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1. Introduction

A theoretical study of Lifshitz transition for
2H-TaSzT

Wenxuan Wang,® Zhenyi Jiang,
Hongwei Du® and Zhiyong Zhang

a

*@ Xiaodong Zhang,*? Jiming Zheng,
b

Lifshitz transition was proposed to explain a change of the topology structure in a Fermi surface induced
by continuous lattice deformation without symmetry breaking since 1960. It is well known that the
anomalies of the kinetic coefficients (the coefficient of heat conduction and electrical conductivity,
viscosity, sound absorption, etc.) are usually closely connected with the Lifshitz transition behavior. 2H-
TaS; is a typical representative to study its anomalies of temperature dependence of heat capacity,
resistivity, Hall effect, and magnetic susceptibility. Its geometrical structure of the charge density wave
(CDW) phase and layer number dependence of carrier-sign alternation upon cooling in the Hall
measurements have not been well understood. The geometrical structure (T—Ts) of the CDW phase was
predicted through first principles calculations for bulk and mono-layer 2H-TaS,. Driven by electron-
lattice coupling, Ta atoms contract to form a partially gapped CDW phase. The CDW phase has a larger
average interlayer separation of S—S atoms in the adjacent two layers compared with the metal phase,
which results in a weaker chemical bonding among S-S atoms in the adjacent two layers and then a
narrower bandwidth of the energy band. The narrower bandwidth of the energy band leads to a larger
density of states (DOS) in the out-of-plane direction above the Fermi level for the CDW phase. As the
Fermi level continually drops from the DOS region with a negative slope to that with a positive slope on
cooling, the reversal of the p — n type carrier and the pocket-vanishing-type Lifshitz transition occur in
the bulk 2H-TaS,. However, the Fermi level slightly drops by 6 meV and happens to be at the positions
of pseudo band gaps, so the reduction of in-plane DOS and total DOS is responsible for the always
p-type carrier in the mono-layer samples. Our CDW vector of the k-space separation between two
saddle points is Qsp &~ 0.62 GK and can provide a theoretical support for the “saddle-point” CDW
mechanism proposed by Rice and Scott. Our theoretical explanation gives a new understanding of both
Lifshitz transition for symmetry breaking and reversal for the p—n carrier sign in the Hall measurements
in various two-dimensional transition metal disulfides.

other is characterized by the emergence of an additional Fermi
surface. It has been known for several decades that the Lifshitz

Half a century ago, Lifshitz considered an electronic phase
transition (PT) associated with a change in the Fermi surface
topology induced by continuous lattice deformation for non-
interacting fermions." This electronic PT, now called the
Lifshitz transition, is unique in the sense that it is not asso-
ciated with structural symmetry breaking. Lifshitz gave two
types of changes in the Fermi surface topology: one is asso-
ciated with the collapse of a cylindrical Fermi surface and the

“ Shaanxi Key Laboratory for Theoretical Physics Frontiers, Institute of Modern
Physics, Northwest University, Xi’an 710069, China

b Stanford Research Computing Center, Stanford University, Stanford, CA 94305,
USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4¢cp00977k

15868 | Phys. Chem. Chem. Phys., 2024, 26, 15868-15876

transition always exists in non-stoichiometric materials®?
because it is easy for the Fermi surface to shift upwards or
downwards as a result of a continuous change of the compound
composition without involving symmetry breaking. In two-
dimensional transition metal dichalcogenides (TMDs), there
are widespread electronic and geometric PTs associated with
symmetry breaking from a high-temperature metal phase to a
low-temperature CDW phase on cooling. The Lifshitz transition
was surprisingly observed in experimental measurements dur-
ing the metal to CDW PT for two-dimensional TMDs under the
existence of symmetry breaking.*”

Amongst various TMDs, 2H-Ta$S, can be accepted as a typical
representative to study its anomalies of temperature depen-
dence of heat capacity, resistivity, Hall effect, and magnetic
susceptibility. These anomalies should be closely related to the
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existence of Lifshitz transition. There exists a geometrically
structural PT at around 75 K from the room-temperature metal
phase (space group P6;/mmc, hereafter abbreviated as the metal
phase) to the lower-temperature CDW metal phase (hereafter
abbreviated as the CDW phase) in the bulk 2H-TaS, upon
cooling.®™ This PT is usually accompanied by a sudden fall in
resistivity and a reversal for carrier sign from the p-type to n-type
in the Hall measurements.”**** However, the CDW phase occurs
at around 55-140 K, while its switch of p-n carrier sign is absent
when reducing the sample thickness toward the 2D limit.***®

Early theoretical studies'”"® proposed a two-band model for
the normal state of some superconductors with a f-tungsten
structure to explain the anomalous temperature dependence of
a variety of properties. Their model requires two bands that
slightly overlap or almost overlap. If the Fermi level (Ef) lies
close enough to the region of overlap (or near overlap) so that a
change in temperature could shift Ex from one band to the
other, then this could change the behavior of the charge
carriers in the magnetic field from electron-like to hole-like.
Bromley'® predicted through tight-binding theory that the low-
temperature reversal of the Hall effect may be due to a shift of
the Fermi energy, which removes the holes if interlayer interac-
tions are considered. Evtushinsky et al.>® predicted that pseudo-
gaps may drive the sign reversal of carriers in the Hall effects for
bulk 2H-TaS,. Yang et al.'* further explained that the pockets
around K and I’ points in the Brillouin zone (BZ) are either
partially or fully gapped in the CDW phase. This reconfiguration
of electronic structures may account for the abnormal change of
sign in the Hall measurement. Our group has predicted that the
carrier sign of 2H-NbSe, bulk samples is dependent on the
reversal of the slope of the DOS at the Fermi level.**

Despite the above mentioned previous studies having found
out that the low-temperature reversal of the Hall effect is related
to the shift of Fermi energy, the layer number dependence of
carrier-sign alternation upon cooling, even the geometric struc-
ture of the CDW phase, has not been well understood up to now.
This type of PT behaviors and their reversal of p-n type carrier
dependence on sample thickness are widespread and unresolved
in TMD materials for decades."***2°

In this work, the geometrical structures of the CDW phase
were predicted through first principles calculations for bulk
and mono-layer 2H-TaS,. Their pseudo band gaps of CDW
phases are partially open around the G-A and K-H points.
During Ta atoms contracting to form the CDW phase (T-Ts
configuration) with symmetry breaking in the in-plane direc-
tion, the average interlayer separation of S-S atoms in the
adjacent two layers rises. This leads to a weakening of the
chemical bonds among S-S atoms and then a decrease of
the bandwidth, which will inevitably lead to an increase in
the projected DOS in the out-of-plane direction. As the Fermi
level continually drops and then more energy bands in the out-
of-plane direction emerge from the Fermi surface, Lifshitz
transition occurs in the out-of-plane direction without symme-
try breaking even though its minimum repeating unit in
periodic crystal cells has been changed during the geometri-
cally structural PT.
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2. Calculation details

All calculations were performed using Vienna ab initio simulation
package (VASP) software” based on the density functional theory.
The Perdew-Burke-Ernzerhof parametrization with generalized
gradient approximation (GGA-PBE) was chosen to describe
exchange and correlation effects. Projected augmented wave
(PAW) pseudopotential was applied to describe the interaction
between atomic core and valence electrons.”® Different long-range
van der Waals (vdW) interactions were tested for geometrically
structural parameters of 2H-TaS, as shown in Supplementary-,
Table S1-1 (ESIt), and then the OPT-B86b method* was finally
chosen to perform vdW correction in the following calculation. All
geometric structures including the metal and CDW phase of 2H-
TaS, were fully relaxed until the remnant force on each atom
becomes less than 0.01 eV A™!, and our energy-convergence
criterion is 1 x 107° eV. An energy cutoff of 400 eV was chosen
for the real-space integration and Methfessel-Paxton smearing of
0.05 €V. 12 x 12 x 2 Monkhorst-Pack grids were used to calculate
the geometrical and electronic structures. To demonstrate the
stability of the CDW phase, we used the finite-displacement
Parlinski-Li-Kawazoe method, which was implemented in the
PHONOPY package.***" The energy and force convergence thresh-
olds for each atom of the CDW phase reached 1 x 10 ® eV and 1 x
10~ eV eV A, respectively. Phonon calculations were performed
using a 3 x 3 x 3 supercell. Real-space force constants of supercells
were calculated in the VASP code, and phonon frequencies were
calculated from the force constants using the PHONOPY code.
Using the Boltzmann transport equation®* in the VASPKIT
package,® the temperature dependence of conductivity was
obtained by post-processing the output of VASP calculations. In
particular, the conductivity was calculated using a relaxation time
approximation (t = 10)** (as shown in Supplementary-II, ESIT).

The basic idea behind DFT+U is to treat the strong on-site
Coulomb interaction of localized electrons occupying d and f
orbitals, which is not corrected as described by LDA or GGA,
with an additional Hubbard-like term in the strongly correlated
systems.** The strength of the on-site interactions is usually
described by parameters U (on-site Coulomb) and J (on-site
exchange). These parameters U and J can be extracted using
ab initio calculations, but usually are obtained semi-empirically.
In practical computations to determine the U and J values, it is
necessary to consider whether the magnetic moment matches
the experimental values, whether the magnetic ground state
matches the experimental observations, whether the theoretical
energy gap matches the experimental data, and so on. Since the
bulk 2H-TaS, sample is found to be a non-magnetic metal,*> we
only need to determine the U value based on whether the
theoretical band gap matches the experimental values.

The Fermi level and theoretical lattice parameters increase
with the increase of U value as shown in Fig. S1-1 and Table S1-
2 (ESI+). The theoretical lattice parameters (a = 3.316 A, ¢ =
12.025 A at U = 0 eV) of the metal phase are well consistent with
the experimental measurements (a = 3.316 A, ¢ = 12.070 A*).
Our theoretical CDW energy gap monotonically rises with the
increase of U value and quickly exceeds the 324 meV at U = 3.
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The theoretical CDW energy gap (i.e. 209 meV at U = 0 eV) is
nearly equal to the previous theoretical calculations (200 meV'?).
Previous theoretical studies also support the use of U = 0 eV for
the CDW in the 2H-MX, (M = Ta and Nb).*”*° So, U = 0 was
finally chosen and used in our following calculations.

3. Results and discussion
3.1. Geometrical structure of the bulk CDW phase

The stable structure is a metal phase for bulk 2H-Tas, at room
temperature. It is composed of two layers with S-Ta-S
sandwich-type configuration stacked together as shown in
Fig. S1-2(a) (ESIt). There is a weak van der Waals interaction
between its two sandwich-type configurations. No perceptible
effect with spin-orbit coupling (SOC) in its energy band exists
as shown in Fig. S1-2(b) (ESI{), so SOC was not taken further
into account in our subsequent calculations. The positions of
imaginary frequency in the phonon spectra of metal phases are
directly related to the structural distortion of the lower-
temperature CDW phase. Its typical position in TMDs is located
at Qcpw ~ 0.652-0.679 GM. The Qcpw vector, called CDW
vector, is oriented along the GM directions of the hexagonal BZ
and depends on the material properties.*® For bulk 2H-Tas,,
two longitudinal acoustic phonon branches exhibit strong
instability at the Qcpw = 0.675 GM point as shown in Fig. S1-
2(c) (ESIt), which is close to 2/3 GM, indicating that its CDW
phase should be a 3 x 3 periodic superstructure.

The CDW phase of mono-layer 1H-NbSe, exhibits four types
of images that may exist predicted by a recent theoretical
study,®” so the CDW phase of mono-layer 1H-TaS, should also
have similar structures owing to them being an isoelectronic
group of materials. Four types of possible images of mono-layer
1H-TaS,, called H, S, T, and Ts, were obtained by distorting Ta
atomic positions in a 3 x 3 supercell and then fully optimizing
the 3 x 3 supercell as shown in Fig. 1(a). The formation energy
of three additional images from all 3 x 3 CDW structures
reported at present, called C, R, and T', was also calculated
and listed in Table S1-5 (ESIt). The formation energy of the
CDW image is defined as AEcpw = (Ecpw — Emetal)/Ntay Where
Ecpw and Eperq are the total energies of the CDW image and
the metal phase with the same number of atoms, respectively.
Nr, is the number of Ta atoms in the CDW image, namely, 9.
After full structural optimization, the C and R images lose their
stability and finally transform into the Ts structure, while the T
image becomes the T structure. Interestingly, the total energy
differences between these four types of mono-layer 1H-TasS, are
approximately within 24 meV per CDW. This indicates that they
can coexist and mutually transform under certain conditions.
The T configuration is found to be the most stable state in our
calculations after geometric structural optimization for these
four types of images at low temperature, even though the Gibbs
free energy is considered as shown in Fig. S1-3(a) (ESIY).

CDW images (Ta;sS3s) of bulk 2H-TaS, were randomly
stacked with these four-type images of mono-layer 1H-TaS,.
H-T, T-Ts, T-T and Ts-Ts images are actually the same and the
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Fig. 1 (a) Four types of possible stable images of CDW phase for mono-
layer 1H-TaS,. (b) T-Ts configuration of CDW phase for bulk 2H-TaS,.
Brown spheres represent tantalum atoms while other spheres represent
oxygen atoms.

most stable structure is shown in Table 1 and Fig. 1(b). This
image is very close to the un-distorted T-Ts geometrical struc-
ture, therefore the T-Ts image is chosen to represent the
geometrical structure of CDW phase for bulk 2H-TaS,. After
further calculating the zero vibrational energies of various
configurations, we found that these zero vibrational energies
have little effect on the formation energies of various isomers at
the level of optB86-vdW corrections. Owing to space limita-
tions, the zero vibrational energy correction will no longer be
discussed in the subsequent paragraphs.

The T-Ts configuration has the same symmetry in the out-
of-plane direction as its metal phase, but each of its two layers
has a different geometrical structure from the metal phase. Its
symmetry in the in-plane direction breaks during in-plane
contracting of Ta atoms. The in-plane area of T-Ts unit cell
(Ta;5S36) unexpectedly increases by 0.08% and its interlayer
spacing of Ta-Ta atoms decreases by 0.08%, finally it has a
0.05% reduction in total volume as shown in Table S1-3 (ESIf).
Its thicknesses of both T and Ts sandwich-type structures
decrease by 0.004-0.012 A and the average interlayer separation
of S-S atoms in the T-Ts configuration increases by 0.004 A
after shrinkage of Ta atoms. This decrease of thickness of S-Ta-S
sandwich-type structure is completely opposite to its increase of
thickness in the CDW phase of bulk 1T-TaS, upon cooling.*" The
total energy of CDW configuration can drop by —38 meV/Ta;5S;6
(—62 meV fall for total energy without vdW and +24 meV
enhancement for vdW energy = —38 meV) for only intralayer
shrinkage and then its total energy can further drop by —26 meV/
Ta;5S36 (0 meV change for total energy without vdW and —26
meV fall for vdW energy = —26 meV) for only reduction by 0.08%
of interlayer spacing between Ta-Ta atoms if such a hypothetical
PT path exists. Higher vdW energy always corresponds to farther
average separation of S-S atoms for an OPT-B86b vdW correc-
tion, therefore the enhancement for vdW energy (+24 meV) also
reveals a larger average interlayer separation of S-S atoms. The
stability of the T-Ts configuration is verified through its phonon
spectrum and there is no imaginary frequency in the whole BZ as
shown in Fig. S1-4 (ESIT), which reveals its dynamical stability.

This journal is © the Owner Societies 2024
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Table 1 Formation energy AEcpw (meV/TaS,) of various possible CDW images for bulk 2H-TaS,

Structure H-S H-Ts H-T S-T S-Ts T-Ts H-H S-S T-T Ts-Ts
AEcpw (meV) 84.82 —0.633 —-3.49 82.05 6.75 —3.45 —2.65 —1.3 —3.47 —3.45

3.2. Electronic structure of bulk CDW phase

The Fermi surface of the metal phase includes two separate
hole-like sheets as shown in Fig. 2(a). In the first BZ as shown in
Fig. S1-5 (ESIf), these include two open hole-type cylindrical
surfaces along the G-A and K-H lines. The CDW distortion
results in six pseudo band gaps (209/130/63 meV at gy/g,/g; points
in the BZ and 112/119/98 meV at g,/gs/gs points in the BZ) around
the saddle points along the G-A and K-H lines. Our theoretical
pseudo-gaps at the “‘g;” and “gs” k-points in the BZ have not been
predicted by previous theoretical calculations.'* Since these par-
tially opened pseudo-gaps of CDW phase always appear even in
the mono-layer 1H-TaS, samples as shown in Fig. S1-6 (ESIt), and
then the positions of g;-gs pseudo band gaps are all located at the
high symmetry points of the BZ boundary of the CDW phase as
shown in Fig. S1-5 (ESIt), the origin of pseudo band gaps for the
CDW phase mainly derives from Ta atoms contracting and then
electron-lattice coupling plays a key role in driving the formation
of CDW for bulk 2H-TaS,. Previous frequency-dependent optical
reflectivity measurements®” indicated that the Fermi surface of
2H-TaS, is only partially gapped in the CDW state. The spectral
evolution of two different Na,TaS, crystals further confirms that
the partial-gapped structure observed in 2H-TaS, clearly corre-
sponds to its CDW transition. The resistivity of 2H-TaS, remains
metallic below Tcpw and shows only a small anomaly at the PT,
indicating that the CDW does not involve a large modification of
the Fermi surface.*>** Our nesting vector is Qps ~ 0.86 GM, so it
does not satisfy the required nesting condition (Qcpw = 0.68 GM)
to induce CDW PT. Rice and Scott’* suggested that the two-
dimensional conduction band with saddle points close to the
Fermi level was unstable against CDW formation. Our CDW
vector of the k-space separation between two saddle points is
Qsp ~ 0.62 GK, where the Fermi vectors along GK(AH) are in
good correspondence with previous band theory** and experi-
mental observations.*® Our theoretical calculations provided a
theoretical support for the “saddle-point” CDW mechanism
proposed by Rice and Scott.**

g
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Fig. 2 (a) Energy band of metal phase and unfolding energy band of CDW

phase for bulk sample. The gray and blue lines represent the CDW and

metal phases. The g;—ge symbols indicate that the pseudo band gaps are

located at the g;—ge points in the BZ, respectively. (b) Total DOS for bulk

2H-TaS,.
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Ta atoms in the adjacent two layers do not form chemical
bonds owing to being too far away, and can interact only
through bridges composed of sulfur atoms. The average dis-
tance between sulfur atoms in the adjacent two layers rises
from 2.872 A to 2.876 A during the PT, which will lead to a
weakening of the chemical bonds from their p, orbitals
between sulfur atoms in the adjacent two layers. The energy
band at the high-symmetry points M-L segment in the out-of-
plane direction is mainly composed of a hybrid of the d orbital
of Ta atoms and the p orbital of S atoms as shown in Fig. S1-7
(ESIY). The bandwidth is proportional to the overlap integral 7,
which decreases exponentially with these S-S atomic separa-
tions based on the tight binding theory in solid state physics for
energy bands.*® The bandwidth for the energy band at the
Fermi level of the CDW phase increases approximately by
20 meV in the in-plane direction owing to contracting of Ta
atoms, while it decreases approximately 10 meV in the out-of-
plane direction relative to the metal phase owing to farther apart
average distance of S-S atoms in the adjacent two layers as
shown in Fig. 2(a). Such a decrease of bandwidth in the out-of-
plane direction will inevitably lead to an increase in the density
of states (DOS) around the Fermi level as shown in Fig. 2(b).

Its total energy of T-Ts configuration drops by 64 meV relative
to the supercell of the metal phase with the same number of
atoms and then the Fermi surface subsequently drops by
170 meV. The in-plane and out-of-plane whole energy bands
upshift by approximately 195 and 243 meV relative to the new
Fermi level, respectively. The energy band of the high-symmetry
out-of-plane M-L segment finally crosses the Fermi level.

The slope of the total DOS has a reversal at the Fermi level
from the metal phase to the CDW phase as shown in Fig. 2(b).
This means an emergence of an additional Fermi surface and the
pocket vanishing without the change of out-of-plane symmetry,
which is called the pocket-vanishing-type Lifshitz transition.

3.3. Electronic structure of mono-layer CDW phase

Binding energy and formation energy are important indicators
for describing structural stability. The binding energies of CDW
configuration (TaeS;s) of bulk and multi-layer 2H-TaS, are
defined as Ey, = (Ecpw — 9Era — 18Es), where Ecpw and Er,
(or Eg) are total energies without vdW correction of the CDW
configuration and the cubic unit cell with a 20 A crystal
constant including only one Ta (or S) atom, respectively.

Both binding energy and formation energy as shown in
Table 2 reveal that the stability of the CDW phase for a
mono-layer sample is the poorest in the 2H configurations.
Our theoretical PT temperature Tcpw from CDW to metal phase
is roughly estimated as approximately 59 K for mono-layer 2H-
TaS,, which is strongly supported by recent temperature-
dependent resistance measurements (Tcpw X 50-60 K).'#*°

Phys. Chem. Chem. Phys., 2024, 26, 15868-15876 | 15871
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Table 2 Binding energy Ey, (eV) without vdW correction, formation energy AEcpw (€V), vdW interaction E,qw (€V), average separation Ds_s (A) between
sulfur atoms in the adjacent two layers, and average thickness Ds_t,_s (A) of S—=Ta-S sandwich-type structure of metal and CDW phase for multi-layer

2H-TaS; (TagS1g) samples

E}, (CDW) AEcpw Eyaw (metal) Eyqw (CDW) Dg s (metal) Ds s (CDW) Dg a5 (metal) Dg -5 (CDW)
T —138.900 —0.040 30.973 30.967 3.136 3.116
Mono-layer —140.161 —0.049 28.981 28.991 2.877 2.882 3.135 3.127
Bilayer —140.736 —0.053 27.963 27.965 2.876 2.881 3.137 3.128
Trilayer —140.944 —0.058 27.602 27.621 2.874 2.880 3.137 3.128
Bulk —141.399 —0.062 26.919 26.919 2.872 2.876 3.138 3.130

The pseudo band gaps of mono-layer T-Ts configuration are
also partially open around the G-4 and K-H segments during
Ta atoms contracting for mono-layer 2H-TaS, as shown in
Fig. 3(a). The mono-layer CDW phase also has six pseudo band
gaps (127/115/56 meV at g,/g»/g; points in the BZ and 108/118/
47 meV at g,/gs/gs points in the BZ) around the saddle points
along the G-A4 and K-H line in the BZ. The positions of g;-gs
pseudo band gaps are also all located at the high symmetry points
of the BZ boundary of the CDW phase. Overall the pseudo band
gaps of mono-layer 2H-TaS, are smaller than corresponding
values at all k-points in the bulk samples, which also reveals its
poorer stability relative to the bulk samples. Surprisingly, the
positions of pseudo band gaps happen to be at the Fermi level for
mono-layer Ts configurations in Fig. S1-6 (ESIt) and for mono-
layer T-Ts configuration. The projected in-plane DOS will have a
significant drop at around the Fermi level when the Fermi surface
locates inside the region of pseudo-gaps.

The absolute value of formation energy of a mono-layer
sample is smaller than that of a bulk sample, which means
that the whole energy band of a mono-layer sample has less
enhancement than that of bulk when we put their Fermi
surface at the same level. This is why the positions of pseudo
band gaps happen to be at the Fermi level for mono-layer Ts
configurations and mono-layer T-Ts configuration. Its total
energy of T-Ts configuration drops by 49 meV compared with
the supercell of the metal phase with the same number of
atoms as shown in Fig. 3(a). The Fermi surface also subse-
quently drops only by 6 meV, while its energy band is shifted
upwards only by only 24 meV relative to the new Fermi level.
The high-symmetry point M-L segment along the out-of-plane
direction does not emerge over the Fermi level, while an
additional out-of-plane energy band emerges over the Fermi

(b) T
! —— metal
—— CDW

2
S

DOS (states/eV/unit)
IS
&

o
> S

04 08

0.8 -(l',l 0.0 .
Energy (eV)

Fig. 3 (a) Energy band of metal phase and unfolding energy band of CDW
phase for mono-layer sample. The gray and blue lines represent the CDW
and metal phases. The g;—ge symbols indicate that the pseudo band gaps
are located at the g;—ge points in the BZ, respectively. (b) Total DOS for
mono-layer 2H-TaS,.
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level and leads to a bulge above the Fermi level as shown in
Fig. 3(a and b).

Larger average distance between sulfur atoms in the adja-
cent two layers and in-plane area of S-Ta-S sandwich-type
configurations always corresponds to larger vdW energy for
mono-layer samples as shown in Table 2 and Table S1-3 (ESIf).
The decrease in binding energy AEy, = (Ep buik — Eb,mono-layer) +
(Evaw,buik — Evaw,mono-iayer) = —1.238 — 2.072 = —3.310 (eV) as
shown in Table 2. During the stacking from mono-layer to bulk,
vdW interaction can contribute more to reducing binding
energy, by approximately twice the chemical energy. Moreover,
the smaller average distance between sulfur atoms in the
adjacent two layers and in-plane area of S-Ta-S sandwich-
type configurations in the bulk samples means that its spatial
structure is relatively tight or dense. Its structural distortion
will release significant formation energy or latent heat during
its geometrically structural PT as shown in Table 2. Therefore
the Fermi surface has a larger drop in the bulk samples, while it
has a smaller drop in the mono-layer samples.

3.4. Temperature dependence of resistivity for 2H-TaS,

The entry of the CDW state below the lock-in temperature 75 K
is experimentally detected by a sudden change of the resistivity
slope with temperature for bulk 2H-TaS,.'" Its metal phase
exhibits a p-type carrier conductivity at room temperature,
while the CDW phase exhibits an n-type carrier conductivity
below 50 K in the experimental measurements.’* Our theore-
tical resistivity (description of computational details as shown
in Supplementary-II, ESIf) also has a sudden decrease at
approximately 75 K from the metal to the CDW phase on
cooling as shown in Fig. 5(a). A negative or positive slope of
the total DOS at the Fermi level means that n-type or p-type
carriers are dominant in the bulk materials. So the dominant
p-type carrier conductivity in the metal phase and the n-type
carrier conductivity in the bulk CDW phase can be easily found
out from their total DOS as shown in Fig. 2(b). Comparing the
DOS of the CDW phase with that of the metal phase for bulk
samples, it was found that the larger total DOS at the Fermi
surface in the CDW phase was mainly attributed to the upshift
of in-plane and out-of-plane bands as shown in Fig. S1-8 (ESIT).
The opening of the pseudogap reduces the effective number of
charge carriers in the pseudogap region, the effective number
of charge carriers at several bottoms of electronic pockets
i.e. around the middle point of GK(AH) segments significantly
rises. This upshift of electronic pockets near the Fermi level is
responsible for the larger DOS above the Fermi surface in the
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in-plane direction as shown in Fig. S1-8(a) and (c) (ESIt). The
opening of the pseudogap actually reduces significantly the
value of the DOS at the B point as shown in Fig. S1-8(c) and (d)
(ESIT), however, it has little influence on the reversal in carrier
sign and the slope of the DOS owing to it being far away from
the Fermi level for bulk samples.

The theoretical resistivity has a sudden decrease at approxi-
mately 60 K from the metal to the CDW phase on cooling and
tends to flatten out below around 50 K for the CDW phase of
mono-layer 2H-TaS, as shown in Fig. 4(b), which is consistent
with recent temperature-dependent-resistivity measurements.**
The out-of-plane DOS still takes a key role in raising the total
DOS around the Fermi level as shown in Fig. 3(b) and Fig. S1-
9(d) (ESIt). The Fermi surface drops only by 6 meV during PT,
and then the B-C segment in Fig. S1-9(c and d) (ESIt) actually
locates inside the region of one or two pseudo-gaps as shown in
Fig. S1-9(a) (ESIt), which leads to a significant reduction of the
in-plane DOS around the Fermi level in Fig. S1-9(c) (ESIT). This
causes a reversal of slope for the total DOS in Fig. 3(b) and
alternation for p-n type carriers to fail in the mono-layer
samples. In this case, only the slope of the projected DOS in
the out-of-plane direction has a reversal at the Fermi level
during PT, which means that the pocket-vanishing-type Lifshitz
transition occurs only in the out-of-plane direction.

3.5. Doping-induced PT

The formation energies of the bulk 2H-TaS, (Ta;sSzs) and
mono-layer 2H-TaS, (Ta;gS3¢) were calculated for the situations
of electron and hole doping as shown in Fig. 5. In our calcula-
tions of carrier-doping effects, electron (or hole) doping was
simulated by increasing (or decreasing) the total number of
electrons in the system, together with a compensating uniform
positive (or negative) background to maintain charge neutrality.
As expected, electron doping always increases the lattice para-
meters, while hole doping shrinks the lattice. The unit volume of
the CDW phase without doping is smaller than that of the metal
phase as shown in Table S1-3 (ESIt), so the hole doping will
promote the appearance of the CDW phase, while the electron
doping suppresses it in the bulk phase as shown in Fig. 5. The
smaller magnitude of the change of formation energies for
mono-layer samples resulted from its open structure i.e. larger
average distance between sulfur atoms in the adjacent two layers
as shown in Table 2. Our theoretical PT temperature Tcpw from
the CDW to the metal phase is roughly estimated as approxi-
mately 68 K for mono-layer 2H-TaS, after hole doping. Recent

T
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Fig. 4 Temperature dependence of theoretical resistivity for 2H-Ta$,. (a)
Bulk samples, (b) mono-layer samples.
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Fig. 5 Excess charge dependence of formation energy for bulk and
mono-layer materials.

temperature-dependent resistance experiments'® indicate that
mono-layer 2H-TaS, on SiO,/Si substrates undergoes a PT at
140 K upon heating which is far above that (75 K) of bulk
samples. Its higher Tcpw was attributed to the reduced dimen-
sionality and enhancement of electron-phonon coupling.
However, its larger thermal hysteresis effect (PT temperature at
93 K upon cooling) reveals that its PT is a strong first-order
structural PT rather than weak structural T-Ts — metal PT. In
fact, after injecting holes, the total energy of some CDW images
(called the X image) in Table 1 is significantly reduced. Large
geometric structural difference and small energy difference
between T-Ts and X configurations can reasonably explain the
wider-temperature thermal hysteresis effect'® at low temperature
for mono-layer TasS,.

Interestingly, the CDW phase was found to be absent in
epitaxial mono-layered 2H-TaS, on a Au(111) substrate®” but
persisted in MBE grown mono-layered TaS, on graphene/
Ir(111).*®*° These findings provided further evidence that the
CDW formation in such atomically thin TMDs is, in general,
highly susceptible to the surrounding environment that could
be a neighboring layer or even a substrate. One important
difference between these two substrates is that Au(111) as a
metal is a better electron dopant than graphene that is a
semimetal. We calculated the 2H-TaS, mono-layer/Au(111)
and 2H-TaS, mono-layer/graphene systems and then performed
Bader charge analysis to study the electron transfer from the
substrate to 2H-TaS,. It is found that TaS, (Ta;3S3¢) obtains
0.71e from Au(111), which is sufficient to suppress the 3 x 3
CDW phase according to electron doping to induce the CDW
phase. Recent theoretical calculations® indicated that there is
a charge transfer of about 1.44e from Au(111) to each 2H-TaS,
mono-layer. Such a quantity of charge injection can more
effectively suppress the occurrence of the CDW phase. Since
the CDW phase of the mono-layer model is more reasonable as
mentioned above, our theoretical results are more reliable
owing to the mono-layer 2H-TaS, model used in their calcula-
tions. The electron doping level from mono-layered and
bilayered graphene to 2H-TaS, significantly reduces to 0.39¢
and 0.37e, respectively, which is low enough to keep the 3 x 3
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CDW phase. Although the substrate effects are complex and
usually cannot be ascribed to one single factor, the difference of
the electron doping contributed by Au(111) and graphene is
already large enough to affect the CDW phase in 2H-TaS,,
leading to different experimental observations.*”*°

3. Conclusions

The geometrical structure (T-Ts) of the CDW phase with several
pseudo-gaps (50-200 meV order of magnitude) was predicted
through first principles calculations for bulk and mono-layer
2H-TaS,. Driven by electron-lattice coupling, Ta atoms contract
to form the CDW phase and the Fermi level continually drops
on cooling. Its whole energy bands upshift and then the
positions of the pseudo band gap finally become much higher
(around 200 meV) relative to the Fermi level for the bulk
sample, while they happen to be at the Fermi level for mono-
layer samples. The vdW interaction makes bulk samples have
larger density and latent heat, which result in a larger upshift
for the whole energy bands in the bulk samples.

The average interlayer separation of S-S atoms in the adjacent
two layers increases after the shrinkage of Ta atoms for bulk
samples during PT, which leads to a weaker chemical bonding
among S-S atoms in the adjacent two layers. Its bandwidth in
the out-of-plane direction of the CDW phase decreases relative to
the metal phase owing to the weaker chemical bonding, which
results in a substantial bulge of the projected out-of-plane DOS
and total DOS around the Fermi level. However, the existence of
the pseudo band gap will reduce the projected in-plane DOS and
then total DOS around the Fermi level for mono-layer samples.
The bulge for the total DOS of the CDW phase located at the
Fermi level is responsible for the n-type carrier in the bulk 2H-
TasS,, while the reduction of the total DOS owing to the existence
of the pseudo-gap at the Fermi level is responsible for the p-type
carrier in the mono-layer 2H-TaS,.

The T-Ts configuration has the same symmetry in the out-
of-plane direction as its metal phase, but each of its two layers
has a different geometrical structure from the metal phase. Its
symmetry in the in-plane direction breaks during in-plane
contracting of Ta atoms. Lifshitz transition with an emergence
of additional Fermi surface occurs in the out-of-plane direction
without symmetry breaking during the structural PT. Our CDW
vector of the k-space separation between two saddle points is
Qsp & 0.62 GK and can provide a theoretical support for the
“saddle-point” CDW mechanism proposed by Rice and Scott.
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