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Directional massless Dirac fermions in a layered
vander Waals material with one-dimensional
long-range order

T.Y. Yang'?, Q. Wan'?2, D. Y. Yan?3'2, Z, Zhu?, Z. W. Wang®, C. Peng', Y. B. Huang ©¢, R. Yu®, J. Hu®?,
Z. Q. Maos, Si Li°, Shengyuan A. Yang®, Hao Zheng®4', Jin -Feng Jia*'°, Y. G. Shi?*" and N. Xu®™

One or a few layers of van der Waals (vdW) materials are promising for applications in nanoscale electronics. Established
properties include high mobility in graphene, a large direct gap in monolayer MoS,, the quantum spin Hall effect in monolayer
WTe, and so on. These exciting properties arise from electron quantum confinement in the two-dimensional limit. Here, we use
angle-resolved photoemission spectroscopy to reveal directional massless Dirac fermions due to one-dimensional confinement
of carriers in the layered vdW material NbSi, ,-Te,. The one-dimensional directional massless Dirac fermions are protected
by non-symmorphic symmetry, and emerge from a stripe-like structural modulation with long-range translational symmetry
only along the stripe direction as we show using scanning tunnelling microscopy. Our work not only provides a playground for
investigating further the properties of directional massless Dirac fermions, but also introduces a unique component with one-

dimensional long-range order for engineering nano-electronic devices based on heterostructures of vdW materials.

central topics in condensed-matter physics and materials sci-

ence since the successful exfoliation of graphene'. Due to the
quantum size effect of electrons in the two-dimensional (2D) limit,
vdW materials with nanosized thickness display qualitative distinc-
tions from bulk three-dimensional (3D) compounds, including the
2D massless Dirac fermion in graphene with extremely high mobil-
ity', the large and direct band gap in single-layered MoS, (ref. ?), Ising
superconductivity in MoS, and NbSe, (refs. **), the quantum spin
Hall effect in monolayer WTe, (refs. ) and 2D ferromagnetism in
single-layered Crl; (refs. '°''). Furthermore, due to the 2D crystal
structural geometry, atomically thin layers of vdW materials can be
assembled into heterostructures with high designability and manipu-
lability, presenting emergent behaviours, for example superconduc-
tivity in the twisted bilayer graphene with magic angle'>"*. The novel
optical, electronic and mechanical properties in layered vdW materi-
als and heterostructures hold great potential applications in the next
generation of electronics and optoelectronics at the nanoscale.

Here, we present direct experimental evidence that NbSi,,;Te,, a
vdW material with layered structure, exhibits one-dimensional (1D)
confinement of its metallic surface state and yields directional mass-
less Dirac fermions, as probed by angle-resolved photoemission
spectroscopy (ARPES) measurements. The 1D behaviour originates
from the remarkable stripe-like surface that only has long-range
translation symmetry along the stripe direction as directly visual-
ized by scanning tunnelling microscopy (STM) experiments. The
non-symmorphic symmetry of the stripe structure guarantees the
fourfold degeneracy of the Dirac node, and makes the directional

Layered van der Waals (vdW) materials have become one of the

massless Dirac fermions essential'*"* and distinct from those rely-
ing on band inversion'®. Our study not only experimentally reveals
the directional massless Dirac fermions that are the 1D analogue to
the 2D/3D ones in graphene/Dirac semimetals, but also provides a
unique layered vdW monomer with 1D long-range order for con-
structing functional devices based on 2D heterostructures.
NbSi,Te, is composed of stacked Te-(NbSi,)-Te sandwich layers,
which can be considered as intercalation of Si into the 2H phase of
transition metal dichalcogenide (TMD)(Fig. 1a). Distinct from other
cases of the reaction of Fe (or Ni or Co) with (Nb,Ta)Te, (refs. '-*"),
which lead to a phase with structure unrelated to the parent com-
pounds, NbSi, Te, exhibits similar structural properties to the
2H-TMD with three different kinds of building units (Fig. 1b). In
NbSi,;;Te,, as seen from Fig. lc, the deformation induced by the
intercalated Si atoms makes the original hexagonal structure of the
NbTe, layer transform into a square plane*'. NbSi, ,Te, is effectively
built from zigzag chains with (Nb-Nb)-(Si) cationic sequences
(chains a and b in Fig. 1b) and the NbTe, chains (chain c in Fig. 1b),
with abc chain succession (Fig. 1d). Siatoms adopt a Te square envi-
ronment in the centre of the empty biprisms (Fig. 1¢). The interlayer
Te-Te distance is in the range of typical vdW type materials and
atomically thin NbSi, ;Te, flakes have been successfully fabricated by
micro-exfoliation?, which demonstrates the capability of NbSi, ;Te,
to be a component in nanoelectronics based on a vdW heterostruc-
ture. Topological semimetal phases are proposed in both bulk and
single-layered NbSi, ;Te, by first-principles calculations study®. As
the Si intercalation level increases, more Nb atoms are paired and
form the a(b) type chains. Because the Nb-Si bonding is necessary
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Fig. 1] Crystal structure and core-level spectra of NbSi,Te,. a, Crystal structure of the 2H-TMD single layer. The light shadows indicate the coordination
polyhedral. b, The schematic building units of NbSi,Te,. The red, green and blue balls represent the Nb, Si and Te atoms, respectively. The a/b units are
zigzag chains with (Nb-Nb)-(Si) cationic sequences, and the c unit represents the NbTe, chains. The blue balls marked by red squares represent the Te
atoms in ¢ type chains with a different chemical environment from the others. c-e, Crystal structure (c), schematic (d) and 3D presentation (e) of the
NbSi, s Te, single layer, which is composed of abc chain succession. f, The schematic of the NbSi, Te, single layer, which is in a (ab) x n-c type structure.

g h, Crystal structure (g) and schematic (h) of the NbSi, ,Te, single layer, which is composed of ab chain succession. i, Surface BZ of NbSi,Te, with different
x values. The corresponding n values for NbSi, Te, with (ab) x n-c structure are also indicated. The light blue line in the centre represents the T-X high-
symmetry line. The black, red, green and blue lines correspond to Y, — U, high-symmetry lines for n=1, 2, 3 and 4, respectively. The orange lines represent
the X — U, high-symmetry line. The high-symmetry pointsT, X, Y, and U, are indicated by the dots with the same colours as the high-symmetry lines they
are located on. j, Photoemission spectra in a wide energy range from the Fermi energy (E - E;) for core levels of NbSi, 4 Te, (red lines) and NbSi, s Te, (blue

lines). Insets i and ii are close ups of the Si 2p and Te 4d levels, respectively.

to stabilize the ¢ type chains, two ¢ chains are forbidden to be side
by side”". Therefore, the NbSi, Te, phase is composed of a (ab) X n-c
type structure (Fig. 1f) with the relationship x=n/(2n+1), where n
is the number of (ab) blocks between adjacent c chains. The highest
Si intercalation level is x=1/2 in NbSi,,Te, (Fig. 1g), which corre-
sponds to the (ab) structure without any c chain (Fig. 1h). A longer
periodicity along the y direction is expected for larger x value, for
example ababc for x=2/5 and abababc for x=3/7. Correspondingly,
the Brillouin zone (BZ) shrinks along the momentum (k) in the y
direction, as illustrated by the (001) surface BZs for x=1/3, 2/5, 3/7
and 4/9 (n=1, 2, 3 and 4) shown in Fig. 1i.

The high-quality NbSi,,;Te, single crystals used in this study
were synthesized by the flux method (see Methods). The stoichi-
ometry was determined by energy dispersive X-ray spectroscopy.
In Fig. 1j, we present the photoemission intensity in a wide range of
binding energy (E;), in which Si 2p core-level peaks, together with
those of the Nb 4p and Te 4d electrons, are clearly observed, con-
firming the successful intercalation of Si atoms in our single-crystal
samples. The core-level data are compared with that obtained from
NbSi, , Te,, with the results shown in the insets of Fig. 1j. The Si 2p
peaks for the x=0.45 sample (the red line in inset i of Fig. 1j) are
more intensive than those of the x=1/3 sample (the blue line in
inset i), indicating a higher Si intercalation level that is fully consis-
tent with the energy dispersive X-ray spectroscopy results. For the
Te 4d electrons, the shoulder-like features at lower Ej are strongly
suppressed and the main peaks at higher E; are enhanced in the
x=0.45 sample, with the total area of Te 4d peaks unchanged. The
shoulder-like features correspond to Te atom chains in the ¢ chains
that do not contain the intercalated Si atoms (indicated by the red
dashed squares in Fig. 1b-d,f). Our core-level results (Fig. 1j) are
fully consistent with the scenario shown in Fig. 1f, that the increase
of Si intercalation level x reduces the ratio between the number of
chain c to that of chain a (or b).

28

To verify the bulk/surface origin of the ARPES signals, we per-
formed photon energy (hv, where h is PlancKs constant and v is
the photon’s frequency) -dependent measurements along the T—X
direction, with the constant energy plotted at the Fermi energy (Ej;)
(Fig. 2a). The most pronounced feature of the raw data shown in
Fig. 2a is the sudden intensity suppression at hv around 32 eV that
corresponds to the antiresonance between the Nb 4p state to the
valence state near E. (Fig. 1j). Away from the antiresonance energy
range, the photoemission intensity of the valence states recovers
and then becomes weaker at higher hv due to the smaller photo-
emission cross-section of Nb 4d electrons. Although the inten-
sity is modulated with hv in Fig. 2a, the momentum positions of
the experimentally observed features show no variations with hv,
suggesting a 2D Fermi surface (FS) configuration. To confirm the
2D nature of the observed valence bands near E; we plot the hv
dependence spectra taken at the I and X points of the surface BZ in
Fig. 2b,c (indicated by cutl and cut2 in Fig. 2a), with the correspond-
ing energy distribution curves (EDCs) shown in Fig. 2d,e, respec-
tively. The spectra taken with different hv shown in Fig. 2b-e are
normalized to total intensity, to eliminate intensity variation caused
by the photoemission cross-section and to only focus on the band
dispersions. Our results clearly indicate that there are no observ-
able dispersions along the k, direction for the experimentally deter-
mined electronic states at the T point, with one peak at E; ~ 30 meV
and another broad peak at E;~300meV (Fig. 2b,d). Similarly, two
non-dispersing bands are observed around 100 meV and 600 meV
below E; at the X point (Fig. 2c.e).

On the other hand, similar to the parent compound NbSe,
(ref. »), TaSi,;Te, (ref. *°) and the other vdW TMDs?, electrons
are expected to be coherently hopping between NbSi,Te, layers,
and form 3D FSs and a band structure that disperses along the k,
direction®. Therefore, the electronic state without k, dispersion,
as observed in our ARPES experiments here, corresponds to the
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Fig. 2 | Surface electronic structure of NbSi, 4 Te,. a, Plot of raw photoemission data at the Fermi energy (E;) along the T-X direction. b,c, Normalized
photoemission intensity plots at the T and X points, as indicated by cut1 (b) and cut2 (¢) in a. d,e, The corresponding EDC plots for cut1 (d) and cut2 (e).
f-h, Photoemission intensity (f), curvature (g) and EDC (h) plots along the T-X direction, indicated by cut3 in a. Bands near E; are labelled as o and p.
The dashed line in f indicates the B’ band, which is guaranteed by the translation symmetry along the x direction to be symmetric to the § band along the
BZ boundary X. The spectra weight of the p’ band is strongly suppressed along the T-X high-symmetry line due to the photoemission selection rule. ij,
The photoemission intensity plot (i) and the corresponding curvature plot (j) at E; in the k,-k, plane. The boxes indicate the surface BZs for the (ab) x n-c

structures with several n values, as in Fig. 1i.

surface state, which originates from an uncommon stripe-like sur-
face, as will be discussed below in greater detail.

We plot the surface band structure along the T—X direction in
Fig. 2f, probed by ARPES using photon energy hv=48eV, with
the corresponding curvature and EDC plots shown in Fig. 2g,h,
respectively. We observed a hole-like band, which we called a, with
a relatively flat band top slightly below E; near the T point (cor-
responding to the E;~30meV peak shown in Fig. 2b,d). Another
band, which we called B, shows an almost linear dispersion and
crosses E; near the surface boundary X point. Here we note that
a band p’ (indicated by the dashed line in Fig. 2f) is expected
to appear and be symmetric to the f band along the BZ bound-
ary X, due to the translation symmetry along the x direction. The

NATURE MATERIALS | VOL 19 | JANUARY 2020 | 27-33 | www.nature.com/naturematerials

photoemission spectra weight of the ° band is strongly suppressed
along the T—X direction. This phenomenon, that photoemis-
sion from a certain band is observed in only every other BZ, was
previously reported in non-symmorphic systems?”~* because of a
selection rule directly related to the non-primitive translation oper-
ations”. Here the absence of the p” band along the T'—X direction is
induced by the non-symmorphic symmetry of the stripe region in
NbSi, ;s Te,. In fact, the same non-symmorphic symmetry protects
the essential fourfold degeneracy point of the 1D Dirac dispersion
observed near the stripe region in NbSj, ,;Te,, together with the mir-
ror and time reversal symmetry, which will be discussed later.

We map out the surface states in the k -k, plane, with the FS
intensity and the corresponding second derivative plotted in Fig. 2i,j,
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Fig. 3 | 1D Dirac dispersion on the stripe-like surface of NbSi, ,;Te,. a,b, The photoemission intensity plot (a) and the corresponding curvature plot

(b) along the Y,-U, direction. ¢,d, The photoemission intensity plot (€) and the corresponding curvature plot (d) in an enlargedarea at different binding
energies (Ey). The E; of each panel is indicated by cutl-cut3 in b. The dashed lines are guides for the eye showing the p and 8’ bands. e f Same as a,b, but
along the X — U, direction. The dashed lines indicate high-symmetry points Xand U,, with the same colours as in Fig. 1i. g h, A large-scale STM image

(g, 100x100 nm?, 400 mV, 1nA) with two line profiles (h) clearly demonstrating the various values of interstripe distances (5.15+ 0.03nm, 4.30 + 0.01nm
and 3.43+0.01nm). i,j, Atomic scale STM image (i, 14 x 14 nm? 300 mV, 0.5nA) with two line profiles (j) showing the periodical lattice along the stripes

with different interstripe distances.

respectively. The surface BZs for the (ab) X n-c structures with sev-
eral n values are appended. Surprisingly, the observed FSs, espe-
cially the p (and the p’) FS near the BZ boundary, show a clear 1D
behaviour along the k, direction within the whole region of surface
BZs for various n values, which is very similar to the experimentally
determined FS in the k,~k, plane (Fig. 2a). The combination of the
out-of-plane and in-plane FS probed in our experiments (Fig. 2a,i)
clearly demonstrates a 1D FS topology of the p band, which does not
show dispersion along both the k, and k, directions.

Besides the 1D nature of the FS topology, the  band itself shows
a 1D Dirac dispersion with an unusual Dirac point in the momen-
tum space, as demonstrated by the results shown in Fig. 3. At the
k, value corresponding to the BZ boundary of NbSi, ;Te, with n=1
(the Y,—U, direction in Fig. 1i), both the f band and the folding
band f’ can be clearly observed in the ARPES intensity plot (Fig. 3a)
and the corresponding curvature plot (Fig. 3b), because the selec-
tion rule related to the non-symmorphic symmetry is not strictly
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applied off the T—X direction. The p and f’ bands cross each other
along the k, direction and form a Dirac dispersion, with the Dirac
point with fourfold degeneracy around 0.1 eV below E. Such a Dirac
dispersion displays a 1D behaviour, as indicated by the ARPES
intensity in the surface BZ at several constant E; shown in Fig. 3¢
and the corresponding curvature (Fig. 3d) in an enlarged region of
Fig. 3¢ (marked by the red square). When the energy shifts from
E; to higher E; (cutl to cut3 in Fig. 3c,d), two straight lines (cutl),
corresponding to the 1D p and p’ FSs, firstly merge into a single line
at E;~0.1eV (cut2) and then separate into two lines again (cut3).
The evolution of the § and ’ bands is fully consistent with a 1D
Dirac dispersion scenario. Figure 3e,f presents the ARPES intensity
and curvature along the X — U, high-symmetry line, respectively,
in that a single flat band is observed corresponding to the Dirac
point. The results shown in Figs. 3e and 2c provide unambiguous
experimental evidence of 1D Dirac dispersion hosted on the surface
of NbSi, ,;Te,; this Dirac point shows no dispersion along both the k,
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Fig. 4 | The non-symmorphic symmetry protected 1D Dirac dispersion with fourfold degeneracy. a, The three-dimensional presentation of STM results
on the stripe surface of NbSiy,sTe,. b,¢, The illustration (b) and crystal structure (¢) near the c type chain in NbSi, ,sTe, projected along the z direction. The
glide mirror (/\A/l:,) is indicated by the black dashed line. d, The crystal structure of the c type chain region projected along the x and y directions. The mirror
plane (M,) is marked by the black dashed lines. The c type chain is highlighted by the shadow in b and the red dashed square in ¢ and d. e, Band structure
along the invariant line of glide mirror symmetry rl\/Ty The solid (dashed) line marked by + (-) indicates the main (folded) band. f, The combination of non-
symmorphic and time reversal symmetries induces Weyl nodes on the invariant line. The red and blue solid (or dashed) lines indicate a pair of Kramers
bands. The labels indicate the eigenvalues of My g, Together with mirror symmetry M,, all bands are twofold degenerate and the essential Dirac point with

fourfold degeneracy (marked by the black circle) occurs at n/a.

and k, directions. We note that the a band shows a dispersive feature
along the k, direction in Fig. 3c. As discussed in the Supplementary
Information (Supplementary Fig. 5), the observed dispersion peri-
odicity of 1.5 A" relates well to the interblock spacing within the
(ab) x n ribbons (b,) of ~4.1 A. It can be attributed to the intrarib-
bon dispersion, similar to the intramolecule dispersion observed
previously in sexiphenyl™.

The unique 1D Dirac dispersion experimentally observed here is
derived from an abnormal stripe-like structural modulation, which
is directly visualized by STM experiments. As seen from Fig. 3g,
stripes with alignment along the x direction are directly visualized
on the NbSj, ,;Te, surface. This stripe-like pattern is a direct conse-
quence of the c type chain component in the structure of NbSi,Te,
as shown in Fig. 1b. Because of the weak vdW interaction between
the layers in NbSi,Te,, the surface probed by the STM experiment
is terminated by Te atoms (Fig. le). The Te atoms in ¢ type chains
show a different chemical environment from the others due to the
absence of Si intercalations in chain c (Fig. 1b-d,f). The different
chemical environment can induce valence and height variations of
Te atoms near the c type chain region, and results in the stripe-like
contrast in the STM images (Fig. 3g). Interestingly, in a typical scale
area of 100 X 100 nm?, the distance between the stripes is not a con-
stant, but varies from 3.43(+0.01) nm to 5.15(+0.03) nm (Fig. 3g,h).
However, the lattice periodicity along the stripe direction remains
a constant value of 6.35(+0.03) A (Fig. 3i,j), which corresponds to
the bulk lattice parameter a along the x direction. Therefore, our
STM results on the NbSi,,;Te, surface point to an unconventional
stripe-like structural modulation where interstripe distances do not
remain constant, whereas the long-range translational symmetry is
preserved only along the stripe direction (the x axis).

Such an unusual stripe-like structural modulation with 1D
long-range order is a unique property of the NbSi, ,sTe, system. As
discussed above, the distance between the nearby bright stripes is
the total width of the unit of (ab)Xn-c, which is directly related
to the Si stoichiometry x with the relationship x=n/(2n+1). The

NATURE MATERIALS | VOL 19 | JANUARY 2020 | 27-33 | www.nature.com/naturematerials

interstripe distances of 3.43(+0.01) nm, 4.30(+0.01) nm and
5.15(+0.03) nm in Fig. 3g,h correspond to the (ab) X n—c units with
n=4, 5 and 6, with the Si intercalation levels x=4/9, 5/11 and 6/13,
respectively. The stoichiometry difference of Si between two succes-
sive n values is very tiny, that is 1% between n=4 and 5 stripes and
7%o between n=5 and 6 stripes. In fact, the stoichiometry differ-
ence could be even smaller when both # —1 and n+ 1 stripes emerge
together. In the case shown in Fig. 3g, the difference is 3%o between
a pair of stripes with n=4,6 and two stripes with n=>5. Such tiny
local stoichiometry fluctuations are hard, if not impossible, to avoid
in the synthesizing process of complex compounds with more than
100 atoms in a (ab) X 5-c unit ribbon. The fluctuations induce the
unusual stripe-like structural modulation with 1D long-range order
in NbSi, ,Te,, which in fact exhibits a type of atom arrangement™
distinct from crystalline, quasicrystalline and amorphous.

The observation of the unique stripe structure with 1D long-
range order provides a natural explanation of the 1D Dirac dis-
persion detected in our ARPES experiments. As indicated by
the first-principles calculations in Supplementary Information
(Supplementary Fig. 2), the Dirac dispersion formed by the § and
f’ bands is spatially localized around the c type chain regions that
correspond to the stripes in the STM results. As the spacing blocks
between stripes become more than two sets of (ab) chains, the inter-
stripe hopping term can be ignored and the Dirac dispersion near
E; shows a quasi-1D behaviour. In NbSi, ,;Te,, the stripe intervals
vary from four to six sets of (ab) chains. Therefore, the 1D Dirac
dispersion emerges on the surface of vdW material with 1D long-
range order.

The fourfold degeneracy of the 1D Dirac dispersion observed
in NbSiy,sTe, is essential and protected by the non-symmorphic
symmetry of the stripe region (Fig. 4a—c), together with the mirror
(Fig. 4d) and time reversal symmetries. As shown in Fig. 4b,c, the
crystal structure of the stripe region has a glide mirror symmetry
/M; perpendicular to the y direction ,]\\/I/y (x.9,2) > (x+1/2,-y,2).
The M, corresponds to a non-primitive translation operation along
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the x direction, with eigenvalues of g;; =+)e"/?
y

, where a is
lattice constant along the x direction. The additional phase term in
&1, makes eigenstates in a 4x periodicity, that corresponds to two
BZs. Figure 4e displays a generous case of band structure along
the invariant line of %, in that the dashed line is the folded band
from the second BZ (k-2n/a), with an additional phase term (e~
m=—1) in &7 compared to the main band. For NbSi,,Te,, all the
k points sit on the invariant line of M, because of the 1D nature.
Spin-orbit coupling has to be included, and therefore the coefficent
(A) takes a value of iand & o, +ie”™/2 Furthermore, time reversal

symmetry T is reserved in NbSi, ,;Te,, which induces Kramers pairs
of the bands (Ju) and T|u) indicated by the blue and red colours in
Fig. 4f, respectively) degenerated at Kramers points (k=0 and n/a),
for both the main and folded bands. Because of the commute rela-
tion between M, and T,

M,T= TMy

values of 83 for Kramers pairs are complex conjugates of each
other. Therefore, at Kramers points, the bands forming Kramers
pairs have different values of M, =i at k=0 and the same values
of /nyzl (or —1) at k=m, as indicated in Fig. 4f. Finally, another
mirror plane perpendicular to the z direction M, (x,5,2)—(x,),—2) is
reserved in the structure of the stripe region (Fig. 4d). Similar to
the case of M, all the k points in NbSi, , Te, are invariant under the
symmetry operation of M,. Because ny is anticommutative to M, in
the spin-orbit coupled NbSi, ,;Te,,

WM, =~ M,

the degenerated eigenstates |u) and M,|u) have opposite eigenvalues,
MJu) =glu),

M,M_Ju) == M,MJu)=—gM Ju)

In other words, each eigenstate |u) with & 3, =8 is degener-
ated with its partner M |u) with & w,~ ~8, as shown in Fig. 4g.
Consequently, a Dirac point with fourfold degeneracy appears at
k=mn/a (Fig. 4g), which is guaranteed by the combination of fA/Ty, M,
and T.

The 1D Dirac dispersion with fourfold degeneracy observed in
NbSi, ;s Te, is essential'*"* and distinct from those created by band
inversion'>*~. The essential Dirac node is formed by a pair of
bands with additional phase term (e7*=—1) in eigenvalues of the
non-symmorphic symmetry operation (M, in NbSi,,sTe,), and
therefore band inversion is not indispensaf;le to form the Dirac
nodes. Due to the independence of band inversion, the only way to
destroy the essential Dirac node is to lower the symmetries, so that
the system can transit to either the topological or trivial insulator
phase'“. For the other distinct type of Dirac node observed in Na,Bi/
Cd,As, (refs. '), a band inversion is necessary and a rotational
symmetry guarantees the node with fourfold degeneracy. In this
case, breaking the symmetry will open a gap at the Dirac nodes and
induce a topological insulator phase. The trivial insulator phase is
not adjacent to this kind of Dirac node related to band inversion in
phase diagram. The non-symmorphic symmetry-protected Dirac
nodal line***” and Weyl node’*** have been observed in previous
studies, which correspond to the 2D and 3D Dirac dispersions,
respectively, and are distinct from the 1D case as seen in NbSi,,;Te,
(see Supplementary Fig. 3 in the Supplementary Information).

Our experiment thus points to a 1D confinement of the FS con-
figuration on the surface of NbSi,,Te,, induced by intercalation
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of Si atoms into the Nb-Si plane of TMD NbTe,. They provide a
direct demonstration of the realization of the 1D massless Dirac
fermion. The 1D massless Dirac fermion observed in the present
work, together with the 2D massless Dirac fermions in graphene'
and topological nodal-line semimetal’*****, and the 3D massless
Dirac fermions in Na;Bi/Cd;As,'**=, form the complete group of
massless Dirac fermions classfied with different dimensionalities.
Our results indicate that the directional massless Dirac fermions are
directly related to the unique stripes in NbSi,,;Te, with 1D long-
range order, and are protected by the non-symmorphic symmetry.
Our experimental demonstration of 1D massless Dirac fermions
not only opens a wealth of new opportunities for studying and con-
trolling the 1D massless Dirac fermion, but also adds a unique com-
ponent with 1D long-range order to the tool box of nanoelectronics
based on vdW heterostructures.

Online content
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Methods

Sample synthesis. Single crystals of NbSi, ,;Te, were grown by using Te as flux.
The starting materials Nb (powder, 99.99%, Alfa Aesar), Si (lump, 99.9999%,

Alfa Aesar) and Te (lump, 99.999%, Alfa Aesar) were mixed in an Ar-filled glove
box at a molar ratio of Nb:Si:Te=3:1:30. The mixture was placed in an alumina
crucible, which was then sealed in an evacuated quartz tube. The tube was heated
to 1,100°C over 10h and then left for 20 h. Then, the tube was slowly cooled down
to 800°C at a rate of 2°Ch™ and the crystals were then separated from the Te

flux by centrifuging. Shiny crystals of size 2 X 2 mm? and of thickness of tens of
micrometres were obtained on the bottom of the crucible.

ARPES. Clean surfaces for ARPES measurements were obtained by cleaving
samples in situ in a vacuum greater than 5x 107" Torr. Surface-sensitive vacuum-
ultraviolet ARPES measurements were performed on the ‘Dreamline’ beamline

of the Shanghai Synchrotron Radiation Facility (SSRF) with a Scienta Omicron
DA30L analyser, with an overall energy resolution of the order of 20meV at
T=30K. The beam spot size in ARPES measurements is tens of microns.

STM. The STM measurements were conducted in a Unisoku STM (1600) at
T=4.8K. The samples were cleaved in situ at room temperature under ultrahigh
vacuum and then loaded into the STM head immediately. Electrochemically etched
tungsten tips were used after in situ electron-beam cleaning and treated on a clean
Ag(111) substrate.
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