¢ Brookhaven

National Laboratory
BNL-225621-2024-JAAM

Multiband Fermi surface in 1T—VSe2 and its implication for the charge
density wave phase

T. Yilmaz, E. Vescovo

To be published in "Physical Review B"

April 2023

Photon Sciences

Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC), Basic Energy Sciences (BES). Scientific User Facilities (SUF)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under Contract
No.DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the manuscript for publication
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government

purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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Angle resolved photoemission spectroscopy experiments reveal a surprisingly richer surface elec-
tronic structure in 1T-VSe, then previously predicted or probed. Earlier claims supporting a charge
density wave phase in this material are re-examined in terms of these new findings and found to be
untenable. The Fermi surface is found to be gapless, while band warping effects, currently attributed
to 3D lattice distortion, result from the simultaneous dispersion of the closely laying multiple bands.
Based on these new findings a charge density wave scenario in 1T-VSe; is unlikely. On the other
side, the presence of multiple states crossing the Fermi level should constitute relevant constraints
for any viable microscopic model of the structural phase transition of VSes.

I. INTRODUCTION

Layered transition metal dichalcogenides (TMDCs)
host various electronic, structural, and transport phe-
nomena making them most promising candidates for ap-
plications in electronic devices [1, 2]. Among the many
novel states, the charge density wave (CDW) phase in
these compounds is particularly under scrutiny as it often
neighbors superconductivity domes in phase diagrams
[3, 4]. In terms of electronic structure, the CDW phase
is usually linked to Fermi surface nesting with associated
gaps located at a specific portions of the Fermi surface
connected by the CDW wave vectors [5-7]. In response to
this electronic instability, atoms move from their original
positions forming a superstructure that can be visualized
through a scanning tunneling electron microscopy (STM)
experiment [8-10].

Of all TMDCs, 1T-VSe; is a special example due to
its long wavelength 3D-CDW phase in the bulk. It un-
dergoes an incommensurate CDW with 4a x 4a x 3.18¢
periodic lattice distortion around 7% = 110 K, followed
by a second transition to a commensurate CDW state
around 80 K [9-11]. Although the structural observations
seem to be uncontroversial, the corresponding effects on
the electronic structure are ambiguous. Angle resolved
photoemission spectroscopy (ARPES) studies report on
a CDW induced gap around the M-point of the Fermi
surface only as a shift of a secondary peak, although a
clear spectral intensity suppression at the Fermi level is
absent [12-15]. Alternatively, a recent STM study ob-
serves a gap around the I'-point [16] i.e. not compatible
with the CDW nesting mechanism. Additionally, the ex-
pected CDW Fermi surface nesting along the k, direc-
tion has been linked to a band warping effect [13, 14, 17],
while this is still awaiting to be repeated above the CDW
transition temperature (T*).

The experimental results are even more elusive and
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contradictory in the monolayer VSes samples. First, a
fully gapped Fermi surface has been reported in multiple
studies [18-20]. Such observation is unlikely for a CDW
phase because the CDW wave vector would not be de-
fined. Second, monolayer samples seem to have a larger
gap (~100 meV) and higher T* while the experimental
band structures do not exhibit any signature of back-
bending to support such a large energy gap in contrast
to the computational models [18-20].

Here we re-examine the electronic structure of VSes
performing a series of dedicated ARPES experiments.
While reproducing many of the earlier results, a closer ex-
amination reveals a surprisingly richer surface electronic
structure than previously reported. In light of this more
complete band structure, the presence of apparent gaps
and warping effects are seen as resulting from the com-
bined dispersion of closely laying multiple bands close to
the Fermi level. Furthermore, the absence of localized
gaps (both in- and out-of-plane) at the Fermi level rules
out a CDW scenario as the likely origin of the observed
structural phase transition in VSes.

II. EXPERIMENTAL AND COMPUTATIONAL
METHODS

Single crystal 1T-VSes were obtained from 2dsemicon-
ductors company. ARPES experiments were performed
at 21-ID-1 (ESM) beamline of NSLS-IT using a DA30 Sci-
enta electron spectrometer with an energy resolution bet-
ter than 12 meV and a beam spot size of approximately 5
pm?. The synchrotron radiation incidence angle was 55°.
Analyzer slit was along to the M - T - M’ direction dur-
ing the ARPES measurements at normal emission and
along to the K - K’-direction during the zone corner
scans. In linear vertical (LV) polarized light the electric
field is parallel to the sample surface and analyzer slit
while in linear horizontal (LH) polarized light is on the
incident plane. Band structure calculation is performed
with Quantum Espresso package [21, 22]. The photon
energy is converted to k, crystal momentum assuming
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FIG. 1. (a) Orbital projected band structure of the bulk VSes in normal state without spin-orbit coupling. The red horizontal
line represents the Fermi level. (b-c) Fermi surfaces of a bulk 1T-VSe; sample taken at 10 K with 93 eV LH and LV polarized
lights, respectively. (d-e) Corresponding ARPES maps along the M- T - M’ direction. The asymmetric band structure observed
with LV polarized lights is likely due to the 3-fold rotational symmetry of the band structure. (f) EDCs taken along the black,
blue, and red arrows shown in (e). To further support the existence of multiple bands, EDC analyses are given in Appendix A.
ARPES data without guiding lines and the one with superimposed calculated band structure can also be found in Appendix

A.

the free electron final state approximation given as hk,
= 2me+/ Fgin cos(0) +V, where m, is the free electron
mass, Eg;, is the photoelectron kinetic energy, and V,,
inner potential, set to 7.5 eV [17].

III. EXPERIMENTAL RESULTS

The computed electronic structure of VSes is presented
in Figure 1(a) for comparison with the experimental one.
The Fermi level is dominated by V 3d atomic orbitals
which form V-shaped bulk bands at M (L)-point and
exhibit relatively flatter features near the zone center.
Highly dispersive Se 4p atomic orbitals are mostly lo-
cated around the I'(A)-point starting from just below the
Fermi level. Furthermore, the V 3d atomic orbitals do not
exhibit any splitting near the I'(A) or M (L)-point. Par-
ticularly, a single band is crossing the Fermi level in the
vicinity of the M (L)-point. Although this band structure
is in excellent agreement with previous studies [23, 24], it
fails to reproduce all the experimental details as we will
discuss below.

The experimental electronic structure of 1T-VSe, bulk
samples examined with LH and LV polarized light is pre-
sented in Figure 1(b-e), respectively. In the LH geometry,
ellipsoidal electron pockets centered at M (M’)-point are
the main features of the Fermi surface while highly dis-
persive Se 4p atomic orbitals dominate the zone center
(Figure 1(b)). The corresponding ARPES map along the
M-T-M’ exhibits V-3d atomic orbitals with nearly flat
dispersion in the vicinity of the I'-point where it over-
laps with Se 4p atomic orbitals (Figure 1(d)). The band
structure obtained in this particular experimental geom-
etry is consistent with the computed one as well as with
earlier ARPES reports [14, 17, 18, 23, 24].

On the other hand, the same band structure taken with

LV polarized light reveals differences in details. The zone
center exhibits a point like dispersion, enabling the study
of the band structure around the I'-point more precisely.
Unlike the single band observed with LH polarized light,
three bands, named «, 8, and =y, are now resolved around
the zone center (Figure 1(e)). The first two bands are
crossing the Fermi level at k; = -0.37 A~1 and at k

= -0.24 A~ while the third band is located just below
the Fermi level displaying a flatter dispersion towards
the I'-point. These additional states are not predicted in
the band structure calculation reported here or elsewhere
[14, 17, 18, 23, 24]. The implication for the CDW induced
gap is that if a band is located just below the Fermi level,
temperature induced lifetime broadening can always lead
to a determination of a false gap. This is likely to be the
case in a recent STM study that reports a prominent gap
in the vicinity of the I'-point [16]. Furthermore, these
closely laying multiple bands are a major characteristic
of the material and can be resolved at any temperature,
regardless of T*, showing that their origin is independent
of the structural distortion (Appendix A).

By using this new finding, one can reproduce data that
appear to host a temperature dependent gap at the Fermi
level. The EDCs corresponding to the arrows in Figure
1(e) are given in Figure 1(f) for two temperatures; 10 K
and 160 K (below and above T*). Clearly, in all three
cases there is no evidence of a CDW gap, the intensity
at the Fermi level showing no prominent temperature
dependence. However, the spectra further away from I'
displays a shift towards higher binding energy at low tem-
perature (blue and red vertical lines in Figure 1(f)). Such
shift is commonly attributed to a gap opening in this ma-
terial [12, 13, 15], but it is more simply explained by tem-
perature induced lifetime broadening of the bands with
increased emission in the overlapping region between the
« and (8 bands. Indeed, lack of resolving these bands in
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FIG. 2. (a) Fermi surface recorded at 93 eV with LH polarized
light. (b-c) ARPES maps taken along the dashed black line in
(a) and along the K- M - K’, respectively. (d) EDCs taken
along the dashed black and orange lines in (b-c). Vertical
black and orange lines in (d) mark the high intensity points.
(e) MDCs taken at the Fermi level from (b-c).

the earlier studies led to misinterpreting the experimental
data. Furthermore, temperature dependent EDCs from
LV polarized light around the M (M) are also displayed
in Appendix A and confirm the absence of a gap at the
Fermi level across the structural transition.

In other studies, the modulation of the color contrast
on the electronic structure figures is relied on as a signa-
ture of a gap opening at the Fermi level [13, 14]. Here,
we repeat a similar experiment. Figure 2(a) presents the
Fermi surface that covers the ellipsoidal electron pocket
centered at the M-point. Color-contrast is gradually de-
creasing towards M-point, consistently with the earlier
studies. In this regard, one can claim a possible gap
opening at the Brillouin zone boundaries. To check if
this is the case, a logical experimental approach will be
comparing the Fermi edges taken from the different por-
tions of the Fermi surface recorded below T*. In this way,
possible experimental errors induced by variable temper-
ature can be avoided. The ARPES maps taken along
the dashed black line and along the K - M - K’ direction
are given in Figure 2(b-c), respectively. Compared to the
former one, the latter exhibits lower spectral intensity in
the entire band structure rather than only at the Fermi
level. Therefore, the apparent spectral intensity does not
necessarily represent a gap opening. Indeed, the EDCs
taken along the dashed black and orange lines (Figure
2(d)) exhibit the same Fermi level indicating the absence
of an insulating gap. On the other hand, the high inten-
sity points show a difference in the EDCs (vertical orange
and black lines in Figure 2(d)). This apparent shift has
been considered as a well-established experimental signa-
ture of the CDW induced gap in VSey [12-15] but could
be explained by the existence of closely laying multiple
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FIG. 3. (a) The Fermi surface. (b-g) ARPES cuts along the
1-6 lines shown in (a), respectively. Spectrum (b) is along the
K- M - K’ high symmetry direction. Blue arrows mark the
double bands. All spectra were collected at 75 eV with LH
polarized light at 10 K.

bands.

To further pursue this hypothesis, the MDCs taken at
the Fermi level of Figure 2(b-c) are compared in Figure

2(e). The one along the K - M - K’ direction exhibits
not only a lower intensity but also a broader line shape
compared to the other one. Therefore, the lower inten-
sity around M of the Fermi surface is not due to a gap
opening but it is caused by a broader electronic structure
in momentum space, indicating the presence of multiple
band dispersion.

The band structure is indeed more complex and in-
volves closely laying multiple bands forming the ellip-
soidal Fermi surface centered at M is experimentally con-
firmed by following the various ARPES maps parallel to
K-M-K'. For example at 75 eV photon energy, around
the M-point a single V-shape band appears crossing the
Fermi level at k| = & 0.32 A (Figure 3(b)). However,
this band splits towards the zone center (see blue ar-
row in Figure 3(c-e)). These additional bands eventu-
ally connect with the neighbor electron pockets. We also
found that the LV polarized light is a powerful tool to
probe these closely laying multiple bands in more detail
as given in Appendix A. Depending on the photon ener-
gies, the multi band crossing at the Fermi level can be
well resolved.

Closely laying multiple bands can be also probed in the

band structure along the K - M - K with a more elab-
orate approach. Fermi surfaces taken at various photon
energies are given in Figure 4(a). In the data, 80 eV and
97 eV photons correspond to k, = A and k, = I' high
symmetry points in 2D momentum plane. The ellipsoidal
pocket centered at M-point shows a strong photon energy
dependence, evolving to a dog-bone shape at k, =T". In
addition to this strong spectral feature, the second band
with a weaker intensity is also visually observed in some
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FIG. 4. (a-b) The Fermi surfaces and corresponding ARPES
maps along K- M - K’ direction. (c) MDCs taken at the
Fermi level from each spectrum in (b). Yellow and black lines
in (c) are the Lorentzian components resulting from the fit-
tings and the dashed lines are the sums.

parts of the Fermi surface. These closely laying multlple

bands can be seen in ARPES maps along K - M - K as
marked with dashed yellow and black lines (Figure 4(b)).

To further support this observation, the MDCs taken
at the Fermi level are compared in Figure 4(c). Bands
located at + k) with respect to M-point exhibit double
peak features as indicated with yellow and black fitting
lines. Thereby, the V-shape conduction band is indeed
formed by two bands; inner and outer ones. Based on
Figure 4(b-c), these two bands have distinct k, disper-
sion as the outer band is 2D like while the inner one has
3D character and their spectral intensities show an oppo-
site k, dependence. This has an important implication
for the CDW phase of the VSes. One of the fundamental
experimental evidence for the CDW phase was reported
to be a warping effect on the Fermi surface along the
k, direction [13, 14, 17]. However, this warping effect is
clearly due to the different nature of these closely laying
multiple bands crossing the Fermi level and is not cor-
related with any type of structural distortion. Indeed,
the apparent warping of the band structure is temper-
ature independent (Appendix A). Therefore, earlier ob-
servations, failing to resolve these closely laying multi-
ple bands, lead to misinterpretation of the experimental
data.

Our observations also suggest that the large CDW in-
duced gap of around 100 meV in the monolayer VSes
is questionable [18-20]. This is discussed in Appendix
B and no gap is detected around the M-point that can
be associated with the CDW phase. Furthermore, the
apparent width of the Fermi edge around the M-point
does not change with the temperature in the monolayer
case. This indicates that it is dominated by temperature
independent defects such as vacancies.

IV. CONCLUSION

In summary, we show that the Fermi surface of VSes is
dominated by closely laying multiple bands. Using this
evidence and the absence of any Fermi gap, each of the
previous observations can be explained and shown to be
unrelated to the structural transition of VSes. Based
on the data given in Figure 4, a two-dimensional surface
state could be the origin of closely laying multiple bands.
However, considering that transport measurements con-
sistently show an anomaly around 110 K [25-27], a modi-
fication on the band structure is expected across the same
temperature. An alternative to the gap-opening/CDW
scenario could be a change of the Fermi surface area.
Such transition would be somewhat similar to the ne-
matic transitions commonly observed in the Fe-based su-
perconductors. However, this requires further detailed
studies concentrating on this particular point since the
multiple bands located at the Fermi level complicates the
experiments. Nevertheless, the present work, providing a
more complete band structure of 1T-VSes, should consti-
tute a solid base to study the true nature of the structural
distortion in this material. Therefore, it is expected that
present results should pave the way for future works on
the topic.
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Appendix A: Electronic structure of the bulk VSe:

This section provides further details of the band struc-
ture in bulk VSe, to support the observations in the
main text. Photon energy and temperature dependent
electronic structure of the bulk sample are outlined to
demonstrate the independence of the multiple bands from
the CDW order.
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spectrum. The «, 3, and v bands are marked with arrows.

(@) hv=93eviv,T=10K (b)

hv=93eVLV, T=160K

s s
) ]
> >
<) o
[ Q
[=4 [ =
w w
(=)} o
=4 f=
5 5
=4 f=
@ @ w
-1.0 =05 00 05 1.0 -1.0 =05 0.0 05 1.0

ky (A1) ki (A71)

FIG. 6. (a-b) Fermi surfaces taken at 10 K and 160 K, respec-
tively. (c-d) Corresponding ARPES maps along the M - T' -
M’ direction. The data is obtained with 93 eV LV polarized
light.

First, the EDCs taken at different k-points are com-
pared to show how multiple peaks can be observed in the
vicinity of the Fermi level. As shown in Figure 5(a), the
a and B bands cross the Fermi level while the v band
locates below the Fermi level with a relatively flat dis-
persion in the vicinity of the I'-point. The spectral peaks
stemming from each band can be seen in the EDCs given
in Figure 5(b). Due to their different binding energies for
the same k|, an apparent gap can be claimed as an ob-
servation of the secondary peak. On the other hand, the
system is metallic without an energy gap at the Fermi
level. Furthermore, The «, 3, and + bands can be re-
solved above and below the T* of 110 K (Figure 6). This
confirms that these multiple bands are independent of
the structural distortion.

In order to directly compare the theoretical and raw
experimental band structure, Raw ARPES data and su-
perimposed calculated band structure are given in Fig-
ure 7(a-b), respectively. Despite the overall agreement, a
clear mismatch between theory and experiment is found
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FIG. 7. (a) Raw ARPES data taken with 93 eV LV light

along the M - T - M’ direction. (b) Same data with the
superimposed calculated band structure. Data are measured
at 10 K. Se bands in the zone center are taken as reference
and the calculated band structure is 0.12 eV shifted up.
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FIG. 8. (a) Fermi surface taken at 10 K with 93 eV LV po-
larized light. (b) Temperature dependent EDCs taken at the
k-points marked in (a) with numbered pink points.

for the V 3d band in the vicinity of the Fermi level. The-
ory shows a single branch crossing the Fermi level. On the
other hand, experimental band structure displays multi-
ple bands, and the « is located below the Fermi level
(Figure 7(b)).

An energy gap at the Fermi level is further investigated
by taking various EDCs at the different points of the
Fermi surface as marked in Figure 8(a) and comparing
them for the temperatures below and above the T*. All
the EDCs taken at 10 K and 160 K exhibits the same
Fermi level showing the absence of a gap opening due to
the CDW order.

By using the LV polarized lights, multiple bands cross-
ing the Fermi level can be probed as shown in Figure 9.
Their spectral intensity dramatically varies as a function
of the photon energy. This is likely to be the main ori-
gin of the false k, dependent Fermi gap reported in the
previous studies

In previous studies, the warping of bands along the
k. direction was attributed to CDW induced nesting
[13, 14, 17]. However, up to date, this claim has not been
investigated as a function of the temperature. The warp-
ing effect, however, can be observed below and above the
T* as shown in Figure 10. Hence, it cannot be associated
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with the CDW phase.

Appendix B: Electronic structure of the monolayer
VSeg

ARPES maps recorded at 10 K and 250 K from a
monolayer VSey sample are given in Figure 11(a-b), re-
spectively. As consistent with previous observations,
there appears to be a suppression of a spectral intensity
at the Fermi level but this seems to exist at both temper-
atures. In the previous studies, the CDW induced gap
is emphasized in symmetrized EDCs [18-20]. Here we
follow the evolution of the Fermi edge as a function of
temperature. This is essential since the CDW induced
gap is a pseudogap. The temperature dependent EDCs
taken along the dashed black line in Figure 11(a) are

given in Figure 11(c) and 11(d). Clearly, the EDCs do
not exhibit any gap when directly compared to each other
and with the Fermi level of an Au reference. More impor-
tantly, the width of the Fermi edge does not change with
the temperature, indicating the dominant role of defects,
such as Se-vacancies. It is therefore unlikely for a CDW
phase to survive in the monolayer sample. Although the
STM studies show the formations of a periodic lattice
superstructure below T*, it could be local or represent a
trivial structural transition.

(a)

T 00
>
=y
]
c
o
o
c
5 —0.5
=
@
-05 0.0 05 -0.5 0.0 0.5
ky (A1) ky (A1)

—_
0O
~—

250 K
200 K
150 K
N_100 K
\_50 K
\_10 K

-0.25 0.00 0.25
Binding Energy (eV)

Intensity (a.u.)

)

-

-0.25 0.00 0.25
Binding Energy (eV)

FIG. 11. (a-b) ARPES maps taken along the K - M - K’ di-
rection at 10 K and 250 K, respectively from a monolayer
VSez. (c) Temperature dependent EDCs taken along the
black dashed line shown (a). (d) Same EDCs but superim-
posed. Data were collected with 93 eV LH polarized light
from a sample grown on a HOPG substrate at 543 K with
molecular beam epitaxy.

Furthermore, multiple studies reported a fully gaped
Fermi surface with a size as large as 100 meV [18-20].
Such a large gap is expected to induce a visible back-
bending at the Fermi level which is the main mechanism
behind the gap opening in the CDW phase. However, nei-
ther of the previous reports shows such spectral anomaly
within the same studies. Observation of a gap on the
entire Fermi surface is also elusive since the CDW wave
vector would have no influence in that a case.
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