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Shandite  kagome  materials  have  attracted  great  research  attention  due  to  their

intriguing properties, such as magnetic Weyl semimetal phase, endless nodal lines, and

pressure-induced  superconductivity.  In  this  work,  by  combining  angle-resolved

photoemission spectroscopy and  ab initio calculation, we systematically investigate the

electronic band structure of the shandite kagome compound Ni3In2Se2. The measured

band structure is in good agreement with ab-initio calculation with spin-orbital coupling

effect. The experimental spectra are predominantly characterized by surface resonance

states  exhibiting  highly  anisotropic  band  dispersions  near  the  Fermi  level.  These

features  dominate the electronic  states  near  EF,  which are likely associated with the

anisotropic  transport  properties  observed  in  Ni3In2Se2. Notably,  the  large  spin-orbit

coupling in this material leads to the formation of a massive Dirac-like band dispersion

in the surface resonance states, contrasting with the gapless Dirac dispersion found in

the surface states of its sister compound Ni3In2S2. Our experiments will help understand

the influence of spin-orbit coupling effect on both the surface and bulk electronic states

of  shandite  compounds.  Furthermore,  it  establishes  a  foundation  for  exploring  the

potential applications of surface resonance states in surface science.



I. INTRODUCTION

The geometric structure of a crystal lattice plays a pivotal role in the electronic properties of

quantum materials.  A prominent  example  is  the  kagome  lattice,  a  two-dimensional  (2D)

network of corner-sharing triangles, which hosts a variety of characteristic electronic features

such as flat bands, van Hove singularities, and Dirac fermions [1-19]. The interplay between

lattice geometry, magnetism, topology, and electronic structure gives rise to rich intriguing

properties of kagome materials, such as the magnetic frustrated quantum spin liquid [20-22],

fractional  quantum  Hall  state  [23-26],  quantum  anomalous  Hall  effect  [27-29],  novel

topological quantum phases [1-7,30], and many-body emergent properties [31-40].

Among many kagome materials,  shandite kagome compounds attracted particular interests

due to their  rich tunability and rare synergy of magnetism, topology, and correlation. For

instance, ferromagnetic Weyl semimetal Co3Sn2S2 exhibits giant anomalous Hall effect  [41-

44]; Pd3Pb2Se2 becomes superconducting under pressure [40]; Recently, endless Dirac nodal

lines have been predicted in shandites Ni3In2S2 and Ni3In2Se2 with record-high carrier mobility

among kagome materials [45,46]. The electronic structure of the former has been investigated

by angle-resolved photoemission spectroscopy (ARPES) to confirm the existence of Dirac

nodal lines [45], while the electronic structure of Ni3In2Se2 with stronger spin-orbit coupling

(SOC) remains to be experimentally investigated.

Here,  we  systematically  study the  electronic  structure  of  the  shandite  kagome compound

Ni3In2Se2 using high-resolution ARPES and ab-initio calculations. Contrary to expectations

for kagome lattice, we do not observe kagome-related electronic structure, similar to other

shandite compounds in previous studies [41-46]. The experimental spectra, in agreement with



the ab-initio calculation, are predominantly influenced by the surface resonance states (SRSs).

These SRSs are well reproduced by the calculated bulk band structure except that they exhibit

weak  kz dispersion.  Notably,  the  SRSs  form  highly  anisotropic  massive  Dirac-like  band

dispersions,  which  may  be  pivotal  to  the  in-plane  transport  behaviors  and linked  to  the

anisotropic  transport  properties  observed  in  the  system.  Our  findings  establish  shandite

compound Ni3In2Se2 as a promising platform for exploring the application of SRSs in kagome

materials with large SOC effect, particularly in surface chemistry and surface catalysis. 

II. METHODS

Crystal  Growth:  Single  crystals  of  Ni3In2Se2 were  grown  by  using  a  melt  solidification

method. The high-purity reagents Ni (Aladdin, 99.9%), In (Aladdin, 99.99%), and Se (Alfa

Aesar, 99.999%) powders were mixed with a molar ratio of Ni:In:Se = 3:2:2. The mixture was

sealed into an evacuated (10-4 Pa) quartz tube and heated in a box furnace to 850 °C in 10 h. It

is then held at this temperature for 24 h, and subsequently cooled down to 750 °C at a rate of

1°C/h. Excessive flux on the crystal surface was removed by centrifuging at this temperature.

Plate-like Ni3In2Se2 single crystals with metallic luster can be obtained.

ARPES:  ARPES  measurements  were  performed  at  the  beamline  5-2  of  the  Stanford

Synchrotron  Radiation  Lightsource  (SSRL)  and  beamline  10.0.1  of  the  Advanced  Light

Source (ALS) with Scienta DA30 and R4000 analyzers, respectively. The total energy and

angular  resolutions  were  set  to  10  meV  and  0.2°,  respectively.  Laser-based  ARPES

experiments were performed at Tsinghua University using a 7 eV laser and Scienta DA 30

analyser. The total energy and angular resolutions were about 4 meV and 0.2°, respectively.

The samples were cleaved in situ and measured in ultrahigh vacuum below 5 × 10-11 Torr.



Theoretical Calculation: We performed the first-principles calculations using the Vienna ab

initio Simulation Package (VASP)  [47]. The interactions between the valence electrons and

ion cores were described by the projector augmented wave method  [48,49], and exchange-

correlation  potential  is  formulated  by  the  generalized  gradient  approximation  with  the

Perdew-Burke-Ernzerhof (PBE) scheme  [47]. The kinetic energy cutoff for the plane-wave

basis was set to 366 eV. The Γ-centered 10×10×10 k points were used for the first Brillouin-

zone sampling. The spin-orbit coupling (SOC) was included in all the calculations. The lattice

was fully relaxed until the force is less than 0.01 eV/A. The lattice constants after relaxation

are a = 5.416 Å and c = 14.206 Å (conventional unit cell), which are close to the experimental

values [50]. The tight-binding Hamiltonian was constructed using the maximally localized

Wannier functions with Se p, Ni d, and In s and p orbitals which were provided by Wannier90

package [51]. The surface states were calculated by the surface Green's function method [52]

based the tight-binding Hamiltonian. 

III. RESULTS AND DISCUSSION 

The shandite semimetal Ni3In2Se2 crystallizes into a rhombohedral structure with space group

No.166 (R3m). In the conventional cell of Ni3In2Se2 [Fig. 1(a)], the Ni atoms in the Ni3-In

layer  form a  2D kagome lattice  [Fig.  1(b)],  which  stacks  in  ABC sequence  along the  c

direction. The adjacent kagome layers are separated by an In-Se layer. Figures 1(c) and 1(d)

show the primitive unit cell and corresponding 3D Brillouin zone (BZ), respectively. The 2D

projection of the BZ on the (001) surface is also shown in Fig. 1(d). Figures 1(e) and 1(f)

compare the ab-initio calculations of the band structure of Ni3In2Se2 along high symmetry



directions with and without  spin-orbit  coupling (SOC).  Without  SOC, there are two band

crossings along the  TH and ГS directions, which locate above and below  EF,  respectively.

According to the symmetry analysis,  the band crossings extend along the (111) direction,

forming endless Dirac nodal lines [46,53]. The Dirac nodal lines survive the weak SOC effect

in Ni3In2S2, which is believed to be crucial for its giant magnetoresistance [45]. In Ni3In2Se2,

the large SOC effect lifts the degeneracy of the band crossings and eliminates the Dirac nodal

lines, as indicated by the red circles in Fig. 1(f). Nevertheless, previous theoretical studies

suggest that Ni In Se  may still exhibit nontrivial topological characteristics even with SOC₃ ₂ ₂

included [46]. 

Using high-resolution ARPES,  we acquire  high-quality  data  of  the  electronic  structure  of

Ni3In2Se2 in Fig.  2.  The experimental  electronic  structure measured with 106 eV photons

strongly  depends  on  the  photon  polarization.  The  linear-horizontally  (LH)  and  linear-

vertically  (LV)  polarized  photons  highlight  different  features  in  the  experimental  Fermi

surface (FS), since the electronic states near the Fermi level (EF) are dominated by Ni 3d

electrons. Notably, a small triangular electron pocket near the  K  point is resolved under LH

polarization, while a line-like feature emerges around the  M  point under LV polarization.

Figures  2(b)  and  2(c)  show  the  experimental  band  dispersions  along  high-symmetry

directions.  We observe a shallow and tiny electron band (α) at  the  K  point  and a nearly

dispersionless band (β) along the Γ M  direction. Besides, there exists blurred spectral weight

near  EF along the  Γ K  direction, contributing to the broad features between the  Γ  and  K

points on the FS [Fig. 2(a)]. 



To better compare the experimental electronic structure with the calculated results, we sum

the data collected using LH- and LV-polarized photons at 53 eV. The FS in Fig. 2(d) exhibits

hexagonal symmetry with main features consistent with those in Fig. 2(a). The experimental

band dispersions along Γ K M  are in good consistence with the surface-projected calculation,

as compared in Figs. 2(e) and 2(f). It is noteworthy that, despite the kagome lattice formed by

Ni atoms, our ARPES data show no signatures of the characteristic kagome-derived electronic

features (e.g., flat bands or Dirac cones originating purely from the kagome network), similar

to other shandite kagome materials [41,45]. 

In Fig. 2 (e), there are three bands (α, β, and γ) show prominent intensity compared to other

broad and weak spectral features. By comparing with the calculation in Fig. 2(f), it turns out

that  they  reflect  the  upper  envelops  of  the  surface-projected  bulk  band  dispersions  with

substantial kz dispersion. 

However,  these  prominent  experimental  features  show minor  change  at  different  photon

energies, contrasting to the behavior of bulk electronic states [Figs. 2(b), 2(c), and 2(e)]. To

further verify their origin, we conducted detailed photon-energy dependent measurements as

shown in Fig. 3. Despite the clear kz dispersion in the calculation [Fig. 2(f)], our measurement

of the FS in the  ky-kz plane reveals  kz variation only around the Γ  point as depicted in Fig.

3(a), while the spectra near ky = 1.16 Å-1
 (the M  point) exhibits line-like features in a large

rang of kz [Fig. 3(a)].the electronic states near  M  and K  show weak kz variation [Fig. 3(a)].

The bottom of the β band and the top of the γ band remain  nearly unchanged with  kz,  as

indicated by the black arrows in Fig. 3(b). Figures 3(c-g) display the band dispersions along

the Γ K M  direction measured at different photon energies. The α, β, and γ bands consistently



show strong intensity and negligible dispersion with photon energy, which contrasts with the

strong  kz dependence  predicted  in  the  calculations  in  Fig.  2(f).  Taken  together,  these

experimental observations and theoretical comparisons strongly indicate that the α, β, and γ

bands originate from SRSs. 

Except for the α, β, and γ bands, there also exist broad and weak electronic states near Γ  and

M , showing pronounced photon-energy dependence, which are attributed to the bulk states.

The bulk electronic states form an electron band near  M , with band bottom at about -500

meV (-125 meV) measured at 103 eV (125 eV). The electronic states near  Γ , however, is

strongly suppressed due to the matrix element effect.  In contrast, a broad electron-like band

appears near  M , showing pronounced photon-energy dependence (marked by red arrows in

Fig. 3(c-g), which we attribute to a bulk electronic state. To further probe the bulk bands near

Γ ,  we present laser-ARPES data measured using a 7 eV laser in Fig. 3(h),  which probes

deeper in the sample bulk. In contrast to the electron-like band dispersion near Γ  measured

using synchrotron-based ARPES, here we observe a weakly dispersive hole-like band around

Γ , together with a dispersive hole-like band with band top around 75 meV. This result is in

agreement with the calculated band structure near the T point [Fig. 1(f)], suggesting that the 7

eV laser probes the kz position near the T point. Moreover, the two bands are degenerate at the

T point in the calculation without SOC in Fig 1(e). The observed band splitting in the laser-

ARPES data thus confirms the large SOC effect in Ni3In2Se2.   Given the larger probing depth

of laser-ARPES, it is reasonable to attribute these features to bulk electronic states.  Similar

band dispersions are also visible in the 119 eV data [Fig. 3(f)],  though with significantly

weaker intensity compared to the dominant SRSs.  



The β and γ bands form a massive Dirac-like dispersion along K M K  with a gap of about

180 meV. Along Γ M , the β band contributes the line-like FS [Figs. 2(a) and 2(d)], suggesting

highly  anisotropic  dispersions  of  the  SRSs.  Figure  4(a)  shows  the  band  structure  along

K M K  at different  kx positions, which remains a massive Dirac-like dispersion. Therefore,

the SRSs form quasi-1D dispersions with nearly flat band top (bottom) along Γ M , as shown

in Fig. 4(b). We estimate the effective masses of the upper and lower branches of the massive

Dirac-like  band  along  different  directions,  which  results  in   
me

¿
=26.7 me (mh

¿
=−6.6 me)

along 
Γ M

, and 
me

¿
=0.23 me (mh

¿
=−0.2 me)

 along 
K M K

. To our best knowledge, such a

large anisotropy of the carrier effective mass is uncommon in 3D compounds. It is noteworthy

that the SRSs reflect the bulk states, and the bulk bands exhibit  similar anisotropy in the

effective mass, as demonstrated by the calculation in Figs. 1(f) and 2(f). This anisotropy may

be linked to the anisotropic transport properties of Ni3In2Se2 [54].  

Finally,  it  is  informative  to  compare  the  band  structure  of  Ni3In2Se2 and  Ni3In2S2.  The

previous ARPES investigation of Ni3In2S2 has revealed a gapless Dirac band near M  that is

relevant to the high mobility and large magnetoresistance of Ni3In2S2 [55]. In drastic contrast,

Ni3In2Se2 exhibits a substantial energy gap of ~180 meV, as evidenced by the band dispersions

along the K M K  direction in Fig. 4(c). This discrepancy arises from the different bulk band

gap near  M ,  possibly due to  the  different  lattice  parameters and SOC effects in  the two

compounds.

In conclusion, we have systematically investigated the electronic structure of Ni3In2Se2 with a



kagome lattice. We observe prominent SRSs forming a highly anisotropic massive Dirac-like

band dispersion around the M  point. The SRSs in a kagome material with large SOC effect

may be promising for the application in surface chemistry and catalysis.
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FIG.  1.  Crystal  structure  and  calculated  band  structure  of  Ni3In2Se2.  (a)-(c)  Schematic

illustration of (a) the conventional unit cell, (b) the kagome layer formed by Ni atoms, and (c)

the primitive unit cell. (d) 3D Brillouin zone corresponding to the primitive cell together with

its surface projection. (e), (f) Calculated band structure without (e) and with (f) spin-orbit

coupling (SOC). The red dashed curves are the Wannier fitting of the energy bands.



FIG. 2. The basic band structure of Ni3In2Se2 measured with synchrotron-based ARPES. (a)

Fermi  surface (FS)  measured with linear-horizontally  (LH,  left)  and linear-vertically  (LV,

right) polarized photons at 106 eV. The orange dashed hexagon is the first surface BZ. (b), (c)

Band structure along high-symmetry directions measured with LH- and LV-polarized photons

at 106 eV, respectively. (d), (e) FS and band dispersions obtained by summing up the data

collected using LH- and LV-polarized photons at 54 eV. (f) Calculated bulk band structure

projected on the (001) surface.



FIG. 3. Band structure measured at different photon energies.  (a) FS map in the ky-kz plane.

(b)  Band dispersion  along  kz at  ky =  1.16  Å-1.  (c-g)  Band  dispersions  along the  Γ K M

direction  measured  at  different  photon  energies.  (h)  Laser-ARPES spectra  near  the Γ

point.



 

FIG. 4. Anisotropic massive Dirac band. (a), (b) Dispersion of the β and γ bands along (a)

K M K  at different  kx positions and (b)  M Γ M . (c) Comparison between the massive SRS

and massless surface states in Ni3In2Se2 and Ni3In2S2.
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