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We report the observation of a non-trivial spin texture in Dirac node arcs, novel topological
objects formed when Dirac cones of massless particles extend along an open one-dimensional line
in momentum space. We find that such states are present in all the compounds of the tetradymite
M2Te2X family (M=Ti, Zr or Hf and X=P or As), regardless of the weak or strong character of the
topological invariant. The Dirac node arcs in tetradymites are thus the simplest possible, textbook
example, of a type-I Dirac system with a single spin-polarized node arc.

PACS numbers:

During the last decade various topological phases of
matter such as the quantum spin Hall effect [1, 2], topo-
logical insulators [3, 4], topological superconductors [5],
topological crystalline insulators [6], or Dirac and Weyl
semimetals [7–10], have provoked an immense interest of
the scientific community. Scientific excitement in topo-
logical matter stems from its high potential in novel ap-
plications such as building blocks of quantum information
in the form of Majorana zero modes [11, 12], spin gen-
erators in spintronic circuits [13, 14] and optoelectronic
nanodevices [15].

Dirac cones, the simplest form of topological states,
can have variable dimensionality in momentum space
ranging from 1D to 3D, and display different topological
characteristics giving rise to weak and strong topological
states. Moreover, when the Dirac cone extends along an
open 1D line in momentum space, the series of adjacent
Dirac points form so-called “Dirac node arcs” [16, 17].
Each variation in dimensionality, topological character-
istics and k-space fingerprint of the Dirac point (i.e. a
single node vs. a 1D line or arc) defines a new class
of topological matter: quantum spin Hall insulators for
1D states [2, 18], strong or weak topological insulators
for 2D states [19–21], Dirac and Weyl semimetals for 3D
states [8–10, 22], nodal-line semimetals for Dirac nodal
lines [23–25].

There is however a new family of topological metals
that is predicted to combine many of the above spe-
cial features. This is the tetradymite family M2Te2X
(with M=Ti, Zr or Hf and X=P or As), in which both
strong and weak topological surface states have been the-
oretically predicted [26–29], interestingly accompanied
by Dirac node arcs in one of its members [29]. In this
work, we employ angle- and spin-resolved photoemission

spectroscopy (ARPES and SARPES) to experimentally
demonstrate the crucial -yet missing- element that such
Dirac node arcs are spin-polarized, showing a non-trivial
spin-texture, and hence they meet all the essential re-
quirement to be classified as topological Dirac node arcs.
Moreover, our results prove that all compounds of the
family share the exotic feature of a Dirac node arc. Com-
pared to Dirac node arcs observed in topological line-
node semimetals [17, 30], or to multiple node-arcs in
type-I Dirac systems [16], the unique Dirac node arc in
the tetradymite M2Te2X compounds is thus the simplest
possible, textbook example, of a type-I Dirac system with
a single spin-polarized node arc.

ARPES experiments were performed at the CAS-
SIOPEE beamline of Synchrotron SOLEIL (France),
and Spin-ARPES experiments were performed using the
ESPRESSO machine at beamline 9B of the Hiroshima
Synchrotron Radiation Center (HiSOR, Japan) [31].
Typical energy and angular resolutions were 15 meV and
0.25o. The single crystals of M2Te2X (M=Ti, Zr or Hf
and X=P or As) [26] were cleaved in situ at temperatures
below 25 K and pressure in the range of 10−11 mbar, and
were kept at those conditions during the measurements.
The Supplementary Information provides complete tech-
nical details about the sample growth, crystal structure,
ARPES and Spin-ARPES measurements [45].

Figure 1(a) presents the experimental constant energy
contours of Ti2Te2P at various binding energies. The
Fermi surface consists of six petal-like electron pockets
centered at the M points of the surface Brillouin zone
and a weaker hexagonal contour in the immediate vicin-
ity of Γ [28], shown in the inset. The smallest point-like
contour at Γ is residual intensity coming from a hole-like
band whose maximum lies just below EF for Ti2Te2P
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Figure 1: (Color online) (a) Constant energy maps at various binding energies. A linear feature appears at an approximate binding energy
of 850 meV. The dashed blue hexagon marks the borders of the surface-projected Brillouin zone. The dashed red square indicates the
area with saturated contrast shown in the inset above the top left panel. (b) Energy-momentum dispersion showing a persistent Dirac-like
dispersion along various k-paths marked by dashed lines in (a). All data were collected using photons of 50 eV and linear horizontal
polarization. The temperature was 6 K.

[28]. As the binding energy increases, the petal-like con-
tours evolve into linear features along the ΓM high sym-
metry lines. The energy-momentum dispersion along
KMK reveals a Dirac cone that is typical for all com-
pounds of the tetradymite family M2Te2X. Our previous
first-principles calculations [28] revealed the non-trivial
origin of such Dirac-like state. The binding energy of the
Dirac point for Ti2Te2P is 0.85 eV, that is 200-300 meV
lower than for other compounds of this family (see Fig.
S2). Interestingly, as shown in panel (b) by the energy-
momentum maps along k-paths parallel to KMK, this
Dirac-like dispersion is present all along the linear fea-
tures of the constant energy map, with the Dirac point
shifting to slightly lower binding energies as one moves
away from M (see Fig. S3). These results are in agree-
ment with a previous study on Hf2Te2P [29], and they
present a first indication that these linear features may
correspond to topologically non-trivial Dirac node arcs.
The Supplementary Information presents additional data
and analyses for the linearly dispersing Dirac states in the
vicinity of M̄ along KMK, as well as for the Dirac node
arcs, for Hf2Te2P, Zr2Te2P, Ti2Te2P and Zr2Te2As.

Without any information on their spin texture, the lin-
ear features in the constant energy maps of the M2Te2X

compounds (see Fig. S3), even if associated to a cone-like
dispersion, cannot be unambiguously assigned to topo-
logically non-trivial Dirac node arcs. Thus, a direct mea-
surement of their spin polarization is necessary to eluci-
date if they correspond to non-trivial states. As we will
see next, our SARPES data on Ti2Te2P and Hf2Te2P re-
veal an appreciable spin polarization of the Dirac cones
both along KMK and at parallel k-paths. As a result,
they establish the linear features of the constant energy
maps as topologically non-trivial 1D Dirac node arcs.

Figure 2 presents spin-integrated and spin-resolved
ARPES results acquired using the ESPRESSO setup at
HiSOR [31] on Ti2Te2P, Figs. 2(a, b), and Hf2Te2P,
Figs. 2(c, d, e). The spin-integrated ARPES results on
both compounds, panels (a, b, d), reproduce the main
experimental features discussed before. Our goal is to es-
tablish the spin texture of the Dirac-like dispersion along
KMK by measuring its in-plane spin component along
the orthogonal ΓM direction. In the case of Ti2Te2P, the
energy-dependent spin polarization has been acquired at
different k-locations of the Dirac cone by measuring the
spin-resolved energy distribution curves or EDCs (see
the Supplementary Information). Panel (c) is a stack
of the energy-dependent polarization curves where the
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Figure 2: (Color online) (a) In-plane Fermi surface map of
Ti2Te2P showing a sixfold symmetry. (b, c) Near-EF band struc-
ture of Ti2Te2P along the KMK high-symmetry line with spin-
integrated (b) and spin-resolved (c) ARPES, showing a Dirac-like
dispersion with clear spin polarization. The color scale in (c) rep-
resents the sign and value of the in-plane spin polarization along
ΓM with blue (red) pointing towards to (away from) the reader.
(d) Near-EF band structure of Hf2Te2P along the KMK high-
symmetry line. Blue (red) squares indicate branches of the Dirac
cone with spin polarisation pointing towards to (away from) the
reader. (e) Energy dependent spin polarization of Hf2Te2P at the
constant momenta indicated by the vertical light blue and ma-
genta dashed lines in (c). (f) Spin-resolved momentum distribu-
tion curves (blue, red) and momentum dependent spin polarization
(green) at the constant energy indicated by the horizontal green
dashed line in (d). Spin up/down means parallel/anti-parallel to
ΓM. The Dirac point at energy ED is shown by a red arrow in
panels (b-e). All data were collected with LH polarized photons of
55 eV. The temperature was 25 K.

color scale represents the sign of the in-plane spin polar-
ization with blue (red) pointing towards to (away from)
the reader. The Dirac-like dispersion is reproduced with
a clear polarization reversal between the left and right
sides of the cone. Moreover, our data reveal another re-
versal of the in-plane spin polarization between the top
and bottom parts of the cone, in good agreement with
results on Bi-based topological insulators [32].

Similar conclusions can be drawn on the in-plane spin
polarization of Hf2Te2P, whose spin-integrated Dirac
cone is shown in panel (d). The energy dependent spin
polarization at both sides of the Dirac cone, shown in
panel (e), has been acquired by means of spin-resolved
EDCs. The polarization of each curve reverses above
and below the Dirac point, while the two curves have
opposite polarizations at a given binding energy. As ex-
pected, at the binding energy of the Dirac point (1.1 eV),
the spin polarization is vanishingly small. Consistent in-

formation can be obtained with spin-resolved momentum
distribution curves (MDCs), shown in panel (f). Here
the change in the direction of the in-plane spin polar-
ization component is tracked as a function of momen-
tum at a fixed binding energy at the bottom part of the
Dirac cone (1.55 eV). At this binding energy, the polar-
ization changes from negative to positive as one passes
from the left to the right branch of the Dirac cone. This
is in perfect agreement with the data shown in panel (e)
where the light blue (magenta) curve obtained at the left
(right) side of the cone shows a negative (positive) po-
larization at a binding energy of 1.55 eV. Based on the
results presented in Fig. 2, we can experimentally con-
firm that the Dirac cone in compounds of the tetradymite
family M2Te2X is spin polarized.

Having established the spin polarization of the Dirac
cone at M, we now turn our attention to the charac-
teristics and the spin texture of the linear features ob-
served in the constant energy maps of Fig. 1. Figs.
3(a) and 3(b) show once more how the petal contours
of the Fermi surface of Ti2Te2P evolve into linear fea-
tures at the binding energy of the Dirac point. Panel
(c) presents another measurement of the constant energy
contours at the Dirac point energy, acquired with the
experimental setup at HiSOR right before spin-resolved
measurements. Figures 3(d-f) present the spin-resolved
EDCs and the resulting energy-dependent spin polariza-
tion acquired at the left side of the Dirac cones, panels
(g-i), themselves observed along three different k-paths
parallel to KMK: cuts (1) - (3) in panel (c). These
data show that an in-plane spin-polarization exists not
only along the KMK high-symmetry direction but also
all along the Dirac node arc. We conclude that the Dirac
cones along KΓK not only share a common energy for
their Dirac point, forming the node arc, but also that
they exhibit an identical spin polarization. Our experi-
mental results can therefore establish that the observed
linear features at the Dirac point energy correspond in-
deed to topologically non-trivial Dirac node arcs.

The aforementioned results confirm the presence of
spin polarized electrons with a Dirac-like dispersion in
one direction and a very large effective mass in the per-
pendicular direction (see also Fig. S3, Supplementary In-
formation). Such qualitatively different behaviors may
stem from the mixed contributions of p (≈ 60-70%) and
d (≈ 20-30%) orbital states to the topological surface
state at M (see Figs. S6 and S7, Supplementary Informa-
tion), as suggested for Ru2Sn3 [33]. Provided that the
Dirac cone could be tuned near EF , compounds of this
family could give rise to highly anisotropic 2D electron
systems with spin polarized carriers. Our results prove
that the existence of the Dirac node arcs is an inherent
property of all studied M2Te2X compounds, regardless
of their topological character at M, rather than being
related to the weak topological character and the weak
interlayer coupling of Hf2Te2P as suggested in Ref. 29.
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Figure 3: (Color online) (a), (b) Spin-integrated ARPES results obtained at synchrotron SOLEIL with LH polarized photons of 50 eV
at a temperature of 6 K showing the Fermi surface contours of Ti2Te2P (a) and the existence of linear features at a binding energy of
0.85 eV (b). (c) Same as panel (b) but measured with LH photons of 55 eV at the ESPRESSO spin-resolved ARPES setup of beamline
9B at HiSOR. Path (1) corresponds to data shown in panels (d) and (g), path (2) to panels (e) and (f), and path (3) to panels (f) and
(i). (d)-(f) Spin-resolved EDCs (red, blue) and energy dependent in-plane spin polarization parallel to ΓM (green) measured at the left
branch of the Dirac cones [panels (g)-(i)], themselves obtained at different k-locations along the Dirac node arc. (g)-(i) Energy-momentum
dispersion along the k-paths indicated in panel (c), with overlaid vertical dashed lines showing the k-location of the spin-resolved EDCs
shown in panels (d)-(f). Panels (c)-(f) were all measured with LH photons of 55 eV at a temperature of 25 K.

After all, the Dirac states at M have a strong topological
character for Zr2Te2P, Zr2Te2As and Ti2Te2P [27, 28].

The experimental observation of an in-plane spin po-
larization of the Dirac node arcs in a direction normal to
the arcs’ crystal momentum (i.e., parallel to ΓM) agrees
with the main direction of the spin polarized vector in
topological insulators and Rashba compounds [32, 34].
The Supplementary Information shows additional data
for the out-of-plane spin polarization, and discusses the
magnitude of the observed spin polarization.

Surprisingly, there is substantial spin polarization at
energies E−EF < −1.5 eV, i.e. below the lower branch of
the Dirac cone (Figs. 2 and 3). This observation has been
reproduced in different experimental runs for all cleaved
surfaces of both compounds studied here (Hf2Te2P and
Ti2Te2P). On the other hand, it is not observed for com-
pounds that do not belong to the M2Te2X that were

studied with the same setup. Therefore, we believe that
it is not due to an experimental artifact and it may in-
deed reveal the existence of spin polarized states at larger
binding energies. This scenario is in agreement with the
experimental observation (e.g. Fig. 1) and the theoretical
prediction [28] of hole-like surface states at the same en-
ergy range. A possible explanation is the spin-polarized
surface-confined states due to the Rashba-Bychkov effect,
which have been repeatedly observed in the band struc-
ture of Bi2Se3, in the vicinity of both the upper and the
lower branches of its Dirac cone [35, 36].

In conclusion, by means of spin-integrated and spin-
resolved ARPES, we unambiguously proved the existence
of type-I topological Dirac node arcs in compounds of the
M2Te2X family. Our data showed bands with linear dis-
persion in one direction and a very large effective mass in
the perpendicular direction. Our direct measurement of
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their spin polarization vector shows substantial in-plane
spin polarization in the direction perpendicular to the
crystal momentum of the Dirac node arcs, all along the
linear features in the constant energy contours. This he-
lical arrangement of the electron spins is opposite for the
upper and lower branches of the Dirac cone forming the
arc. Taken together, these observations establish the ex-
istence of topological Dirac node arcs in all studied com-
pounds of the M2Te2X family regardless of their different
topological characters. An exciting perspective for future
research would be to tune, by doping or pressure, the en-
ergy of the Dirac points in the M2Te2X family to the
Fermi level.
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