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We report on the electronic structure and Fermi surfaces of the transition-metal dichalcogenide 1T-VS2 in
the low-temperature charge-density-wave �CDW� ordered phase. Using soft x-ray angle-resolved photoemis-
sion spectroscopy �ARPES�, we investigate the in-plane and out-of-plane vanadium- and sulfur-derived band
dispersions and identify kz dispersions in this layered system. Core-level photoemission and x-ray absorption
spectroscopy show that vanadium electrons are in the d1 configuration while 2p-3d resonant ARPES shows
only 3d-derived dispersive bands near the Fermi level. Comparison of energy- and angle-dependent data with
band-structure calculations reveals renormalization of the 3d bands, but no lower Hubbard band, a signature of
the rather weak electron-electron correlations in VS2. High-resolution temperature-dependent low-energy
ARPES measurements show the opening of an energy gap at the Fermi level that is attributed to the conden-
sation of the CDW phase. The results indicate a CDW transition in the absence of nesting for 1T-VS2
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I. INTRODUCTION

Transition-metal dichalcogenides show rich physics be-
cause of the interplay between electronic and phononic de-
grees of freedom in reduced dimensions. When the tempera-
ture is lowered under a critical value, the competition
between the electronic and lattice energy minimization leads
to the stabilization of a charge-density wave �CDW�, i.e., a
long-range order in which the valence-electron charge den-
sity acquires an extra periodicity �which may or may not be
commensurate to that of the underlying lattice� that is not
present in the high-temperature phase. The mechanism pro-
posed by Peierls1 about 60 years ago, based on the instability
of a one-dimensional free-electron gas, with respect to a
small shift in the atomic positions, gives a qualitative expla-
nation of the CDW transition. This was recently questioned2

for transition-metal dichalcogenides as too simple to explain
the whole phenomenology of this class of materials in which
Fermi-surface nesting, evolution of the CDW state into
superconductivity3 or Mott transition4 is observed and some-
times coexist.

Similar to several other transition-metal dichalcogenide
CDW systems,5 VS2, crystallizes in the 1T layered structure
with one hexagonal plane of vanadium atoms alternating
with two sulfur atom planes along the c axis. NMR experi-
ments showed a CDW transition6 with TCDW=308 K and
lead to the conclusion that nearly half of the Fermi surface is
gapped in the low-temperature phase. The lattice parameters
of VS2 in the normal state are a=3.219 Å and c=5.745 Å,7

while a two-dimensional CDW transition leads to a new unit
cell with a�=3�3a and c�=c. For this work,8 large �5 mm
�5 mm�10 �m� high-quality single crystals were synthe-

sized and momentum-sensitive probes could be used to in-
vestigate the crystal structure, the CDW transition and the
electronic structure of VS2, beyond local probes such as
x-ray absorption spectroscopy.9

In particular, while resonant angle-resolved photoemis-
sion spectroscopy �ARPES� has been reported for LaSb,10 La
metal,11 and a few f-electron systems,12 we present resonant
soft x-ray ARPES �SX-ARPES� showing clear band disper-
sions for a 3d electron system.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The SX-ARPES measurements were carried out at the a
branch of the BL17SU beamline at SPring-8,13 a soft x-ray
beamline that can provide soft x rays in the 300–2000 eV
energy range and of tunable polarization �s, p, and right cir-
cular and left circular�. The photoelectrons with wave vec-
tors along the �M �or AL� direction were collected at the
same time in the angular acceptance range of the Scienta
2002 analyzer. Sweeping the sample tilt angle �rotation about
the in-plane axis coincident with the analyzer acceptance di-
rection� allowed the measurement of the �K direction. Dur-
ing the experiments circular polarization was used to avoid
the effect of selection rules arising with linear polarization.
No change in the line shapes and no carbon signal was ob-
served in the 48 h of continuous measurements. The energy
resolution was 200 meV, while the angular resolution was
0.2°, equivalent to a 0.04 Å−1 momentum resolution at 540
eV kinetic energy at normal emission. The crystal growth
and characterization are described in Ref. 8. The samples
were aligned by the orientation of the crystal planes with an
accuracy of �3° and cleaved in vacuum at a temperature of
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20 K at a pressure better than 2�10−10 mbar. All SX-
ARPES measurements were carried out at 20 K. The Debye
temperature of VS2 is not known, but assuming that it is
similar to that of VSe2 ��D

VSe2 =220 K�, it is understood14,15

that temperature-dependent soft x-ray ARPES measurements
above the CDW temperature would yield indirect transition-
dominated spectra.

The low-energy ARPES measurements were done on
single crystals obtained from the same batch of those used
for the SX-PES experiments and were also cleaved in
vacuum. We used two photon sources for the experiments: a
7 eV laser �described in Ref. 16� and a He lamp, giving
21.22 eV photons. The energy resolution for the 7 eV laser
was measured to be around 4 meV while it is about 10 meV
for the experiments done with the He lamp.

The band structure of VS2 was calculated using the
“QUANTUM ESPRESSO”17 package using scalar-relativistic ul-
trasoft pseudopotentials in the generalized-gradient approxi-
mation �GGA� of the exchange-correlation functional. The
calculations that we present have been done with relaxed
lattice parameters using a cutoff of 30 Ry for the plane-wave
energy and 300 Ry for the electronic charge. The number of
k points was 144 in the irreducible part of the Brillouin zone.

III. RESULTS

A. Characterization

In Fig. 1, a transmission electron microscopy �TEM� dif-
fraction pattern of VS2 at T�TCDW identifies the superlattice
peaks. As indicated in the right panel of Fig. 1, the CDW
transition in VS2 is incommensurate to the normal phase lat-
tice: the experimentally determined superstructure peaks are
located at the �2 /9−� ,2 /9−� ,0� with �=0.12 marking the
difference from the commensurate case �for which �=0�.

In Fig. 2, the magnetic susceptibility and the electrical
resistivity measurements are shown. The CDW phase transi-

tion is signaled by a step in both the curves at T=305 K: the
magnetic susceptibility decreases to a minimum, a signature
of the gapping of the Fermi surface, and then increases be-
cause of the dominant �at low temperatures� paramagnetic
contribution of vanadium atoms possibly intercalated be-
tween the sulfur planes. However, the electrical resistivity
shows a quadratic behavior as a function of the temperature,
suggesting the presence of a finite density of electronic states
at the Fermi level in the CDW phase.

B. Absorption and resonant photoemission

In Fig. 3 we present the x-ray absorption spectroscopy
�XAS� data on the vanadium L3 and L2 edges and the pho-
toemission spectrum of 2p core levels. The XAS spectrum
can be compared to the experimental data18 and theoretical
calculations19 to infer that in 1T-VS2 the vanadium atoms are
in a d1 configuration. In the XAS data of VS2, there is a clear
peak at an energy lower than the energy of the main peak
that is due to atomic multiplets of the d1 configuration.19

FIG. 1. �Color online� Left: electron-diffraction pattern obtained
in a TEM of a VS2 single crystal with the in-plane reciprocal space
unit cell in the normal �black dashed lozenge� and CDW �yellow
continuous small lozenge shifted on the �110� spot for clarity�
phases. Right: schematic view of the reciprocal unit cells indicating
that the experimental positions of the CDW-induced diffraction
spots deviate from the commensurate superlattice case: the CDW
vector is indicated by a fat red �or gray� arrow.

FIG. 2. Magnetic susceptibility �dashed line� and electrical re-
sistivity �continuous line� of the VS2 single crystal. The CDW tran-
sition is signaled by the jump in the magnetic susceptibility and the
electrical resistivity at 305 K �marked by the vertical line�.
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FIG. 3. �a� XAS of VS2 single crystal across the L3 and L2

absorption edges and �b� angle-integrated photoemission spectrum
of the vanadium 2p core levels. The ARPES data presented in the
next figure have been obtained fixing the photon energy to the value
for which the XAS spectrum is maximum �h	=516.1 eV�.
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Similarly, the core-level photoemission spectra also indicate
a binding energy typical of a d1 configuration, i.e., V4+ �Ref.
20�.

Figures 3�a� and 3�b� show SX-ARPES intensity maps
obtained using h	=516.1 eV and h	=510 eV photons.
These two photon energies correspond to the on- and off-
resonant cases, obtained by tuning the photon energy near
the L3 absorption edge. The corresponding momenta probed
in the Brillouin zone of VS2 are shown in Fig. 3�c�. Thus,
using the 2p−3d resonance condition and comparing the on-
and off-resonant data shown in Figs. 4�a� and 4�b�, we could
conclusively identify the vanadium d electrons as the main
peak close to the Fermi level in the valence-band SX-ARPES
data.

The vanadium d1 electrons form bands at the Fermi level
�the strong features in Fig. 4�a�� while the states at higher
binding energies are derived from sulfur p electrons �stron-
ger in Fig. 4�b��. The vanadium d1 electrons show an itiner-
ant character with clear dispersions, as seen in Fig. 4�a� and

in the energy distribution curves �EDCs� of Fig. 4�d�. The
comparison between the resonant and nonresonant data in
Fig. 4�d� also reveals that the electron states within 1 eV
from the Fermi level are hybridized bands made up of vana-
dium d states �nearest to EF� and sulfur p states, with only
the former showing a resonant behavior.

C. Soft x-ray valence-band ARPES

In Figs. 5�b� and 5�c� we show the band dispersion mea-
sured along two high-symmetry directions and compared to
the calculations done at the experimentally probed k points.
The calculated bands are in good qualitative agreement with
the experimental ones. As seen in Fig. 5 the theoretical and
the experimental band dispersion along �M differs from the
one along AL. Since the two high-symmetry direction only
differ in kz, they should be equal in the case of an ideally
two-dimensional electronic structure. For VS2, since the
GGA calculations reproduce the three dimensionality of the
system, the kz dependence cannot have a many-body origin.
The vanadium d1 electrons occupy the dz2 orbitals,5 which
are oriented toward the sulfur atoms. This coupling to the
sulfur and the rather small interlayer distance are the reasons
for the three dimensionality of the system.

A similar result was previously found for the similar com-
pound VSe2,21 for which the Fermi-surface crossing changes
as a function of kz. The band-structure calculations that we
are presenting17 here are in better agreement with the experi-
ment than the ones calculated in Ref. 22. Specifically, the
latter �i� predict the bottom of the valence band to lie at
�−7.5 eV instead of about �−6 eV in the experiment, �ii�
overestimate the energy distance between the sulfur and the
vanadium bands, and �iii� give a bandwidth for the vanadium
d bands of 0.7 eV instead of the experimental 0.5 eV. There
is a discrepancy between theory and experiment: though the
calculations indicate Fermi-level crossings along the �M and
AL directions, the photoemission maps of Fig. 4, Fig. 5�a�,
and the EDCs of Fig. 5�c� �black curves� show that there is
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FIG. 4. �Color online� �a� RPES data taken with h	
=516.1 eV at the maximum of the vanadium L3 absorption edge �as
seen in Fig. 3�; �b� Non-RPES data taken with h	=510 eV before
the L3 edge. The pink dashed and yellow continuous vertical lines
in panels �a� and �b� mark the Brillouin-zone center and edge. �c�
shows the reciprocal space in the repeated zone scheme together
with the k points probed as a function of the kinetic energy and
wave vector: h	=510 eV black line, h	=516.1 eV red large
dashed-dotted line, h	=545 eV pink short dashed-dotted line, h	
=590 eV, green dashed-double-dotted line. �d� Line profiles taken
from panels �a� and �b� at k points ranging from k� =0 Å−1 �bottom
most� to k� =1.12 Å−1 �topmost� at steps of 0.28 Å−1. At the bot-
tom right of �a� the color scale �same also for the Figs. 5, 7, and 8�
is indicated.

FIG. 5. �Color online� Band dispersion measured �a� along �with
a 0.06 Å−1 kz offset, as shown in Fig. 4�c�� the �M �h	
=545 eV� and �b� AL �h	=590 eV� directions. The black lines are
the results of self-consistent band-structure calculations. �c� shows
the bands near the Fermi level along �M �black continuous curves�
and AL �red dashed curves�: the former do not disperse while the
latter do disperse and cross EF. The approximate band position is
indicated by black and red arrows for the two directions and kF

=−0.6 Å−1 is indicated by a thicker arrow.

ABSENCE OF NESTING IN THE CHARGE-DENSITY-WAVE… PHYSICAL REVIEW B 82, 075130 �2010�

075130-3



no Fermi-level crossing along �M in the CDW ordered
phase. On the other hand, in the map in Fig. 5�b� and in the
EDCs of Fig. 5�c� the band �red dashed curves� disperses and
cross EF at k� =−0.6 Å−1. The same conclusion is obtained
from the first derivative plot Fig. 6: the vanadium band never
crosses the Fermi level along �M and it is flatter than the
dispersion along AL.

We attribute the lack of Fermi crossings along �M to a
band narrowing caused by electron-electron interactions for
two reasons: �1� the V 3d bandwidth is about 0.5 eV in ex-
periment while the calculations indicate a width of 0.7 eV.
�2� Resonant ARPES data show that near the Fermi level
there is finite intensity for all the k vectors probed. This is a
signature that while a theoretical band is predicted to cross
the Fermi level, in the experiment it is actually flatter and
remains below EF along �M. However, the observation of
the d band dispersion effectively limits the strength of the
electron-electron correlations. If they were too strong, a non-
dispersing lower Hubbard band indicative of Mott-Hubbard
correlations should have been detected in photoemission.
The vanadium d band bottom and group velocity at the M
point �Fig. 5�a�� differ from those at the L point �Fig. 5�b��.
However, fitting both the experimental and theoretical bands
with a simple parabola about the respective band bottoms,
we infer that the experimental effective mass are about 20%
heavier than the theoretical ones, both at the M and L points.
Thus, the renormalization is effectively k independent.

In Fig. 7�a� we show the in-plane Fermi surface of VS2
measured at a photon energy of 545 eV, probing the Brillouin
zone in the �MK plane of the Brillouin zone. The experi-
ment shows a strongly threefold, not sixfold, symmetric in-
tensity distribution. A similar, though weaker, threefold sym-
metry has been found in 1T-VSe2.23 The threefold symmetry
is not caused by the gapping of the Fermi surface: if we

assume a BCS-type CDW gap, a signature of the opening of
a CDW gap of 2
CDW=3.5kBTCDW�92 meV �the expected
width at zero temperature�, should be measurable even with a
200 meV energy resolution. However, in the data of Figs.
7�a� and 7�b�, no gap or band folding is observed but the
photoemission intensity is depressed at some wave vectors.
Thus, the Fermi-surface symmetry follows from the three-
fold crystal lattice symmetry about the c axis.

D. Low-energy ARPES

The data presented in Fig. 8 are measured about the �
point at two different temperatures for the two excitation
sources employed. The intensity maps in the left panel �Figs.
7�a� and 7�b�� were taken at temperatures lower than TCDW
�8.2 K for the He lamp data and 100 K for the laser data� and
the intensity maps in the central panel were taken at T
=330 K�TCDW. In the right panel, we compare the EDCs
measured at the � point for the two temperatures, in order to
check for spectral changes across TCDW=305 K.

The ARPES maps of Figs. 8�b� and 8�d� show a hole band
dispersion, positioned at about −0.5 eV of binding energy
�at the � point� and a flat nondispersive band near the Fermi
level �though less visible in the high-temperature data but
clearly seen in the EDCs�. This flat bands lies within 100
meV from the Fermi level, i.e., an energy range on the order
of the Debye energy. In the comparison between the EDCs, it
is possible to see that, upon decreasing the temperature be-
low the TCDW, mainly two things happen: �1� there is a clear
depression of the intensity at the Fermi level; �2� the peak
lying within 200 meV from the Fermi level becomes stronger
with a temperature decrease. Because of kz dispersion, the
strong peak that is observed in the laser-PES data disappears
from the binding energy range shown. As a side effect, the

FIG. 6. �Color online� First derivative image, dI�k�,E�
dE of the data

of Fig. 5 near the Fermi level plotted in false color ranging from
blue �large negative� to red �large positive�. The white lines sepa-
rating the red/blue features indicate the binding energies of the va-
nadium bands as functions of the wave vector. The blue/red feature
is not caused by the derivative of the Fermi-Dirac step normally
arising in the energy derivative of the photoemission data. As it is
easy to see, the blue/red feature is at least 0.3 eV away from the
Fermi level. Thus it is genuinely derived from band dispersion of
the vandium 3d states.

FIG. 7. �Color online� Unsymmetrized Fermi-surface mapping
of VS2 measured with h	=545 eV �kz indicated in Fig. 4� and right
circular polarization �integrating over a 160 meV energy window
about EF�, probing the �MK plane of the Brillouin zone of the
normal �black lines� or CDW �purple lines� phase. The green and
pink arrows represent the experimental CDW vector at the � point
or translated to the normal-state Brillouin-zone edge.

MULAZZI et al. PHYSICAL REVIEW B 82, 075130 �2010�

075130-4



spectra at high temperature are broader than those at lower
temperature. We conclude that the above-described observa-
tions are the signature of the formation of a gap near the
Fermi level. However, this gapping of the Fermi surface does
not occur at the q�CDW determined by the TEM diffraction
experimental data shown in the Fig. 1. On the contrary, the
gapping occurs at least also at q=0 Å−1, a value that does
not allow for nesting of the Fermi surface. Because of the
wave vector limitations caused by the photoelectrons low
kinetic energies, it was not possible to explore the reciprocal
space near Brillouin-zone edges, where the data of Fig. 7
show the Fermi-surface crossings.

IV. DISCUSSION

A. Fermi-surface nesting

The high transition temperature, the degree of three di-
mensionality of the electronic structure of 1T-VS2, and the
q�CDW determined by the TEM experiments do not support a
Fermi-surface nesting picture, as was discussed earlier for
TiS2.5 In fact, as seen in Fig. 7 the CDW vector �along any of
the three equivalent �K lines� cannot join the straight sec-
tions of the Fermi surface because their magnitude is about
half of what is necessary for a nesting scenario. These obser-
vations are consistent with the picture that the CDW transi-
tion does not necessarily occur at the experimental q�CDW and
that the Fermi-surface nesting is not driving the CDW phase
transition.2

B. Electron-phonon coupling

The lack of evidence of Fermi-surface nesting in VS2
calls for another mechanism responsible of the CDW order-

ing. As discussed in Ref. 2, the electron-phonon coupling
might be responsible for the CDW formation and thus it
would be interesting to relate the electronic structure to the
phonon properties of VS2. While no phonon properties of
VS2 have been reported in the literature, it is possible to infer
the electron-phonon coupling constant � if we assume the
validity of the BCS mean-field theory,24 as was done for
VSe2.25 Using the formula that relates the d band binding
energy 
0=0.273 eV �at the M point� to the CDW transition
temperature TCDW=305 K and �, kBTCDW=1.14
0e−1/�, we
obtain �=0.42, which is larger than that for VSe2, consistent
with the higher transition temperature of VS2. However, we
note two important aspects of our data: �1� given the momen-
tum dependence of 
0 we obtain a 20% variation in � over
the Brillouin-zone points probed, a variation that is caused
by the momentum dependence of the electronic structure, not
of the phonon properties of VS2; �2� only the vanadium elec-
trons, in the d1 configuration, form the Fermi surface of VS2,
while the sulfur bands lie at higher binding energies. This
implies that the CDW formation primarily involves the cou-
pling between the vanadium d electrons and the phonons.

Although, this analysis is not completely rigorous, it indi-
cates that the application of the BCS formula is problematic
to the present case because: �1� the experimental data show a
clear absence of nesting while the BCS theory assumes per-
fect nesting; �2� in the BCS theory, the electron-phonon cou-
pling is isotropic while the inferred k dependence of 
0 im-
plies a k-dependent electron-phonon coupling. These results,
taken together with the fact that a naive estimate of � for VS2
is higher than that of VSe2, hint at the role of an anisotropic
electron-phonon coupling in VS2. Further theoretical studies,
based on an anisotropic electron-phonon coupling in VS2 and

FIG. 8. �Color online� Angle-resolved photoemission maps taken with ��a� and �c�� helium lamp and ��b� and �d�� a laser source, for
temperatures below and above the CDW transition temperature �TCDW=305 K�. In panels �e� and �f�, a comparison of the EDCs extracted
from the respective ARPES maps at the � point are plotted to show the temperature-dependent spectral changes across the phase transition.
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in the absence of nesting, are required to resolve the origin of
the CDW transition in VS2.

C. Conclusions

We measured the electronic structure of the layered
dichalcogenide VS2 using ARPES excited with soft x rays
and vacuum ultraviolet photons, core-level photoemission,
and XAS. The vanadium electrons are in a d1 configuration
forming dispersive bands near the Fermi level. Comparison
of the experimental data to density-functional band-structure
calculations finding good agreement: both theory and experi-
ment show three dimensionality in the electronic structure
arising from the rather short interlayer distance and occupa-
tion of the vanadium dz2 orbitals. We could show that a mild
isotropic electron-electron interaction renormalizes the band

velocity of the vanadium electrons by 20% of the bare elec-
tron mass. The band narrowing induced by the correlations
results in suppressing a band crossing predicted by ab initio
calculations. We could make a simple estimate of the
electron-phonon coupling constant � which affects the vana-
dium electrons near EF. The results reinforce the view2 that
for VS2, the Fermi-surface nesting is not the origin of the
CDW transition.
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