A prototype magnetic WSM is Co3Sn2S2, which is
a ferromagnet with a Curie temperature of Tc = 177K
[14, 15]. The structure is composed of triangular S and
Sn layers interspersed between the Kagome lattice planes
of Co atoms that are responsible for ferromagnetic or-
der. This material possesses an unusually large anoma-
lous Hall conductivity as a direct consequence of its topo-
logical band structure [16, 17]. Other indications of the

topology in Co3Sn2S2 are the chiral anomaly-related neg-
ative longitudinal magnetoresistance [16] and gigantic
magneto-optical response [18]. The topological nature
of the band structure has been verified spectroscopically
at low temperature [19–21], but limited spectroscopic in-
formation is available through Tc [22, 23].

Switchable topology in magnetic WSMs has been im-
plied through various experiments, including measure-
ments of the intrinsic anomalous Hall [4, 16, 24–26]
and Nernst effects [27–29], but direct signatures of band
structure changes across Tc have been less explored. This
is in part because the microscopic details of magnetism
can be quite complex [22, 30–34], resulting in a non–
obvious evolution of the band structure and its topo-
logical features. The topological physics of Co3Sn2S2

is simultaneously manageable due to it only possessing
six Weyl points, the minimum allowed by the combined
I and C3 symmetries, yet is still highly non-trivial be-
cause its magnetic structure is complicated by correla-
tions [22, 30, 32], frustrations [33, 34], and domains [31].
These aspects make this material a convenient experi-
mental platform for observing an elementary property
of WSM: the merging and annihilation of Weyl points
with opposite chirality across a magnetic phase transition
[35, 36]. Studying this theoretically predicted topologi-
cal property of Weyl points holds not only pedagogical
importance, but is also a crucial step towards controlling
and manipulating electronic states in this system.

In the present work, we investigate the evolution
of electronic structure across Tc in magnetic WSM
Co3Sn2S2 using spatial and temperature-dependent
angle-resolved photoemission spectroscopy (ARPES) and
corresponding first principles calculations. Our ARPES
measurements reveal a substantial band shift and renor-



malization across Tc, as well as a second band farther
from the Fermi energy. We draw an analogy from the
well–known Mott–Hubbard physics, explaining this re-
sult as the emergence of a moderately correlated metallic
state above Tc, characterized by a distinctive renormal-
ized quasiparticle band near the Fermi energy, with the
persistent spectral weight attributed to the remnants of
the lower Hubbard band. To better understand the evo-
lution across Tc, we perform calculations based on the
Disordered Local Moment (DLM) [37] picture of mag-
netism to show how persisting local magnetic correla-
tions can lead to a renormalized quasiparticle band. We
then show that the states associated with the bulk Weyl
nodes and Fermi arcs are absent above Tc, consistent
with the reappearance of T symmetry. However, in our
proposed model the persistent local moments above Tc
may also break the translational symmetry required for
Weyl nodes to exist, oppugning the notion that they an-
nihilate across the magnetic transition, and emphasizing
the crucial role played by many-body effects during the
evolution of magnetism and topology across Tc.

This paper is organized as follows: in Section II we
discuss the magnetism of Co3Sn2S2, and derive a mini-
mal tight binding model, while Section III focuses on un-
derstanding the surface terminations of Co3Sn2S2. The
remainder of the work illustrates the changes in the band
structure on the Sn termination across Tc, by consider-
ing the magnetic disorder and topological features in this
material. In Section IV, the derived tight binding model
is used in combination with first–principles disordered lo-
cal moment simulations to understand the ARPES data
across Tc. Section V then depicts the evolution of bulk
Weyl cones across the magnetic transition, and uses the
results of slab calculations to describe how the associated
Fermi arc states will evolve.

II. MECHANISM OF MAGNETIC ORDER.

Co3Sn2S2 crystallizes in the hexagonal shandite-type
structure [38–42] with A-B-C stacking in the [001] direc-
tion (space group R3̄m, #166), shown in Figure 1a. The
layers alternate as ...-Sn-[S-(Co3-Sn)-S]-... units, with
the Sn layer and Co3-Sn layer separated by sulfur atoms.
The Co atoms form a Kagome lattice with Sn atoms po-
sitioned at the center of each hexagon (Fig. 1(c)).

Magnetic order in this compound has been extensively
characterized by experiments [14, 15, 43–45]. Below Tc,
Co3Sn2S2 exists in a ferromagnetic phase, with a local
moment of ∼ 0.33µB/Co atom along the easy magnetiza-
tion c–axis. Recent experiments have also suggested the
existence of an anomalous magnetic phase just below the
transition temperature [32, 34, 46]. Within the ferromag-
netic phase, broken T symmetry leads to the formation
of Weyl points just above the Fermi energy. This band
structure topology has been verified through measure-

FIG. 1. Structure and BZ of Co3Sn2S2. (a) Shandite–
type crystal structure of Co (blue), Sn (white), and S (yellow)
atoms. Colored planes mark the S–type (red), Sn–type (blue)
terminations, and Co kagome sublattice (green). (b) BZ and
projection along [001], with high-symmetry points indicated.
Dashed orange line on the two–dimensional projection shows
the high–symmetry Γ−K cut. Pink/cyan spheres mark Weyl
points in the BZ and their surface projections. (c) Kagome
plane Co-3dx2−y2 orbitals (red), rotated by −π/12, π/12, or
π/4, to align with local C3 cluster symmetry.

ments of the spectroscopy [19–21], anomalous Hall con-
ductivity [16, 17], anomalous Nernst conductivity [27],
negative longitudinal magnetoresistance [16], and gigan-
tic magneto-optical response [18].

The magnetic order of Co3Sn2S2 is understood from
previous electronic structure calculations as follows[15,
47]. The spin-minority channel develops a gap structure,
leaving a Fermi surface composed exclusively of spin-
majority states, which makes Co3Sn2S2 a half-metallic
ferromagnet. The states at the Fermi level are comprised
primarily of Co-3d orbitals, but there is no consensus on
the precise magnetic orbital(s) nor mechanism, with var-
ious works proposing minimal tight-binding models that
assign the magnetism to Co-dz2 [48], Co-J1/2 [49], or Co-
3d-eg [50]. However, the standard approach is to extract
a tight-binding model directly from the electronic struc-
ture calculation, by projecting onto a basis of maximally
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FIG. 2. LDA band structure of Co3Sn2S2. The orbital char-
acters for the Co-3d basis, rotated about kz by −π/12, π/12,
and π/4, are highlighted red for dx2−y2 (a) and green for dz2
(b). The dx2−y2 tight-binding model bands are shown in blue.

localized Wannier functions [19, 25, 45, 49, 51]. Never-
theless, this procedure is cumbersome and necessitates
an excess of orbital fitting parameters in order to ade-
quately reproduce the electronic bands. The large num-
ber of Wannier orbitals needed for most fits, and the pos-
sibility of fitting bands with the wrong orbitals, makes it
difficult to analyze the electronic structure and physics
of complex materials.

To understand the origin of the magnetism in
Co3Sn2S2, we employ the full–potential linear muffin–
tin orbital (FPLMTO) method [52, 53] to perform den-
sity functional theory calculations. The electronic struc-
ture is computed within the local density approximation
(LDA), local spin density approximation (LSDA), and
with the Hubbard-U correction included (LDA+U) to
take into account the electron–electron interactions on
the Co-3d orbitals. In order to best match experimental
results, the parameter U is varied from U = 2 − 4 eV
and with Hund’s JH = 0.8, in accordance with recent
many–body simulations [30].

The LDA electronic structure calculation reveals two
bands crossing the Fermi energy (Fig. 2), carrying mainly
Co-3d character. To obtain a clearer picture, we project
onto a basis set of cubic harmonics that are rotated about
the kz axis by −π/12 for Co-1, +π/12 for Co-2, and +π/4
for Co-3, which respects the local C3 rotational symme-
try and aligns the orbitals with the in–plane nearest–
neighbor Co bonds (Fig. 1(c)). In this new basis, the
two bands crossing the Fermi level have dx2−y2 charac-
ter for the half-filled flat band that dips below EF along
Γ−T , and dz2 character for the other, mostly unoccupied
band. Below EF , the dispersion of local dx2−y2 orbitals
(red fat lines in Fig. 2(a)) is more complicated due to
hybridization with many other bands, which can be seen
within a large energy window from -2.5 eV to -0.5 eV.

The lack of dispersion along Γ − T for the Co-dx2−y2

band implies that the electron hoppings are confined
within the kagome plane. It is well known that a tight-
binding model restricted to only include nearest-neighbor
in–plane hoppings produces an ideally flat band [45]. For
the case of the band structure here, we see some addi-
tional dispersion along U −L−Γ, which suggests higher
order hoppings. Indeed the band structure can be closely
reproduced (Fig. 2) by including couplings up to third
order [54], with on–site energy εCo = −1.87 eV, and hop-
pings t1 = 0.77 eV, t2 = −0.36 eV, and t3 = 0.046
eV. These parameters are similar to those used for tight-
binding models in previous works [48, 49], notwithstand-
ing the different basis sets that were employed.

The basic structure of the energy bands can be illus-
trated by considering what happens locally on a trian-
gular Co atom cluster (Fig. 3), with ψCo1, ψCo2, ψCo3

forming the basis of orbitals on the three Co atoms. Con-
sidering only onsite and nearest–neighbor hoppings in the
non-interacting picture yields the 3× 3 Hamiltonian

H =

εCo t1 t1
t1 εCo t1
t1 t1 εCo

 , (1)

which can be diagonalized to find the eigenstates Ψ1 =
(−ψCo1 + ψCo2)/

√
2, Ψ2 = (ψCo1 + ψCo2 − 2ψCo3)/

√
6,

and Ψ3 = (ψCo1 +ψCo2 +ψCo3)/
√

3. Ψ1,2 form a doubly
degenerate ground state with energy ε1,2 = εCo−t1, lying
below Ψ3 which has an energy ε3 = εCo + 2t1.

We now diagonalize this model with an onsite Coulomb
repulsion U , and consider what happens for different elec-
tron fillings. At half-filling the two lowest energy configu-
rations are: S = 1/2 with all three electrons in the lower
energy doublet, and the higher energy S = 3/2 where
one electron occupies Ψ3. Adding an additional electron
preferentially fills the hole in the doublet, resulting in a
S = 0 ground state and S = 0, 1 excited configuration.
At a filling of 5/6 electrons the situation is simplified;
the lowest energy configuration matches the single elec-
tron picture with the solitary hole occupying Ψ3, which
corresponds to S = 1/2.
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FIG. 3. (a) Local Hubbard model on the three Co atom
cluster. Diagonalizing the non-interacting case yields a pair
of degenerate states and one higher energy state (b), with
the probability density distributions shown in (c). Coulomb
interactions are screened for Ψ3, yielding Ueff = U/3.

This in fact matches what is seen in LDA calculations;
the highest–lying dx2−y2 band is half filled, in line with
a five electron/one hole configuration. This results in a
spin-1/2 ferromagnetic state, since the antiferromagnetic
state is impeded by lattice frustration. The associated
moment of 1 µB is spread over the Co atoms in the Ψ3

state, consistent with the 0.33µB per Co magnetic mo-
ment computed by LSDA. The experimentally measured
moment is slightly less than 1 µB/f.u. [15, 43, 54], due
to the partial filling of the dz2 band.

The Ψ3 state is optimal from the standpoint of mini-
mizing Coulomb repulsion. For Ψ1 and Ψ2 the Coulomb
repulsion is slightly reduced to U/2, while the symmet-
ric distribution for Ψ3 results in a net repulsion of U/3.
Considering a range U ∼ 2 − 4eV, which is typical for
Co atoms in magnetic systems, the electron filling up
to the half–filled Ψ3 state reduces this to values com-
parable with the bandwidth (Fig. 2) found by first–
principles calculations [54]. This means that the dis-
ordered magnetic phase near Tc (to be considered in a
later section), is a true strongly correlated state, and
must be treated appropriately. Recent single–impurity
DMFT simulations were not able to fully capture the
electronic-bandwidth renormalization [30]. Thus a com-
plete treatment would entail a calculation that captures
the full physics of the three-Co-atom clusters, through a
method such as cluster-DMFT [55]. Such an approach
is outside the scope of the present study, but may yield
important insights in the future.

III. SURFACE TERMINATIONS.

From a theory standpoint, the presence of Weyl points
in the bulk guarantees the existence of topological Fermi
arcs on the surface [3, 10], but the shape and connectiv-
ity of these arcs have been shown to critically depend on
surface termination [56]. Co3Sn2S2 cleaves by breaking
either Co–S or Sn–S bonds, with the latter being more
probable [51], making Sn and S the dominant termina-
tions. These cleave terminations in Co3Sn2S2 have im-
plications for Fermi arc connectivity, resulting in intra–
BZ Fermi arcs on the Sn termination, inter–BZ Fermi
arcs on the Co termination [19], and very short Fermi
arcs on the S-termination due to mixing with bulk states
[51]. Additionally, the S-termination is susceptible to
vacancy formation, and these vacancies themselves yield
novel excitations [57, 58]. As such, identifying the pho-
toemission fingerprints of different terminations is crucial
for the study of temperature–dependent band structure
and topology.

Photoemission experiments were performed at beam-
line 7.0.2 (MAESTRO) at the Advanced Light Source
(ALS), with a beam spot size d ≈ 80µm. 115eV photon
energy was used for ARPES measurements, which ac-
cesses near the Γ plane of the BZ and has been shown to

FIG. 4. Sn and S core levels on different surface termina-
tions. (a)-(b) Sn 4d core level spectra taken on portions of
the sample with Sn (a) and S (b) terminations. Core levels
are fitted with two DS doublets in order to represent the con-
tribution from the first two Sn layers. (c)-(d) S 2p core level
spectra at the same positions of the sample with Sn(c) and
S(d) terminations fitted with three DS doublets representing
the contribution from the first three S layers. All spectra
taken at 30K.
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cut through Weyl points [20]. X-ray photoemission spec-
troscopy (XPS), with 350eV photon energy was used to
assess core levels at each measured sample position.

FIG. 5. High symmetry Γ−K cuts taken at 30K for Sn (a)
and S (b) terminations. Arrows point to features near Γ and
K which differ between the two terminations. (c)-(d) Slab cal-
culations along M −K −Γ−K′ −M ′. Dashed lines indicate
bulk bands. Slab bands are colored based on surface charac-
ter: blue–Sn termination, red–S termination, grey–bulk. Ver-
tical dashed lines mark high symmetry points throughout.

Figures 4 and 5 show results for the two surface ter-
minations realized at different positions in our Co3Sn2S2

samples. These are identified as Sn and S surfaces, re-
spectively indicated by the blue and red planes in Fig. 1.
The most probable identity of the termination in differ-
ent positions on the same sample is determined from den-
sity functional theory (DFT) calculations, which are pre-
sented later. These different terminations are most read-
ily distinguishable by their S 2p1/2,3/2 core level spectra
shown in Figure 4 (a)-(b), which display an extra low-
energy shoulder on the S termination (Fig. 4(b)). Sn
4d3/2,5/2 core levels were also measured (4 (c)-(d)), and
do not show as visually apparent differences as a func-
tion of termination. XPS spectra were fitted to Doniach-
Sunjic (DS) doublet profiles with a Shirley background.
Three sets of doublets are needed to fully capture the S
core levels: one associated with bulk states and two as-
sociated with two near-surface sulphur layers. The latter
contribute more strongly on the S termination, produc-
ing the characteristic shoulder. Sn core levels were fitted
to two DS doublets, but have only subtle lineshape dif-
ferences at different cleave terminations.

Having established the presence of two distinct surface
terminations, we now turn to the measured and calcu-

lated band structure at the same positions as the XPS
spectra. Fig. 5 (a)-(b) shows ARPES spectra along the
Γ−K high symmetry direction for Sn (a) and S (b) ter-
minations. The cut extends into the second BZ, and high
symmetry points are labeled. Low energy features which
are most relevant to magnetism and topology along this
high-symmetry cut are discussed in Fig. 6 and SM [54].
Here, we focus on characteristic differences between the
two cleave terminations. The most prominent spectral
changes appear at the Γ point (vertical yellow arrow in 5
(b)) and also at kx ≈ 0.8Å−1 near the K point (horizon-
tal yellow arrow in 5 (b)). At the Γ point, a ‘Y-shaped’
feature is prominent on the S termination (5(b)), and
significantly diminished on the Sn termination (5(a)).
Meanwhile, on the Sn termination, there is a gap or de-
pletion of spectral weight near the K point, at a binding
energy EB ∼ 300 meV, which is more filled in on the S
termination.

In order to interpret the position-dependent ARPES
spectra, we extract a model Hamiltonian from the ab
initio calculation to solve on a layered slab geometry
using the following procedure. We use the Quantum
ESPRESSO package [59, 60] for first–principles elec-
tronic structure calculations of Co3Sn2S2 within LDA
and LSDA, which are performed using projector aug-
mented waves (PAW) in the plane wave basis with spin-
orbit coupling included. Scalar relativistic PAW pseu-
dopotentials are employed, with exchange and correla-
tion terms included through the Perdew-Burke-Ernzerhof
(PBE) parameterization scheme as implemented in psli-
brary21 [61]. The self-consistent calculation is performed
using the experimental lattice constants [62], on a grid of
10×10×10 k-points with an energy cutoff of 60 Ry, and
subsequently projected onto maximally localized Wan-
nier functions using the WANNIER90 package [63], with
a starting basis of Co-3d, Sn-5sp, and S-3p orbitals.

The resulting tight-binding Hamiltonian in the Wan-
nier function basis is used to construct a 60 unit cell slab
for the surface state calculations. The supercell Hamil-
tonian is assembled along the [001] crystallographic di-
rection and truncated along the Sn and S surfaces shown
in Figure 1. To isolate the surface states for compari-
son with ARPES spectra, we color the bands red(blue)
at each k-point proportionally to the probability density
at the S (Sn) surface for their corresponding eigenvectors
(Fig. 5(c)-(d)). Several additional layers of atoms are
included in our definition of the slab surface, to account
for the long penetration depth of the surface states into
the bulk [51], and to incorporate the contribution of the
Co atoms, since the surface states for these terminations
have primarily Co-3d character [64].

Numerical slab calculations of the S termination show
numerous surface bands at the Γ point, which do not ap-
pear on the Sn terminated surface, motivating us to iden-
tify the spectrum in Fig. 5(b) with the S termination.
Additionally, the calculation for the S surface shows a
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FIG. 6. Temperature dependence of the Γ−K cut. (a) Selected temperatures along cut indicated in schematic above panels.
In all spectra, a Fermi-Dirac cutoff convolved with the energy resolution has been divided out. Black dashed line indicates
position of band which forms Fermi arc, as quantified by MDC fitting at 30K. The same dispersion is plotted in a1-a4. b)
corresponding curvature plots [65] at each temperature c)-e) temperature-dependent EDCs at kx =0.2, K point, and M point,
respectively. Curves normalized at EB = 1 eV and offset for clarity. Dashed lines are guide-to the eye for EDC peak position
in each panel, and grey arrows in e) are guide-to-the-eye for high-energy shoulder. LHB and QP label the lower hubbard and
quasiparticle bands, as discussed in text. All EDCs have Fermi-Dirac function divided out. f) EDC local maxima at each
studied temperature. g) comparison of band positions as quantified by EDC local maxima at 30K (<Tc) and 205K (>Tc). A
rigid band shift by 130meV is contrasted with renormalization by 1/3 for comparison with 205K data

band in the gap between the two bulk states at K, which
is also not present in the Sn termination. This is consis-
tent with the filled–in spectral weight at EB ∼ 300 meV
in Fig. 5(b) as compared to (a). This interpretation is
also consistent with prior XPS studies, which associate
the low-energy shoulder on the S-2p levels with surface
S atoms, whose energy shift stems from reduced coordi-
nation at the surface [23, 64]. The stronger shoulder in
Fig. 4(b) vs (a) thus suggests a greater contribution from
surface S atoms, and a predominant S termination on the
sample position used for 4(b) and 5(b). We note that the
spectra associated with different cleaves were observed
with 80 µm photoemission spot size, which suggests that
different cleave terminations typically have macroscopic
dimensions, and in fact some of our experiments yielded
only a single termination. We also acknowledge stud-
ies of nanoscale inhomogeneity within that macroscopic
cleave termination [19, 66], which our simplified model of
a single termination does not consider.

IV. ELECTRONIC STRUCTURE CHANGES
ACROSS Tc.

To describe the physics of the magnetic transition and
associated changes in the electronic structure, we present
ARPES measurements of Co3Sn2S2 across Tc, focusing
on the high symmetry cut along Γ−K in the 2D projected
BZ shown in Fig. 1(b).

Fig. 6 investigates the temperature dependence of low-
energy electronic structure through Tc on the Sn termi-
nation. Example spectra are shown at 30K (T << Tc),
100K, 135K, 177K (T = Tc), and 205K (T >> Tc) in
panels a1-a5. Corresponding curvature plots [65] (Fig. 6
b) highlight less visible features in the spectra, particu-
larly the parabolic dispersion around Γ. Although this
feature has lower cross section than other bands, it still
yields a clear local maximum in the EDC (Fig. 6(c) and
SM [54]).

In the energy and momentum range shown in Fig. 6
the predominant features observed are bulk bands, high-
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lighted in red in panel a1, and a surface-like band which
forms the Fermi arc, highlighted with a black dashed line.
The bulk and surface character of these respective fea-
tures was established in prior photon-energy dependence
studies [20]. These features are in qualitative agreement
with calculations shown in Fig. 5, as discussed further in
SM [54]. The band which forms the Fermi arc is largely
unchanged at 100K, but at 135K, this feature is weak-
ened and shifted towards the K point. At 177K, it is no
longer present.

The bulk bands are best visualized via the EDC local
maximum, which also corresponds well with the domi-
nant features in the curvature plots. Fig. 6(c)-(e) show
EDCs at three characteristic momenta — kx =0.2 Å−1,
K point, and M point — to emphasize the robustness
of the observed energy shifts at each momentum. Ad-
ditionally, EDCs at the M point show clear high-energy
shoulders above Tc, indicating persisting features of the
magnetic state, identified as the lower Hubbard band.

Fig 6(f) shows EDC local maxima across the cut. The
dispersions derived in this manner coincide at all mea-
sured temperatures below Tc, but are distinct from those
measured above Tc. Intermediate behavior is shown at
177K=Tc, both in the EDC local maxima and in the
curvature plots. Above Tc, EDC local maxima are con-
sistently shifted to lower binding energy, but the shift is
non-monotonic: at the Γ point, the shift is 150 meV, at
the K point the shift is 70 meV, and at the M point the
shift is 130 meV. Dispersions above Tc are significantly
flatter than below Tc, indicating an enhanced effective
mass relative to the ferromagnetic regime. This is demon-
strated in Fig. 6(g) where a characteristic dispersion
T<Tc is compared to a characteristic dispersion T>Tc

in two different ways: energy shift and renormalization.
A simple shift does not reproduce the T > Tc disper-
sion, but a renormalization by a factor of ∼ 3 produces
a dispersion coincident with the one measured above Tc.

As we have already discussed, the ferromagnetism of
Co3Sn2S2 below Tc serves to split the electronic bands
within the spin–majority and spin–minority channels
[54], resulting in a band gap in the spin-minority states.
One might naively attribute the apparent shift in the
band structure observed by experiments solely to the dis-
appearance of exchange splitting in this itinerant magnet.
If the magnetic moments are presumed to disappear en-
tirely, the state where exchange splitting vanishes could
be represented using the electronic structure predicted
by non-magnetic LDA. Then, the behavior across the
ferromagnetic–paramagnetic transition can be identified
with the shift of the spin–majority band between mag-
netic LSDA and non-magnetic LDA [22, 23].

While it is tempting to compare the results of the
non–magnetic calculation with the behavior of Co3Sn2S2

above Tc in this way, such an interpretation does not
entirely capture the physics of the paramagnetic phase.
The magnetism is only fully quenched at temperatures

comparable to the band splitting of ∼ 0.5 eV, far above
the melting point of the material. For experimentally rel-
evant temperatures above Tc, ferromagnetism disappears
due to the suppression of long–range order by tempera-
ture driven fluctuations. However, the persistence of lo-
cal moments seen in the Curie Weiss susceptibility [54],
suggests a more complex many–body behavior.

The microscopic picture of magnetism is usually con-
sidered in the limit of large, moderate, and small ratios of
Coulomb interaction U to the electronic bandwidth W .
When U >> W , we are in the archetypal Mott regime
where disorder can narrow the bands by further limiting
inter–site hopping, while U << W corresponds to the
standard itinerant state. However, when U ∼ W , we re-
cover a distinctive strongly correlated state, where renor-
malized quasiparticles in the vicinity of EF and Hubbard
band states at higher energies are simultaneously present.

Applying this interpretation of magnetic disorder to
Co3Sn2S2, it becomes clear that that the relative mag-
nitudes of the bandwidth and band splitting will deter-
mine the behavior above Tc. For a large band splitting,
magnetic disorder and associated correlations will simply
serve to renormalize the width of the Hubbard bands. On
the other hand, if U ∼W , the magnetic disorder at high
T will lead to a narrow quasiparticle band, resulting in a
correlated metallic state, appearing as a spectral shift in
photoemission measurements [67].

The expected behavior can be estimated from the pa-
rameters of our extracted tight–binding model. The
nearest–neighbor hopping parameter is approximately
t ∼ 0.8eV, while a range of Hubbard–U values U ∼
2−4eV result in a reasonable exchange splitting between
the bands. For the Co-3dx2−y2 three band model at 5/6
filling, the highest occupied state (Fig. 3) renormalizes
the Coulomb repulsion by a factor of three. Representing
this system as a simplified single–band Hubbard model
with a bandwidth W ∼ 0.8eV and effective Ueff ∼ 1.3eV,
places it in the regime U ∼ 1.6W which is known to
be very close to a Mott transition [68], although multi–
orbital effects should affect the precise U/W ratio [69].
Thus, it is expected that Co3Sn2S2 would transition to
a correlated metallic state once the moments are disor-
dered by temperature.

There are numerous signatures of correlations in
Co3Sn2S2, but a complete picture is only beginning to
emerge. Even in the ferromagnetic phase there is a mod-
est enhancement of the electronic mass, with the ex-
perimental Sommerfeld gamma γexpt = 9.8 – 10.8 mJ
mol−1 K−1 [15, 70] exceeding the value computed from
the electronic density of states γth = 3.25 mJ mol−1

K−1 [54] by a factor of ∼ 3. However, it should be
noted that mass enhancement will be unequal across
the bands, with correlation effects playing a more sig-
nificant role in the renormalization of the magnetic Co-
3dx2−y2 band. In fact, the electronic-bandwidth renor-
malizations of Co-3dxy and Co-3dx2−y2 are found to be
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FIG. 7. Plots of the momentum–resolved spectral function A(k, ω) = =[G(k, ω)] along K − Γ− T . The spectral functions for
(a) ferromagnetic LDA+U, (b) LDA+DLM, and (c) non–magnetic LDA are shown.

strongest with increasing Coulomb energy [30], which is
consistent with our description, as these are the orbitals
that most align with the rotated Co-3dx2−y2 orbitals in
our symmetry–adapted basis. Further evidence for cor-
relations comes from optical conductivity measurements
which show a moderate band renormalization that neces-
sitates a rescaling of the computed spectrum by a factor
of ∼ 0.68 – 0.76 to match experiment [22, 30]. This is
consistent with the recently measured ratio of 0.70 be-
tween experimental and theoretical bandwidths [20].

This wide assortment of correlated properties is further
enriched by temperature and doping effects. A frustrated
in-plane anti-ferromagnetic component emerges at a tem-
perature Ta ∼ 90 K, that tilts the Co magnetic moments
[16, 34], affecting the long-range correlations and result-
ing in a non-monotonic magnetoelastic response for tem-
peratures between Ta and Tc [71]. As the temperature
is raised through Tc, optical conductivity measurements
also show a transfer of spectral weight to higher energy
peaks [22], suggesting a complex magnetic transition.
Doping with electrons or holes reveals additional anoma-
lous behaviors. For instance hole doped Co3Sn2−xInxS2

displays a strong enhancement of the quadratic term in
the electrical resistivity ρ(T ) = ρ0 + AT 2 near x = 0.8,
implying an enhanced electronic mass due to the in-
creased correlation effects [70]. Hole doping with iron
leads to an improvement in the thermoelectric properties,
which is associated with an enhanced density of states,
while electron doping with nickel significantly decreases
the resistivity, resulting in a more metallic state with in-
creasing nickel content [72].

A moderate band renormalization by a factor of ∼ 0.7
would imply that most of the spectral weight resides not
in the Hubbard bands, but in the quasiparticle band,

which is consistent with the picture that emerges from
our ARPES data shown in Fig. 6. However, a complete
treatment of these effects would involve taking into ac-
count the three-Co cluster in a full–fledged many–body
calculation [30]. Nevertheless, the magnetic transition
from ferromagnet to correlated metal in Co3Sn2S2, and
the apparent shift of low energy bands seen in photoe-
mission, can be understood using a DLM model [37]. We
compute the electronic structure using LDA+DLM, as
well as in the ferromagnetic LDA+U and non-magnetic
LDA settings. The Hubbard U parameter is selected
semi–empirically by comparing the position of the flat
dx2−y2 band along Γ−T . A value of U = 2eV places this
band 0.3eV below the Fermi level, which is consistent
with photoemission measurements [23]. Alternatively,
one can use the larger value of U and adjust the double
counting to match with ARPES. The spectral functions
A(k, ω) = =[G(k, ω)] for each calculation are shown in
Figure 7.

A comparison of the ferromagnetic and DLM calcu-
lations confirms the existence of a correlated regime,
clearly showing the exchange split bands collapsing into
one, with the DLM result nearly matching the dispersion
of the Co-dx2−y2 band in the non–magnetic calculation.
This is an interesting result because the DLM calcula-
tion would naively be expected to produce only Hubbard
bands and should not differ much from the magnetically
ordered LDA+U spectrum. However, the important ef-
fect of the DMFT self-consistency included in the Coher-
ent Potential Approximation (CPA), results in the ap-
pearance of a quasiparticle band which is seen to be sig-
nificantly broadened due to quasiparticle life time effects.
Experimentally, this would present as an apparent shift of
spectral weight closer to EF , exactly as seen by ARPES
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measurements. We stress that despite the visual simi-
larity between the LDA+DLM and non–magnetic LDA
spectral functions, the paramagnetic state we model with
DLMs is indeed a complex strongly correlated many-
body state, and whose band narrowing effect cannot be
fully captured by our CPA–based DLM method, nor by
single-site DMFT calculations as reported earlier [30].

V. WEYL PHYSICS ACROSS Tc.

As the temperature is raised through Tc, besides an ef-
fective shift in the observed spectral density, the vanish-
ing ferromagnetism also removes the global T –breaking
symmetry. Above Tc the system has both I and T sym-
metries, meaning any Weyl points in the ferromagnetic
state can no longer exist.

Figure 8 compares photoemission data for the Sn ter-
mination across Tc with the results of numerical calcu-
lations. The ARPES constant energy maps shown in
Fig. 8(a)-(b) are overlaid with constant energy slices
of the bands computed for the slab geometry using the
Wannier–basis Hamiltonian extracted from LSDA. These
Fermi surface contours are colored based on the proba-
bility density contribution at each k-point; red for the S
surface and blue for Sn, as indicated by the correspond-
ing planes in Fig. 1.

For the ferromagnetic calculation (Fig. 8(a)), the com-
puted states have strong contributions from the Sn sur-
face that form petal–like triangular features at the cor-
ners of the two-dimensional BZ, which match well with
the dark regions of high spectral density seen in the
ARPES data. The reason for the apparent six–fold rota-
tional symmetry in both theory and experiment, is that
ferromagnetism breaks the k↔ −k symmetry along the
kz direction, which is effectively integrated out for these
data, meaning deviations from six–fold symmetry are
very slight. Specifically, there is a small anisotropy in the
theory calculation between K and K ′ corners at opposite
momenta, consistent with the C3 rotational symmetry.

Above the transition temperature, the Fermi surface
looks markedly different (Fig. 8(b)). In the photoemis-
sion data, there is a blurring of spectral details stemming
from the expected magnetic disorder and fluctuations.
Simultaneously, the absence of T –breaking terms in the
non–magnetic theory calculation manifests as a six–fold
rotational symmetry of the contours, along with a near
total absence of surface state contributions at EF .

As the energy is raised above EF in the ferromagnetic
calculation (Fig. 8(e)), the constant–energy slices reveal
the topological nature of the surface states. The blue
(Sn) surface states pull away from the M points of the BZ
with increasing energy, and the three trivial surface states
merge with the bulk and vanish. The remaining three Sn
surface states connect with the six Weyl cone projections,
located near the M points along the Γ −M lines, and

FIG. 8. ARPES spectra below and above Tc with computed
overlays. Constant energy maps of ARPES spectra at E =
EF below Tc (T = 30K) (a), and above Tc (T = 200K) (b),
overlaid with the Fermi surface contours for the ferromagnetic
(a) and non-magnetic (b) slab calculation. Blue dashed lines
highlight the location of Fermi arcs in the first and second
BZ. For the cuts indicated by the horizontal black lines in
(a),(b), the band structure is shown in (c) and (d). The Weyl
cones visible in (c) disappear above Tc (d). Band structure
calculations for the ferromagnetic (c) and non-magnetic (d)
regimes are overlaid for comparison. (e) shows Fermi surface
contours computed at the Weyl energy. (f) shows the band
structure computed with LDA+DLM.

form topological Fermi arcs as shown in Figure 8(e). To
explicitly demonstrate the connection between the Fermi
surface and topological Fermi arc states just above EF , in
our Supplemental Information we provide an animation
of the slab calculation over a range of energies [54].

Having discussed the changes in fermiology across Tc,
we now examine the details of the bands which form
the Weyl cones. We inspect the cut in the kx direc-
tion midway between K − Γ − K ′ and the BZ edge,
marked by black lines in Figures 8 (a) and (b). This cut
passes through the M points of the BZ, and crosses the
Weyl cones of the two topological points on either side
(Fig 8(c)-(d)). The ferromagnetic LSDA band structure
shown in green highlights the two pairs of conical bands
that rise upward towards the Fermi energy to form the
Weyl cones, similarly to those seen in prior photoemission
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measurements [20]. While the band connecting the cones
in each pair is located above EF and is not directly visible
in the presented ARPES data, the occupied sides of the
conical features are clearly visible to the left and right of
kx = 0 in the photoemission data (Fig 8(c)). Above Tc,
the occupied side of the cone–like features are nearly ab-
sent from ARPES data, consistent with the LDA+DLM
calculation (Fig 8(f)) which shows the correlated state
just above EF . The faint spectral features visible near
kx ∼ 0 and kx ∼ 1.1 Å−1 around −0.3eV in the photoe-
mission spectra can be explained as the remnants of the
lower Hubbard that have not entirely disappeared due
to the surviving local magnetic order. This is consistent
with evidence for the persistence of the lower Hubbard
band presented in Fig. 6 (e).

The annihilation of bulk Weyl nodes should be accom-
panied by changes in the Fermi arcs that ultimately also
lead to their disappearance. The Fermi arc features are
most clearly seen in the second BZ and are indeed ab-
sent above Tc. The Γ-K cut in Fig. 6 also cuts through
the band that has been identified as the one form-
ing the Fermi arc [20], and shows a finer temperature-
dependence. The band that forms the Fermi arc shifts to
momenta closer to K by 135K, and is absent at Tc.

VI. CONCLUSIONS AND OUTLOOK.

In this work, we have shown how the half-metallic fer-
romagnetism of Co3Sn2S2 emerges in the partially filled
Co-3dx2−y2 band crossing EF . The critical physics de-
velops on the cluster of Co atoms, for which the high-
est occupied half–filled state creates a resonance which
renormalizes the Coulomb interaction to one-third of its
nominal value. The comparable energy scales of band-
width and interactions result in a strongly correlated
magnetic state. As the temperature is raised above Tc,
the system undergoes a transformation where long range
order disappears and the Zeeman–split bands merge into
one, transitioning from a Mott ferromagnet to correlated
metal.

The details of the magnetism in this material are highly
relevant to its topological properties. However, investi-
gations of this topology in the context of bulk-boundary
correspondence need to consider the variety of possible
surface terminations in this material and associated dif-
ferences in surface band structure. The spectroscopic
characterization presented here identifies key features
that are distinct for the S and Sn terminations, and can
be used to differentiate these surfaces. Characteristic
signatures of the different surface terminations will be
valuable in future experiments, which are needed to un-
derstand further the various aspects related to the disap-
pearance of topology, including the role of magnetic do-
mains, local magnetic correlations, and vanishing topo-
logical Fermi arcs across the magnetic transition.

The ferromagnetism in Co3Sn2S2 breaks T symmetry
and is a necessary prerequisite for the existence of topo-
logical Weyl points. The strongly correlated metallic
state in Co3Sn2S2 emerges as a result of magnetic dis-
order at higher temperatures, restoring T symmetry and
precluding the existence of topology. The detailed behav-
ior of magnetic fluctuations has an effect on topology not
just above Tc, but throughout a wide temperature range
approaching the transition. In this way the topological
properties and strong correlations in this system are in-
tricately linked, and one cannot be adequately considered
without the other. Naively, the Weyl points exist as a re-
sult of broken time-reversal symmetry, and should anni-
hilate when the magnetism breaking this symmetry van-
ishes. However, in the present system, magnetism goes
away gradually with temperature as spin-fluctuations in-
crease and the local moments become disordered. This
process breaks the local translation symmetry of the crys-
tal, which is necessary for Weyl points to exist. As such,
it is not yet clear whether the Weyl points explicitly anni-
hilate or simply cease to exist when the underlying trans-
lation symmetry is broken. This is an important point
for future studies to clarify.

During the review process, two other works [73, 74]
which examine the topological features in Co3Sn2S2

across Tc were uploaded to arXiv.
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