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Flat electronic bands in condensed matter provide a rich avenue for exploring novel quantum phenomena. Here, we
report an optical spectroscopy study of a topological hourglass semimetal Nb3SiTeg with the electric field of the incident
light parallel to its crystalline ab-plane. The ab-plane optical conductivity spectra of Nb3SiTeq single crystals exhibit a
remarkable peak-like feature around 1.20 eV, which is mainly contributed by the direct optical transitions between the two
ab-initio-calculation-derived flat bands along the momentum direction Z-U. Our results pave the way for investigating

exotic quantum phenomena based on the flat bands in topological hourglass semimetals.
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1. Introduction

Flat electronic bands, which represent dispersionless
bands with divergent density of state (DOS), have been at-
tracting great interest in condensed matter community due
to their crucial roles in the emergence of various quan-
tum phenomena, such as fractional quantum Hall effect,[!=]
superconductivity,(>-13] and ferromagnetism.!'4201 Several
electron systems, including kagome-lattice compounds, 2! 1]
Weyl

possess flat electronic

43-46]

twisted bilayer graphene,!*? semimetals,!

and heavy-fermion materials, 4’}
bands.[*¥3% An important question is whether flat bands can
be observed in a broader class of electron systems.

A van der Waals material Nb3SiTeg shows a topo-
logical hourglass semimetal phase with the hourglass-type
band structure protected by the nonsymmorphic space group
symmetry.'>!-33] Furthermore, the signatures of weak topo-
logical insulator were identified in Nb3SiTeg.!>* Electri-
cal transport study indicates that electron coherence is
unexpectedly enhanced in few-layer NbsSiTeg owing to
the quantum-confinement-induced suppression of electron—
phonon interactions.>> Moreover, Nb3SiTeg thin flakes ex-
hibit Shubnikov—de Haas oscillations with nontrivial 7-Berry
phase,5®! which implies the nontrivial topological nature of
its electronic bands. It was theoretically predicted that the
Berry curvature dipole in Nb3SiTeg should produce nonlin-
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ear Hall effect. 7] Additionally, the device made of Nb3SiTeq
has a quite high thermoelectric power and a very large

r.81 Recently, linearly polarized infrared spec-

power facto
troscopy measurements of Nb3SiTeg show the excitations
around 0.15 eV and 0.28 eV, which were ascribed to the
fingerprints of van Hove singularities in its electronic band
structure. However, the optical signature of the flat bands in
Nb3SiTeg has rarely been observed in experiments.

Optical spectroscopy is an efficient experimental tech-
nique for probing interband transitions from occupied to
empty states!°*-%4 and thus enables us to search for the opti-
cal signature of the flat electronic bands in Nb3SiTeg. Here, we
present the optical reflectance measurements of the NbzSiTeg
single crystals over broad photon energies with the directions
of the electric fields of the incident light parallel to the newly
cleaved surfaces (i.e., crystalline ab-plane with the in-plane
lattice parameters = 11.5 A and b = 6.3 A). Our optical re-
flectance measurements reveal a remarkable peak-like feature
around 1.20 eV in the real part (i.e., 01 (®)) of the optical con-
ductivity spectra which are induced by the electric fields of
the incident light parallel to the ab-plane of Nb3SiTeg. More-
over, two flat bands obtained by ab-initio calculations are sep-
arately located at —0.21 eV and 0.99 eV along the momen-
tum direction Z-U and have the energy distance ~ 1.20 eV,
which is consistent with the energy position of the remarkable

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

027101-1


https://doi.org/10.1088/1674-1056/ad9e9c
https://cstr.cn/32038.14.CPB.ad9e9c
mailto:jzzhao@swust.edu.cn
mailto:yunze.long@qdu.edu.cn
mailto:zgchen@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 027101 (2025)

peak-like feature around 1.20 eV. Thus, the peak-like feature
around 1.20 eV in the o1 (®), which arises primarily from the
direct optical transitions between the two flat bands along Z-
U, can be assigned as an optical signature of the flat bands in
Nb3 SiTe6.

2. Results and discussion

The Nb3SiTeq single crystals were grown by a chemical
vapor transport method.>>! High-purity elemental Nb, Si, and
Te with a molar ratio of 3:2:6 were put into a quartz tube un-
der high vacuum. The quartz tube was placed in the two-zone
furnace where the temperatures of the hot and cool sides were
set as 1223 K and 1123 K, respectively.

The optical reflectance measurements in the temperature

range from 300 K to 8 K were performed on a Bruker Vertex
80V Fourier transform spectrometer. The reflectance spectra
(i.e., R(w)) of the freshly cleaved ab-plane of the Nb3SiTeg
single crystals were obtained using an in-situ gold and alu-
minum overcoating technique. The Kramers—Kronig transfor-
mation of the R(®) was used to get the 61 (@) of Nb3SiTes.
Figure 1(a) displays the ab-plane R(®) of the Nb3SiTeq
single crystals at two typical temperatures 7 = 8 K and 300 K
in the energy range up to 2 eV. As shown in the inset of
Fig. 1(a), the R(w) at T = 8 K at energies lower than 30 meV is
higher than that at 7 = 300 K and approaches to unity, which
exhibits a good metallic response. Besides the metallic opti-
cal response at low energies, several hump-like features can be
clearly observed at high energies in the R(®) at T = 8 K.
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Fig. 1. (a) Reflectance spectra of Nb3SiTeg measured with the electric field of the incident light parallel to the crystalline ab-plane at two typical
temperatures 7 = 8 K and 300 K in the energy range up to 2 eV. The inset in (a) shows the reflectance spectra in the energy range up to 0.4 eV.
(b) Real part o1 () of the ab-plane optical conductivity of Nb3SiTeg at two typical temperatures 7 = 8 K and 300 K in the energy range up to
2 eV. The inset in (b) displays the o} (®) in the energy range up to 0.4 eV. (c) Drude-Lorentz fit to the ab-plane o} (®) of Nb3SiTeg at T =8 K.
D; and D; represent the two Drude components. Lj-L; are the Lorentzian components. The Lorentzian component Ls shaded in red color

indicates the distinct peak-like feature around 1.20 eV.

To study the nature of the hump-like features present
in the R(®w) of Nb3SiTes, we obtained the o)(w) by the
Kramers—Kronig transformation of the R(®). Figure 1(b) de-
picts the 01 (@) at T = 8 K and 300 K. In the inset of Fig. 1(b),
upturn-like features (Drude components) coming from the op-
tical response of the free carriers can be observed at energies
lower than 50 meV in the o;(®) at T = 8 K and 300 K, re-
spectively, which is in agreement with the metallic behavior
of the R(®). Moreover, corresponding to the hump-like fea-
tures in the R(®), a series of peak-like features are present in
the o (0))

To identify the energy positions of the peak-like features
in Fig. 1, we fit the 01 (®) based on a standard Drude-Lorentz
model

21 wdlh Zzn S2?T;

7 7 (2 m2)\2 2727
Zy (07 — 0%)? + 02T

o] = 1
1 Zo P+ 12 ()

J
where Zy = 377 Q is the electric impedance, wp and Ip are the
plasma energy and the relaxation rate of free carriers, respec-

tively, while ;, S}, and I} are the resonance energy, the mode
strength and the damping of each Lorentzian term, respec-
tively. The first term in Eq. (1) represents the Drude compo-
nent. The rest of the terms in Eq. (1) are the Lorentzian com-
ponents which can be used to describe the optical responses of
interband transitions. Figure 1(c) displays the Drude—Lorentz
fit to the o1 (@) at T = 8 K (see the fitting parameters in Ta-
ble 1). Therein, the energy positions (i.e., 0.22 eV, 0.41 eV,
and 2.13 eV) of the Lorentzian peaks L, L3 and L7 are close
to those (i.e., 0.28 eV, 0.41 eV, and 2.00 eV) of the Loren-
tian peaks previously measured by linearly polarized infrared
spectroscopy. It is worth noticing that a remarkable peak-like
feature, which was fitted by the Lorentzian peak Ls shaded
in red color, appears around 1.20 eV in Fig. 1(c). However,
the peak-like feature around 1.20 eV in the o} (®) obtained by
our optical reflectance measurements cannot be well resolved
in the previously reported o) (®) obtained by linearly polar-
ized infrared spectroscopy. The electric fields (E||ab-plane)
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of the incident light utilized in our optical reflectance study
not only can excite the inter-band transitions coupled with the
electric fields (E||a-axis and E||b-axis) of the incident light
used in the previously linearly polarized infrared study but also
can induce the inter-band transitions coupled with the electric
fields of the incident light with the direction between the a-axis
and the b-axis. Thus, the peak-like feature around 1.20 eV in
the o1 (@) obtained by our optical reflectance measurements,
which is invisible in the previously reported o] (@), may arise
from the inter-band transitions coupled with the electric fields
of the incident light with the directions between the a-axis and
the b-axis.

Table 1. Parameters of the Drude-Lorentz fit to the o (@) at T =8 K.

J  @j(meV) Ij(meV) S§;(meV) ap (meV) Ip(meV)
D, - - - 600 46
D; - - - 800 53
L; 74 82 710 - -

L, 224 160 860 - -

Ls 410 82 600 - -
Ly 700 190 500 - -
Ls 1200 280 1465 - -
Lg 1860 312 2240 - -
Ly 2130 580 3770 - -

We checked whether the peak-like feature around 1.20 eV
is intimately associated with the optical absorptions of exci-
tons and polarons. The Drude-Lorentz fit to the o;(w) at
T = 8 K indicates that the plasma energy of the total free
charge carriers in Nb3SiTeg @) = 1/ @3, + @3, = 1000 meV,
which is higher than those in some good metals such as
Co3Sn, S, with mp = 258 meV, %1 and BaFe,As, with op =
582 meV.[027%4 Tt is well known that in good metals, the
high concentration of free charge carriers means a significant
screening of the Coulomb interactions between the electron
and hole of an exciton, which leads to the absence of the exci-
tonic feature. Thus, the peak-like feature around 1.20 eV in the
01 () of Nb3SiTeg with the high charge carrier density and
the significant Coulomb screening is unlikely to arise from an

65-701 Furthermore, it was reported that if

exciton absorption. |
the plasma energy is not higher than the longitudinal-optical-
phonon energy, the longitudinal-optical phonon would be in-
sufficiently screened by charge free carriers, which results in

=731 However, the

the observation of the polaron feature.!”!
large plasma energy (i.e., 1000 meV) in Nb3SiTeg is generally
higher than the longitudinal-optical phonon in this topologi-
cal hourglass semimetal, which indicates that the longitudinal-
optical phonon in Nb3SiTeg should be significantly screened
by the charge free carriers and suggests that the peak-like fea-
ture around 1.20 eV should not come from a polaron absorp-
tion.

To identify the origin of the peak-like feature around
1.20 eV in the oj(®) here, we performed ab-initio calcula-

tions on the electronic band structure and DOS of Nb3SiTeg.
The electronic band structure of Nb3SiTeg was calculated via
the density functional theory, within the generalized gradi-
ent approximation (GGA) of Perdew—Burke—Ernzerhof (PBE)
realization, as implemented in the Vienna ab initio Simula-
tion Package (VASP). The projector augmented wave (PAW)
pseudopotentials were adopted for the calculations. Electrons
belonging to the outer atomic configuration were treated as
valence electrons, here corresponding to 11 electrons in Nb
(4p%4d*5s!), 6 electrons in Te (5s25p*) and 4 electrons in
Si (3s>3p?). The kinetic energy cutoff was fixed to 400 eV,
and a I'-center grid of 5 x 10 x 4 k-points was adopted for
self-consistency. The energy convergence accuracy was set to
1077 eV.

Figure 2(a) displays the calculated electronic bands along
high symmetry directions in the energy range from —1.40 eV
to 1.40 eV. It is worth noticing that along the momentum direc-
tion Z-U, two flat bands indicated by the red lines in Fig. 2(a)
are located at —0.21 eV and 0.99 eV, respectively. The en-
ergy distance of these two flat bands is ~ 1.20 eV, which is
consistent with the energy position of the remarkable peak-
like feature around 1.20 eV in the oj(®). Moreover, fig-
ure 2(b) shows that the calculated DOS has two peaks indi-
cated by the red stars at the energy positions (i.e., —0.21 eV
and 0.99 eV) of the two flat bands. Although the DOS peak
at 0.99 eV is relatively weak, the DOS peak at —0.21 eV is
quite strong. The quite strong DOS peak at —0.21 eV and
the relatively weak DOS peak at 0.99 eV are expected to re-
sult in a large value of the joint DOS. As is well known, the
absorption intensity of the optical transitions in solids is de-
termined by the joint DOS of the occupied state below Fermi
energy and the empty state above Fermi energy,[°°! so the two
DOS peaks at —0.21 eV and 0.99 eV should lead to a peak-
like structure at ~ 1.20 eV in the optical absorption spectra of
Nb3SiTeg. Thus, the distinct peak-like feature around 1.20 eV
in the 0](w) can be assigned as the direct optical transitions
between the two flat bands in Nb3SiTeg (see the red vertical
arrow in Fig. 2(a)), which host the DOS peaks and are sepa-
rately located at —0.21 eV and 0.99 eV. Furthermore, the two
direct optical transitions between the non-flat bands along the
momentum direction S-Y, which are indicated by the yellow
vertical arrows in Fig. 2(a), have the energies of ~ 1.20 eV
and should contribute to the formation of the peak-like fea-
ture around 1.20 eV in the o) (®) as well. However, the DOSs
of the non-flat bands related to the direct optical transitions
along the direction S-Y should be lower than those of the two
flat bands at —0.21 eV and 0.99 eV along the direction Z-U.
Therefore, the remarkable peak-like feature around 1.20 eV
is mainly contributed by the direct optical transitions between
the two flat bands along the momentum direction Z-U . If these
two flat bands are separately tuned to be at the Fermi energy
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via electron-like and hole-like charge-carrier doping, the DOS
at the Fermi energy would be quite high, which may induce su-
perconductivity in this topological hourglass semimetal.[6-812]
It was previously reported that in MosSis, its flat band along
X—M originally far away from the Fermi level moves towards
the Fermi level after partially replacing the silicon atoms by
phosphorus atoms.!"?! In MosSi3_ Py (x ~ 1.3), its flat band

with a negligible modification of the energy-momentum dis-

Energy (eV)

persions is located at the Fermi level. Meanwhile, their su-
perconducting quantities have been significantly changed. In
addition, we have compared the other peak-like features Lo,
L3, L4, Lg and Ly with the calculated band structure and DOS.
The peak-like features Lj, L3, L4, Lg and L; can be assigned
as the optical transitions between the bands with high DOS

(see the red vertical arrows in supplemental Figs. 1(a)-1(e)).

0 10 20 30 40 50 60 70

DOS

Fig. 2. (a) Electronic band structure of Nb3SiTes obtained by ab-initio calculations. The red vertical arrow indicates the direct optical transitions
between the two flat bands. The inset of (a) shows the high symmetry directions of the first Brillouin zone of Nb3SiTeg. The first Brillouin zone
here corresponds to the in-plane lattice parameters a = 11.5 A, b = 6.3 A, and the lattice parameter along the interlayer direction ¢ = 13.9 A.
(b) Total density of states and partial density of states of the electronic bands with Nb 4d, Si 2p and Te 5p orbital characters.

3. Conclusion

In summary, we have studied the nature of the distinct
peak-like feature around 1.20 eV in the o) (®) of Nb3SiTeq
using optical spectroscopy with the electric field of the inci-
dent light parallel to the crystalline ab-plane. The peak-like
feature around 1.20 eV arises primarily from the direct optical
transitions between the two flat bands with the high DOSs and
the energy distance ~ 1.20 eV along the momentum direction
Z-U and can serve as an optical signature of the flat bands in
topological hourglass semimetal Nb3SiTeg.
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