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Kagome materials are a class of material with a lattice structure composed of corner-sharing triangles that produce
various exotic electronic phenomena, such as Dirac fermions, van Hove singularities, and flat bands. However, most of the
known kagome materials have a flat band detached from the Fermi energy, which limits the investigation of the emergent
flat band physics. In this work, by combining soft x-ray angle-resolved photoemission spectroscopy (ARPES) and the
first-principles calculations, the electronic structure is investigated of a novel kagome metal CeNis with a clear dispersion
along the k; direction and a Fermi level flat band in the I'-K—-M-I" plane. Besides, resonant ARPES experimental results
indicate that the valence state of Ce ions is close to 4T, which is consistent with the transport measurement result. Our
results demonstrate the unique electronic properties of CeNis as a new kagome metal and provide an ideal platform for
exploring the flat band physics and the interactions between different types of flat bands by tuning the valence state of Ce

ions.
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1. Introduction

Kagome materials are a class of material that has a special
lattice structure composed of corner-sharing triangles, form-
ing a planar tiling pattern. Due to its unique crystal structure,
the kagome lattice naturally exhibits Dirac fermions, van Hove
singularities (vHs), and flat bands in its electronic structure
(Fig. 1(c)) which has attracted widespread attention due to its
rich and exotic physical phenomena. -]

Firstly, the Dirac fermions which are described by the
Dirac equation, can host the topological non-trivial prop-
erties of the band structure.’! In the kagome lattice, the
Dirac fermions can form different topological phases, such as
Chern insulators, anomalous Hall effects, and Weyl semimet-
als by symmetry breaking, spin—orbit coupling, or other
interactions.!*71 Secondly, vHss located in the vicinity of the
Fermi energy (EF) can provide a high density of states in elec-
tronic structure, which can induce Fermi surface instability
and play a key role in forming long-range ordered phases,
such as charge/spin density waves and superconductivity. =101
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The flat band with non-dispersive electronic structures, which
is induced by destructive quantum interference, is another
key feature of the kagome lattice.l'!! This feature provides
an extremely high density of states in a very small energy
range which enhances the electron—electron interactions, mak-
ing it a popular platform for investigating the novel proper-
ties in strongly correlated many-body systems, such as high-

temperature superconductivity, !
14]

fractional quantum Hall
effect,!'3 and Wigner crystal.

A variety of kagome lattice materials have been in-
vestigated extensively, such as Fe3Sny, Co3Sn;S;, CoSn,
LnMngSng (Ln =Y, Gd), ATi3Bis (A = Rb, Cs), and AV3Sbs
(A =K, Rb, Cs), exhibiting intriguing electronic properties,
such as massive Dirac fermion, magnetic Weyl fermions,
Chern magnets, charge density wave, nematic phases, and

[4-6.15-21] However, the flat band structure

superconductivity.
in these materials is either not observed or only observed far
from the EF (typically about hundreds of meV), which hinders

the exploration of flat band physics.
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In this work, we comprehensively study the electronic
structure of a novel kagome metal CeNis by combining
first-principles calculations and angle-resolved photoemission
spectroscopy (ARPES). We directly map out the band disper-
sion and the Fermi surface of this material, revealing the a flat
band at Ef, which can significantly affect the charge trans-
port properties. Our results demonstrate the unique electronic
properties of CeNis as a novel kagome metal and provide a
new platform for exploring flat band physics in correlated sys-
tems.

2. Methods
2.1. Angle-resolved photoemission spectroscopy

High-resolution soft x-ray ARPES measurements were
performed at the “Dreamline” beamline of the Shanghai Syn-
chrotron Radiation Facility (SSRF) with a Scienta Omicron
DA30L analyzer. The photon energy ranged from 330 eV to
520 eV, and the combined (beamline and analyzer) experimen-
tal energy resolution was in a ranges of 40 meV-80 meV. The
angular resolution of the DA30L analyzer was 0.1°. The beam
spot at the experimental condition had a cross-sectional size
of 80 um by 80 um. Fresh surfaces were obtained by cleaving
CeNis single crystals in situ under an ultrahigh vacuum base
pressure below 5.0x 10~ Torr (1 Torr = 1.33322x 107 Pa).

2.2. Sample synthesis

According to the Ce—Ni binary phase diagram, CeNis un-
dergoes homogeneous melting around 1360 °C. Therefore, we
synthesized this crystal phase by employing the arc melting
technique in a WK-II Non-Consumable Vacuum Arc Furnace
(Physcience Opto-electronics Co., Ltd., Beijing). High-purity

cerium blocks with the surface oxide layer polished and nickel
rods were used as raw materials, prepared in a molar ratio
of Ce:Ni=1:5, totaling approximately 12 g, and placed into
the melting device. After standard purging operations, argon
gas was introduced. Initially, titanium metal blocks were pre-
melted for 5 min to remove residual oxygen from the cham-
ber as much as possible, followed by the melting of our raw
materials. The current was first increased to 160 A and main-
tained for 2 min to ensure complete melting and mixing. Then,
the current was reduced to 130 A and maintained for 2 min.,
followed by a further reduction to 110 A and maintained for
5 min. Finally, the current was manually controlled to decrease
in steps of about 1 A/min until reaching 50 A, and the cur-
rent was maintained at 10 A for 10 min till ending the melting
process. A large ingot was obtained, lightly crushed with a
mortar and pestle, yielding well-crystallized, metallic lustrous
single-crystal grains ranging from 1 mm to 2 mm in size. As
shown in Fig. 1(d), single crystal grains were selected, ground
into powder, and characterized by using powder x-ray diffrac-
tion (XRD), confirming that the crystal structure belongs to
the space group of P6/mmm (No. 191) for CeNis.

2.3. Calculation

We calculated the electronic structure and the atomic or-
bital weighted band structure by using the Vienna ab initio
simulation package (VASP).?>23] The projector-augmented-
wave (PAW) method?*23] and the Perdew—Burke—Ernzerhof
(PBE) exchange—correlation functional!*®! were used in the
calculation. We set the plane-wave cutoff energy to 500 eV,
and a 9 x 9 x 11I"-centered Monkhorst—Pack was used to sam-
ple the Brillouin zone (BZ) in the self-consistent-field (SCF)
calculation.
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Fig. 1. (a) Crystal structure of CeNis. Ce, Nil, and Ni2 atoms, represented by red, cerulean blue, and blue balls, respectively. (b) Top view of
crystal structure of CeNis. Nil atoms form a honeycomb sublattice, and Ni2 atoms form a kagome sublattice, respectively. (c) Tight-binding
band structure of kagome lattice, exhibiting Dirac point at the K point, Van Hove singularities at the M point, and a flat band. (d) Powder XRD

pattern of CeNis, with inset showing morphology of CeNis single crystal. Panels (a) and (b) were generated by Vesta.
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3. Results

CeNis crystallizes into CaCus hexagonal crystal structure
with space group P6/mmm (No. 191).[28] The Ce atom occu-
pies the high symmetry la (0, 0, 0) Wyckoff position, while

the Ni atoms are located at the 2¢ (1/3, 2/3, 0) and 3g (1/2, 0,
1/2) positions. In CeNis, Ni forms two sublattices: Ni atoms

at 2¢ form a honeycomb sublattice, and Ni atoms at 3g form a

kagome sublattice as shown in Figs. 1(a) and 1(b).
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Fig. 2. (a) Core-level photoemission spectrum showing characteristic peaks of Ce and Ni elements, with inset showing hexagonal BZ and corre-
sponding surface BZ of CeNis. (b), (c) Constant energy map of ARPES data collected in vertical (b) I'-K-M-A—-H-L plane and (c) I -M-A-L
plane with Eg = 0.15 eV in photon energy range from 350 eV to 520 eV, with inner potential Vo = 17 eV and lattice constant ¢ = 4.01 A. All the

data were collected at 20 K with s polarization.
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Fig. 3. (a) Calculated bulk bands of CeNis along high-symmetry lines with spin—orbit coupling: One flat band (§), two hole-like bands (e, 8), and
one electron-like band (7). (b) Calculated density of states, with a peak raised by flat band emergy near Er. (c) Intensity plot of ARPES data in
I'-K—M plane at Eg = —0.15 eV and hv = 445 eV. Photoemission intensity distributions along (d) I'-M direction, and (e) I'—K direction. (f) Band
structure along M—I"-K direction. 2D curvature intensity plot along (g) I'-M direction, and I'-K direction. (i) EDCs at the momentum location
labeled by blue dash lines and black line in panel (f). All the data were collected at 20 K with s polarization.
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Firstly, we perform x-ray photoemission spectrum exper-
iments as shown in Fig. 2(a) where Ce and Ni core-level peaks
are observed, confirming the chemical composition of our
sample. Next, we investigate the electronic structure of CeNis
by performing systematic soft x-ray ARPES measurements on
the (001) surface. it is worth noting that the data obtained by
using vacuum ultraviolet light (VUV) are blurry, even though
the fresh surfaces are obtained by cleaving in situ. In con-
trast, the data obtained by using soft x-rays clearly show the
band dispersion and Fermi surfaces. A possible explanation
for this is that the cleaved mirror-like surface has a very small
flat area, which impedes the detection of the bulk electronic
structure by VUV due to limited penetration depth in this pho-
ton energy range while soft x-rays enhance the bulk sensitivity
of the ARPES measurements significantly.!?®! Besides, owing
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to the Heisenberg uncertainty principle,
tons enhance the intrinsic ARPES momentum resolution per-
pendicular to the surface, thus enhancing the extraction of the
electronic structures of three-dimensional (3D) systems like in
the case of MoP and WC.[3%:31]

As CeNis is a typical 3D material, it is essential to elu-
cidate the bulk-band structure in the 3D BZ. For this pur-
pose, we carry out hv-dependent ARPES measurements on
the (001) surface at the normal emission setup to observe the
band dispersion along k, direction (parallel to the ¢ axis). Fig-
ures 2(b) and 2(c) display the constant energy plots recorded
on the (001) surfaces along I'-K and I"-M, respectively, and
show obvious k, dispersion, thus confirming its bulk property.
The inner potential value Vj is estimated to be 17 eV from the
periodicity of the band dispersion along k;.
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(b) Ce: f orbital

ol / 4ﬂ
! \J VX7
—1.0-&% %
. %‘/ﬁ PN A
r M K r A L H A
(@ Eia—rliigs;;::?:z;ce: d,. orbital
0.5 A
A
R Wy
|
) ~1.0 1 \M‘«w
<R /\ N M
r M K r A L H A

Fig. 4. Calculated orbital-projection band-structures of CeNis with spin—orbit coupling, with orbital weights represented by both color and band
size. (a) Calculated d orbital weights of all Ni atoms. (b) Calculated f orbital weights of Ce atoms. (c)—(d) The calculated (c) dy; orbital weight and

(d) dy; orbital weight of Ni atoms formed kagome lattice.

The calculated band structure of CeNis is plotted in
Fig. 3(a). The electronic structure of CeNis around Ef shows
three main features: an electron-like band, named 7, centered
at the K point, hole-like bands centered at the I" point denoted
by & and 3, and in particular, a flat band represented by & po-
sitioned slightly above Ef along the high-symmetry direction
of I'-M-K-I", which induces a peak in the calculated density
of states, denoted by the blue arrow (see Fig. 3(b)). To probe
this flat band, we perform ARPES measurements at a value of

photon energy of hv =445 eV, which corresponds to the k, ~ 0

plane. Figure 3(c) displays the constant energy intensity maps
of the ARPES data at Eg = —0.15 eV which is composed of
two hole-like pockets (o and ) centered at the I” point, and an
electron-like pocket (7) at the K point (Fig. 3(c)). The spectral
intensity of the 8 band in the first BZ is much lower than that
in higher BZs, whereas the spectral intensity of the o band in
the first BZ is much stronger than that in higher BZs, normally
due to the matrix element effect of photoemission. To elimi-
nate the strong intensity variation and focus on the band dis-

persion, we plot the experimental results along the I'—M direc-
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tion and the I'-K direction in the first BZ (see Fig. 3(f)). The
flat band & is observed near Eg along both the I'-M direction
and the I'-K direction (see Figs. 3(d) and 3(e)) as indicated
by black arrows. The flat band & is more clearly visible in the
corresponding secondary derivative plots of the ARPES data
(see Figs. 3(g) and 3(h).3?! The extracted energy distribution
curves (EDCs) whose momentum location is represented by
the blue line, and black-dash line in Fig. 3(f) show an obvious
hump feature caused by the flat band near the Er displayed in
Fig. 3(i). The electronic structure of CeNis is shown in Fig. 3,
showing dispersive bands crossing the Eg, which is in accor-
dance with the reported metallic behaviors. 33!

To analyze the origin of the observed flat band, we ana-
lyze the systematic orbital-projected band structure , and the
results are shown in Fig. 4. It can be found that the flat band
mainly arises from the d,; orbital and d,, orbital on the kagome
lattice formed by Ni atoms (Figs. 4(c) and 4(d)) and most of
the f orbital bands are above Er (Fig. 4(b)) (see supplementary
materials for more DFT results). It is worth mentioning that
the calculated flat band in Fig. 3(a) shows obvious & disper-
sion, which makes it possible to identify this band in other k,
planes (see supplementary materials for further details). Our
ARPES experimental results are highly consistent with our
theoretical calculations, which directly confirms the existence

of a flat band near the EF in this kagome metal CeNis.

4. Discussion

Besides the kagome lattice, the flat band electronic struc-
ture can also be realized by other mechanisms, such as manip-
ulation of electrons in some artificial structures, and strong lo-
calization of electrons. A well-known example is magic-angle
twisted bilayer graphene, where the electrons are trapped in
the moiré pattern resulting from the rotation angle of two lay-
ers of graphene, leading to a flat band near the Er and inducing
both the correlated insulator states>*! and the strong-coupling
superconductivity. 33! Another example is heavy fermion ma-
terial with strongly localized electrons.*®! Hence, it is a natu-
ral and intriguing idea to explore the interaction between dif-
ferent flat bands, such as the kagome flat band and the heavy-
fermion flat band.

Ce-based compounds are typical heavy fermion mate-
rials with f electron flat bands located at the Ep.373% In
CeNis, it is anticipated that the f electron flat band exists at
Er. To probe the possible interaction between the kagome
flat band and the f electron flat band, we perform compara-
tive ARPES measurements under the off-resonant conditions
(110 eV, 115 eV) and on-resonant condition (121 eV) condi-
tion (Figs. 5(a)-5(c)). However, CeNis deviates from the typ-

ical Ce-based heavy fermion system behaviors, as neither the
on-resonant spectrum nor the off-resonant spectrum shows ev-
ident flat features, and the on-resonant spectrum exhibits few
discernible enhancements of spectral intensity (Fig. 5(d)). In-
deed, the electronic Sommerfeld coefficient ¥ of CeNis is only
40 mJ/(mol-K?),[4 significantly lower than that of the typi-

[41] which has a value of

cal heavy fermion compound CeAls,
1.62 J/(mol-K?). From experiments of the lattice parameters
and x-ray absorption, the valence state of Ce in CeNijs is close
to 411421 without localized f electrons, while the valence state
of Ce of the typical Ce-based heavy fermion system is 3" with
one f electron. Furthermore, the energy scales of Ce 37 and
Ce 4™ are very similar, which facilitates the tuning of the va-
lence state of Ce ions in CeNis from 37 to 4T by changing
external parameters, " such as pressure, magnetic field, and
doping in the future study. This may induce interaction be-
tween the kagome flat band and the f electron, giving rise to

novel physical phenomena in CeNis.

(0) M T M ~ (@
h=l
s ° ;
L 04 2
& &
—-0.8
- S
-1.2 £ | —121 eV
bt
T T T =) L L
-1 0 1 ™ -12 -0.8 —04 0
k, (A-1) E—Fy (eV)

Fig. 5. (a)-(c) Photoemission intensity distributions along I'-M with off-
resonant photon energy of (a) 110 eV, (b) 115 eV, and on-resonant photon
energy of (c) 121 eV. (d) EDCs at the I" center for photon energy of 110 eV,
115eV, and 121 eV.

5. Conclusions

We have comprehensively investigated the band struc-
tures of a novel kagome metal CeNis by combining first-
principles calculations and soft x-ray ARPES experiments. we
reveal the electronic structure of CeNis with obvious k, dis-
persion. More importantly, our results indicate that a flat band
mainly arises from the d,; and d,; orbitals on the kagome lat-
tice formed by Ni atoms located near the Eg in I -K-M-I"
plane in momentum space, which is rare compared with other
kagome lattice materials. Resonant ARPES experiments indi-
cate the valence of Ce ion is close to 44 which is consistent
with transport experimental result. Our results provide a new
kagome metal as a platform for exploring the kagome flat band
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physics and interaction between different types of flat bands by
tuning the valence state of Ce ions in CeNis.
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