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Superconductivity of VSe, under pressure and charge doping: Suppressed charge density wave
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By employing the first-principles calculations, the influence mechanism of external pressure and charge
doping on the electron-phonon coupling (EPC) and superconductivity (SC) of bulk VSe; is investigated. Our
calculations reveal that with increasing pressure the charge density wave (CDW) of 1T-VSe, is gradually
suppressed, and a SC state subsequently emerges which is accompanied by a structural phase transition from the
trigonal phase to a monoclinic phase at 15.5 GPa. Increasing pressure from 15.5 to 35 GPa, the SC transition tem-
perature 7, of VSe, slightly increases from 4.2 to 5.2 K and no SC dome is found, which are in good agreement
with the previous experimental results [S. Sahoo et al., Phys. Rev. B 101, 014514 (2020)]. Through electron- or
hole-doping (denoted by 7, and n;), the CDW order of the trigonal phase can be suppressed and SC states with 7,
greater than 10.5 and 9.0 K, respectively, emerge. The highest 7. under charge doping can be up to about 12 K,
and a weak double-dome like dependence of T, on n, and n,, is found. Combining systematical analysis of effects
of pressure and charge doping, we demonstrate that the Kohn anomalies of phonons at certain Q points associated
with the in-plane vibrations of V atoms play key roles in strengthening the EPC, which brings about the intriguing
SC in VSe,. However, due to the weak pressure-induced modifications of phonon spectrum as well as Fermi
surface (FS), the changes of EPC and T, caused by pressure are not significant. Interestingly, charge doping
will produce a local flat band along I"A direction near the FS, which is mainly contributed by V 3d-orbitals,
and result in large values of electronic density of states at Fermi level. Therefore, the effects caused by charge
doping to the electronic structures, phonon anomalies, EPC, and 7. are evident. Our findings may provide a
promising understanding to the pressure and doping-dependent SC of VSe,, and may be valuable for designing

new materials with enhanced SC through the strategic manipulation of electronic and phononic properties.
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I. INTRODUCTION

With the advanced development of material preparation
technology in recent years, a variety of two-dimensional
(2D) materials, such as graphene [1], FeSe monolayer su-
perconductors [2—4], 2D MXenes [5], and transition metal
dichalcogenides (TMDCs) [6-9], have been successfully ob-
tained. Among them, due to the rich physical properties,
such as Mott insulator state, topological insulator state, Weyl
semimetal state, magnetism state, charge density wave (CDW)
state, superconductivity (SC) state, and so on embedded in,
TMDCs have attracted great interest in the modern condensed
matter physics field. The remarkable electronic interactions
and electron-phonon coupling (EPC) in TMDCs make them
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potential candidates for studying the balance and transition
between these electronic states.

Recently, extensive endeavors have been devoted to ex-
ploring novel unconventional superconductors in WTe, and
MoTe, via the applications of pressure and (electrostatic)
charge doping in experiments [10-18] since they can unveil
the relationship between SC phase and topological insula-
tor phase as well as Weyl semimetal phase in the layered
TMDCs and provide important insights about the supercon-
ducting mechanism. In addition to the topological properties,
due to the effects of dramatic EPC and FS instability, the
emergence of SC state accompanied the suppression of CDW
state in various layered TMDCs materials (e.g., TaS, [19-28],
TiSe, [29-33], TaSe, [23,34-37], MoTe, [17,38-42], NbSe,
[43-59], MoS, [60,61], VSe, [62,63], and others [64-72])
has been frequently observed, which reveals the complex
competition and coexistence behaviors between SC state and
CDW state in response to external manipulations such as high
pressure, chemical doping, electric field, and thickness.

©2024 American Physical Society
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It is interesting and important that the same external pa-
rameters may cause completely different impact patterns in
different TMDCs. For example, the superconducting transi-
tion temperature 7. of NbSe, exhibits a positive correlation
with the thickness of sample, which has been explained by
the weaker Coulomb screening, the weakening of interlayer
Cooper pairs, and the reduction of superfluid stiffness [51]. In
strictly contrast to the case of NbSe,, the T, of TaS, performs
a negative connection with the thickness, which is attributed
to a suppression of the effective EPC constant with increasing
the number of layers [22]. Moreover, by applying external
pressure to 1T-TaS,, the transition from Mott state to a tex-
tured CDW state, and then into a SC state coexisting with
CDW in a proper pressure regime has been observed [20].
However, through controllable high pressure [30], or exter-
nal electric field effect [31], the CDW and SC in 1T-TiSe,
compete with each other suggesting that spatially modulated
electronic states are fundamental to the appearance of 2D SC
with different superconducting domes.

Remarkably differing from many TMDCs, recent investi-
gations have revealed some interesting findings about VSe,,
specifically in the contexts of its CDW and SC properties.
On the one hand, theoretical predictions have suggested that
because of the strong EPC, a /7 x +/3 2D CDW superstruc-
tures may be favored in the freestanding monolayer 1T-VSe;
[73]. While depending on the substrate-induced strain as well
as the preparation conditions [74-79], various CDW phases,
including2x2,4x4,2x\/§,4x\/§, andﬁx\/gZD
CDW superstructures have been observed experimentally in
the monolayer 1T-VSe, [80-87]. On the other hand, because
of the strong FS nesting and EPC effects, a 4 x 4 x 3 3D
CDW superstructure is favored in the bulk 1T-VSe, [73,88—
94]. Furthermore, under extremely high pressure conditions
exceeding 15 GPa, VSe, exhibited a SC state with 7, ~ 4 K
accompanied by the suppression of CDW and a structural
phase transition from the original 2D van der Waals (vdW)
layered structure into a 3D superstructure with monoclinic
symmetry [62,63,95]. In addition, Sahoo and his collabora-
tors have found that the dependence of 7. on the external
pressure is negligible [62], which differs from the increase or
the dome-shaped behavior observed in many other TMDCs.
These experimental findings about the CDW and SC phases
in the monolayer and bulk 1T-VSe, may have significant im-
plications for advancing our understanding of the relationship
among dimensionality, structure, CDW, and SC phenomena in
TMDCs.

Instead of either reducing the sample thickness or ap-
plying high pressure, ion intercalation, which can strongly
affect the interlayer interaction and carrier concentration in
the layered materials, is another quite generic technique for
controlling and modulating the SC and CDW states, and has
been readily extended to a large group of TMDCs materials
(for example, TaS, [19], TiSe, [29], TaSe, [35], MoTe, and
WTe; [39,41,42], NbSe, [44,45,48,52,55,57,58], SnSe, [66],
and so on) with a wide variety of cations. It is clear to us
that tuning the physical properties of CDW and SC states
by applying pressure, reducing thickness, as well as chemical
(or charge) doping are common tools in the condensed matter
field. Nevertheless, to our best knowledge, there was no the-
oretical work about the pressure and charge doping induced

interplay of SC and CDW in 1T-VSe, to date, and the origin
of experimentally observed no-dome-type evolution of 7, with
pressure seems remain puzzled. Owing to the importance from
the perspectives of both enriching the fundamental physics
and intriguing properties of layered materials, it is timely
to provide a theoretical analysis of the pressure and charge
doping-dependent SC in the bulk VSe,.

Therefore, in this work, we systematically study the effect
mechanism of external pressure and charge doping on the EPC
and SC properties in VSe; by following the first-principles
calculations. Our calculations show that strong external pres-
sure and proper charge doping can significantly eliminate the
imaginary frequency of the hexagonal VSe,, so that the CDW
phase is effectively suppressed, and the SC state is success-
fully induced. Especially, a structural phase transition by high
pressure determined by Sereika ef al. in Ref. [63] is consid-
ered. While the influence of electron doping (e-doping) and
hole doping (h-doping) on the structure and lattice constants
of bulk 1T-VSe; is ignored in all calculations. On one side, in
the presence of high pressure greater than 15 GPa, the values
and no-dome like evolution of our calculated 7, are well
consistent with the experimental measurements [62]. On the
other side, in the presence of proper e- and h-doping, we find a
weak double-dome like dependence of 7. on the concentration
of doped electrons and holes, which is not observed in any
TMDCs materials so far. Furthermore, it is worth notice that
the value of T, is significantly enhanced up to 9 to 12 K by
charge doping in 1T-VSe,, which is two to three times the 7,
caused by pressure, and also higher than that of other (ion in-
tercalated) TMDCs materials, such as 2H-NbSe, intercalated
by Li, Rb, Sn, Cu, Fe, Ca, and others, reported in previous
literatures. By analyzing the effects of pressure and charge
doping, we found that in VSe,, Kohn anomalies of phonons at
specific O-points associated with the in-plane vibration of V
atoms play a vital role in the EPC that leads to SC. However,
pressure has a weak impact on the phonon spectrum and FS
stability, resulting in insignificant changes to EPC and T..
However, charge doping produces a local flat band near the
FS along the I"A direction, which is caused by V’s d-orbital.
This flat band leads to a divergent density of states, causing 7
to be much higher than in dispersive bands. This may be the
crucial physical mechanism that the charge doping-dependent
T, is more than twice as high as the pressure-dependent 7; in
VSe,. These findings shade light on the understanding of the
mechanism of SC and the suppression of CDW in bulk VSe,
induced by pressure and charge doping, and demonstrate fur-
thermore the great potential of pressure and charge doping for
engineering electronic properties of vdW layered TMDCs.

This paper is organized as follows. In Sec. II, the
computational methods are summarized. In Sec. III, the
pressure-dependent SC in the 3D superstructure of VSe, with
monoclinic symmetry are discussed. In Sec. IV, we analyze
the charge doping-dependent SC in the bulk 1T-VSe,. Finally,
Sec. V gives the conclusions of this work.

II. COMPUTATIONAL METHODS

The calculations about electronic structures are per-
formed using the density functional theory (DFT) as im-
plemented in the QUANTUM ESPRESSO code [96,97]. The
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FIG. 1. (a) The crystal structure of 1T-VSe, with trigonal sym-
metry in the absence of pressure, and (b) the corresponding BZ.
(c) The scheme of crystal structure of VSe, with monoclinic phase
induced by a high pressure, and (d) the corresponding BZ. The red
and green ball represent V and Se atoms, respectively.

interactions between electrons and ion cores are described
by the projected augmented wave (PAW) potentials [98] with
the 3s23p®3d34s? and 4s24p* configurations treated as valence
electrons for V and Se, respectively. The generalized gradient
approximation (GGA) functional of Perdew-Burke-Ernzerhof
(PBE) is adopted to treat the exchange-correlation interaction
[99]. Furthermore, the phonon dispersion curves and EPC are
calculated within the framework of density functional pertur-
bation theory (DFPT) [100]. The FSs colored as a function
of an arbitrary scalar quantities are drawn by employing the
FERMISURFER program [101]. In addition, the EPC constant A
and the superconducting transition temperature 7; are calcu-
lated based on the Migdal-Eliashberg theory [102,103]. The
detailed descriptions on the computational methods are pre-
sented in Appendix A.

III. PRESSURE-DEPENDENT SUPERCONDUCTIVITY
IN 1T’-VSe,

A. Atomic structures

The undistorted 1T-VSe, belongs to the space group
of P3ml (No. 164) with trigonal symmetry, as shown in
Figs. 1(a) and 1(b). The up and down Se atoms within each
trilayer have the same horizontal coordinates. The optimized
lattice constants of 1T-VSe, are a = 3.326 A and ¢ =
6.187 A, in good agreement with the experimental
values of 335 A and 6.11 A [105]. Bulk 1T-VSe,
displayes a CDW transition at 110 K, exhibiting a
4 x4 x 3 CDW superstructure with a CDW wave vector
Ocpw = 0.25a* 4 0.3¢* [90,91]. However, the CDW phase
will be sufficiently suppressed by applying external pressure
or doping charges into the system.

On one side, when the applied pressure is greater than
15.5 GPa, the vdW bonding in bulk 1T-VSe; is transformed
to the Heisenberg covalent bonding between layers, and then
an isostructural transition occurs, which results in a novel
superstructure with monoclinic symmetry belonging to the
space group C2/m (No. 12), seeing Figs. 1(d) and 1(e). Our

calculated lattice constants for this high-pressure (P >
15.5 GPa) phase of VSe; are also well consistent with the pre-
vious results [63]. For instance, for the case of P = 35 GPa,
the optimized lattice constants are a = 15.983 A, b = 3.074
A, c =5.257 A, and B =89.94" in good agreement with
the reports in Ref. [63]. For convenience of expression and
distinction from the original structure of 1T-VSe,, in the
following discussions, the high-pressure monoclinic structure
is denoted as 1T'-VSe,.

On the other side, it has been pointed out in other layer ma-
terials that when the concentration of charge doping is several
10?! cm~3, the modification of lattice constant is negligible
[106-108]. In the present work, we also checked the effect
of charge doping on the structure of 1T-VSe,. We find that
the lattice change caused by doping is less than 2% within
the range of charge doping concentration considered herein.
Therefore, the structure differences after charge doping is
ignored in all of the following calculations.

B. Electronic structures

As mentioned above, under a high pressure greater than
15.5 GPa, the bulk VSe, undergoes structural phase transition
and forms a superstructure of 1T’-VSe,. Correspondingly, the
symmetry of the system is reduced, that is, the symmetry is
lowered from triangular symmetry (D3j,) to monoclinic sym-
metry (Cyp;). Simultaneously, the CDW phase is completely
suppressed and the system exhibits attractive superconducting
properties. To explore the physical mechanism of pressure-
dependent SC, we first analyze the electronic structures of
lT’—VSez.

Our calculated orbital-resolved band structures, the corre-
sponding partial electronic DOSs and three-dimensional FSs
of 1T" -VSe; are presented in Fig. 2, in which the left panels
2(a)-2(e), middle panels 2(a)-2(e), and right panels 2(a)-2(e)
are for P = 16, 22, and 35 GPa, respectively. It is clear from
Fig. 2 that the band structures show metallic features with
valence band (VB) and conduction band (CB) crossing the
Fermi level. The V-d orbitals are dominant components for
conduction and valence bands, seeing Figs. 2(a), 2(f), and
2(k). Furthermore, Figs. 2(b), 2(g), and 2(1) indicate that the
contributions from Se-p orbitals are small but visible around
the high-symmetric points L, M, I" and Z. In addition, those
from Se-s orbital are negligible as shown in Figs. 2(c), 2(h),
and 2(m).

To provide a microscopic understanding of the electronic
structures of VSe, under high pressure, we calculate the
hopping parameters of the states near the Fermi level by cal-
culating the maximally localized Wannier functions (MLWFs)
using the Wannier90 code [109]. The initial projections are
chosen to be the V-d orbitals and Se-p orbitals. The Wannier-
interpolated band structures are also presented in Figs. 2(c),
2(h), and 2(m) by red dashed lines, which reveal that the
interpolated bands are well consistent with the DFT results.
More detailed discussions can be found in Appendix B.

The calculated total and partial electronic density of states
(DOSs and PDOSs) shown in Figs. 2(d), 2(i), and 2(n) are
consistent with the orbital resolved energy band structures.
One can see that the DOSs at the Fermi level are mainly con-
tributed by the V-d orbitals with visible contributions from the
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FIG. 2. Orbital-resolved band structures, corresponding total and local DOSs, and FS of 1T'-VSe,. Panels (a—e), (f-j), and (k—o) for the
pressure of 16, 22, and 35 GPa, respectively. The V-d, Se-p, and Se-s orbitals are weighted by different colors. The color bar of FS indicates
the relative Fermi velocity, where the red and blue regions denote high and low Fermi velocities, respectively. The red dashed lines in the band
diagrams (c), (h), and (m) are the results of Wannier fittings. The red arrows marked in panels (d), (i), and (n) indicate the peak of Se-p orbital.

Se-p orbitals and negligible components from the Se-s orbital.
There are three peaks in the DOSs surrounding the Fermi
level, in which two are mainly from the V-d orbitals and
another one is dominated by the Se-p orbitals.

The effects of pressure are clearly revealed in the band
structures as well as the corresponding DOSs. One should
notice from Fig. 2 that, with increasing the external pressure,
the evolution of the bands dominated by V-d orbitals is not
obvious, only the degeneracy between A, and B, bands be-
comes weaker and weaker. While the bands dominated by

Se-p orbitals are remarkably lifted closer to the Ferim energy
as increasing the pressure. At the same time, the topology
of p, and p, bands around the high symmetric points M
and Z is modified from minima to maxima, which suggest
a topological transition from electron-type band to hole-type
band dominated by Se-p orbitals. Furthermore, the total DOS
and PDOS of V-d orbitals at the Fermi level slightly decrease
with the increase of pressure. Explicitly, N(er) decreases
from 6.63 to 5.99, and Ny_;(er) decreases from 3.68 to 3.14
states/spin/Ry/unit cell as P increasing from 15.5 GPa to
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35 GPa. However, we can clearly observe from Figs. 2(d),
2(i), and 2(n) that, with the increase of pressure, on the one
hand, the peak of Se-p orbitals in PDOSs (marked by red
arrow) gradually shifts toward the Fermi level, and on the
other hand, the value of this peak also increases from 2.17 to
2.54, and exceeds the contribution of V-d orbitals surrounding
there. This result implies that the contributions of Se-p or-
bitals to the SC of 1T’-VSe; is enhanced due to the increasing
of pressure. This may be one important reason that strength
of EPC boots with the increase of pressure, see the following
text.

Now, let us turn to discuss the FS of VSe, under high pres-
sures. Typical results of FS of 1T'-VSe, for P = 16, 22, and
35 GPa are presented in Figs. 2(e), 2(j), and 2(0), respectively.
There are three bands crossing the Fermi level, which lead
to intricate FSs. The hole pockets surrounding the I point
are composed of V-d. orbital and Se-p, orbital, while the
electron pockets around L and Z points are originated from
the V-d,, state. The colors on the FS denote the relative Fermi
velocity.

With increasing pressure, the hole pocket along I'—Z line
gradually disappears, while the electron pockets centering
L and Z points are enlarged. Differing from the behavior
of WSe, and TiSe, under high pressure [110,111], external
high pressure includes an unusual symmetrized phase with
a superlattice in VSe; (i.e., 1T'-VSe; in C2/m symmetry)
together with the suppression of CDW and emergence of
SC. As indicated in Ref. [63], this is strongly associated
with both the distortion of the structure and FS nesting. The
nesting condition for the FS can be evaluated by calculat-
ing the imaginary part of the bare electronic susceptibility
at low-frequency limit, whose peaks are generally pinned at
the g points corresponding to Kohn anomalies in the phonon
sprectrums [15,112,113]. Therefore, the physical mechanism
of the pressure-dependent SC phase in symmetry C2/m will
be understood more indepth combining the Kohn anomalies
in the phonon sprectrums which are generally driven by FS
nesting. The electronic susceptibility will not be calculated
for briefness herein.

C. Phonon dispersions, EPC, and SC under pressure

Figure 3 shows typical results for the phonon dispersion,
projected phonon density of states (PhDOS), frequency-
dependent Eliashberg spectral function o’F(w), and cumu-
lative frequency-dependent EPC function A(w) of 1T'-VSe,
at high pressures of P = 16 GPa [Figs. 3(al)-3(gl)], 22 GPa
[Figs. 3(a2)-3(g2)], and 35 GPa [Figs. 3(a3)-3(g3)]. The unit
cell of 1T’-VSe, contains nine atoms, which result in 27
phonon modes, comprising twenty-four optical phonon modes
and three acoustic phonon modes. The acoustic branches,
which are explicitly shown by the black lines in Fig. 3(al),
are crossed together with the low-energy optical branches. Its
dynamical stability is justified by the absence of imaginary
frequency in the low-energy zone. This is because when pres-
sure is applied, the interatomic distances decrease, leading
to a stronger bond and thus a higher spring constant. This
increase in the spring constant makes the system more stable,
thereby eliminating the imaginary phonon modes that signify
instability within the material.

To clearly understand the contributions of V and Se atoms
in the phonon spectrum, the phonon spectrum is decomposed
into in-plane and out-of-plane vibrations of V and Se atoms.
Furthermore, one should notice that there are four distinct
Kohn anomalies in the low-energy optical branches, which
are marked by Q; with i = 1, 2, 3, and 4 in Fig. 3(b1). One is
near the M point in the M-A direction, one localizes at the V
points, and the other two are near the I" point along the A-I"-Z
direction. All of these Kohn anomalies are predominated by
the in-plane vibrations of V with nonnegligible out-of-plane
vibrations of Se. As an example, the detailed discussions
about the phonon spectrum of VSe, at P = 16 GPa are shown
in Appendix C. The phonon spectrum will be modulated as
pressure increases. This is mostly represented in the three
points below. First, the out-of-plane vibration modes of V
atoms always predominate in the high-frequency area as the
pressure increases, extending the phonon spectrum to a higher
frequency space. Second, when pressure increases, in the
intermediate and low frequency zones, the vibrations of Se
atoms gradually increases, but the vibration distributions of V
atoms remain nearly unaltered.

This is also supported by matching variations in the pro-
jected PhDOS of V and Se. In contrast to the situation of
16 GPa in which the vibration modes and PhDOS are divided
into four zones, when the pressure rises to 22GPa, the vi-
bration modes and PhDOS may be roughly split into three
zones, as illustrated in Figs. 3(al)-3(el) and 3(a2)-3(e2).
The PhDOS of Se atoms is larger than that of V atoms in
frequency area I (0 < @ < 250 cm™!); in frequency range 11
(250 < w < 325 cm™!), the contributions of V and Se are
almost equal; while the contributions of V atoms is larger
than that of Se atoms in frequency region Il (w > 325 cm™).
When the pressure climbs up to 35 GPa, the vibration modes
and PhDOS may be approximately divided into two frequency
ranges, seeing Figs. 3(a3)-3(e3). At this situation, in fre-
quency region I (0 < w < 340 cm™"), the vibrations of Se
atoms are further enhanced, such that the associated PhDOS
of Se exceeds that of V atoms. In the high frequency region II
(w > 340 cm™"), the contribution of V atoms is also greater
than that of Se atoms. The third point is that the phonon fre-
quencies at points Q, Q», and Q4 remain basically unchanged
as the pressure increases. However, it is surprising and in-
teresting that, unlike Q;, O, and Q4, the phonon frequency
of the Kohn anomaly at Q3 decreases significantly with in-
creasing pressure. Specifically, wp, monotonically decreases
from 62.6 cm~' to 52 cm™! as the pressure increases from
16 GPa to 35 GPa, seeing the pink curve in Fig. 4. Differing
from wg,, as can seen from Fig. 4, wp, with i =1, 2, and
4 approximately equal to 75, 72, and 89 cm™!, respectively.
This result indicates that the greater the pressure, the more
significant the phonon softening of the Kohn anomaly at Q5.

Now, let us turn to discuss the EPC. Typical results
of the Eliashberg spectral function a?F (w) and cumulative
frequency-dependent EPC function A(w) are presented in
Figs. 3(g1)-3(g3). Because the acoustic and low-energy op-
tical branches intersect with each other, there is no gap in
the phonon spectrum, making it difficult to make a clear
distinction in the Eliashberg spectral function o?F(w) be-
tween acoustic and optical phonon modes. As indicated
by the phonon dispersions weighted by the magnitude of
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FIG. 3. Phonon dispersions weighted by the vibration modes of V and Se atoms of 1T’-VSe, under 16 GPa (al-d1), 22 GPa (a2-d2), and
35 GPa (a3—-d3). The red, blue, orange, and green circles represent the in-plane vibration of V, out-plane vibration of V, in-plane vibration of Se,
and out-plane vibration of Se, respectively. The acoustic branches are distinguished by black curves in (al). Four distinct Kohn anomalies in
the low-energy optical branches are marked by Q; with i = 1, 2, 3, and 4 in Fig. 3(b1). Panels (el), (e2), and (e3) for the PhDOS of 1T’-VSe,
under 16 GPa, 22 GPa, and 35 GPa, respectively. The horizontal black lines in panels (el), (e2), and (e3) guide the separation of PhDOS.
Panels (f1), (f2), and (f3) for the phonon dispersions weighted by the magnitude of EPC A, of 1T’-VSe, under 16 GPa, 22 GPa, and 35 GPa,
respectively. Panels (gl), (g2), and (g3) for the Eliashberg spectral function a>F () and cumulative frequency dependence of EPC A(w) of
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FIG. 4. (a) The variations of frequency wp, (in unit of cm™"') as
a function of pressure P (in unit of GPa). Here, Q; withi =1, 2, 3,
and 4 are marked in Fig. 3(b1).

mode-resolved EPC 4,4, in Figs. 3(f1)-3(f3), the mode-
resolved EPC 1,4, is mainly from the two Kohn anomalies
at 0, and Qs surrounding the T' point in the low-energy
optical branches, which are dominated by the in-plane vibra-
tions of V atoms. Therefore, combined with the analysis of
the electronic structures shown above, one can carefully find
that the two lowest energy peaks of the Eliashberg spectral
function o>F (w) mainly originate from the coupling between
electrons in out-of-plane V-3d orbitals and in-plane vibration
phonons of V atoms. More specifically, the Kohn anomaly at
Q3 donates larger contributions than that near the Q, point,
and triggers a higher peak in «>F ().

Furthermore, the positions of peaks in a’F (w) are con-
sistent with those of the PhDOS. By this way, one can
analyze the contributions of phonons in each region marked
in Figs. 3(el1)-3(e3). We focus our attention on the case of
16 GPa. It is obvious that the phonons from the region I
(0 < w < 180 cm™'), almost equally dominated by the V
and Se vibrations, make the main contributions to the cu-
mulative frequency-dependent EPC A(w). They account for

014501-6



SUPERCONDUCTIVITY OF VSe, UNDER PRESSURE ...

PHYSICAL REVIEW B 110, 014501 (2024)

0.63[(a) ]
0.60k
e [l ==

< 057"
0.54f ]

240} L
_——./

— |
- P 1

Il 1 Il Il 1
T T T T T

40}

(
.

el
|
—l—————p

P (GPa)
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w*. Especially, the blue solid squares are for u* = 0.1. The magenta
solid circles in panel (d) are the experimental results of 7, [62].

approximately 60% of the total EPC intensity of A = 0.59.
The optical phonons in region II (180 < w < 270 cm™") pro-
vides approximately 28% contribution to the total 1. While
the high-frequency regions III (270 < @ < 305 cm™!) and
IV (w > 305 cm™!) account for only approximately 6.5%
and 5.5% of the total A, respectively. The total EPC A and
the logarithmic mean of the phonon frequency wi,, are both
variables that have a direct relationship with SC transition
temperature 7, according to Eq. (5). Our calculations reveal
that, with increasing the pressure from 16 GPa to 35 GPa,
A slightly increases from 0.59 to 0.61 and wy,, increases
monotonically from 217.8 to 231.6 K, seeing Figs. 5(a) and
5(b). However, the electronic DOS at FS slightly decreases as
the pressure increases, which is shown in Fig. 5(c). Such total
EPC values are in favor of a weak electron-phonon SC, which
is remarkably different from the situation of charge doping
which will be discussed in the following text.

The value of empirical parameter u* = 0.1 was widely
used in theoretical studies of superconductors and has pro-
duced consistent results of 7, with experimental observations
in various systems, as evidenced by the references [114—-121].
By using this typical value of u* = 0.1, our theoretically
evaluated T is close to the experimental measurements [62],
seeing the blue solid squares and magenta solid circles in
Fig. 5(d). Furthermore,it is necessary to thoroughly examine
the reliability of the model’s agreement with experimental

data. To address this concern, we performed a sensitivity
analysis by using a range of ©* values (0.05-0.15) for a series
of pressure P. The corresponding results are also presented
in Fig. 5(d). It is obvious that, for a constant pressure (em-
pirical parameter ©*), T, decreases monotonically (increases
slightly) with the increasing of u* (of P). For example, if
P =35 GPa (P = 15.5 GPa), then the largest (smallest) value
of T, is estimated as 8.3 K (2.2 K) within a choice of u* =
0.05 (u* = 0.15). This analysis demonstrates the dependence
of 7, on p* and provides a more comprehensive assessment
of the model’s validity. Based on the above calculations and
numerous relevant literature, we believe that our calculations
are reasonable, and it is important to notice that ©* = 0.1 may
be a good choice and has a significant impact on the calculated
T. values.

Our calculations also suggest that, as the pressure increases
from 16 GPa to 35 GPa, no dome-shaped phenomenon in
the pressure dependence of 7, is found, but 7, increases
gently from 4.3 to 5.2 K. On one side, this no dome-shaped
variation found in our calculations is in agreement with the
experimental observation in Ref. [62]. On the other side, the
T. from experiments [62] shows a clear positive dependence
on pressure, whereas 7. from theoretical calculations is al-
most constant for P = 15-20 GPa. This discrepancy between
the theoretical calculations and experimental values of T
can be understood from the Allen-Dynes modified McMillan
Eq. (AS) shown in Appendix A, which is directly related to
the electronic DOS on the FS and the phonon spectrum of the
system. Our calculations reveal that the negligible dependence
of calculated 7, on pressure P may be because the FS (Fig. 2)
and the phonon spectrum (Fig. 3) have a relatively weak
response to pressure, resulting in little influence on EPC and
a relatively small change in 7.

In addition, it is known that McMillan’s approach is valid
only in the regimes of validity of Migdal-Eliashberg the-
ory. The theoretical EPC and 7. may be enhanced by taking
into account the interplay between the electron-phonon in-
teractions and other features such as the pressure-induced
distortions of the atomic bonds in unit cell that locally mod-
ulate the electronic hopping, and the on-site electron-electron
Coulomb repulsion that can be modeled phenomenologically
as a Hubbard U term [122,123]. However, alternative forms
of EPC modulated by such features are out of the scope of
the present work and require more work in future. The vast
majority of theoretical reports about the superconductors cal-
culated by using the QUANTUM ESPRESSO package have
not considered the Hubbard U. More importantly, we found
that the 7, calculated without considering the Hubbard U is
in agreement with previous experimental measurements [62],
indicating the negligible effect of Hubbard correction of V-d
orbitals on the EPC and 7, of VSe,. Based on these consid-
erations and following most of the literature, in the present
work, we do not consider the Hubbard U correction in further
analysis of superconducting properties of VSe;.

The no dome-shaped response of 7. to pressure in VSe;
is an interesting finding. To our knowledge, pressure-induced
SC has been found in several TMDCs. Among all these stud-
ies, the evolution of 7, with pressure may exhibit two distinct
and interesting behaviors. One scenario is that 7, attains the
maximum at an optimal pressure rapidly and then drops,
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forming a dome-shaped behavior, which is usually driven by
the suppression of the CDW state in the TMDCs due to the
pressure. For example, dome-shaped SC behaviors have been
observed experimentally for S-doped 2H-TaSe, [36], 2H-TaS,
[25], 2H-NbSe; [47], 1T-TiSe; [30], 1T-Cu;TiSe, [33], WTe,
[21], and T;-MoTe, [38], 4Hb-TaSe, [37], CuS, [71], and so
on. Another scenario is that as pressure increases, 7, in certain
TMDC:s, such as TaSe, [34], TaS, [26], VSe, [62], WS, [69],
and TaTe; [70], increases or decreases without a dome-shaped
SC diagram, typically accompanied by structural phase tran-
sitions. Consistent with the theoretical analysis for VSe, in
the present work, this no dome behavior of 7, may be mainly
attributable to changes in DOS near FS driven by interlayer
coupling enhanced by structural transitions. Besides, if the
pressure is not particularly strong, then it is possible to find
the coexistence between pressure-driven SC state and com-
mensurate CDW state in some TMDCs, such as 1T-TaS, [20],
1T-TaSe, [34], 2H-TaS, and 2H-TaSe, [23], in which T, may
increase without a dome-shaped SC phase diagram. Differing
from the case of pressure-induced structural transition, this
T, response to pressure might be a consequence of phonon
hardening or of FS-induced changes with pressure.

IV. DOPING-DEPENDENT SUPERCONDUCTIVITY
IN 1T-VSe,

As reported in previous literature, it is a positive and
available physical means by charge doping to suppress the

CDW in various TMDCs and then drive the systems into a
novel SC phase. However, it is unclear whether this physical
regulation method is still effective for 1T-VSe,. Compared
to the pressure-dependent SC analyzed above, will charge
doping bring about more interesting results? Can the EPC
be enhanced by doping? Can the T, be increased by doping?
Whether there exits dome-shaped evolution of 7, with doping
concentration? To address these doubts, now we turn to dis-
cuss the charge doping induced SC in 1T-VSe,, which may
be helpful to gain more thorough understanding of the physics
properties of VSe; as well as other TMDCs.

A. Electronic structures

Typical results of orbital-resolved band structures, the cor-
responding partial electronic DOSs and three-dimensional
FSs of charge-doping 1T-VSe, are presented in Fig. 6, in
which the left panels 6(a) and 6(b), and right panels 6(c)
and 6(d) are for e-doping with én, = 5.14 x 10> cm™ and
h-doping with §n;, = —5.31 x 10*' cm™3, respectively. It is
clear from Fig. 6 that the band structures show metallic fea-
tures with VB and CB crossing the Fermi level. The V-d
orbitals are dominant components for conduction and valence
bands, seeing Figs. 6(a) and 6(c). Furthermore, Fig. 6(b) in-
dicates that the contributions from Se-p orbitals surrounding
the FS are negligible but visible along the high-symmetric
direction of I'-A. While it is clear in Fig. 6(d) for the case of
h-doping, the Fermi level is depressed, resulting in enhanced
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contributions of Se-p orbitals near the FS, especially around
the I" point and along the high-symmetric directions of I'-A
and L-H.

The d. orbital of V mainly dominates the bands crossing
the Fermi level along the high symmetric directions I'-M-
K-I'-A-L, while d,, and do_yp orbitals mainly contribute
the bands crossing the Fermi level along L-H-A. The flat
band along the high-symmetric direction I'-A is mainly orig-
inated from the orbitals d,; and d,,, which is consistent with
the angle-resolved photo emission spectroscopy observations
[94]. This flat band indicates the existence of heavy fermions
and van Hove singularity. The synergy of the flat band con-
tributes to a high density of electron gas at the Fermi level,
seeing the green line in the right panels of Figs. 6(a) and 6(c),
which favors conventional electron-phonon superconductors.
In addition, the Wannier-interpolated band structures are also
presented in Figs. 6(b) and 6(d) by orange dashed lines, which
reveal that the interpolated bands are well consistent with the
DEFT results. More details about the band structures of VSe,
under charge doping can be found in Appendix D.

We point out that with increasing the concentration of
doped electron or hole, the evolution of the bands dominated
by V-d orbitals is not obvious, but the hybridization among
each sub-band may be modulated. Specially, the hybridization
between band E’ and band E” along the direction I'-A may
be enhanced due to h-doping. Furthermore, the Fermi level is
shifted up or down by the e-doping or h-doping, respectively.

The evolution of FS with doping concentration is shown
in Fig. 7. In the case of e-doping, there is almost one band
(i.e., the A} band including d_ orbital) crossing the Fermi
level. Correspondingly, the FS exhibits elliptical-shaped arcs
around K points in the BZ at a cross-section of k, = 0, see
Figs. 7(a)-7(f). With increasing dn,, the evolution of FS is not
significant indicating a relatively weak change of electronic
DOS at FS which plays an important role for SC properties.
While for the case of h-doping, there are two bands crossing
the Fermi level if the concentration of the doped hole is large
enough, see Figs. 7(g)-7(m). As a result, the FS of h-doping
VSe, is divided into two regions. The outer region is the same
as that of e-doping, but the inner region is characterized by
a circle-shaped hole pocket which arises from the flat band
along the T"-A direction. With increasing ény, differing from
the case of e-doping, the evolution of FS (especially the inner
circle-shaped hole pocket) is significant indicating relatively
strong change of electronic DOS at FS which may cause
remarkable modulation of SC properties (see the following
discussions). In addition, the red, green, and blue regions of
FS in Fig. 7 indicate high, middle, and low Fermi velocity on
the FS, which reflect different slopes of the bands. Thus, the
hole pocket surrounding I" point has a lower Fermi velocity. In
the outer region of FS, the high velocity of the FS concentrates
on the boundary of the BZ, while the low velocity is mainly
surrounding the concave angles along the I'-K direction.

B. Phonon dispersions, EPC, and SC of 1T-VSe,
under charge doping

The results of phonon of 1T-VSe, under charge doping
are represented in Fig. 8. In Fig. 8(a), we show the phonon
spectrum of 1T-VSe, without doping. Consistent with the

tration of n, = 4.64, 5.14, 5.64, 597, 6.47, and 7.46 (in unit of
10?' cm~3) (a)~(f), and under various h-doping concentration of
n, = —4.64, —5.14, —5.97, —6.47, —7.13, —7.46, and —8.47 (in
unit of 10! cm™3) (g)—(m). The red, green, and blue regions of FSs
indicate high, middle, and low Fermi velocities v, respectively.

previous reports, there exist Kohn anomalies and imaginary
frequencies in the lowest acoustic branch, seeing the green
curve in Fig. 8(a). These imaginary frequencies suggest a
4 x 4 x 3 CDW phase in 1T-VSe,, which has been exten-
sively discussed in other literatures, such as Ref. [93]. The
lowest points of these imaginary frequencies corresponding
to the Kohn anomalies are also marked by gray arrows and
denoted by Q; with i = 1, 2,..., 6. The instability of the high
symmetry structure known as phonon is directly linked to
the CDW distortion. Therefore, a phonon dispersion without
an imaginary frequency indicates that the structure is stable
compared to the CDW structure.

Like applying external pressure, charge doping is also an
effective means of eliminating the CDW states. As shown in
Fig. 7, doping electrons or holes into the system shrinks the
original electron pockets of FS around the K point. Moreover,
a lower-energy band starts to cross Ep, forming a 3D hole
pocket around I" point. Additional doping of charge carriers
such as electrons or holes can result in filling electronic states
that were previously empty, leading to a more stable elec-
tronic configuration that positively affects the lattice. When
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the charge doping level is appropriate, the CDW formation
energy (AE = Ecpw — E\r, where Ecpw and E |7 are the total
energies of the relaxed 4 x 4 x 3 CDW structure and the 1T
structure), becomes positive, such as AE = 28.5 meV and
83.1 meV for the doped VSe2 with 8n, = 5.14 x 10?! and
Sny = —5.14 x 10*! h/f.u., respectively, indicating the 1T
structure is more energy-stable, and the CDW of VSe; is not
favorable in energy. This doping effect in the bulk VSe, can
also be observed in the real-space distributions of the charge
density. For example, our calculations reveal that doping one
electron or one hole into a “David Star” notably decreases the
charge density at the center and inner atoms of the “David
Star,” weakening the charge density clustering (not shown for
briefness). Overall, these changes in the electronic structures
caused by doping weaken the strength of EPC and suppress
CDW by eliminating imaginary frequencies. Namely, proper
levels of charge doping can have a positive impact on the
stability of the electronic configuration, which in turn, can
positively impact the lattice structure.

The variations of phonon frequencies at Q; and high
symmetric points K, H, M, and L with the concentration
of electron and hole doping én,, are plotted in Fig. 8(b).
Through a series of careful calculations of phonon, we find
that, as the concentration of charge doping changes, the charge
order of 1T-VSe, could be divided into five different re-
gions including three CDWs and two SCs regions, which are
distinguished in the colored background in Fig. 8(b). The

corresponding critical concentrations of charge doping are
marked with vertical black lines. Explicitly, with increasing
the concentrations of electron and hole doping, i.e., 6n, and
dny, the imaginary frequencies of Q; gradually disappear, see
the active squares, blue circles, green up-triangles, cyan down-
triangles, black left-triangles, magenta right-triangles shown
in Fig. 8(b). When the e- and h-doping increase from zero
to the critical concentrations, n¢ = 4.15 x 10*! cm~* and
én¢ = —4.15 x 10%! em ™3, respectively, all of the frequencies
of 0; (i = 1,2, ..., 6) become positive which indicate the CDW
state is suppressed. After that, the system is driven into SC
states, and the corresponding concentrations of e-doping and
h-doping are 4.15 x 102! em™3 < én, < 7.80 x 104 cm™3
and —8.47 x 10?! ecm™3 < 8n;, < —4.15 x 10*!' cm™3, re-
spectively. Furthermore, in the double SC regions induced
by e-doping and h-doping, respectively, one can see that, on
one side, the phonon frequencies at Q; slightly increase from
~40 cm~! to ~80 cm~! as the concentration of charge doping
increases; while on the other side, the phonon frequencies
at high symmetric points K and H (M and L) are gradually
softened from ~110 cm~! to ~10 cm™! (from ~130 cm™!
to ~20 cm™!) as the concentration of e-doping (h-doping)
increases, seeing the wine and navy dots (violet and olive dots)
shown in Fig. 8(b). These Kohn anomalies as well as softened
phonon frequencies may play a crucial role in the emergency
of SC in charge doped 1T-VSe,, which will be discussed in
detail in the following text.
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Further detailed calculations indicate that for much heav-
ier e-doping, i.e., én, > 7.80 x 102! cm™3, the phonon
frequencies at high symmetric points K and H become imag-
inary. While for much heavier h-doping, i.e., dn, < —8.13 x
10?! cm~3, the phonon frequencies at high symmetric points
M and L become imaginary. Additionally, phonon dispersions
for 8n, = 8.13 x 10*' cm™3 and 8n, = —8.79 x 10?! cm™3
are shown in Figs. 8(c) and 8(d), respectively. These results
suggest that new CDW states may occur in VSe, with heavier
charge doping, which will not be discussed in depth since it
is out of the scope of the present work. However, we hope
that these new CDW states could be confirmed in the future
experiments.

In Figs. 9 and 10, we show the typical results
for the projected phonon dispersions, PhDOS, frequency-
dependent Eliashberg spectral function a>F (), and cumu-
lative frequency-dependent EPC function A(w) of 1T-VSe,
under electron and hole doping concentrations of n, = 5.14 x
10> cm™3 and nj, = —5.14 x 10?' cm™3, respectively. It is
clear to us that there are nine phonon modes since the unit
cell of 1T-VSe, contains three atoms. Its dynamical stabil-
ity is justified by the absence of imaginary frequency in the
low-energy zone. The detailed discussions about the phonon
dispersions as well as the corresponding PhDOS shown in
Figs. 9 and 10 are presented in Appendix E.

In the following text, we discuss charge doping induced SC
properties of 1T-VSe,. Typical phonon dispersions weighted
by the magnitude of mode-resolved EPC A, are shown in
Figs. 9(f) and 10(f), which correspond to the e-doping and

h-doping with concentration of n, = 5.14 x 10?! cm™ and

n, = —5.14 x 10*' cm™3, respectively. The corresponding
results of the Eliashberg spectral function a>F (w) and cumu-
lative frequency-dependent EPC function A(w) are plotted in
Figs. 9(g) and 10(g).

First, we analyze the results of e-doping. We can see from
Fig. 9(f) that the mode-resolved EPC g4, is mainly from
the lowest double acoustic branches. The Kohn anomalies
at Q; (i =1—06) [labeled in Fig. 8(a)] as well as the high
symmetric points K and H, which are dominated by the
in-plane vibrations of V atoms, donate larger contributions.
Especially, the greatest contribution is generated from the
Kohn anomaly at Q4 along the high symmetry direction A-L.
Therefore, although the phonons located in the energy range
of @ < 120 cm~! almost equally dominated by the V and
Se vibrations, one can carefully conclude that the four peaks
of the Eliashberg spectral function a?F(w) in this energy
range mainly originate from the coupling between electrons in
out-plane V-3d orbitals and in-plane vibration phonons of V
atoms. Furthermore, the phonons located in the energy range
of @ < 100 cm™! provide approximately 60% contribution to
the total EPC intensity of A = 1.24, which is divided into two
parts (I and II) by the green dotted line in Fig. 9(g). While
the high-frequency region II, i.e., @ > 100 cm~', accounts for
40% of the total EPC.

Second, we discuss the EPC results of h-doping shown in
Figs. 10(f) and 10(g). For the case of h-doping, on one side,
similar to the results of e-doping, the mode-resolved EPC 2,
is also mainly from the lowest double acoustic branches, and

©

N\
»

\

@OV, B OV, >
320 A \

=
|
=
SR

Frequency (cm™)
2
o
T

®

o
T
T

0

2l Minlie WMax

r M K r A L H AT M K r A L H AT M

M

FIG. 10. Same as Fig. 9 but for the 1T-VSe, with h-doping concentration of §n, = —5.14 x 10*! cm~3. In (g), the green dotted lines divide

M(w) into three parts which are labeled by I, II, and III.

014501-11



XIN-PENG FU et al.

PHYSICAL REVIEW B 110, 014501 (2024)

@ - iy
120 /\ /% /\
60 / \ d \
0 ' :
120} (P)
/ \O é/ Q
60) N
\ Vs A\
0
(c)
—."120 N N
56/ A / \
a O/ \ / \
C
(d)
% 120D /1
(O] -
L /A \
oL \
120}(€)
77N\ N
v
%0 ¥ \\ / Ma
m
0 |
120"
60 \|/
/ \VA |
0 »‘g Min

r M K r A L H A
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7.46 (in unit of 10! ¢cm™3). Only acoustic branches lower than
150 cm™! are shown.

the Kohn anomalies at Q; (i = 1 — 6) donate larger contribu-
tions; While on the other side, differing from the results of
e-doping, the greatest contributions originate from the Kohn
anomaly at Q; and Q3. Therefore, when 1T-VSe, is hole
doped the Eliashberg spectral function o’>F(w) in the low-
energy range also mainly stem from the coupling between
electrons in out-plane V-3d orbitals and in-plane vibration
phonons of V atoms. Moreover, the EPC curve shown in
Fig. 10(g) can be roughly divided into three steps denoted
by I, II, and III therein. The steps I and II are dominated
by the acoustic branches, and step III is dominated by the
optical branches. The phonons located in the energy range I
(0 < @ < 90 cm™') provides approximately 38% contribution
to the total EPC intensity of A = 0.94. The phonons in range
II, ie., 90 cm~! < w < 150 cm™!, accounts for 35% of the
total A. While the high-frequency range III only contributes
27% to the total EPC.

Third, and most importantly, we discuss the dependence
of superconducting EPC of 1T-VSe, on the charge doping
concentration. For this purpose, we plot the typical phonons
weighted by the magnitude of EPC 1,4, for various e-doping
and h-doping concentrations in Figs. 11 and 12, respectively.
Only the phonons with frequencies lower than 150 cm™!
are shown therein. For smaller e-doping concentrations, such
as n, = 4.64 x 10*!, and 5.14 x 10*' cm™3, the maximum
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FIG. 12. (a)-(g) The phonon spectrum of 1T-VSe, weighted by
the magnitude of EPC A, under the various h-doping concentrations
of n, = —4.64, —5.14, —=5.97, —6.47, —7.13, —7.46, and —8.47
(in unit of 10*' cm™3). Only phonons with frequencies lower than
150 cm™! are shown.

contribution to EPC comes from the Kohn anomaly at point
Qu, seeing Figs. 11(a) and 11(b). As the concentration of e-
doping increases, the phonons of these points Q; are gradually
hardened, while the phonons at high symmetry points K and H
undergo significant softening. From Figs. 11(c)-11(e) which
are for n, = 5.64 x 10%!,5.97 x 10%!, and 6.47 x 10?! cm—3,
we can see that the contribution at point Q4 becomes weaker
and weaker, while the contributions near the high symmetry
points K and H become stronger and stronger since the Kohn
anomalies at K and H grow more and more remarkable. As the
e-doping increases to much heavier condition, such as n, =
7.46 x 10*' cm—3, the mode-resolved EPC Agy entirely stem
from the K point; see Fig. 11(f). For the case of h-doping, the
modulation of h-doping to the phonon weighted by 4,, seems
more complex. From Fig. 12, one can see that as h-doping
concentration increases from nj, = —4.64 x 10> cm™> to
—7.46 x 10?! cm ™ the greatest contributions to A4, gradually
change from point Q; to point Qs, then to point QJg, subse-
quently to point Qy4, and finally to the high symmetry points
M and L. To sum up, after various calculations, we find that
if the charge doping concentration is small the contribution to
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FIG. 13. The variations of (a) the total EPC A, (b) the logarithmic
mean of the phonon frequency wi,, in unit of K, (c) electronic
DOS at FS N(er) in unit of states/spin/Ry/unit cell, and (d) the
SC transition temperature 7, in unit of K of 1T-VSe, with the
h-doping e-doping concentration én, (negative) dn, (positive) in unit
of 10%' cm™3, respectively. The CDW regions are marked by color
background. The red diamonds and blue dots are for u* = 0.1.

EPC dominantly comes from the Kohn anomaly at points Q;
(i =1 — 6). As the concentration of charge doping increases,
new-type Kohn anomaly behaviors at high symmetry points
(i.e., M and H for e-doping, or K and L for h-doping) are
attracted and play a leading role in the superconducting EPC
instead of that at the points Q;.

Consistent with the phonon frequencies shown in Fig. 8(b),
the results of calculated total EPC X, logarithmic mean of the
phonon frequency wiqg, electronic DOS at FS N(er), and SC
transition temperature T, of 1T-VSe, for various e-doping and
h-doping concentration dn, and én;, are shown in Fig. 13.
The right panels are for e-doping while the left panels are
for h-doping. With increasing 8n, from 4.48 x 10> cm™3
to 6.47 x 10> cm™3, on one side, A slightly decreases from
1.33 to 1.0. With further increasing dén,, the variation of A
is insignificant, almost keeping at 1.0; see Fig. 13(a). Such
total EPC values, which are about twice times of the situa-
tion of pressure induced, are in favor of a moderate strength
EPC superconductor with higher 7;.. On the other side, the
logarithmic mean of the phonon frequency wi,, increases
monotonically from 100 K to 160 K, and then wi,; changes
around 150 K, see Fig. 13(b). However, the electronic DOS at
FS N(er) nearly keeps at 15 states/spin/Ry/unit cell in this
e-doping concentration region, which is shown in Fig. 13(c).

The corresponding results of 7. are represented in
Fig. 13(d) with empirical parameter u* = 0.1. It is clear that
T, induced by e-doping is about twice times of that induced by
pressure. As the e-doping concentration increases, 7, slightly
increases from 11.6 K to 12.1 K and then gradually decreases

to 10.8 K forming a small dome, which may be driven by
the suppression of the CDW state in 1T-VSe; due to the
e-doping. Subsequently, 7. suddenly increases to 11.6 K lead-
ing to another weak dome near the heavier e-doping boundary.
Differing from the former case of e-doping induced the sup-
pression of original CDW states, this type response of T
to heavier e-doping may be a consequence of the enhance-
ment of Kohn anomalies at high symmetric points K and
H. In addition, one should notice that, however, the double
dome-shaped variation of 7, with én, seems insignificant.
This may be because although the response of phonon (espe-
cially the low-energy acoustic branches) to §n, is remarkable,
the response of FS to én, is relatively unremarkable, which
leads to a weak influence on EPC and a relatively smaller
change in T..

The modulation of SC transition temperature 7, via
h-doping are represented by red diamonds in Fig. 13(d). The
varying tendency of 7, with dny, is nearly symmetrical with
the way 7. changes with én,. It is clear in Fig. 13(d) that
there exists a distinct dome in the variation of T, with ény,.
Explicitly, 7. increases from 10 to 12 K as dn;, increases from
—4.48 x 10’ cm™3 to —5.14 x 10?! cm ™3, and subsequently
decreases to 8 K as dn;, increases ulteriorly from —5.14 x
10?! cm™3 to —7.46 x 10?! cm™3. This dome-shaped depen-
dence of T, on ény is also driven by the suppression of the
CDW state in 1T-VSe, due to the h-doping. Furthermore, T,
suddenly increases to 12.3 K leading to another observable
dome near the heavier h-doping boundary, which is because of
the enhancement of Kohn anomalies at high symmetric points
M and L. The impact of T to dny, is more notable compared to
e-doping. This is due to the significant response of phonon and
changes in FS caused by dn;,, which have distinct influences
on EPC, wio, and N(er). As aresult, 7. undergoes a relatively
larger change. Figure 13 also shows that with increasing n;,
from —4.48 x 102! cm™ to —7.96 x 10*! cm™3, the total
EPC A marginally varies within the range of 0.85 to 1.11,
wiog changes within the range of 150 to 180 K. Especially,
clearly different from the case of e-doping, as dn;, increases,
N(ep) alters within the range of 13.47 to 15.78 (in unit of
states/spin/Ry/unit cell), whose varying tendency is well
consistent with that of 7;; see Figs. 13(c) and 13(d). In ad-
dition, we also check the dependence of 7. on u* for various
e-doping and h-doping concentrations. The corresponding re-
sults are represented in Fig. 13(d), in which the value of u* is
tuned in the range of 0.05-0.15. One can see that for smaller
wu (larger p) the highest T, (lowest 7,) may be 15 K (5 K).

Exploring potential candidates with high 7. among nu-
merous TMDCs has become a research hotspot in condensed
matter physics. Intrinsic 2M-WS, is the TMDC material
experimentally confirmed to maintain the highest supercon-
ducting transition temperature record that 7. = 8.8 K without
any external regulation [65,67]. Furthermore,the 7, of intrin-
sic 2H-NbSe, is measured as 7.3 K [43,46], while the T_.
of most TMDCs with SC properties ranges from 2 to 4 K.
Chemical doping is an effective means of regulating CDW
and SC properties. It not only affects the lattice constant of
the material but also causes changes in carrier concentration,
the electron DOS, and other electronic parameters near the
FS, resulting in changes in the EPC strength and 7, of the sys-
tem. Because ion-intercalation may introduce e- or h-doping
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effects in intrinsic materials, a larger cation radius can make
e-doping more effective since the electrons in the outermost
shell bind more loosely. Additionally, element substitution
in TMDCs may also induce a charge doping effect, leading
to changes both in the electronic structures and EPC of the
system. Therefore, it is of scientific significance to compare
and analyze the SC properties induced by charge doping and
ion-intercalation in TMDC:s.

Interestingly, we found that charge doping-dependent 7
exhibits a weak double-dome phenomenon with the evolution
of e- or h-doping concentration. This double-dome phe-
nomenon has not been found in any other ion-intercalated (or
charge-doped) TMDC:s. It is often reported that 7. decreases
with an increase in the concentration of intercalated ions in
TMDC:s, but the decay patterns are not universal, but specific.
For example, extensive studies have shown that the T, of
NbSe, with metal atom intercalation decreases with increas-
ing ion concentration. Specifically, the T, of Cu-embedded in
NbSe, exhibits unusual S-type behavior [52]; the 7, of NbSe,
intercalated with Li, Fe, and Ga exhibits a monotonically de-
creasing behavior [44,45,48]; the T, of Rb-intercalated NbSe,
shows a rapid decrease in L-type [55]; however, the effect of
Mg-intercalation on the 7, of NbSe, is very weak [58]. Con-
trary to the situation with NbSe,, the SC of S-doped MoTe,
is enhanced and a weak dome phenomenon is observed [39].
The T;s of Ta-doped MoTe, and Na-intercalated TaS, increase
with increasing the concentration of Ta and Na [19,42]. In
addition, the self-embedding caused by the ionic liquid gate
of PdTe, leads to the occurrence of SC in PdTe, [72]. These
results are completely different from the weak double dome
phenomenon found in this article.

However, this work theoretically predicts that charge dop-
ing leads to a T, of VSe, between 9 — 12 K, which is
significantly higher than the 7. of other TMDCs. Previous
studies have confirmed that ionic liquid gating [72] and elec-
trostatic gating [12] methods can reversibly modulate the
carrier density of the system, thereby achieving the goal of
enhancing or weakening SC induced by electron or hole dop-
ing. Under the current experimental conditions of condensed
matter physics, the charge doping concentration in 2D films
can reach 10% cm~2, and the charge doping concentration in
3D materials can reach 102! cm~3. Therefore, the charge dop-
ing concentration considered in this article is reasonable and
experimentally feasible. Our findings reveal the possibility of
regulating 1T-VSe, SC by manipulating the carrier charge of
the material.

V. CONCLUSION

In conclusion, we have calculated and signalized in detail
the SC of VSe, regulated by pressure and charge doping. It’s
essential to have a productive discussion and effectively sum-
marize the unique and common impacts of applied pressure
and charge doping on the SC of VSe,. It is noteworthy that
both methods lead to the emergence of SC by suppressing
the intrinsic CDW state of the system. However, there is a
subtle difference between the two approaches. Under external
pressure, the system undergoes a structural phase transition,
while charge doping does not cause any such transition. From
the perspective of electronic structures, it is found that the

3d orbitals of V dominate the electron DOS near the FS,
while the contribution of the 4p orbitals of Se is almost
negligible, whether the material is under pressure or charge
doping. Notably, under pressure, there is no significant effect
on the shape of the FS and the DOS on the FS. However,
e- and h-doping generate a flat band near the FS, with h-
doping having a more profound effect on the FS shape and
the corresponding electronic DOS of the system. In terms of
phonons, both external pressure and charge doping can cause
significant Kohn anomalies in the in-plane vibration of V
atoms at certain suitable Q-points, contributing significantly
to the EPC. It is worth mentioning that the Q-point of the sys-
tem phonon Kohn anomaly does not change with the change
of pressure, but it changes with the change of charge doping
concentration. The electronic structures, FS, and phonon spec-
trum react differently to pressure and charge doping, which in
turn affects the strength of A and 7. The calculations reveal
that within the considered pressure range, the system exhibits
weakly coupled BCS SC, and the calculated T, agrees with
prior experimental results. Notably, there is no evidence of
the dome phenomenon as the pressure increases. Moreover,
within the considered range of charge doping, the system
displays a moderately coupled SC state, and charge doping-
dependent T, is as high as 9 to 12 K, which is about twice
that of the pressure-regulated 7,. Additionally, as the doping
concentration changes, 7, exhibits the dome phenomenon. To
sum up, based on the analysis of electronic structures and
phonon vibrations, it can be constructively concluded that
the coupling between the 3d electrons of V and the in-plane
vibration modes of V atoms plays a crucial and decisive role
in the SC of VSe,. These findings can provide valuable in-
sights into the design and development of new materials with
enhanced SC through the strategic manipulation of electronic
and phononic properties.
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APPENDIX A: DETAILS OF THE COMPUTATIONAL
METHODS

Here, we provide the details of the computational methods
employed in this work. Electron wave functions used in the
DFT calculations are expanded in plane waves up to a cut-
off energy of 100 Ry, and the charge density cutoff is 400
Ry. A Methfessel-Paxton smearing method with a smearing
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parameter of o = 0.005 Ry is employed. All structures are
fully relaxed until the Hellmann-Feynman force acting on
each atom is less than 10~* Ry/A, and the convergence cri-
terion for self-consistent calculations is set to be 107> Ry.

Considering the 2D layered structure of the bulk VSe,,
the vdW corrections of DFT-D2 proposed by Grimme are
used. The Brillouin zone (BZ) is segmented by a 36 x 36 x
18 Monkhorst and Pack (MP) grid k-mesh for undistorted
trigonal symmetry 1T-VSe,, while a 10 x 10 x 15 MP grid
k-mesh is used for the high-pressure monoclinic symmetry
VSe,. The phonon dispersion curves and EPC are calculated
within the framework of density functional perturbation the-
ory (DFPT) [100] on a 4 x4 x2 (2 x2 x 3) g-mesh for
the undistorted trigonal symmetry 1T-VSe, (high-pressure
monoclinic symmetry VSe;) using the Phonon module in the
QUANTUM ESPRESSO package. A denser 72 x 72 x 36
(30 x 30 x 45) MP grid k-mesh is used for the EPC calcu-
lation for undistorted structures of 1T-VSe, (high-pressure
structures of VSe,).

Charge doping is simulated by adding or removing elec-
trons to the unitcell of 1T-VSe, with a compensating uniform
charge background of opposite sign. The level of doped car-
riers per volume is expressed as 8n =n —ny (cm™>) with
nyp = 5.8073 x 10?* cm™3 being the intrinsic valence elec-
tron density, and positive and negative values representing
e-doping and h-doping states, respectively.

Based on the Migdal-Eliashberg theory [102,103], the EPC
Agy of phonon mode v with momentum g is given by

YVqv

Ay = ——A—— | Al
" N (ep)wl, A

where w,, is the phonon frequency, N(er) is the electronic
density of states (DOS) at the Fermi level €, and y,, repre-
sents the phonon linewidth arising from the electron-phonon
interactions. Here, y,, is written as

27 wqy

=0y

2
E ‘gl‘én,k.;_qm‘ S(€kn — 6F)(S(Ek-kqm — €F),
k,n,m

(A2)

where Qpz denotes the volume of the BZ, €, and €xigm
are the Kohn-Sham eigepvalues, and g . +qm TEpresents
the electron-phonon matrix element [104]. And then, the
Eliashberg electron-phonon spectrum function can be ex-
pressed as

2 Yqv
oF (@) = N(EF)quva(w Wg0)-

(A3)

The total EPC constant is calculated by integrating the
Eliashberg spectral function o>F (w)

0] 2 /
Mw) =2 / do 2 F@D (A4)
0

w/
The superconducting transition temperature 7, is determined

from the calculated EPC constant A(w) by employing the
Allen-Dynes modified McMillan equation [104]

Dlog [_ 1.04(1 4 1) }

T. = ex )
1.2 A —p*(1+40.62%)

(AS5)

where p* denotes the effective screened repulsion constant,
and wy,, describes the logarithmically averaged phonon fre-
quency given by

2 (o]
Wiog = EXp |:X / dowa
0

In the following calculations of 7., u* is chosen as 0.1,
a reasonable value of the Coulomb repulsion constant. We
also estimate the dependence of 7, on u* ranging from 0.05
to 0.15.

OE® ] . (A6)

APPENDIX B: DETAILED DISCUSSIONS ABOUT THE
BAND STRUCTURES OF VSe, UNDER HIGH PRESSURE

The monoclinic symmetry (Cy;,) splits the energy bands of
V-d electrons into two categories: the A, band, which include
any combination of the orbitals d>_y2, d,y, and d.2, and B,
band, which include the orbitals d,. and d,,. Here, A, and B,
are the Mulliken notations for the irreducible representations
of the point group of Cy;,. The hybridizations among orbitals
(d, 22, dyy, and d) in A, band or among orbitals (d,, and

dy.) in B, band are remarkable. Furthermore, due to the lower
symmetry of 1T'-VSe, under an applied high pressure, the
hybridization between A, band and B, band is allowed. For
examples, (i) the hybridization between d,, (green) in A, band
and dy, (purple) in B, band along the L—M direction and the
M —A direction, and (ii) the hybridization between d,. (blue)
in A, band and d,; (pink) in B, band surrounding the M point
and along the high-symmetric direction of I'—=Z—V can be
clearly seen from Fig. 2.

The dy; and d orbitals of V mainly dominate the lower
VBs while the p, orbital of Se dominates the upper VB sur-
rounding the I" point, respectively. The CB (VBs) around the
L point are mainly contributed by dy, (d.2, py, and p.) orbitals.
The CBs (VB) around the Z point are mainly dedicated by
dyy, and d2 (py, and p.) orbitals. The upper and lower CBs
in the vicinity of the M point are mainly dedicated by the
dy; and d orbitals, and p, orbital, respectively. The d,, and
p. orbitals mainly dedicated to the VBs in the vicinity of
the V point, respectively. The VB and CB encircling the A
point as well as those along the direction of A—I" are mainly
determined by the d orbital. Moreover, the bands along the

M —A direction are also mainly originated from the d,. orbital
accompanied by the hybridizations with d,, and d,, orbitals.
Away from the high symmetry point L (point V'), the bands
can be ascribed to the dy2_y, dyy, and dy; (de_y, d,y, and
d,.) orbitals. Additionally, the hybridization between d,, and
Py, the hybridization between d,>_,» and p; in the CB along
the L—M direction, and the hybridization between d,, and
py in the VB bands along the Z—V direction are remarkable,
which indicate the positive participation of the Se-p orbitals
in the novel superconducting properties of VSe, under high
pressure.

Furthermore, a series of calculations of the hopping
integral f,g(R) in the maximally localized Wannier ba-
sis for the VSe, under pressure between 3d-orbitals
(d2,dy, dy;, d_y2, dyy) at site 0 and 3d-orbitals of V-atom
located at site R reveal two important features that, as P in-
creasing from 16 GPa to 35 GPa, (i) the on-site energies of d,,
and d,; orbitals change from 0.517eV to 0.529eV and from
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0.506eV to 0.515 eV, respectively; and (ii) the onsite hopping
parameters between d,, and d,, changes from —0.449¢V to
—0.507eV. These values of hopping parameters are much
greater than others, indicating the strong hybridization of band
A, and band B,, which are also in good agreement with the
DFT results shown in Fig. 2. In addition, the hopping integral
top(R) between 4p-orbital of Se atom and 3d-orbital of V
atom are also in good agreement with the DFT results, which
will not be discussed in detail because the contribution of
4 p-orbital of Se atom at Fermi level is relatively weak.

APPENDIX C: DETAILED DISCUSSIONS ABOUT
THE PHONON DISPERSION OF VSe, UNDER A PRESSURE
OF P = 16 GPa

Here, let us take the case of P = 16 GPa as an example,
seeing Figs. 3(al)-3(gl), to understand the phonon of VSe,
under pressure. Combined with the decomposition of phonon
spectrum with respect to V and Se atomic vibrations and the
PhDOS presented in Figs. 3(al)-3(el), the vibration modes
can be approximately divided into four ranges, which are
marked by black line in Fig. 3(el). At the low-frequency
range I (0 < w < 180 cm™"), the acoustic branches are mainly
contributed by the in-plane vibration modes of V atoms as
well as the in-plane and out-of-plane vibration modes of Se
atoms. In the range II of intermediate frequency (180 < w <
270 cm™!), the in-plane vibrations of Se atoms predominates.
It is also worth noting that the out-of-plane vibrations of Se
atoms and the in-plane vibrations of V atoms also provide
significant contributions, but the contribution of the out-of-
plane vibrations of V atoms is very small in this range. While
the frequency range III (270 < @ < 305 cm™') mainly stem
from the in-palne vibrations of V atoms with visible partici-
pations of out-of-plane vibrations of Se atoms and negligible
components both from the out-of plane vibrations of V and
the in-plane vibrations of Se atoms. Evidently, the out-plane
vibration modes of the V atoms mainly occupy the high-
frequency range IV (o > 305 cm™'), which is consistent with
the expectations from the lighter mass V relative to Se. These
distributions are in good agreement with the projected PhDOS
shown in Fig. 3(el), which shows that the PhDOS of V and Se
are almost equal in range I, the PhDOS of Se is larger than that
of V in range II, the PhDOS of V is slightly larger than that
of Se in range III, and the PhDOS of V is significantly larger
than that of Se in range IV. Correspondingly, the 27 vibration
modes of 1T'-VSe; at I point in the BZ at 16 GPa (not shown)
are consistent with the above analysis of phonon dispersions
weighted by the motion modes of V and Se atoms as well as
the projected PhDOS.

APPENDIX D: DETAILED DISCUSSIONS ABOUT THE
BAND STRUCTURES OF VSe, UNDER CHARGE DOPING

Differing from the monoclinic symmetry (Cp,) of
1T’-VSe, under high pressure, the triangular symmetry (Ds,)
of 1T-VSe, splits the energy bands of V-d electrons into
three categories: the A} band including d orbital, the E’
band including any combination of the orbitals d,>_,» and d,,,
and the E” band containing the orbitals d,; and d,,. Here,
A}, E’, and E” are the Mulliken notations for the irreducible

representations of point group of Ds3;,. The different profiles
between e-doping bands and h-doping bands are that, on the
one hand, h-doping causes a hole pocket at the I" point, which
can also be clearly seen in Fig. 7. However, there is no hole
band passing through the Fermi level at the I' point where
electrons are doped; on the other hand, the flat band doped
with holes in the I"-A direction almost falls on the Fermi level.
While the flat band doped with electrons in the I"-A direction
is slightly lower than the Fermi level. Moreover, one can see
from Fig. 6(a) that for the case of e-doping, the hybridization
among each band A, E’, and E” is weak. But for the case
of h-doping, seeing Fig. 6(c), the hybridization between band
A} and band E’ (band E’ and band E"”) becomes visible along
the direction of K-I" (I"-A). The similarity between e-doping
bands and h-doping bands may be that the entire hybridization
between d orbital of V and p orbital of Se is unremarkable
except of the hybridization between d2 orbital and p, orbital
along the I'-A direction. Consistent with the orbital resolved
energy band structures, the DOS and PDOSs are mainly con-
tributed by the V-d orbitals and the contributions from the
Se-p orbitals are negligible, which can be seen from the right
panels of Figs. 6(a), 6(b) and 6(c), 6(d). It is clear to us that the
contribution of Se-p orbitals to the DOS at FS nearly vanishes.
In addition, the Wannier fitting of hopping parameters show
that, (i) the on-site energies of d,, and dy, orbitals are 0.414 eV
and 0.553eV for e-doping and h-doping, respectively; and
(ii) the on-site hopping parameters between d.; (d,;)
and d,, (d>_,») are —0.383 eV and —0.364 eV for e-doping
and h-doping, respectively. These values of hopping param-
eters indicate the strong hybridization of band E’ and band
E”, which are in good agreement with the DFT results shown
in Fig. 6. Other hopping parameters will not be discussed in
detail for briefness.

APPENDIX E: DETAILED DISCUSSIONS ABOUT
THE PHONON DISPERSIONS OF VSe,
UNDER CHARGE DOPING

For the case of e-doping, the acoustic branches do not cross
together with the low-energy optical branches, and a gap is
opened between the top optical branch and the other phonon
branches below; see Fig. 9. Moreover, one can see from Fig. 9
that the acoustic branches are contributed by the vibrations
of V with significant vibrations of Se. The optical branches
in the region from 150 to 200 cm~' are predominated by
the in-plane vibrations of Se. While the optical branches in
the region 200 to 250 cm~! mainly stem from the in-plane
vibrations of V atoms as well as a small amount of out-plane
vibration modes of Se atoms. The highest optical branch is
predominately contributed by the out-plane vibrations of the
V atoms.

These distributions are in good agreement with the pro-
jected PhDOS shown in Fig. 9(e), which shows that the
PhDOS of V and Se are almost equal in the acoustic region
(w < 150 cm™!), the PhDOS of Se is slightly larger than that
of V in the intermediate optical region from 150 cm~' to
250 cm~!, and the PhDOS of V is significantly larger than
that of Se in the frequency region higher than 250 cm~!. We
also find that four distinguishable peaks in the PhDOS labeled
by P, withi = 1,2, 3, and 4 in Fig. 9(e) are mainly contributed
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by the van Hove singularities in the phonon dispersions. Ex-
plicitly, (i) peak P; in PhDOS origins from the van Hove
singularities around points M and L in the top optical branch
indicated by black arrows in Fig. 9(b); (ii) peak P, in PhDOS
stems from the flat bands of phonon along the L-H direction;
(iii) peak P3 in PhDOS stems from the flat bands of phonon
along the M-K and L-H directions; (iv) peak P4 in PhDOS
contributes from the van Hove singularity surrounding the
K point in the acoustic branch indicated by green arrow in
Fig. 9(b).

Differing from the case of e-doping, the h-doping lowers
the frequency of phonon, causing the phonon spectrums to
cross together with each other; see Fig. 10. Furthermore, for
the h-doping case, the acoustic branches are dominated by
the in-plane vibrations of V atoms. In addition, the in-plane
vibration modes of the V atoms in the optical branches be-
come more extended, resulting in mixing with the in-plane
vibrations of the Se atoms in the low-frequency region from
120 to 220 cm~!, and significant hybridizations with the out-
plane vibrations of the V atoms in the high-frequency region
220 to 300 cm~!. The corresponding projected PhDOS are

presented in Fig. 10(e). We can observe from Fig. 10(e) that
the PhDOS of V and Se are almost equal in the acoustic
region (w < 120 cm™!), the PhDOS of Se is larger than that
of V in the intermediate optical region from 120 to 220 cm ™!,
and the PhDOS of V is significantly larger than that of Se
in the frequency region higher than 220 cm~'. There also
exist four distinguishable peaks in the PhDOS, which are
labeled in Fig. 10(e). The peaks P; and P, are mainly con-
tributed by the van Hove singularities illustrated by arrows in
Fig. 10(b). The peaks P, and P; are mainly contributed by the
flat bands located at the corresponding phonon frequencies.
To further reveal the different effects of e-doping and h-doping
on phonons of 1T-VSe,, the nine vibration modes of 1T-VSe,
at I" point in the BZ under the e-doping and h-doping are also
evaluated (not shown), indicating the relative motion of Se and
V atoms. We find that the acoustic vibration modes (1-3) are
mainly in-plane for e-doping and significantly enhanced out-
of-plane for h-doping. Other vibration modes (4-9) are similar
under both types of doping. These visualized vibration modes
agree with the analysis of phonon dispersions weighted by the
vibration modes of V and Se atoms and the projected PhDOS.
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