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Searching for the dispersionless flat band (FB) in quantum materials, especially in topological systems, becomes an
interesting topic. The kagome lattice is an ideal platform for such exploration because the FB can be naturally induced by
the underlying destructive interference. Nevertheless, the magnetic kagome system that hosts the FB close to the Fermi level
(EF) is exceptionally rare. Here, we study the electronic structure of a kagome magnet LuMngSng by combining angle-
resolved photoemission spectroscopy and density functional theory calculations. The observed Fermi-surface topology and
overall band dispersions are similar to previous studies of the XMngSng (X = Dy, Tb, Gd, Y) family of compounds. We
clearly observe two kagome-derived FBs extending through the entire Brillouin zone, and one of them is located just below
Er. The photon-energy-dependent measurements reveal that these FBs are nearly dispersionless along the &, direction
as well, supporting the quasi-two-dimensional character of such FBs. Our results complement the XMngSng family and
demonstrate the robustness of the FB features across this family.

Keywords: flat band, kagome magnet, angle-resolved photoemission spectroscopy

PACS: 71.20.-b, 79.60.—

1. Introduction

In recent years, there has been an increasing interest in
the exploration of unique lattice geometry with novel band
topologies. The most representative examples are the twisted
bilayer/multilayer graphene!'™! and kagome-structured ma-
terials. The kagome lattice, a two-dimensional (2D) honey-
comb network of corner-sharing triangles, has attracted par-
ticular attention due to the presence of fertile novel proper-
ties such as charge density wave (CDW),>~7] unconventional
superconductivity, -1 and topological quantum states. ! =161
These exotic states have been suggested to be intimately asso-
ciated with the unique electronic structure of kagome lattice,
namely, the Dirac point (DP), van Hove singularities (vHSs),
and flat band (FB).['”) In general, the FB can be realized in
the f-electron systems, the systems with strong Coulomb in-
teraction like Mott insulator, and the systems with unique lat-

fCorresponding author. E-mail: Imrucphys @ruc.edu.cn
fCorresponding author. E-mail: hlei@ruc.edu.cn
$Corresponding author. E-mail: scw@ruc.edu.cn

I Corresponding author. E-mail: lourui09 @ gmail.com

© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad7ate

tice geometry like Morié lattice and kagome lattice. Regard-
ing the FB in kagome lattice, which is derived from the de-
structive interference of Bloch wave functions, it can be de-
scribed by Chern numbers and is interpreted as a counterpart
of the Landau level without an external magnetic field. In other
words, once a net magnetization and intrinsic spin—orbital cou-
pling (SOC) are present, the well-defined topological Chern
FB with nonzero Chern number, Chern gap, and even intrin-
sic quantum anomalous Hall effect could be realized when
the Fermi energy (Eg) is tuned properly.['8-23] Meanwhile,
as a highly degenerate electronic state with quenched kinetic
energy, the FB may give rise to diverse exotic symmetry-
breaking states, such as the high-temperature superconductiv-
ity, high-temperature ferromagnetism, Bose—Einstein conden-
sation, and Wigner crystal.[?4-2%]

Recently, fruitful experimental progress has been
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achieved in the realm of the kagome materials. The kagome
metal AV3Sbs (A = K, Rb, Cs) family has been discovered
to host a variety of novel properties like the chiral CDW, 30!
time-reversal symmetry breaking induced anomalous Hall
effect,3!3?] rotational symmetry breaking,**3* pair den-

(331 competing CDW and superconductivity, 333!

sity wave,
and electronic nematicity.3”! Besides the single-layer kagome
compounds AV3Sbs, the recently established bilayer kagome
metals XRsSng (X = Li, Sc, Y or rare-earth element; R =
V, Cr, Mn), which we refer to as the 166 system, serve
as another promising platform for exploring exotic corre-
lated and topological electronic states. Rich properties have
been found in the V-based 166 system, including the CDW
in ScVeSng, 811 7, topological states in GdVeSng and
HoVgSng, ! and anisotropic magnetism in TbVeSng. [+
However, the kagome FBs in both AV3Sbs and V-based
166 systems are located away from Ef, thus contribute lit-
tle to the low-energy quasiparticle excitations. This misfor-
tune has been ended by the discovery of close-to-Er kagome
FBs in Mn-based 166 system. Despite the various mag-
netic ground states across the Mn-based 166 series (antifer-
romagnetic/ferromagnetic/ferrimagnetic), most of the com-
pounds exhibit intrinsic anomalous Hall effect and, more im-
portantly, host very similar overall electronic structures.[*3->1]
Whereas, from the perspective of transport measurements,
in contrast to other Mn-based 166 materials, the antiferro-
magnetic LuMngSng does not show any abnormalities,*>->?]
leaving its electronic properties unpredictable. Therefore, it
would be interesting to explore whether the band structure
of LuMngSng is different from that of other XMngSng com-
pounds. Such a study can help us better understand the
relationship between magnetism, electron correlations, and
kagome band characteristics in the XMngSng family.

In this work, we systematically investigate the electronic
structures of LuMngSng by ARPES measurements and den-
sity functional theory (DFT) calculations. We reveal that the
overall electronic structure of LuMngSng is analogous to that
of other XMngSng compounds. We unambiguously observe
two kagome-derived FBs near Er in LuMngSng. Their negli-
gible k, dispersions indicate the quasi-2D character of such FB
features. Our results complement the X MngSng family and es-
tablish an ideal magnetic kagome lattice with robust multiple

FBs regardless of the underlying magnetic orders.

2. Materials and methods

The single crystals of LuMngSng were synthesized by the
tin flux method. The raw materials with the molar ratio of
Lu:Mn:Sn = 1:6:30 were loaded in an alumina crucible and
then sealed in a quartz tube. The mixture was firstly heated to
1000 °C and maintained for 24 hours, then gradually cooled to
600 °C. The single crystals were obtained by utilizing the cen-

trifuge to remove the excess tin flux. ARPES measurements
were performed at the Dreamline beamline of the Shanghai
Synchrotron Radiation Facility (SSRF) using photons with lin-
ear horizontal polarization. The optimal energy and angular
resolutions were set to 15 meV and 0.1°, respectively. Sam-
ples were cleaved in situ along the (001) surface. During the
measurements, the temperature was kept at 20 K and the pres-
sure was maintained better than 5 x 10~!! Torr. The elec-
tron momentum parallel to the surface (kH = 7VzmheK"‘” sin 0)
along the x and y directions can be calculated from the rela-

tion kx — \/ngKom \/2mheKom

sin @ cos ¢ and ky, = sin @ sin @, re-
spectively, where m, is the mass of free electron, Ky is the
kinetic energy of electron outside of the material, 0 is the po-
lar angle, ¢ is the azimuthal angle. The perpendicular mo-

mentum inside the material can be predicted with the relation
k, = \/ 2% (Kou + Vo) — 2 Kou sin’ ¢ with Vy being the em-
pirical inner potential for the material and m being the ef-

fective mass of the electron.[3! The band structures calcu-
lations of YMngSng/LuMngSng were performed by the Vi-
enna ab initio simulation package (VASP) with the projector
augmented-wave (PAW) formalism based on the DFT. [54.55]
The Perdew—Burke—Ernzerhof (PBE) exchange—correlation
functional with the generalized gradient approximation cor-
rected for on-site Coulombic interactions (GGA + U) method

36,571 The parameter U was set to be 6 eV to deal

was adopted.!
with the effect of Coulomb correction from the localized d or-
bitals of Y/Lu atoms. The cutoff energy for the plane-wave
basis was set to be 500 eV and a 9 x 9 x 5-centered mesh was
implemented for the Brillouin zone (BZ) integral sampling.
The local magnetic moments of Mn atoms were along the z
axis. The SOC effect was taken into account in all calcula-

tions.

3. Results and discussion

As illustrated in Fig. 1(a), LuMngSng crystallizes in a
hexagonal structure with the space group P6/mmm (No. 191),
consisting of an alternative stacking of LuSn,, Mn3Sn, and
Sn layers along the ¢ axis. The Lu-based triangular and Mn-
based kagome sublattices are clearly visualized in a top view
of the LuMngSng structure in Fig. 1(b). The bulk and (001)-
projected surface BZs of LuMngSng are depicted in Fig. 1(c).
The tight-binding electronic structure of a 2D kagome lattice
is characterized by the coexistence of DP at the BZ corner,
vHSs at the BZ boundary, and FB over the whole BZ, as illus-
trated in Fig. 1(d). In Fig. 1(e), we present the Fermi surface
mapping of LuMngSng taken at k, ~ 0 plane. The Fermi sur-
face consists of the warped electron pocket around the I point
and the triangular features at the K point, both with strong
matrix element effect modulating the intensities in different
BZs.18] The Fermi surface topology of LuMngSng is in anal-
ogy to that of other XMngSng kagome compounds, implying

117101-2



Chin. Phys. B 33, 117101 (2024)

that their band structure might be similar. The core-level pho-
toemission spectrum in Fig. 1(f) shows the characteristic peaks
of Lu-5p/4f, Mn-3p, and Sn-4d orbitals, further confirming
the elemental composition of the LuMngSng sample. At low
temperatures, the magnetic moments of the Mn atoms align
ferromagnetically within each kagome layer; the moments of
adjacent kagome layers couple antiferromagnetically and fer-

(a) ——Sn,og'{',jg,,i —0
Mn%—g®—20 °
Sn o
Sno o
o 0
1 05—09=%

ae=—=} o — .

— 0 0 —

romagnetically across the non-magnetic LuSn; and Sn layers,
respectively, resulting in the formation of the incommensu-
rate helical antiferromagnetism, which is similar but still a bit

[521 The detailed mag-

different compared to that in YMngSng.
netic properties of LuMngSng are yet to be confirmed by the

neutron scattering experiments in the future.

High

Low
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Fig. 1. Crystal structure and electronic structure of LuMngSne. (a) Schematic crystal structure of Lu(Y)MngSng with space group P6/mmm (No.
191). (b) Top view of the Lu(Y)MngSng crystal structure. (c) Bulk and (001)-projected surface BZs. (d) Tight-binding band structure calculation
of a kagome lattice showing the DP, vHSs, and FB. (e) ARPES intensity plot measured with 138-eV photons at Eg &= 10 meV in the k; ~ 0 plane.
(f) Core-level photoemission spectra of LuMngSng and YMngSng recorded at 2zv = 180 eV. The characteristic peaks of the elements are marked out.

The electronic band dispersions of LuMngSng are sum-
marized in Fig. 2, where we also plot the results of YMngSng
for comparison. Figures 2(a) and 2(b) show their ARPES in-
tensities and corresponding second derivative intensities along
the '-K-M—K-I" directions [indicated by cut 1 in Fig. 1(e)].
We notice that LuMngSng shares quite analogous overall band
structure with YMngSng, as well as with other XMngSng
compounds. 464830311 Along the I'-K-M—-K-I"" direction,
one can clearly see a parabolic electron-like band around the
I'" point and a FB (denoted as FB2) at about —0.4 eV. The FB2
appears to show discontinuity when crossing the parabolic
band, indicating the potential SOC gap opening, similar to
the case of other kagome prototype materials.5%1-3%:601 More-
over, one observes a dispersionless feature near Er (at about
—0.1 eV) that is faint in the 1st BZ but more intense in the
extended BZ, this is another kagome-derived FB (denoted
as FB1). We attribute this contrasting behavior of the FB1
to the BZ selection effects, i.e., the matrix element effects,
which manifest as different photoemission intensities between
the first BZ and the extended BZ.1°8) Such observation is
also consistent with the previous studies of other XMngSng

48,51

compounds. 8311 Tt is noted that, due to the simultaneous

presence of multiple band dispersions near Ef, the FB1 ap-

pears to be dispersive and broad in energy. Meanwhile, as
guided by the red solid curves in the second derivative in-
tensity plots, a DP is formed at the K point just below Ef.
These typical kagome band features (FB1, FB2, and DP) of
LuMngSng and YMngSng have also been identified at simi-
lar energy scales in other XMngSng compounds. 439311 The
flat bands (FB1 and FB2), parabolic electron-like band, and
Dirac-like band (DP) can be further visualized from the en-
ergy distribution curves (EDCs), as displayed in Fig. 2(c).
Our observations of the parabolic electron-like band, DP,
and FB2 can be well captured by the bulk DFT calculations
shown in Figs. 2(d) and 2(e). For the electronic band structure
near the Ex, which is constructed by Mn-3d electronic sys-
tems, it is essential to account for correlation effects. A moder-
ate band renormalization factor of about 1.7 and 1.63 has to be
used to compare the calculated and observed band structures
in YMngSng and LuMngSng, respectively. However, the FB1
in the vicinity of Ef has not been reproduced by the present
calculations. It is interesting to note that the FB1 is actually
not well described by the DFT calculations in all XMngSng

[46-48.50] This discrepancy can be perfectly re-

compounds.
solved by performing DFT plus dynamical mean-field theory

(DMFT) calculations, which provide a better treatment of the
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many-body correlation effects. Such fact has been proved by
our previous DFT + DMFT calculations of YMngSng.P! As
a result, we infer that the double FB structure in XMngSng is
derived from the ferromagnetic exchange splitting in the Mn-
based kagome plane. To quantify the energy scale of such
band splitting, we display the momentum-integrated (along K—
I'’ line) energy distribution curves in the insets of Figs. 2(a)
and 2(b). The energy separation between FB1 and FB2 is
about 0.3 eV for both LuMngSng and YMngSng, compara-
ble with that of other XMngSng compounds.*8! On the other
hand, in the Mn-166 system, the near-Er VHS1 has been re-
vealed at the M point, which has the similar energy position
as the FB1.14851.611 Similarly, the FB2 and vHS2 at I" point
also share a similar energy level. The high density of states
contributed by the vHSs can potentially give rise to emergent
correlated states. Nonetheless, since both the FB1 and FB2
are extended over the entire BZ in experiments, the possibility
that they arise from the enhanced electron scattering near the
vHSs can be ruled out.

Then we carry out the k,-dependent measurements by

varying the incident photon energy from 76 eV to 172 eV,
which covers more than two BZs along the k, direction. The
lower panel of Fig. 3(a) shows the three-dimensional inten-
sity plot of the electronic structure of LuMngSng for the hv—k;
plane, with the k” oriented along the I'-K direction, as indi-
cated by the orange shaded area in the upper panel of Fig. 3(a).
The FBI close to Ef is clearly observed in the 3rd BZ. It is
nearly dispersionless with the bandwidth smaller than 0.1 eV
as changing the photon energy, indicating its quasi-2D charac-
ter. Similarly, the FB2 at about 0.37 eV below Ef is clearly
revealed across the studied photon energy interval. It also
exhibits the quasi-2D nature with a bandwidth smaller than
0.15 eV. In Fig. 3(b), we display the detailed band dispersions
along the F'—~K—M-K-I"’ lines under different photon energies
(120 eV, 130 eV, 140 eV, 150 eV, 160 eV, and 170 eV). One
can unambiguously see the FB1 near Er around the 3rd BZ
center and the FB2 at higher binding energy over a wide mo-
mentum range. Consistently, there are no noticeable variations

of their energy positions, as illustrated in the k; mapping data
in Fig. 3(a).

(a) r K M K I’
G
Z ~—> B2
m —0.5
|
R
—1.0 - - .
Low i Low [l JHigh Intcnslt;/
(arb. units)
R - - - — — - A — _ _ _ _ _ —0.10 eV .
—~ FB1
3 d
‘; FB2 &
m —0.5 —0.38 eV blq—O.E)
5 &
—1.0 —1.0
0 05 1.0 1.5 2.0 0
kH (Ail)
(d) % SOC]
S
L
2
|
R —1.01
_1.5&% A= —~
M K I A L H
AL MH

Intensity
(arb. units)

0.5 1.0 1.5 2.0 2.5
k“ (Ail)

(e)

E—Ey (eV)

Fig. 2. Key signatures of kagome band structure. (a) and (b) Photoemission intensity plots and corresponding second derivative plots of YMngSng
and LuMneSng along high-symmetry line taken with 138-eV photons (k; ~ 0 plane), respectively, with the momentum path indicated in Fig. 1(e)
(cut 1). The momentum-integrated energy distribution curve (integrated over K—I'') is overlaid, with a double-headed arrow indicating the FB
peaks. The parabolic band around I" point and the Dirac-cone (DP) at K point are indicated by the red dashed curve and red solid curves,
respectively. (c) EDC plots of (b) over the momentum range of 1.3 < k” < 2.8. The flat bands (FB1 and FB2) and the Dirac-cone (DP)
are indicated by the thick and thin black dashed lines, respectively. The parabolic electron-like band is indicated by open circles. (d) and
(e) Calculated band structures of YMngSng and LuMngSng with the SOC effect along high-symmetry lines, renormalized by factors of about 1.7

and 1.63, respectively.
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r K MK
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Fig. 3. Photon-energy-dependent measurements of LuMngSng. (a) Fermi surface and three-dimensional intensity plot of the electronic structure
of LuMneSng for the 1v—k) plane, with the k) oriented along the I'-K direction. The corresponding momentum location is indicated by the
orange shaded area in the upper left panel. The green markers are guides to the eye for the measured &, dispersion. (b) ARPES intensity plots
measured at different photon energies. The red and blue arrows indicate the locations of FBs.

The previous studies indicate that the YMngSng and
LuMngSng have an incommensurate helical antiferromag-
netic structure with some differences.>?! Experimental in-
vestigations into the magnetic properties of YMngSng have
been conducted, %2 whereas the magnetic configuration of
LuMngSng is yet to be unveiled. Although our results un-
doubtedly reveal similar electronic structures of YMngSng and
LuMngSng, they manifest distinct characteristics in the trans-
port measurements, in particular, the intrinsic anomalous Hall
conductivity is large in the former while is vanishingly weak
in the latter.[3) Such phenomena in these two compounds
lack a satisfactory explanation at present, as well as for the
other XMngSng materials. It has been suggested that the gi-
ant intrinsic anomalous Hall effect in kagome lattice is in-
timately related to the large Berry curvature of the massive
Dirac fermions, whose gap/mass is dominated by the Kane—
Mele type SOC effect. Such SOC has been found to be sen-
sitive to the fine structure of the magnetic configurations, like
the orientation and canting angle of the moments, as observed
in Fe3zSnp 1641 and FegGe.[65] Therefore, based on our results,
we infer that the distinct transport properties of YMngSng and
LuMngSng as well as other XMngSng compounds can be at-
tributed to their subtle differences in the SOC gap size, which
are most likely derived from their differing magnetic configu-
rations.

Last, we briefly compare the properties of Mn-166 sys-
tem and Cr-166 system, which serves as a bridge between the
V-166 and Mn-166 families. Recent experimental studies of
YCrgGeg %! and CsCrgSbg!%”! compounds show that the FB
is located even closer to the Fermi level compared to Mn-166
system, providing an excellent platform for further engineer-
ing the FB through doping, electrical gating, or dimensional
reduction. Therefore, it is reasonable to expect that the Cr-
doped Mn-166 kagome materials could be an appealing play-
ground for exploring the novel quantum phenomena associ-

ated with the correlation effects of FB, such as the unconven-
tional superconductivity and quantum anomalous Hall effect.

4. Conclusion and outlook

In summary, we have studied the electronic structure of
the kagome magnet LuMngSng by ARPES experiments and
DFT calculations. We find that there are two kagome-derived
FBs near Eg, which remain nearly dispersionless also along
the k, direction. By comparing the electronic structures of
LuMngSng and YMngSng, we substantiate that the near-Ep
band structure of XMngSng family is similar and robust, re-
gardless of the various magnetic properties within this family.
Since one of the FBs is located just below Ef, the effect of
different carrier doping levels introduced by the X elements is
inconspicuous. As a result, the energy positions of the FBs as
well as other main band features are almost the same across
the XMngSng family. Our results suggest the XMngSng fam-
ily as a robust and ideal platform to investigate and engineer
the FB-related physics.
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