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We have performed angle-resolved photoemission spectroscopy of the layered ternary telluride Ta3SiTe6

which is predicted to host nodal lines associated with nonsymmorphic crystal symmetry. We found that the
energy bands in the valence-band region show Dirac-like dispersions which present a band degeneracy at the R

point of the bulk orthorhombic Brillouin zone. This band degeneracy extends one dimensionally along the whole
SR high-symmetry line, forming nodal lines protected by the glide mirror symmetry of the crystal. We also
observed a small band splitting near EF which supports the existence of hourglass-type dispersions predicted by
the calculation. The present results provide an excellent opportunity to investigate the interplay between exotic
nodal fermions and nonsymmorphic crystal symmetry.
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The search for new types of topological materials hosting
nodal fermions is currently one of the emergent topics in
condensed-matter physics. Nodal fermions such as Dirac and
Weyl fermions are characterized by a gapless low-energy
excitation whose energy versus momentum (k) relation obeys
the massless Dirac/Weyl equation. They provide a fertile
ground to realize a variety of outstanding physical properties
such as extremely high mobility, large negative magnetore-
sistance, and chiral anomaly [1–10]. In three-dimensional
(3D) topological insulators, the nodal fermions manifest as
a linearly dispersive spin-polarized Dirac-cone surface band
whose degeneracy at the Dirac point is protected by time-
reversal symmetry [11–13].

One of the effective strategies to search for nodal fermions
is to utilize the point-group symmetries of crystal, i.e., mir-
ror reflection, rotation, and inversion symmetries in addition
to time-reversal symmetry. This is highlighted by the dis-
covery of topological crystalline insulators hosting the sur-
face nodal fermions protected by mirror reflection symmetry
[14–18]. The mirror symmetry also plays an important role
in the search for topological nodal-line semimetals (NLSMs)
characterized by a continuous band crossing along a one-
dimensional curve in k space (nodal line) [19–26]. When the
rotational symmetry is taken into account, one can stabilize
3D Dirac semimetals such as Na3Bi and Cd3As2 [27–31].
Also, when the space inversion symmetry is broken, Dirac
semimetals are transformed into Weyl semimetals with a spin-
split pair of Weyl cones and Fermi-arc surface states [32–35].

While all these topological materials described above are
based on symmorphic symmetry which preserves the ori-
gin during the symmetry operation, nonsymmorphic space-
group symmetry combining point-group symmetry and the

fractional translation is recently attracting particular attention,
because it further enriches the category of nodal fermions.
This is demonstrated by the prediction/observation of nodal
loops in NLSMs protected by the glide mirror (mirror reflec-
tion plus translational) symmetry [36–41], as well as the Weyl
nodes in trigonal Te and the nodal lines in ZrSiS, both of
which are protected by the screw (rotation plus translational)
symmetry [37,41,42]. Moreover, the nonsymmorphic sym-
metry is predicted to give rise to more exotic nodal-fermion
features such as Möbius-twist surface states [43], hourglass
fermions [44,45], and nodal chains [45–47]. However, in
contrast to these attractive predictions, the experimental proof
of nodal fermions dictated by nonsymmorphic symmetries is
still very limited [48]. It is thus of great importance to exper-
imentally establish new nodal-fermion materials protected by
nonsymmorphic symmetries.

Recently, it was theoretically proposed that the layered
ternary telluride Ta3SiTe6 hosts nodal fermions protected by
nonsymmorphic glide mirror symmetry [45]. This material
crystallizes in the orthorhombic structure with the space group
No. 62 (Pnma). As shown in Fig. 1(a), the basic structural
unit of Ta3SiTe6 is a Te trigonal prismatic slab with Ta atoms
located around the center of this prism [49]. Each unit cell
contains two such slabs which are overlaid with each other
by the inversion operation. First-principles band-structure
calculations [45] show that, when the spin-orbit coupling
(SOC) is neglected, Ta3SiTe6 displays a fourfold-degenerate
(eightfold-degenerate if counting spin) nodal line on the SR

line in the bulk Brillouin zone (BZ) [see Fig. 1(b)] due to
the band crossing protected by glide mirror symmetry. It is
also suggested that when the SOC is included, the fourfold
degeneracy on the SR line is slightly lifted and as a result
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FIG. 1. (a) Crystal structure of Ta3SiTe6. (b) Bulk orthorhombic
BZ (blue) and corresponding surface BZ projected onto the (001)
plane (green). (c) EDC of Ta3SiTe6 in a wide energy range measured
at hν = 600 eV.

hourglasslike dispersions appear in the close vicinity of EF.
To examine such intriguing predictions, it is highly desirable
to experimentally establish the electronic band structure of
Ta3SiTe6.

In this Rapid Communication, we report angle-resolved
photoemission spectroscopy (ARPES) of Ta3SiTe6 single
crystal. By utilizing the energy-tunable photons from syn-
chrotron radiation, we have determined the band structure in
the 3D BZ, and found that the valence-band dispersion in an
energy range much wider than the energy scale of SOC is
characterized by the nodal lines on the SR line, whereas the
band dispersion within 50 meV of EF is substantially influ-
enced by the finite SOC. We discuss implications of our ob-
servations in comparison with first-principles band-structure
calculations, and discuss the characteristics of the exotic nodal
fermions in relation to the nonsymmorphic symmetries.

High-quality single crystals of Ta3SiTe6 were grown by the
chemical vapor transport method by using I2 as the transport
agent. High-purity powders of Ta (99.99%), Si (99.99%), and
Te shot (99.9999%) were sealed in an evacuated quartz tube,
which was subsequently put in a two-zone tube furnace. The
temperatures in the furnace were set to be 950 ◦C (source
side) and 850 ◦C (growth side), which were kept for 10 days.
Note that the surface cleaning of Ta powders is crucial for
obtaining large Ta3SiTe6 crystals; hence, we performed the
surface cleaning procedure at 500 ◦C using H2 in a sealed
quartz tube [38,50]. ARPES measurements were performed
with Omicron-Scienta R4000 and SES2002 electron ana-
lyzers with energy-tunable synchrotron-radiation light at the
beamline I05 of Diamond Light Source and BL28 of Photon
Factory (KEK). To excite photoelectrons, we used linearly
polarized vacuum-ultraviolet (VUV) light of 40–100 eV. The
energy and angular resolutions were set to be 6–20 meV and
0.2◦, respectively. We also measured the core-level spectrum
with 600-eV photons at the BL2 beamline of Photon Fac-
tory. Crystals were cleaved in situ along the (001) plane in
an ultrahigh vacuum of 1×10−10 Torr and showed a shiny
mirrorlike surface indicative of the high quality of the crystal.

FIG. 2. (a) EDCs of Ta3SiTe6 at T = 30 K measured along the
�̄Ȳ cut with 87-eV photons. (b) Corresponding ARPES-intensity
plot as a function of EB and ky . (c) ARPES intensity at EF plotted
as a function of in-plane wave vectors (kx and ky) measured at
hν = 87 eV. Intensity at EF was obtained by integrating the spectral
intensity within ±10 meV of EF. (d) Plot of normal-emission ARPES
intensity as a function of kz. The inner potential was estimated to be
V0 = 11.6 eV from the periodicity of the band dispersion.

The sample temperature during measurements was kept at
T = 30 K. Figure 1(c) displays the energy distribution curve
(EDC) in a wide energy region measured at a photon energy
(hν) of 600 eV. Several sharp core-level peaks are observed
at binding energies (EB) of 110, 100, 41, and 23 eV, which
are attributed to the Te 4p, Si 2p, Te 5d, and Ta 4f orbitals,
respectively. Besides these core-level peaks, a weak structure
originating from the valence band is resolved within 10 eV
of EF.

To see the overall valence-band structure, we show in
Fig. 2(a) the EDCs at hν = 87 eV measured over a wide k

region along the �̄Ȳ cut of the surface BZ [see Fig. 1(b)]. One
can identify several dispersive bands within 1.2 eV of EF, e.g.,
two holelike bands topped at 0.45 and 1.1 eV, respectively, at
the �̄ point of the first BZ (�̄), and a sharp peak in the vicinity
of EF at around the �̄1 and �̄2 points. These energy bands
are attributed to the Ta 5d orbitals hybridized with the Te 4p

orbitals, with a negligible contribution from the Si 2p states
[45]. To see more directly the band dispersions, we plot in
Fig. 2(b) the ARPES intensity as a function of ky and EB,
where we observe more clearly two holelike bands topped
at 0.45 and 1.1 eV at �̄ and a weakly dispersive band at
∼0.3 eV. All of these bands well follow the periodicity of the
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FIG. 3. (a) Bulk BZ of Ta3SiTe6. The kz = π plane (SRT Z plane) and SR line are indicated by the green shade and red line, respectively.
(b) Calculated band dispersions with (red curves) and without (blue curves) SOC [45] along the SZ (left) and SR (right) cuts. (c) ARPES
intensity at EF plotted as a function of in-plane wave vectors measured at hν = 87 eV. Intensity at EF was obtained by integrating the spectral
intensity within ±10 meV of EF. (d) Plot of ARPES intensity measured along the T R cut [cut A in (c)]. (e) and (f) EDCs around the R point
to highlight the band crossing for bands 1 and 2, respectively. (g) and (h) Same as (d) but measured along cuts B and C in (c), respectively. (i)
Same as (h) but measured in the second BZ. Band-crossing points are indicated by white arrows in (d) and (g)–(i). (j) Schematic view of nodal
lines on the SR line based on the experimental valence-band dispersion.

surface BZ as indicated by red dashed curves, although the
intensity is strongly modulated by the matrix-element effect
of photoelectron intensity. We also observe some dispersive
bands within 0.2 eV of EF between the �̄1 and �̄2 points,
which cross EF and form the Fermi surface.

To gain further insight into the Fermi-surface topology of
Ta3SiTe6, we show in Fig. 2(c) the ARPES-intensity mapping
at EF as a function of in-plane wave vectors (kx and ky).
One can immediately recognize that the intensity pattern
follows well the periodicity of the BZ over a wide kx-ky

area. We observe two types of Fermi surfaces, one an open
Fermi surface with a holelike character, surrounding the �̄

and Ȳ points with strong wiggling along the kx direction.
Another Fermi surface encloses the M̄ and X̄ points, forming
an open Fermi surface with an electronlike character. This
Fermi surface is associated with the nodal line situated slightly
below EF as detailed later. The observed strong anisotropy of
Fermi surfaces is consistent with the in-plane anisotropy of
the crystal structure due to the large (about twice) difference
in the lattice constant between the a and b axes.

To clarify the three-dimensionality of the electronic states,
we investigated the band structure along the wave vector
perpendicular to the surface (kz) by varying the photon energy
in the ARPES measurements. The ARPES-intensity plot as a
function of kz in Fig. 2(d) signifies a few energy bands that
clearly display a finite kz dispersion, e.g., two bands at EB =
0.1−0.3 and 0.4–0.6 eV, respectively. This suggests that the
observed energy bands are of bulk origin. Interestingly, these

bands appear to exhibit a periodicity twice as large as that
of the bulk BZ; for example, the band located at 0.4–0.6 eV
has a top of dispersion at the � point of kz = 4.0 Å while
it has a bottom at the adjacent � point of kz = 4.5 Å (note
that it is difficult to trace the periodicity of the bands which
cross EF due to the small kz dispersion). This unexpected
finding implies that the periodic potential from the unit cell
consisting of the two monolayers of Ta3SiTe6 [see Fig. 1(a)]
is rather weak, and electrons in the crystal actually feel more
strongly the periodic potential from the one-monolayer unit
(see Supplemental Material for a detailed comparison of the
experimental band structure with the band calculations for
monolayers [51]).

Since the kz value is experimentally established from the
hν-dependent ARPES measurements, next we search for the
predicted band crossing by selecting kz. It has been suggested
by the first-principles band-structure calculations [45] that
when the SOC is neglected, all the bands that cross the SR line
[red line in Fig. 3(a)] must be degenerate at the k point that lies
on the SR line due to the crystal symmetry. This is clearly seen
in the calculated band structure along the ZSZ line shown by
blue curves in Fig. 3(b), where the energy bands intersect with
each other at the S point and exhibit a characteristic X-shaped
Dirac-like dispersion at the S point. This degeneracy occurs
on the entire SR line, as seen from the right panel of Fig. 3(b),
where the number of bands along the SR line (two in this
case) is unchanged along the SR line, indicative of the robust
degeneracy of bands. Upon inclusion of the SOC, the band
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degeneracy is lifted at the band-crossing points, as can be seen
from a large band repulsion at EB = 0.25 eV at the midway
between Z and S [note that our data in Fig. 3(i) are clearly in
qualitative agreement with the calculation with SOC in this
respect]. Also, a finite spin-orbit gap opens at the S point
(∼30 and ∼10 meV for the near-EF band and the 0.4-eV
bands, respectively), although its energy scale is much smaller
than the band repulsion at EB = 0.25 eV.

To have a deeper insight into the feature of the bands on
a high-symmetry plane, we fixed the photon energy to 87 eV
that can trace the kz ∼ π plane (SRT Z plane) [green shade
in Fig. 3(a)]. Figure 3(d) displays the plot of ARPES intensity
measured along cut A in Fig. 3(c) that corresponds to the T R

cut in the BZ. One can immediately identify two X-shaped
bands with the intersection on the R point at EB ∼ 0.03
and 0.6 eV, respectively, as marked by the white arrows (we
label these two bands bands 1 and 2, respectively). To further
clarify whether these bands have an intersection, we surveyed
the EDCs [Figs. 3(e) and 3(f)]. As for band 1 [Fig. 3(e)],
two peaks (one near EF and another at around 0.17 eV) are
observed in the EDCs measured at the k points far away
from the R point [top and bottom EDCs in Fig. 3(e)] and
they gradually merge into a single peak on approaching the
R point. A similar trend is also visible for band 2 [Fig. 3(f)].
These systematic variations of EDCs demonstrate the band
crossing at the R point.

We further surveyed the band crossing along several cuts
on the SR line. Figures 3(g)–3(i) show the results of three
representative cuts [cuts B and C in the first BZ as shown in
Fig. 3(c) and cut C in the second BZ not shown in Fig. 3(c)],
where we always observe X-shaped bands despite a clear
change in the overall band structure upon variation of ky . This
suggests that, in this energy scale, the band-crossing point
(intersection) can be regarded as continuously connected in
the SR direction, giving rise to two characteristic nodal lines
as illustrated in Fig. 3(j). We found that the intersection (nodal
point) of band 1 is consistently located at EB = 20−30 meV
irrespective of the measured k cuts (compare the white arrows
for band 1 among cuts A–C). On the other hand, the intersec-
tion of band 2 moves from EB = 0.6 eV at the R point [cut A,
Fig. 3(d)] to 0.5 eV at the S point [cut C, Fig. 3(i)], showing a
dispersion of the nodal point [see the illustration based on the
experimental band dispersion in Fig. 3(j)]. This trend in the
dispersive feature is well reproduced in the calculations with
SOC (and also without SOC) [right panel of Fig. 3(b)] where
the energy bands at 0.4 eV at the S point rapidly disperse
downward to higher EB on approaching the R point while
other bands near EF are less dispersive. These results suggest
that as long as the energy region of interest is much wider than
the scale of SOC, one can characterize the overall valence-
band feature by the presence of two nodal lines. However,
we will show below that the SOC actually lifts the band
degeneracy of the nodal line near EF, by the measurements
with an energy resolution much better than the scale of the
calculated spin-orbit gap.

Figure 4(a) shows the EDCs in the vicinity of EF measured
along the SR cut with a higher-energy resolution (6 meV).
As visible from this figure, the overall spectral feature is not
as sharp as one would expect from a single peak originating
from the nodal line. This broad feature is not due to the

FIG. 4. (a)–(c) EDCs, ARPES intensity, and second-derivative
intensity in the vicinity of EF, respectively, measured along the SR

cut. Intensities in (b) and (c) are based on the EDCs divided by the FD
function at 30 K convoluted with the resolution function. Red circles
in (b) and (c) show the position of peaks determined by tracing the
peak position of the second derivative of EDCs divided by the FD
function. (d) Calculated band dispersions along the SR cut with and
without SOC (red and blue curves, respectively) [45].

energy resolution but may be ascribed to the kz broadening
which is often the case for ARPES measurements with VUV
photons. As shown in Fig. 4(a), the EDCs are composed
of two peaks, e.g., at ∼10 and 40 meV, respectively, at the
S point. To estimate the intrinsic band energy, we divided
the measured EDCs by the Fermi-Dirac distribution (FD)
function at T = 30 K convoluted with the resolution function,
and show the results (the intensity and the second-derivative
intensity) in Figs. 4(b) and 4(c). Now one can see more clearly
two dispersive bands with the periodicity of the BZ. One band
located closer to EF shows a downward energy dispersion
from the S to R point, while another band located at higher
EB exhibits an upward dispersion from the S to R point
(red circles). This characteristic dispersive feature of the two
experimental bands is not satisfactorily explained by the band
calculations without the SOC [blue solid curve in Fig. 4(d)]. In
contrast, the observed spectral feature looks compatible with
the calculations including the SOC that predict hourglasslike
dispersions along the SR line in Ta3SiTe6 [red solid curves
in Fig. 4(d)]. It is noted that the experimental band-crossing
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point near the R point is closer to EF than that in the
calculation.

Now we discuss the characteristics of the observed nodal
lines. It was theoretically suggested that the nodal lines
on the SR line are solely dictated by the nonsymmor-
phic symmetry. When the SOC is absent, the SR line is
invariant under three key operations involving two glide
mirrors [M̃x : (x, y, z) → (−x + 1/2, y + 1/2, z + 1/2) and
M̃y : (x, y, z) → (x + 1/2,−y + 1/2, z)] and one mirror
[Mz : (x, y, z) → (x, y,−z + 1/2)], leading to the four de-
generate orthogonal states (including original Bloch state) and
the resultant fourfold degenerate nodal lines (eightfold when
spin is counted) [45]. Since this symmetry protection is valid
for all energy bands, one can realize multiple (two) nodal lines
stemming from bands 1 and 2 on the SR line in the experiment
as shown in Fig. 3(j). It is emphasized that the fourfold-
degenerate nodal line is distinct from the nodal lines realized
in other NLSMs such as ZrSiS, CaAgAs, and PbTaSe2 which
show the twofold degeneracy [21–23,26,37–41]. As shown
in Fig. 4(d), the nodal line is expected to split into four
energy bands after inclusion of the SOC, forming an hourglass
dispersion centered at the R point. This theoretical prediction
is in good agreement with the present high-resolution ARPES
results [Figs. 4(a)–4(c)]. Since the observed energy bands
forming nodal line/hourglass dispersions are located in a
narrow energy range near EF and would largely contribute to
the density of states, the nodal-fermion-related exotic physical
properties such as the nontrivial Berry phase [52] may be
realized by doping a small amount of holes (i.e., by moving

the nodal line or the necks of the hourglass dispersions to
EF so that they affect more strongly the transport properties)
via, e.g., the chemical substitution in the crystal. We point out
though that such a realization is strongly influenced by another
Fermi surface located at the �̄ point [Fig. 2(c)].

In conclusion, we reported high-resolution ARPES results
on the layered ternary telluride Ta3SiTe6. We have revealed
the existence of two nodal lines near EF and at ∼0.5 eV,
respectively, on the SR line in the 3D BZ, consistent with
the first-principles band-structure calculations without the
SOC. The observed two nodal lines are protected by the
nonsymmorphic glide mirror symmetry of the crystal. We also
observed a small band splitting near EF which supports the
existence of hourglass-type dispersions predicted by the cal-
culation. The present result provides an excellent platform to
study the role of nonsymmorphic symmetry in the formation
of nodal fermions.
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