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Transition metal dichalcogenides exhibit many fascinating properties including super-
conductivity, magnetic orders, and charge density wave. The combination of these features
with a non-trivial band topology opens the possibility of additional exotic states such as
Majorana fermions and quantum anomalous Hall effect. Here, we report on photon-energy
and polarization dependent spin-resolved angle-resolved photoemission spectroscopy
experiments on single crystal 1T-VSe,, revealing an unexpected band inversion and emergent
Dirac nodal arc with spin-momentum locking. Density functional theory calculations suggest
a surface lattice strain could be the driving mechanism for the topologically nontrivial elec-
tronic structure of 1T-VSe.

TNational Synchrotron Light Source I, Brookhaven National Lab, Upton, NY 11973, USA. 2 Department of Physics and Astronomy, Stony Brook University,
Stony Brook, NY 11794, USA. 3 Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, NY 11973, USA. 4|stituto di Struttura della
Materia-CNR (ISM-CNR), Strada Statale 14 km 163.5, 34149 Trieste, Italy. 5 Department of Molecular Sciences and Nanosystems, Ca’ Foscari University of
Venice, 30172 Venice, Italy. ©Istituto Officina dei Materiali (IOM)-CNR, Laboratorio TASC, Strada Statale 14 km 163.5, 34149 Trieste, Italy.

Memail: trgt2112@gmail.com

COMMUNICATIONS MATERIALS | (2023)4:47 | https://doi.org/10.1038/s43246-023-00376-1| www.nature.com/commsmat 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00376-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00376-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00376-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00376-1&domain=pdf
http://orcid.org/0000-0001-7571-0937
http://orcid.org/0000-0001-7571-0937
http://orcid.org/0000-0001-7571-0937
http://orcid.org/0000-0001-7571-0937
http://orcid.org/0000-0001-7571-0937
http://orcid.org/0000-0003-4351-6085
http://orcid.org/0000-0003-4351-6085
http://orcid.org/0000-0003-4351-6085
http://orcid.org/0000-0003-4351-6085
http://orcid.org/0000-0003-4351-6085
http://orcid.org/0000-0002-4967-604X
http://orcid.org/0000-0002-4967-604X
http://orcid.org/0000-0002-4967-604X
http://orcid.org/0000-0002-4967-604X
http://orcid.org/0000-0002-4967-604X
http://orcid.org/0000-0002-7771-8737
http://orcid.org/0000-0002-7771-8737
http://orcid.org/0000-0002-7771-8737
http://orcid.org/0000-0002-7771-8737
http://orcid.org/0000-0002-7771-8737
http://orcid.org/0000-0002-5380-4374
http://orcid.org/0000-0002-5380-4374
http://orcid.org/0000-0002-5380-4374
http://orcid.org/0000-0002-5380-4374
http://orcid.org/0000-0002-5380-4374
http://orcid.org/0000-0003-3208-802X
http://orcid.org/0000-0003-3208-802X
http://orcid.org/0000-0003-3208-802X
http://orcid.org/0000-0003-3208-802X
http://orcid.org/0000-0003-3208-802X
mailto:trgt2112@gmail.com
www.nature.com/commsmat
www.nature.com/commsmat

ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/543246-023-00376-1

genides (TMDCs) are highly promising candidates for

applications in  electronics, spintronics, and
optoelectronicl-2, This has led to extensive studies of their elec-
tronic structure to foster bottom-up engineering of physical
properties. In this regard, the large number of transition metals
and chalcogens provide ample opportunities to synthesize various
compounds hosting superconductivity, Mott insulator, topologi-
cal insulators, ferromagnetism, and charge density wave states
(CDW)3-6,

Among TMDCs, considerable attention has been given to 1T-
VSe, due to the claims of a 3D-CDW phase in bulk specimens
below 110 K7, and a related multi-CDW phase appearing in
monolayers over a wide range of temperatures®~10 as well as
various anomalies in transport and magnetic measurements!1-13,
In particular, the surface electronic structure of 1T-VSe, has been
the subject of many studies reporting an overall good agreement
between experimental data and ab initio calculations’~10, The
main features of the electronic structure are a flower-like, V-3d
derived Fermi surface and highly dispersive Se-4p derived bands
that nearly touch the Fermi level at the Brillouin zone center. The
major focus of the previous investigations has been on the CDW
phase limiting the studies to only certain parts of the electronic
structure. On the other hand, various approaches can be applied
in photoemission to reveal additional details and uncover exotic
states!4-16,

Here, we investigate the surface electronic structure of 1T-VSe,
by utilizing a polarization-dependent approach to angle-resolved
photoemission spectroscopy (ARPES). A topological band
inversion, in which the usual ordering of the conduction and
valence bands with different parities is inverted, is experimentally
identified between the conduction band bottom (CBB) and the
valence band top (VBT) at M-point. It manifests as a sharp switch
of the spectral intensity with light polarization, from linear ver-
tical (LV) to linear horizontal (LH). This is due to the different
character (orientation in space) of the orbitals forming the con-
duction band (CB) and valence band (VB) as revealed in orbital-
projected band structure calculation. In this regard, the use of
linear light polarization becomes an effective way to gain
experimental access to band inversion. The corresponding Dirac
cone is analyzed with circularly polarized light directly yielding
the full electronic state with bulk bands and the Dirac point
located inside the inverted gap. The presence of topological sur-
face states (TSSs) is further confirmed by the observation of
strong in-plane spin polarization and helical spin-momentum
locking in spin-resolved ARPES data. Furthermore, the Dirac
point forms a nodal arc connecting M, and M,-points through
T-point. Through density functional theory (DFT) calculations, a
lattice strain near the surface is a possible mechanism driving the
topological phase transition. The emergent Dirac nodal arc in 1T-
VSe, has not been observed or predicted before. These observa-
tions are crucial - yet missing - elements in the surface electronic
structure of 1T-VSe, that can be fertile for future studies and
understanding of the transport anomalies in this material.

Two—dimensional (2D)-layered transition metal dichalco-

Results

Calculated band structure of VSe,. 1T-VSe, is a layered material
formed by stacking Se — V - Se monolayers as shown in Fig. la.
The corresponding 3D hexagonal Brillouin zone is shown in
Fig. 1b. The band structure of stoichiometric 1T-VSe, is known to
be topologically trivial’-10. Keeping this in mind, DFT calcula-
tions are used to identify the atomic and orbital characters of the
electronic states and explore possible band inversion experi-
mentally. The band structure of 1T-VSe, in the normal state,
neglecting the spin-orbit coupling (SOC) effects is shown in

Fig. 1c. The bands near the Fermi level are mostly comprised of V
3d or Se 4p orbitals. We project the bands onto these orbitals and
analyze the irreducible band representations (Irreps) at high
symmetry points. Specifically, detailed analysis at the L and M-
points for the normal state of 1T-VSe, shows that the CB (I'[) is
dominated by V d (about 40% d_. and 40% d,, and d,, combined)
and Se p, bonding states, while the VB (I']') is composed of Se p,/
p, antibonding states (Fig. 1c and Supplementary Figs. 1 and 2).
The latter form multiple, highly dispersive, hole bands extending
from several eV to just below the Fermi level on approaching the
I'(A)-points. The V 3d-derived bands are much less dispersive
and located in the vicinity of the Fermi level. In agreement with
earlier reports’~10 and based on above data, band inversion is not
observed at the L-point. However, the bulk band gap in TMDCs
may not be captured accurately in DFT!3 while the calculated
band structure reveals an important aspect of the orbital char-
acter, i. e. that the CB (V d ., d,./d,. and Se p.) and VB (Se p,/p,)
have perpendicular orbital orientations in space. Since the spec-
tral weight in the photoemission process depends on the transi-
tion matrix elements given by (f|E - r|i), where E, f, and i are the
light electric field, final, and initial states of the photoexcited
electrons, respectively, a non-vanishing intensity is obtained if the
initial state has the same orientation in space with E . rl718,
Therefore, in the case of 1T-VSe,, a possible band inversion could
be detected in ARPES by monitoring the spectral intensity
switching between CBB and VBT under the tunable linear
polarized lights. Furthermore, if there is a band inversion, a TSSs
will form a Dirac point inside the inverted bulk band gap.
Therefore, circularly polarized lights will be required to construct
the complete Dirac cone electronic state with TSSs and bulk
bands.

ARPES band structure characterization. To pursue the above
assumption, APRES spectra taken with different light polariza-
tions are presented in Fig. 2. Various aspects of the surface
electronic structure of 1T-VSe, single crystal emerge from the
analysis of these data. Figure 2a displays the Fermi surface taken
with 92.5eV LH polarized light. Fermi surface is a flower-like
with a pronounced 3-fold symmetry. Experimental electronic
structures along the K; — M — K direction taken with LV (panel
b) and LH (panel c) polarized lights show interesting behaviors.
With LV light, the V 3d-derived CB appears to be truncated: only
the top part is visible with two branches crossing the Fermi level
at opposite momenta while the bottom tip at the M-point is fully
suppressed. This shows that the lower part of the CB has a dif-
ferent orbital orientation in space than the upper part!®. On the
other side, the tip of the CB is clearly visible in the spectra with
LH light (label CBB in Fig. 2c). Essentially the opposite behavior
is observed for the Se-derived VB: the VBT is well resolved with
LV light (Fig. 2b) and vanishes with LH light (Fig. 2c). These
spectral features are consistent with a band inversion at the
M-point. Furthermore, a pair of linearly dispersing, crossing
bands, strongly reminiscent of TSSs, appear inside the inverted
bulk gap (dashed orange lines in panel c). A complete band
structure is schematically illustrated in Fig. 2d and such spectral
characteristics are unique to topological electronic structures!®20,
Thereby, linear polarized lights, in this case, can be used to probe
the band inversion, experimentally since out-of-plane (V d ., d../
d,. and Se p.) and in-plane (Se p,/p,) atomic orbitals form the CB
and VB, respectively.

To construct the complete Dirac cone with helical spin-orbit
texture, we perform ARPES experiments with circularly polarized
lights. Figure 2e shows the surface electronic structure of 1T-VSe,
taken with the circular right (CR) polarization. Bulk CBB at
0.74eV and VBT at 126eV binding energy are now
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Fig. 1 Atomic and electronic structure. a, b Schematic representations of the bulk VSe, crystal structure and corresponding 3D hexagonal Brillouin zone
with high-symmetry points. ¢ Calculated band structure of bulk 1T- VSe, for normal phase. The different atomic orbital contributions are color coded.
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Fig. 2 Dirac cone probed by polarization and photon energy-dependent ARPES. a V/Se, Fermi surface taken with 92.5eV LV polarized light. The hexagon
represents the 2D- Brillouin zone. b, ¢ ARPES spectra along the K; — M — K line in LV and LH geometry, respectively. Dashed orange lines in ¢ represent
the TSSs. d Color-coded representation of the band inversion between VBT and CBB (see the main text for detail). e, f ARPES spectra taken with CR and CL
light polarization. g Sum of the spectra presented in e and f. h Same as g but for the K — M, — K; direction. Dashed black lines in b, ¢ and e-h are the EDCs
taken along the M(M,)-point. Dashed red lines are the same multiplied by a factor of five for clarity. In addition to the band crossing, the VB marked with
red horizontal line is observed as a spectral bump in the EDCs. i Schematic representation of the complete Dirac cone electronic structure. j-n Photon
energy dependence of the Dirac cone electronic structure. The Dirac point (DP) is shown with horizontal arrows in ARPES spectra.
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simultaneously resolved with only one of the branches of in-gap
surface states (see left-pointing arrow in Fig. 2e). A similar band
structure is also obtained with circular left (CL) polarized light
except that the opposite branch of in-gap surface states is now
resolved (see right-pointing arrow in Fig. 2f). The sum of the CL
and CR spectra is given in Fig. 2g which composes the complete
surface electronic structure at M-point. In this data, a clear Dirac
cone located inside the bulk band gap with a Dirac point is fully
resolved. In analogy with the 3D-topological insulators2!-23,
right, and left-handed bands seen with CR and CL polarized
lights can be confidently attributed to the spin-orbit helicity of the
Dirac surface states having opposite spins at opposite crystal
momentum. A similar observation in the circularly polarized light
geometry is also obtained for the M,-point given in Fig. 2h. A
schematic representation of these findings is summarized in
Fig. 2i. Furthermore, the 2D-nature of the Dirac cone is
confirmed by photon energy-dependent ARPES experiments as
presented in Fig. 2j—n in which the Dirac point is located at fixed
binding energy, irrespective of the excitation energy. Thereby, the
main characteristic features of a topological electronic structure
are constructed through polarization dependent ARPES experi-
ments. The ARPES maps along with energy distribution curves
(EDCs) and momentum distribution curves (MDCs) are also
presented in Supplementary Fig. 3 to further support our
findings. A pair of crossing bands spanning the bulk band gap
can be clearly seen in the data. Furthermore, these observations
also indirectly reveal that the ferromagnetic order on the surface
region of the sample is absent. Otherwise, an energy gap is
expected at the Dirac point due to the broken time reversal
symmetry. Furthermore, similar ARPES data showing the band
inversion and TSSs is also obtained at 150 K above structural
transition temperature (Supplementary Fig. 4). This indicates that
the topologically non-trivial band structure is independent from
the lattice distortion. Furthermore, a Dirac cone electronic
structure has also been reported in Ti doped VTe,?%. In this
material, however, TSSs are found to be the more sensitive to
structural transition. This could be due to the more dramatic
change in the overall electronic structure of VTe, originating
from 17" lattice distortion.

Figure 2b, ¢ experimentally reveals the band inversion and
Fig. 2e-h show the linearly dispersive surface states with a band
crossing located inside the bulk band gap. These observations
feature a Dirac cone electronic structure. In addition to these
characteristics, another solid experimental evidence for TSSs
would be revealing the helical spin texture. This ensures electrons
to have spins in opposite directions for opposite k-momenta and
consequently the absence of the backscattering of the Dirac
electrons?!1-23. This is established through a spin-resolved ARPES
experiment presented in Fig. 3. Spin-resolved ARPES spectra are
shown in Fig. 3a, b for spin orientations, parallel and anti-parallel
to the T — M direction, respectively. A clear spectral intensity
switching, particularly in the bottom cone, is evident. Spin-
integrated photoemission intensity is also presented in Fig. 3c.
Energy and momentum dependent in-plane spin polarization for
the band structure along the K, — M — K direction is shown in
Fig. 3d in a color scale where red (blue) represents direction of the
polarization parallel (anti-parallel) to the I — M direction. The
Dirac cone exhibits a spin-momentum locking, i.e., a polarization
reversal between the left and right sides and across the binding
energy of the Dirac point. These can be better seen in Fig. 3e, f
where spin polarization is plotted as a function of the binding
energy and momentum for the left/right and upper/lower part of
the Dirac cone, respectively. The spin polarization of the upper
part of the cone is weaker compared to the bottom one. This is
possibly due to the more dominant effect of the bulk bands. As

also expected, there is a nodal line at the binding energy of the
Dirac point where spin polarization goes to zero. Furthermore, a
similar helical spin texture in the VB of VSe, has been reported in
a recent study?>. However, in the same work, a bulk band gap is
reported in contrast to the gapless band structure at the
M(M,)-point observed in our work. This difference likely arises
from the energy-momentum resolution, beam spot size and the
sample quality used in the present work.

To reveal the Dirac nodal arc, a series of constant energy cuts
and ARPES maps taken along the k, momentum direction is
presented in Fig. 4. The ellipsoidal pockets at the Fermi level
transform into line-like dispersions at the Dirac point (Fig. 4a).
This represents the Dirac nodal arc laying along M — T direction.
1D-Dirac nodal arc can be further traced in 2D-ARPES maps
taken parallel to the K, —M — K direction at different k,
momentum while moving towards the T-point. The binding
energy of the Dirac point does not exhibit a prominent change up
to k,=0.7 A~ and then starts moving towards lower binding
energy approaching the [-point. Simultaneously, the surface
states and bulk bands decouple and can be distinguished as
marked with dashed orange and red curves in Fig. 4b. This yields
the realization that surface states flatten while the Dirac point
moves towards lower binding energy and Brillouin zone center.
This can be also seen in the ARPES map along the M — T — M,
direction (Fig. 4c). Highly, dispersive bulk bands (red dashed line)
cross the Fermi level at ky=+0.4 A~! while the surface states
(orange dashed line) exhibit a flat feature in the vicinity of the
Fermi level. This forms a line-like dispersion at the Fermi surface
connecting ellipsoidal pockets to the T-point as shown with a red
arrow in Fig. 4a.

Tuning the topological properties of 1T-VSe,. In contrast to
the computed band structure of an ideal crystal structure of
VSe,, the experimental data strongly support the presence of
topological states in this material. This could be related to
structural properties, such as strain?6-2% or ordered Se vacancies
as proposed for PtSe, and MoS,30. Since 1T-VSe, is a 2D van
der Waals material, lattice relaxations near the surface could be
a potential mechanism behind the band inversion. Hence, we
consider models of strained VSe, and find that the band gap at
the L-point is sensitive to strain. Although, high-resolution x-
ray diffraction (XRD) experiment measures bulk lattice para-
meters of a =3.354 A and ¢=6.133 A (Supplementary Fig. 5),
consistent with the literature3!, strain can still be effective on
the sample surface due to the mechanical cleaving. As discussed
in Supplementary Notes 1 and shown in Supplementary
Table 1, the bulk band gap at the L-point shrinks under either
in-plane compression or out-of-plane tension. The gap seen in
the normal state (Fig. 5a) fully closes under a strain of ~1% in
both directions. Even larger strain eventually leads to band
inversion (Fig. 5b). This is due to the compression in the x-y
plane which shortens the Se-Se bond and strengthens the in-
plane p,,—p., hybridization. The combined in-plane com-
pression and out-of-plane tension decrease the angle (0)
between the V-Se bond and the y axis, thus strengthening the
coupling between V d,.,, and Se p, orbitals and lowering the
energy of the bonding states (Supplementary Fig. 2). The effect
is more significant on the d,.—p, hybridization because its
hopping integral is proportional to cos(6). As a result, the even
parity state I'' (V d dominated) moves below the odd parity
state I'7 (Se px/p), dominated) at the L-point and causes band
crossing along the A-L line, which implies a topological phase
transition.

When SOC is included in the band structure of strained VSe,, a
gap is opened at the band crossing near the L-point, as shown in
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Fig. 5 Topological phase transition induced by lattice strain. DFT electronic band structures of VSe; projected onto V 3d and Se 4p orbitals. a unstrained
without SOC. b strained (2% in-plane compression and 1.5% out-of-plane tension) without SOC. ¢ strained (same as b) with SOC. d Trivial surface
electronic structure of unstrained VSe,. e Topologically protected Dirac surface states of VSe, under 2% of in-plane compression and 1.5% out-of-plane
tension. Color bar indicates the calculated spectral intensity: black for vacuum; red for bulk states; yellow for surface states.

Fig. 5c. The point group irreps of F1+/ " turn into double group
irreps F;/ ) I“I/ ~. If we consider a gap indicated by the red
dashed line, the Z, invariant can be defined. The inversion parity
analysis at time-reversal-invariant momenta (TRIM: I, M, L, and
A) reveals a trivial Z, invariant, (v;v,v,v5) = (0;000), in the
unstrained structure, but a non-trivial one, (1;001), in the strained
structure consistent with a strong topological insulator (Supple-
mentary Tables 2 and 3). It suggests the emergence of TSSs at M
of the 2D Brillouin zone in the strained VSe,. To confirm the
TSSs we construct Maximally localized Wannier functions
(MLWEFs) of V 3d and Se 4p orbitals and build an effective
tight-binding Hamiltonian. In contrast to the trivial states in the
unstrained VSe, (Fig. 5d), there is a Dirac crossing in the surface
state (bright yellow) connecting bulk bands (red) at the M-point
in the strained VSe, as shown in Fig. 5e, which is consistent with
the ARPES measurement. Although this approximation induces a
topological phase transition, a full nodal arc along the T' — M is
missing. Instead, a partial Dirac nodal arc is observed on the
computed band structure, which is dictated by the fact that a
strong topological insulator cannot have topologically protected
full Dirac nodal lines®2. However, if the system has in-plane time
reversal symmetry, a strong topological insulator can still form a
partial Dirac nodal arc connecting the point where the bulk band
gap closes, as demonstrated in the Liu-Qi-Zhang model2. Indeed,
from our the DFT calculation, we observe a partial Dirac nodal
arc surface states along the I — M line protected by the time
reversal symmetry and the T-M-L-A mirror plane symmetry,
which ends at the bulk band crossing (Supplementary Fig. 6).
The exact location of the bulk band crossing point is sensitive to
multiple factors, such as defects, strain, and interlayer
coupling, which may not be fully accounted for by our DFT
model. These factors could explain the remaining discrepancy
between experiment and theory on the length of the Dirac
nodal arc.

Conclusion

In summary, we presented a systematic band structure study
showing the existence of an unexpected Dirac nodal arc in the
surface electronic structure of 1T-VSe,. Our photoemission
experiments reveal a non-trivial nature of the band structure in
1T-VSe, characterized by band inversion supporting a spin-
momentum locked topological surface state. Although this does
not exclude other possible mechanisms, DFT calculations
demonstrate that a band inversion at the L-point can be driven by
a lattice strain. Such states are predicted to be protected by a
special symmetry, called in-plane time reversal symmetry32-34,
This could be satisfied by the combination of mirror and time
reversal symmetries based on ref. 2°. From this point of view, 1T-
VSe, is a stacking of 2D quantum spin Hall insulators, suggesting
it as graphene like material®*. This might open possibilities to
observe quantum anomalies and build novel devices functioning
at higher temperatures since the bulk band gap is larger in 1T-
VSe,. The transport properties are also expected to be dominated
by the topological states since the Dirac point is in the vicinity of
the Fermi level in the Brillouin zone center. Therefore, 1T-VSe, is
a unique quantum material exhibiting a topologically non-trivial
electronic structure which could prove ideal for future device
applications.

Methods
Sample. Single crystal 1T-VSe, samples were obtained from 2dsemiconductors
company (part number: BLK-VSe,).

Angle-resolved photoemission spectroscopy. ARPES experiments were per-
formed at the ESM beamline of NSLS-II (21ID-1) and the APE-LE beamline of
Elettra using DA30 Scienta electron spectrometers at 20 K. The samples were
cleaved in situ. The base pressure in the photoemission chambers was

1 x 107! Torr. The energy resolution was better than 12 meV and the beam spot
size was approximately 5 um? for 21-ID-1 and (150 x 50 um? for APE-LE). The
synchrotron radiation incidence angle was 55° and the analyzer slit was along the
K, — M — K direction during polarization dependent and spin-resolved ARPES
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experiment. LV polarized light is parallel to the sample surface and analyzer slit
while LH polarized light is on the incident plane.

Band structure calculations. The band structures of unstrained and strained VSe,
are calculated with DFT under the generalized gradient approximation for the
exchange-correlation potential using the Perdew-Burke-Ernzerhof (PBE)3° para-
meterization, as implemented in the plane-wave pseudopotential package, Quan-
tum ESPRESSO3%37. The full relativistic norm conserving pseudopotentials from
Pseudo Dojo®33? are used in the calculation. The experimental lattice parameters of
a=b=3355A and c=6.134 A are used to build the hexagonal unit cell of the
unstained 1T-VSe, structure. We also study multiple strained structures, and the
main results are reported for the structure with a = b = 3.288 A (2% compression),
while allowing the unit cell to relax in the out-of-plane direction. This results in
¢=6.227 A (1.5% tension). The planewave cutoff of 80 and 320 Ry are used for
wavefunction and charge density. The Brillouin zone is sampled by a 15x 15 x 15 k
point mesh. MLWFs#0-43 are constructed with the Wannier90 package*! and used
to build tight-bind models of the semi-infinite slab. The Green’s function of the
surface states of the semi-infinite slab is calculated using the iterative method
implemented in Wannier Tools*4.

X-ray diffraction. XRD experiment was carried out on the ISR beamline, 4-ID, with
a wavelength of 1.079 A. A Dectris 1 M area detector was used with a Huber six
circle diffractometer to obtain detailed reciprocal space maps of the crystal.

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.
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