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We study the mechanism of the exceptionally large anomalous Hall effect (AHE) in the non-
centrosymmetric antiferromagnet CoNbzSg by angle-resolved photoemission spectroscopy (ARPES)
and magnetotransport measurements. From ARPES measurements of CoNbsSs and its family com-
pounds (FeNbsS¢ and NiNbsSe), we find a band dispersion unique to the Co intercalation existing
near the Fermi level. We further demonstrate that a slight deficiency of sulfur in CoNbsSg elimi-
nates the ferromagnetism and the AHE simultaneously while hardly changing the band structure,
indicating that the weak ferromagnetism is responsible for the emergence of the large AHE. Based
on our results, we propose Weyl points near the Fermi level to cause the large AHE.

Transition metal dichalcogenides M X5 (M: transition
metal, X: chalcogen) exhibit various types of layered
structures [1] and have gained attention as a platform
to investigate enriched properties, such as superconduc-
tivity [2], charge density wave states [3], and band topol-
ogy [4]. In these, both antiferromagnetism and ferromag-
netism can be induced by intercalation of 3d magnetic el-
ements [5, 6]. Among these materials, great interest has
been recently given to the noncentrosymmetric antiferro-
magnet CoNbzSg [7], in which Co ions intercalated into
2H-NDbS; break the inversion symmetry [Fig. 1(a)]. The
neutron scattering measurements revealed the collinear
antiferromagnetic structure along the in-plane direction
[Refs. [8, 9] and Supplemental Material Fig. S1(a) [10]],
which keeps the time-reversal symmetry.

Recently, weak ferromagnetism along the out-of-plane
direction and large anomalous Hall effect (AHE) have
been observed in CoNbsSg [11]; interestingly, the anoma-
lous Hall response is exceptionally large compared to
the small ferromagnetic moment. When the intrinsic
AHE [12, 13] derived from the Berry curvature [14] is
considered, the Hall resistivity can be decomposed as
Pzy = RopoH + Rspom [15]: here, H and m are the mag-
netic field and magnetic moment density, whereas Ry and
R are coefficients for the ordinal Hall effect and AHE,
respectively. Rg can be at most hundreds of times larger
than Ry [Refs. [16-21] and Supplemental Material Note 1

* kuroken224@hiroshima-u.ac.jp
T sasagawa@msl.titech.ac.jp
¥ kondo1215@issp.u-tokyo.ac.jp

[10]]. For CoNbsSg, the ratio of Ry and Ry is reported to
be 5.9 x 10%, much larger than usual cases. The relation
between the weak ferromagnetism and the large AHE has
been unclear. This issue has been all the more contro-
versial because noncollinear antiferromagnetic structures
[11, 22] and emergent time-reversal symmetry breaking
[Ref. [23] and Note 2 [10]] have been proposed as alter-
native origins of the large AHE rather than the weak
ferromagnetism.

In this Letter, we used various techniques of angle-
resolved photoemission spectroscopy (ARPES) with a
wide range of photon energies from vacuum ultravi-
olet (VUV) light and soft x ray (SX) to study the
electronic structure of CoNb3Sg, and compared it with
those of series materials NbS,, FeNbsSg, NiNb3Sg, and
CoNb3Sg_;. Our measurements unveil two unique prop-
erties of CoNbsSg. Firstly, there is a specific band dis-
persion due to the Co intercalation, located very close to
the Fermi level. Secondly, comparing magnetotransport
properties, we revealed that the weak ferromagnetism
and AHE observed in CoNbzSg simultaneously disap-
peared in CoNbsSg_, with a sulfur deficiency, providing
experimental evidence that the weak ferromagnetism is
responsible for the emergence of the AHE. Focusing on
the noncentrosymmetric nature of CoNbsSg, we propose
that it enhances the AHE even under weak ferromag-
netism because the broken time-reversal and inversion
symmetries lead to Weyl points near the Fermi level orig-
inating from Kramers-Weyl nodes [24].

Single crystals of 2H-NbS;, MNb3Ss (M =
Fe, Co, Ni), and CoNbzSg_, were grown by the chem-
ical vapor transport method from polycrystals with io-
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FIG. 1. Crystal structure and band dispersion of CoNbsSe obtained by VUV-ARPES (hr = 120 eV). (a) Crystal structure
of CoNbsSs. Two NbS: layers of different orientations are represented by orange and yellow. In the bottom panels, the
crystallographic unit cells of NbS, and CoNbsSg are represented by the dashed and solid rhomboids respectively. The red
arrows represent antiferromagnetic moments of Co atoms. (bl), (c1) Fermi surfaces of NbSs and CoNbsSg. (b2), (c2) Band
dispersions of NbS; and CoNbsS¢ along the k, direction [vertical arrows in (bl) and (cl)]. (b3), (c3) Schematics of the
band dispersions of NbS2 and CoNbsSg. The black filled and open dots represent peak positions extracted from energy and
momentum distribution curves [Figs. S7 and S8 [10]], respectively. Band dispersions originating from NbSs are drawn by pink
and additional dispersions in (c3) are marked by blue or light blue. (d1)-(e3) Fermi surfaces and band dispersions of FeNbsSg
and NiNb3Sg. In the Fermi surface maps, the solid and dashed hexagons correspond to the Brillouin zones of NbS2 and M NbsSe

respectively.

dine as the transport agent (see Note 3 [10] for details).
VUV-ARPES measurements were performed at BL5U of
UVSOR and BL5-2 of SSRL, nano-VUV-ARPES was at
Spectromicroscopy-3.2L beamline of Elettra Sincrotrone
Trieste [25], and SX-ARPES was at BL25SU of SPring-8
[26, 27] (see Note 4 [10] for details). The measurement
temperature was kept lower than 20 K in most measure-
ments, other than temperature dependence (up to 200
K) and nano-VUV-ARPES measurements (30 K due to
the machine limitation). In ab initio calculations based
on the density functional theory (DFT) without spin,
we used QUANTUM ESPRESSO code [28, 29] and ultrasoft
pseudopotentials [30, 31]. Wannier90 [32] was also used
to obtain the maximally localized Wannier functions.

We compare Fermi surface maps [Figs. 1(b1)-(el)] and
band dispersions [Figs. 1(b2)-(e2)] of CoNb3Sg and its se-
ries materials obtained by VUV-ARPES. NbS, has two
Fermi pockets around the I' and K points [Fig. 1(b1)].
The pocket around the I' point is hole-type containing
two bands, drawn by the pink curves in the schematic
[Fig. 1(b3)] (see Fig. S4(b) [10] center panel for the pocket
around the K point). We found that the hole pocket

around the I' point became smaller in CoNbzSg [Fig.
1(c1)]. This change can be observed as a band shift in
the dispersion map [pink curves in Figs. 1 (b3) and (c3)],
which is consistent with our XPS measurements (Note 5
[10]) and other intercalated materials [33, 34].

Furthermore, we observed some additional bands in
VUV-ARPES measurements of CoNbsSg as illustrated
by the blue and light blue curves in Fig. 1(c3). Among
them, the tiny electron pockets at the corners of the
Brillouin zone [blue curves in Fig. 1(c3)], are the most
intriguing, because they can contribute to the AHE.
While FeNb3Sg and NiNbsSg also have additional occu-
pied states [light blue dashed curves in Figs. 1(d3) and
(e3); see Note 9 [10] for the details of these states], these
two materials have similar electronic structure as NbSo
without the intercalation at the Fermi level. Although
there seems to be intensity modulation near the Fermi
level, especially in FeNbsSg [Figs. 1(d1) and (d2)], en-
ergy distribution curves of them [Figs. S7(c) and (d) [10]]
have only small peaks. While they may indicate the ex-
istence of additional electronic states above the Fermi
level, the additional band dispersion crossing the Fermi



level is unique to the Co intercalation.

The additional electron pockets in CoNb3Sg originate
from the bulk electronic structure and are dominated by
Co atoms. SX-ARPES measurements of CoNb3Sg also
captured these additional bands [Figs. S5(b) and (c) [10]]
and k, dependence of them [Fig. S5(d) [10]]. Since SX-
ARPES is bulk-sensitive [35] and does not capture sur-
face states such as topological Fermi arcs [36], these re-
sults show the bulk origin of these bands. For the sec-
ond point, such dispersions do not exist in NbSy even
if we considered unoccupied states calculated for NbSq
[37], so this additional dispersion seems to come from Co
atoms. This interpretation about the unique band was
validated by surface-selective measurements using nano-
focused light (Note 10 [10]) and the intensity enhance-
ment near the Fermi level at the energy on Co resonance
[Figs. S5(f) and (g) [10]]; the suppressed spectral intensi-
ties of this band at elevated temperatures also may be due
to the disordered magnetic structure of Co atoms above
Tn (Note 8 [10]). We note that we carefully chose mea-
surement positions in VUV-ARPES measurements [Fig.
1] to reduce the effect of termination-surface dependence
(Note 11 [10]).

Next we argue the effect of the broken inversion sym-
metry on wavefunctions in CoNbsSg, originating from
the AB-stacking of the original material 2H-NbSs (see
Note 12 [10] for details). Since the inversion operation
exchanges A and B layers of 2H-NbS, [orange and yel-
low layers in Fig. 1(a)], we can consider the difference
of wavefunctions on A and B layers as the strength of
the noncentrosymmetric property for those in CoNbsSg.
We claim that we can evaluate it from the ARPES spec-
trum intensities along the k., direction; we focus on 4 /c-
periodic k, dispersion, reported in ARPES measurements
of AB-stacked materials [38, 39]. First, we consider the
k. dispersions of one-layered (AA-) and two-layered (AB-
) materials; the k, dispersions contain one and two bands,
respectively [Figs. 2(a) and (c)]. On the other hand, in
a quasi-two-layered (AA’-) structure [Fig. 2(b)], where
wavefunctions on two layers are only slightly different,
the ARPES spectrum is expected to change from Fig.
2(a) only slightly, and therefore the spectrum intensities
of two bands can be completely different [Fig. 2(b) bot-
tom panel]. In general, the weak spectrum is experimen-
tally undetectable, and the resulting 47 /¢ periodicity of
the k. dispersion is observed in most AB-stacked mate-
rials [38, 39]. The one-dimensional tight-binding model
with two orbitals [Ref. [40] and Note 13 [10]] can discuss
this argument more quantitatively.

Following the above argument, we performed bulk-
sensitive SX-ARPES of NbS,; and investigated the k.
dispersion [Fig. 2(d)]. The dispersion around E — Ey =
—2 eV, highlighted by light blue, is one of the paired
dispersions represented in the DFT calculations. This
situation is the case where these two wavefunctions form
a quasi-two-layered structure [Fig. 2(b)], similarly to pre-
vious research of AB-stacked materials [38, 39]. On the
other hand, two dispersions highlighted by blue form a
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FIG. 2. Evaluation of the broken inversion symmetry in
CoNbsSe by the k. dispersion of 2H-NbS,. (a)-(c) Schemat-
ics of layered materials and estimated ARPES spectra along
the k. direction. (d) k. dispersions of NbS, along the M-L
path by SX-ARPES and DFT calculations. In the left panel,
peak positions extracted from energy distribution curves [Fig.
S15(a) [10]] are shown by the blue and light blue points. In
the right panel, band dispersions corresponding to those ob-
served by SX-ARPES are highlighted by the same colors. (e)
Brillouin zone of NbS,. (f) Band dispersions of SX-ARPES
(hv = 525 e€V) and DFT calculations along the k, direction.
Blue curves in the right panel correspond to those in (d).
Filled and open circles in the left panel represent peak posi-
tions extracted from energy distribution curves (EDCs) [Figs.
S14(b) and (c)], while the open circles are those determined
from EDC spectra in ky > 0 region and symmetrized with re-
spect to the I' point. (g) Maximally localized Wannier func-
tions of two bands highlighted by blue in (d) and (f). (h)
Schematic of the electronic structure near the Fermi level.
Left and right schematics are exchanged by the inversion for
the black point, which keeps Co atoms unchanged.
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FIG. 3. Magnetic and magnetotransport properties of CoNbzSs. (al) Magnetic susceptibility x of CoNbzSe (light blue and
blue) and CoNbsSe_, (pink and red), obtained by field-cooled (FC) and zero-field-cooled (ZFC) processes. (a2) Temperature
dependence of the longitudinal resistivity p. in CoNbsSs (light blue) and CoNb3S¢—, (pink). (bl) Out-of-plane ferromagnetic
moment extracted from M-H curves like Fig. S15(b) [10]. (b2) Anomalous Hall resistivity paur extracted from pgy-H curves
like Fig. S15(c) [10]. (c) Band dispersion of CoNb3Ss_, along the k, direction taken by the 120 eV VUV light. (d) Energy
distribution curves of CoNbsS¢ and CoNbsSg—_. in the red rectangular area in (c¢). The dashed ovals and solid rectangles in (c)

and (d) correspond each other.

pair, as confirmed by the inverted M-shaped bands along
the k, direction [Fig. 2(f)], which is the case of Fig. 2(c).
This situation is consistent with the maximally local-
ized Wannier functions of these bands, having triangu-
lar shapes and resulting in small overlap with each other
[Fig. 2(g)]. Therefore, in CoNbsSg these dispersions con-
tribute to the substantially broken inversion symmetry of
the electronic structure near the Fermi level [Fig. 2(h)].

As a minor difference of SX-ARPES measurements and
DFT calculations, we did not observe the band degenera-
tions at L points. Since they are associated with 27 screw
rotational symmetry [41, 42], this result can be because,
while SX-ARPES is bulk sensitive, it can detect the elec-
tronic structure in few layers near the surface, where the
screw rotational symmetry is incomplete. Although this
observation does not affect much our discussion of the
broken inversion symmetry, we need further experiments
and calculations to explain it in more detail.

To better understand the mechanism of the large AHE
in CoNbzSg, we prepared CoNbzSg_, with a sulfur de-
ficiency, and compared their electronic structures and
magnetotransport properties. We observed kinks at
Tn ~ 28 K in the magnetic susceptibility and longitudi-
nal resistivity measurements of not only CoNbzSg [11, 22]
but also CoNbsSe_,, [Figs. 3(al) and (a2)]. However,
only CoNb3Sg exhibited the abrupt jump of the magnetic
susceptibility at Ty, associated with out-of-plane ferro-
magnetic moment. This difference is also observed by
magnetic-field dependence measurements of the out-of-

plane ferromagnetic moment [Fig. 3(b1)]. For CoNbsSg,
the ferromagnetic moment and AHE showed hysteresis
curves with the same coercive magnetic field [light blue
curves in Figs. 3(bl) and (b2)], as previously reported
[11]. Although the ferromagnetic moment is larger than
previous research, the ratio of Ry and Ry is still excep-
tionally large [Note 1 [10]]. On the other hand, such hys-
teresis curves completely vanished in CoNbzSe_, [pink
curves in Figs. 3(b1) and (b2)].

In contrast to the clear difference in the magne-
totransport properties, VUV-ARPES measurements of
CoNbsSg_, revealed that the band dispersion is almost
the same as that of CoNbsSg [Figs. 1(c2) and 3(c)], as
well as the unique band near the Fermi level. As a clear
difference, we only found band shift as small as 50 meV
in the area represented by the dashed oval in Fig. 3(d)
[see Fig. S16(b) [10] for k, > 0], which corresponds to
the band dispersion originating from NbSs layers. While
this variation can be explained by electron doping due
to the vacancy of electronegative sulfur atoms, negligible
change of the unique band originating from Co atoms,
highlighted by the solid rectangle in Fig. 3(d), show that
Co atoms are more weakly affected by the electron doping
than NbSs layers. Such a slight difference cannot account
for the complete disappearance of the AHE, so we con-
clude that the weak ferromagnetism is responsible for the
emergence of the AHE in CoNbsSg (see Note 15 [10] for
other magnetic and magnetotransport properties).

We propose that Weyl points near the Fermi level may
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FIG. 4. Possibility of Kramers-Weyl nodes near the Fermi level in CoNbsSe. (a) Band dispersions of MNbsSe¢ (M = Fe, Co, Ni)
along the blue arrow in the right schematic of the Brillouin zones. (b) Schematic of band dispersions near the Fermi level for
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cause the large AHE even under the weak ferromag-
netism. Without the ferromagnetic moment, this sys-
tem should have Kramers-Weyl nodes, which are Weyl
points at time-reversal invariant momenta (TRIMs) as a
result of the noncentrosymmetric crystal structure [24].
The Kramers-Weyl node at the M¢, point for the unique
band is expected to be very close to the Fermi level [Fig.
4(a) center panel and (b)]; on the contrary, FeNbsSe
and NiNb3Sg have band dispersions of NbS,; and occu-
pied Fe/Ni bands in Fig. 4(a). Although these occupied
states also might have Kramers-Weyl nodes, they are un-
related to magnetotransport properties such as the AHE.
With broken time-reversal symmetry by the ferromag-
netic moment, such a system emerges nonzero anoma-
lous Hall conductance (Note 17 [10]). In this case, Weyl
points should exist near the Fermi level, so the resul-
tant anomalous Hall conductance is expected to be large
even if the ferromagnetic moment is small, as discussed
in other magnetic Weyl semimetals with the inversion
symmetry [19, 43-45]. Since the inversion symmetry is
evaluated to be substantially broken by analyzing the
k. dispersion [Fig. 2], the spin splitting of the noncen-
trosymmetric system should not be ignored, which is an-
other preferable condition for the emergence of the large
AHE. These Weyl points associated with Kramers-Weyl
nodes can be possible only in materials with both the bro-
ken time-reversal and inversion symmetries. Since most
magnetic Weyl semimetals are centrosymmetric such as
Mn3Sn [43, 44] and Co3SnaSs [19, 45], the noncentrosym-
metric CoNbzSg could be a new type of magnetic Weyl
semimetals showing the large AHE.

In conclusion, we experimentally studied the electronic
structure and the large AHE of CoNbsSg via the com-
parison with its series materials. VUV- and SX-ARPES
measurements revealed the unique band dispersion near
the Fermi level derived from the Co intercalation. SX-
ARPES spectra of NbS, along the k, direction indi-
cated that the electronic structure of CoNbsSg near the

Fermi level substantially breaks the inversion symmetry.
While the possibility of a noncollinear magnetic structure
has been proposed to explain the large AHE [11, 22],
our magnetic and magnetotransport measurements of
CoNb3Sg revealed that the weak ferromagnetism is re-
sponsible for the emergence of the AHE. Based on our
results, we propose the existence of Weyl points near the
Fermi level, associated with the Kramers-Weyl node sys-
tem in noncentrosymmetric crystal structures [24], which
could cause the large AHE even if the ferromagnetism is
weak.
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