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2H group V transition-metal dichalcogenides
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Layered 2H-T X, with T = Nb, Ta and X = S, Se exhibit rich dimensionality effects on charge density wave
(CDW) order and superconductivity, but comprehensive understanding of these correlated quantum phases in
the two-dimensional limit of 2H-TX, is still lacking, hindering their practical applications. Here, I calculate
from first principles the phonon linewidth and bare susceptibility to study the origin of CDW formation in
NbSe,, TaS,, TaSe,, and NbS, monolayers, analyze their relative CDW strength, and evaluate electron-phonon
superconductivity within the fully anisotropic Migdal-Eliashberg theory. A peaked linewidth of the longitudinal
acoustic branch and no Fermi-surface nesting around qcpw indicate CDW instability driven by the wave-
vector-dependent electron-phonon coupling. The 3 x 3 CDW ground state favors a distinct hollow-centered
clustering of transition-metal atoms, with larger distortion amplitude in NbSe; and TaSe, than in TaS, and NbS,.
Superconducting results of the monolayer CDW phase prove that strong spin-orbit coupling effects are dominant
in determining the critical temperature 7; of each system via modifying both the strength and anisotropic extent
of electron-phonon interactions. I also recapitulate measured opposite thickness dependencies of 7. in NbX, and
TaX,, and show that whether superconductivity is weakened or enhanced in monolayer limit relies on specific
evolution of CDW-modulated Fermi-level density of states and electron-phonon matrix elements under reduced
dimensionality. This work lays the foundation for applications of 2H group V transition-metal dichalcogenides

in versatile nanoscale quantum devices.
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I. INTRODUCTION

The interplay and control of many-body collective orders
in low-dimensional materials is a vital and alluring research
topic in condensed matter physics [1,2]. Metallic layered
transition-metal dichalcogenides (TMDs) TX, with T = Ti,
V, Zr, Nb, Taand X = S, Se, Te have been intensively studied
for their varied charge-density waves (CDWs), superconduc-
tivity, and Mott insulating state. Of particular interest are the
2H group V TMDs showing intrinsic coexistence of CDW
and superconducting states without applying doping, inter-
calation, or pressure [3,4]. This uniqueness makes 2H-T X,
a promising platform for exploring the pure dimensional-
ity effects on interactions between the two quantum states
and tuning them in a cleaner way compared to chemical
modifications. Initial data in the bulk [5-9] pointed to their
mutually exclusive interaction, as when the CDW is en-
hanced with rising transition temperature from 33 (0) K in
2H-NbSe; (2H-NbS,) to 75 (120) K in 2H-TaS; (2H-TaSe;),
the superconducting critical temperature 7. decreases from
7 (5.7) K in 2H-NbSe, (2H-NbS;) down to 0.8 (0.1) K
in 2H-TaS, (2H-TaSe;). A competing relation also occurs
in pressurized 2H-NbSe, with slightly increased 7. upon
CDW disappearance [10,11], but in pressurized 2H-TaS, and
2H-TaSe, T, substantially increases up to 9 K within a robust
CDW phase [12], implying that competition between CDW
and superconductivity may not be universally applicable. In
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this context, the dimensionality modifications of different
electronic phases in atomically thin 2H-T X,-based devices
revealed by recent experiments (hereafter 1H-TX, denotes
the monolayer analog of 2H-TX,) need to be more closely
examined.

In metallic TMDs, the behavior of CDW in the two-
dimensional (2D) limit [13-21] can be rather complicated:
while reduced dimensionality favors a stronger CDW by
reinforcing nesting-driven Peierls instabilities or electron-
phonon interactions, larger fluctuation effects tend to impair
long-range CDW coherence. Bulk experiments [22-25] sug-
gest electron-phonon coupling (EPC) as the major driving
force of CDW, as opposed to Fermi-surface nesting or
saddle-point singularities, but the mechanism triggering the
CDW phase in 2D limit is still unclear. Exfoliated mono-
layers for 1H-NbSe, (1H-TaSe;) were found to exhibit a
strongly enhanced (slightly weakened) CDW compared to
the bulk [13,14], in contrast to the trend of CDW reported
in corresponding epitaxial monolayers [15,16]. For 1H-NbS,
(1H-TaS,), though the exfoliated monolayers show no Raman
(electrical) CDW signature [14,17], CDW ordering emerges
(persists) in epitaxially grown samples based on scanning
tunneling measurements [18,19]. Such controversies imply
the CDW formation in monolayer 1H-T X, is susceptible to
sample disorder and environment, raising the issue of what
behavior on earth their intrinsic CDW order follows.

Concerning the evolution of superconductivity, existing
data [26-34] revealed gradually decreasing (increasing) 7 in
2H-NbSe, and 2H-NbS, (2H-TaS, and 2H-TaSe,) with de-
clining thickness. At present, the role of spin-orbit interactions
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in different 2H-TX, and how CDW electronic modulation
impacts their superconducting order in reduced dimensions
are less understood. In particular, the physical origins of the
observed opposite T; trends in 2D NbX, and TaX, systems
remain unsettled.

In this work, I present comprehensive theoretical studies
on the mechanism of CDW, electron-phonon superconduc-
tivity, and interplay of CDW and superconducting orders in
2D limit of 2H group V TMDs. For all monolayer 1H-T X5,
prominent peaking of the linewidth of the longitudinal acous-
tic (LA) phonon branch and no Fermi-surface nesting in
the electronic susceptibility around qcpw unveil a CDW
driven by momentum-dependent EPC. I unveil their common
3 x 3 CDW structure with a hollow-centered clustering of
transition-metal atoms, showing greater distortion amplitude
in NbSe, and TaSe, than in TaS, and NbS,. Electron-phonon
superconducting calculations of the monolayer CDW phase
highlight the effects of spin-orbit interactions on the detailed
EPC properties and critical temperature 7;. By examining the
change in CDW electronic structure from bulk to monolayer
TX,, a strengthened CDW is revealed, but whether this im-
pairs or boosts superconductivity depends on the competition
between CDW-modulated Fermi-level density of states (DOS)
and reinforced electron-phonon matrix elements in 2D limit.

II. METHODOLOGY

All calculations are performed using the QUANTUM
ESPRESSO package [35] with the Perdew-Burke-Ernzerhof
generalized gradient approximation [36] for the exchange-
correlation interaction. I employ relativistic norm-conserving
pseudopotentials [37,38] to include the effects of spin-orbit
coupling (SOC) on both the electronic structure and lattice
dynamics. A vacuum of 12 A is used for modeling 1H-TX,
monolayer, and van der Waals interaction in the bulk is
treated by the DFT-D3 method [39]. A plane-wave cutoff
energy of 50 (70) Ry and a Methfessel-Paxton smearing [40]
of 0.01 (0.005) Ry are adopted for TaX, (NbX;) systems.
All geometries including both the normal and CDW phases
are optimized until the remanent atomic forces are less than
10~* Ry/A. For the 3 x 3 CDW phase of monolayer 1H-TX,,
the dynamical matrices and the linear variation of the
self-consistent potential are computed within density func-
tional perturbation theory [41] with a 6 x 6 k mesh and a
3 x 3 q mesh, and electron-phonon matrix elements are in-
terpolated [42,43] onto 60 x 60 k-point and 30 x 30 q-point
grids. The anisotropic Migdal-Eliashberg theory as imple-
mented in the EPW code [43—45] with a Matsubara frequency
cutoff of 0.4 eV and delta smearings of 12.5-37.5 meV
(electrons) and 0.05 meV (phonons) is used to calculate the
superconducting gap and critical temperature. For the normal
(CDW) phase of bulk 2H-TX;, a 54 x 54 x 18 (12 x 12 x
10) k mesh is used for evaluating the electronic DOS.

III. RESULTS AND DISCUSSION
A. Mechanism of CDW instability in 1H-T X,

I first investigate the lattice dynamics and electronic
susceptibility to clarify the CDW formation in 1H-7'X, mono-
layers, whose 1 x 1 normal phase has a honeycomb lattice
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FIG. 1. (a) Phonon instability of monolayer 1H-T X, in trigonal
prismatic structure, as depicted in (b). (c) Electronic band structure of
1H-TX; [referring to line styles in (a) for different systems] around
the Fermi level (Ef). (d) The Fermi-surface average for k-dependent
spin-orbit splitting in the half-filled d band, Ago of 0.061 eV (NDbS,),
0.083 eV (NbSe;), 0.188 eV (TaS,), and 0.21 eV (TaSe,). (¢) Phonon
linewidth y, of the soft LA branch. (f) Real part of the bare electronic
susceptibility x;(q) and Fermi-surface nesting function ¢(q). All
results are calculated with the inclusion of SOC.

with transition-metal 7 atoms sandwiched between chalcogen
X atoms in a trigonal prismatic structure [Fig. 1(b)]. The
calculated phonon spectra with SOC in Fig. 1(a) show that, for
all considered TX, systems (T = Nb, Taand X = S, Se), the
LA phonon branch softens along I'M yielding marked insta-
bility around wave vector qcpw = %FM . For 1H-NbSe», the
most unstable phonon mode appears at q = 0.59T'M, while
for 1H-TaS, and 1H-TaSe,, it is localized almost exactly
at q = %FM . Given the triple-q CDW nature of 2H group
V TMDs [46], these results suggest a commensurate 3 x 3
CDW structure in the latter two monolayers [47,48] but an
incommensurate CDW structure close to a 3 x 3 ordering
in the former one [49,50], which had been well verified by
scanning tunneling microscopy (STM) [15,16,19,51-53]. For
1H-NbS,, the lowest-energy phonon mode is localized at
0.74T"'M, also pointing to incommensurate distortions with a
periodicity not far from 3 x 3, in line with the CDW observed
for 1H-NbS, on 6H-SiC(0001) [18]. Notice that despite the
removal of charge ordering in bulk 2H-NbS, due to anhar-
monicity [54,55], in monolayer 1H-NbS, the CDW could
survive as a result of enhanced tendency toward CDW in
the 2D limit, as demonstrated by recent anharmonic phonon
calculations [55].

Bulk 2H-TX, has been known to show CDWs driven
by strong EPC, instead of a purely electronic CDW due
to the lack of required divergence in the real part of elec-
tronic susceptibility [22,25]. It is still unclear whether this
picture holds in 1H-T X, monolayer, as reduced dimension-
ality may strengthen electronic instabilities associated with
Fermi-surface nesting. To get insight into the origin of CDWs
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in 1H-TX>, I calculate the phonon linewidth of the soft LA
branch,

27 w,
k“ > lgkkeral’8(ek — €7)8(ekrq — €r), (1)
k

Yq = N
and both the real and imaginary parts of bare susceptibility in
the constant matrix element approximation [25],

x(q) = ZM )
k

€k — €k+q
lim (. )/ = ;a(ek = er)¥(erq —€r), (3)

along the high-symmetry directions I'-M-K-I", as plotted in
Figs. 1(e) and 1(f). For all 1H-TX, with similar half-filled
d bands at Ep [Fig. 1(c)], the maximum of Fermi-surface
nesting [¢(q) = lim,— X (q, @)/w] locates near the K point
[Fig. 1()], reflecting partial nesting between the hexagonal I"
and triangular K pockets. However, no nesting-driven peak is
found in ¢(q) at qcpw, and only a broad maximum at qcpw
appears in x;(q), which is somewhat too weak to trigger a
CDW transition. On the other hand, the linewidth of the LA
branch displays a sharp peak around qcpw [Fig. 1(e)] indi-
cating strong momentum dependence of the electron-phonon
matrix elements gy k14, Which coincides with its phonon in-
stability area shown in Fig. 1(a). Obviously, it is not the
Fermi-surface nesting, but the q-dependent EPC that is re-
sponsible for CDWs in 1H-T X, monolayers.

B. Modulated lattice and relative CDW strength

In comparison with an electronic CDW where long-range
order and incommensurability emerge with lattice distortion
as only a by-product caused by a finite EPC, a strong-coupling
CDW possesses a larger distortion amplitude signifying
strong EPC, a larger energy gap, and a shorter coherence
length [46]. With much more distinct atomic displacements,
the atoms tend to form clusters with shortened bonds and
the CDW modulation tends to be commensurate via locking
into the underlying lattice. Below I conduct a fully com-
mensurate analysis for the 3 x 3 CDW order in monolayer
1H-TX; to study their structural atomic rearrangements and
superconducting properties. Such a treatment has been sug-
gested to well explain the modulated lattice, Raman CDW
modes as well as the coexistence of competing modulations
for 1H-NbSe; in spite of its CDW'’s slight incommensurabil-
ity [49,52].

Full optimization of 3 x 3 superstructures of 1H-TX, with
the soft-mode derived atomic distortion or randomized ones
results in a common equilibrium CDW phase for all stud-
ied monolayers, shown in Fig. 2(a). This distorted structure
contains triangular three- and six-atom 7 clusters centered
on the honeycomb-lattice hollow sites. Out of three inequiv-
alent 7 atoms, the atoms in the 7 trimer (denoted by 1)
exhibit the largest in-plane displacement toward a hollow
site, thus generating the shortest Nb-Nb or Ta-Ta bonds.
Notice that for monolayer NbSe,, TaSe,, and NbS,, the in-
clusion of SOC does not change the pattern of the CDW
modulation, while for monolayer TaS,, it induces further
atomic rearrangement leading to another distorted structure

(®)

FIG. 2. (a), (b) Crystal structures of the ground-state 3 x 3 CDW
phases of monolayer NbSe,, TaSe,, NbS, (a), and TaS, (b) under
SOC. (c)-(e) Phonon spectrum weighted by the mode EPC strength
Agv (red dots), isotropic Eliashberg spectral function o’F(w), and
frequency-dependent EPC A(w) in the CDW state of monolayer
NbSe, (c), TaSe, (d), and NbS, (e). The blue solid and gray dashed
lines represent the phonon results obtained with and without SOC,
respectively. (f)—(h) Anisotropic superconducting gaps of monolayer
T X,’s CDW phase on the Fermi surface as a function of temperature,
calculated with (red) and without SOC (gray) using the anisotropic
Migdal-Eliashberg theory. The black squares indicate the average
value of the gaps. The dashed lines are fits obtained by solving
numerically the BCS gap equation using the average A and 7; from
first-principles calculations.

depicted in Fig. 2(b), which shows a continuous pattern
of overlapping triangular six-atom Ta clusters of two dif-
ferent types with or without shortened Ta-Ta bonds inside
the large triangles [47]. It needs to be emphasized that the
above two CDW structures display a unique hollow-centered
distortion of transition-metal atoms; this kind of clustering
favors T-T interactions and has advantage in lowering the
energy of the system over other atom-centered ones (e.g., the
T -centered hexagonal/star-shaped clustering [52,56] or X-
centered triangular clustering [47—49]), therefore constituting
the ground-state CDW phase for each 1H-T X, monolayer. Re-
markably, STM simulations [48,49] for the hollow-centered
structure in Fig. 2(a) had successfully reproduced the
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TABLE I. The lattice constant @ of monolayer 1H-TX,, the max-
imum transition-metal atomic displacement 87 of its 3 x 3 CDW
phase, the ratio 87 /a, the Fermi-level DOS N2 and NFPV in the

. NGDW .
normal and CDW states, and the ratio ﬁ obtained under SOC.
F

nor CDW
NF NF

System  a(A) 6T (A) 6T/a (states/eVfu) N
F
NbSe, 3474 0085 24% 282 148  0.53
TaS, 334 0061  18% 262 141 054
TaSe, 3471 0092  27% 266 123 046
NbS, 3348 0059  18% 275 202 073

experimentally observed STM images in the CDW state re-
ported for 1H-NbSe, by Ugeda et al. [15] and for 1H-TaSe,
by Ryu et al. [16].

On the basis of the determinate low-energy monolayer
CDW structures, I discuss the strength of CDW order in
1H-T X, by analyzing the maximum transition-metal atomic
displacement 7 and the variation of the Fermi-level DOS Ng
with respect to the normal state. The relevant data under SOC
are listed in Table I. For the two diselenides 1H-NbSe, and
1H-TaSe,, 8T is calculated to be around 0.09 A, evidently
larger than 0.06 A obtained for the two disulfides 1H-NbS,
and 1H-TaS,. I also compare the ratio 67" /a so as to eliminate
the influence of different lattice constants a for 1H-TX;, and
find a consistent trend indicating larger distortion amplitude
in the diselenides than in the disulfides. In the meantime,
Nr for 1H-NbSe,, 1H-TaS,, and 1H-TaSe, is found to be
largely reduced from 2.6-2.8 states/eV f.u. in the normal state
to 1.2-1.5 states/eV f.u in the CDW state, yielding a ratio
A% around 0.5 which implies a significant CDW-induced
energy gapping in these three monolayers. However, only a
moderate reduction of Np is seen for 1 H-NbS,, although it has
nearly the same CDW distortion amplitude as 1H-TaS,. Com-
bining the 87 and Ng results, I can conclude that the CDW
order is strongest in 1H-NbSe, and 1H-TaSe;, intermediate
in 1H-TaS,, and weakest in 1H-NbS,. This relative CDW
strength is supported by recent Raman studies of CDW transi-
tion temperatures in exfoliated 1H-TX, monolayers [13,14],
noticing that disorder from sample degradation would be
detrimental to CDW and affect accuracy of the measured
transition temperature. In addition, the aforementioned CDW-
modulated electronic features could not only help understand
the different superconducting 7. of 1H-TX, (Table II), but
also offer key clues for clarifying their 7, variation trend
compared to the bulk case.

C. Monolayer superconductivity

I now turn to investigate the superconducting properties
of 1H-TX, in the CDW state, a comprehensive understand-
ing of which was theoretically limited. Moreover, it is also
interesting to explore the importance of SOC in determining
the superconductivity by examining its modification effects
on electron-phonon properties and critical temperature T,
which were usually neglected in previous calculations on su-
perconducting group V TMDs [11,48,49,54,57-60]. With the

TABLE II. The isotropic EPC strength A, critical temperature 7,
derived from anisotropic Migdal-Eliashberg equations, and super-
conducting gap Ay in the 7 = 0 K limit for monolayer 1H-TX, in
3 x 3 CDW state, compared to available experimental data.

w/0o SOC w SOC

System A T, (K) Ay (meV)

Expt. T;
A T (K) Ap(meV)  (K)

NbSe, 092 65 094 077 35 046 3.1-3.5
TaS, 115 13 195 079 3.1 047  3—3.4b
TaSe; 0.69 35 048 071 18 027 1—14°
NbS, 098 10 143 098 75 1.01 2—3d
“1H [26,27].

1A [17,30].

*Multilayer [31,32].
dMultilayer [33,34].

identified low-energy distorted structures, I calculate CDW
state’s phonon spectrum for monolayer NbSe,, TaSe,, and
NbS, without and with SOC, as plotted in left panels of
Figs. 2(c)-2(e) where the size of red dots is proportional to the
EPC strength of each phonon mode, Aq, = yqu/ (anwfw),
in case of SOC. The isotropic Eliashberg spectral function
obtained from electron-phonon Wannier interpolation [43],

1
CF @) = 535 ) ran@ad(@ = oq), “
1
and the frequency-dependent EPC,
w 2F
M) = 2/ @) . (5)
0 w

are shown in right panels of Figs. 2(c)-2(e) (see data for
1H-TaS; in Ref. [47]). Clearly, for all 1H-T X,, dynamical sta-
bility of the CDW phase is confirmed, and it is the low-energy
modes originating from mainly the vibrations of heavier T
atoms that dominate the coupling with d electrons around Ef,
as evidenced by the large Eliashberg function o’F (w) and
rapid increase of the integrated EPC A (w) in the corresponding
low-energy region.

As found from Figs. 2(c)-2(e), upon the inclusion of SOC,
the total EPC A = 2 fooo azF(a))/a)dw is reduced from 0.92 to
0.77 for 1H-NbSe, (similar to 1H-TaS, whose A decreases
from 1.15 to 0.79 [47]), while it slightly increases from
0.69 to 0.71 for 1H-TaSe, and remains unchanged (0.98) for
1H-NDbS,. The varied behaviors of A in these systems are
directly related to the evolution of the peak intensity and po-
sition of &?F (w) under SOC, which could reflect the delicate
influence SOC exerts on the electron-phonon matrix elements
and phonon frequencies of each system. For both 1H-NbSe;
[Fig. 2(c)] and 1H-TaS,, the mode EPC strength Aq, (v =
1-27, folded from 1 x 1 phase’s three acoustic modes) of the
CDW phase is reduced in most of the Brillouin zone after
including the SOC, resulting in the decline of peak intensity
in low-energy part of a>F (w) with its peak position changing
little. Since SOC has relatively weak effect on the CDW
electronic structure, the weakening of the EPC strength in
CDW state is not expected to arise from the Fermi-surface
change, but mainly due to the SOC-induced suppression of
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the matrix elements gy | +q of those low-energy T-dominated
phonon modes [47]. Furthermore, owing to the larger atomic
SOC contribution from Ta atoms than that from Nb atoms,
this suppression effect is more significant in 1H-TaS, than in
1H-NbSe,, leading to greater decrease of total A in the former.
In comparison with 1H-TaS,, the reduction of Aq, (v = 1-27)
is weaker in 1H-TaSe, because of an obvious softening of
low-energy phonon modes under SOC [Fig. 2(d)], despite a
similar suppression of their electron-phonon matrix elements.
The peak intensity of «F (w) in low-energy region thus only
slightly declines; however, its peak position shows a con-
siderable redshift due to the decreased phonon frequencies,
eventually leading to a minor increase of total A in 1H-TaSe,,
according to Eq. (5). Additionally, both the peak intensity
and position of «?F(w) for 1H-NbS, are nearly unaffected
by SOC [Fig. 2(e)] implying little influence on its phonon
spectrum and EPC strength.

To evaluate the critical temperature 7, and get insight into
the nature of the superconducting gap, I employ the fully
anisotropic Migdal-Eliashberg theory [44,45] to study the
superconductivity in 1H-T X, monolayers, instead of using
the ordinary Allen-Dynes modified McMillan equation [61]
which relies strongly on the isotropic EPC parameter XA in
estimating 7. Figures 2(f)-2(h) show the energy distribution
of temperature-dependent superconducting gaps Ay on the
Fermi surface for monolayer 7X,’s CDW phase (see data for
1H-TaS; in Ref. [47]), calculated without and with SOC by
solving the anisotropic Eliashberg equations at an effective
Coulomb pseudopotential p* that is chosen according to prior
studies on 2H group V TMDs [11,48,54]. Overall, regardless
of SOC, the monolayers studied all exhibit a single anisotropic
full-gap superconducting order, being relevant to the CDW-
caused significant reduction of in-plane 7' d states around
Er that are crucial for forming a separated larger gap. For
1H-NbSe, [Fig. 2(f)] and 1H-TaS,, the superconducting gap
in the absence of SOC diminishes gradually with increasing
temperature and is seen to vanish at 7. = 6.5 and 13 K,
respectively, both of which seriously deviate from the experi-
mentally observed critical temperatures of 3.1-3.5 [26,27] and
3-3.4 K [17,30] in these two monolayers. By contrast, once
SOC is introduced into superconducting calculations, their
corresponding 7 are found to respectively decrease to 3.5 and
3.1 K, matching well with experiments. Such a marked modi-
fication of T results mainly from the SOC-induced weakening
of total EPC A. On the other hand, for 1H-TaSe, and 1H-NbS,
[Figs. 2(g) and 2(h)], though the total A almost unchanges, the
inclusion of SOC still causes a considerable decrease of their
predicted T; to 1.8 and 7.5 K (see their averaged gap A in
the 7 = 0 K limit in Table II). These findings suggest that the
magnitude of 7, in a TMD not only correlates with its isotropic
EPC strength, but also depends on the anisotropic treatment
of its electron-phonon and superconducting properties, where
the extent of EPC anisotropy and thus the critical temperature
can be affected by SOC.

As a matter of fact, in layered or 2D systems with multi-
sheet Fermi surfaces, anisotropic electron-phonon interactions
are very essential for correctly describing the supercon-
ductivity, whereas predicting 7, within only the isotropic
approximation may be insufficient in most cases. In order to
quantify the EPC anisotropy in monolayer 7 X,’s CDW phase,
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FIG. 3. (a)-(c) Comparison of the total coupling strength A (a),
the distribution of the EPC strength Ay of each electronic state
around Er (b), and the spread of Ay reflecting the extent of EPC
anisotropy (c) between the two cases with and without SOC for
monolayer 1H-TX, in 3 x 3 CDW state. (d)—(g) Comparison of
the temperature-dependent superconducting gaps obtained from the
isotropic Migdal-Eliashberg theory under SOC (green circles) with
the corresponding anisotropic gap data for monolayer 7X,’s CDW
phase.

I evaluate the momentum-resolved EPC strength on the Fermi
surface, defined as [44]

A = 23(61« — EF)|g£k/’2/wk—k’v- (6)
K',v

Figures 3(b) and 3(c) plot the distribution of Ax of each
electronic state around Er and the spread of Ay, respectively.
Obviously, compared with the case without SOC, Ax under
SOC in general shows a broader distribution as a consequence
of the SOC-derived energy splitting of d bands in proxim-
ity of the Fermi surface, indicating stronger EPC anisotropy.
In particular, for 1H-TaS, and 1H-TaSe,, the spread of Ak
exhibits the largest expansion due to the rather significant
SOC strength and spin-orbit splitting in Ta-based TMDs [see
Fig. 1(d)]. What matters most is that, for all studied mono-
layers, the renormalized Lk by SOC tends to be concentrated
in the lower side of its distribution, implying the majority
of electronic states are involved in relatively weak electron-
phonon scattering processes and pairing potentials for them
thus are more easily destroyed by increasing the temperature.
The above analysis in terms of the anisotropic EPC strength
could, on top of the variation of an isotropic A parameter
[Fig. 3(a)], explain the concurrent decrease of the supercon-
ducting 7, of monolayer 1H-T X, upon inclusion of the SOC
effects.

Combining Figs. 3(c) and 3(a), I find in 1H-NbSe, a
slight contraction of the spread of Ax (probably associated
with a particularly large Fermi-surface energy gapping due
to CDW), and it seems like that an isotropic treatment of the
EPC would be proper for evaluating the 7. This argument is,
however, untenable since addressing the detailed anisotropic
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FIG. 4. (a) Crystal structure of bulk 2H-TX,’s 3 x 3 CDW
phase, formed by alternating stacking of two monolayer CDW
structures with hollow- (green) and X-centered (blue) triangular 7
clusters. (b) Total electronic DOS for the bulk normal and CDW
phases under SOC. The Fermi-surface average for SOC-induced
energy splitting of normal phase’s two d bands, Ago is 0.012 eV
for 2H-NbS,, 0.032 eV for 2H-NbSe,, 0.113 eV for 2H-TaS,, and
0.12 eV for 2H-TaSe, [62], smaller than those in corresponding
monolayers [Fig. 1(d)]. (c) Comparison of the Fermi-level DOS Ng in
the bulk and monolayer CDW states. (d), (e) Experimental supercon-
ducting T; of 2H-T'X; as a function of layer number (NbSe, [26,27],
TaS; [17,30]) (d) or thickness (TaSe, [32], NbS; [33]) (e), along with
the theoretical 7. of monolayer 1H-T X, (horizonal dashed lines).

EPC takes into account the real Fermi surface of a TMD and
has advantage over the isotropic treatment in interpreting the
experimental data, as confirmed by my additional calculations
based on the isotropic Eliashberg equations under SOC, where
the resulting 7 is consistently higher than that derived from
the corresponding anisotropic calculations [Figs. 3(d)-3(g)].
This further demonstrates the indispensable role anisotropic
electron-phonon interactions play in low-dimensional super-
conducting systems.

D. CDW and superconductivity in bulk 2H-T X,

Current research interest in layered 2H group V TMDs is
partly aroused by the mechanisms behind the complicated be-
haviors of their superconducting 7, as a function of thickness.
For 2H-NbSe,, T, decreases gradually with decreasing layer
number [26,27], whereas in 2H-TaS, the opposite trend is ob-
served with its 7. consecutively rising down to the monolayer
limit [17,30] [Fig. 4(d)]. Also, an increasing (decreasing)
trend of T relative to the bulk is found in multilayer 2H-TaSe;
(2H-NDbS,) [Fig. 4(e)], although data in the corresponding
monolayers were so far not reported due to severe sample
degradation [31-34]. To uncover the physical origins under-
lying such varied superconducting trends, it is necessary to

clarify the thickness dependencies of the coexisting CDW
order as well as the electron-phonon interactions.

In principle, elucidating the evolution of CDW from bulk
to monolayer TX, is the first important step, as the CDW-
induced energy gapping around Er modifies the Fermi-level
DOS Nr and thus the number of charge carriers available
for Cooper pairing, which will largely determine the total
EPC X and superconducting 7, in the CDW state. Below I
perform a careful analysis of the CDW structural and elec-
tronic properties of bulk 2H-TX, and make comparisons
with their monolayer counterparts. Full optimization of the
3 x 3 superstructures with different initial atomic distortions
yields a common low-energy bulk CDW phase for 2H-NbSe,,
2H-TaS,, and 2H-TaSe, [see Fig. 4(a)], which is featured by
alternating stacking of two monolayer CDW structures that
contain triangular three- and six-atom 7 clusters centered on
the lattice hollow sites and the X atoms, respectively [49].
For these three systems, I calculate their bulk electronic DOS
under SOC in both the normal and CDW phases, as shown in
Fig. 4(b). The Fermi-surface energy gapping by CDW is seen
to get strengthened with the Ng in CDW state rapidly reduced
[Fig. 4(c)] when going from bulk NbSe, to TaS, (TaSe,),
which coincides with the trends in their measured CDW and
superconducting transition temperatures [5-8], i.e., the former
increases from 33 K to 75 (120) K while the latter decreases
from 7 K to 0.8 (0.1) K. This provides strong support for the
bulk CDW structural model identified here and the key impact
Nr has on the bulk EPC and superconductivity (despite the
distinct phonon spectra and matrix elements).

I then compare in Fig. 4(c) the resulting Fermi-level DOS
for bulk 2H-T X;’s CDW phase with that obtained earlier for
the monolayer CDW phase. It is found that the value of N
in the CDW state is in general lower in the monolayer as
compared to the bulk; given the very close Nr in the bulk and
monolayer normal states, this indicates a stronger electronic
DOS modulation and therefore an enhanced CDW order in
the 2D limit of 2H-T X,. In particular, the intensified CDW-
induced modulation of Ng from bulk to monolayer is much
more significant in NbSe, than in TaS,; and TaSe,. Such a
prominent enhancement of CDW in NbSe, has been well
established in Raman experiments on its atomically thin films
showing a sharply rising CDW transition temperature with
decreasing thickness [13,14]. Considering that CDW ordering
could also emerge in the monolayer thickness of 2H-NbS,
which shows no CDW in the bulk [18], I emphasize that the
tendency of enhanced CDW in monolayer limit suggested by
current theoretical calculations would be universal in metallic
TMDs in light of the EPC nature of their CDW formation
and the strengthened electron-phonon interactions under re-
duced dimensionality (reflected by the increased LA branch’s
phonon linewidth from bulk to monolayer).

It is noteworthy that the situation concerning the evo-
lution of CDW in 2D Ta-based TMDs is currently still
unclear from experiments: whereas angle-resolved photoelec-
tron spectroscopy studies found a slightly strengthened CDW
in the epitaxial TaSe, monolayer [16], no CDW was revealed
in transport studies of the encapsulated TaS,; monolayer [17];
besides, the very recent Raman studies on exfoliated TaS,
and TaSe, monolayers reported CDW transition temperatures
comparable with those in the corresponding bulk cases [14]. I
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attribute these discrepancies to the differences in sample qual-
ity or environment, and unambiguous evidence for a stronger
CDW in 2D TaS; and TaSe; is yet to be clarified.

E. Origins of distinct thickness-dependent
trends of 7, in NbX, and TaX,

With the basic knowledge of changes of the N under CDW
modulation and the associated electron-phonon physics upon
thickness reduction, I now discuss two different scenarios
for the varied thickness dependencies of superconductivity
in 2H-TX,. For 2H-NbSe;, as the layer number decreases,
the Fermi-surface gapping in the CDW phase strengthens
greatly as a result of the rapidly enhanced CDW, leading
to a largely reduced Fermi-level DOS. The substantial di-
minishment of electronic states available for Cooper pairing
in 2D limit is expected to dominate over the changes in
phonon spectra (softened due to less interlayer restriction) and
electron-phonon matrix elements (reinforced due to weaker
dielectric screening), giving rise to significant weakening of
total EPC strength and thus superconductivity with decreasing
thickness. Hence, a strong competitive interaction between
CDW and superconductivity [49] is responsible for the contin-
ued suppression of experimentally observed 7, in atomically
thin NbSe,.

On the other hand, as the layer number is reduced for
2H-TaS, and 2H-TaSe,, the Fermi-level DOS of the CDW
phase slowly diminishes with respect to the bulk owing to
the strengthened CDW, yielding only a moderate or slight
decrease in the number of electrons for pairing in mono-
layer limit of the two systems. This leaves room for other
factors such as the variations of phonon spectra and matrix
elements to determine the trends of A and T, under reduced
dimensionality. Based on A ~ % [63], smaller (w?) (the

average of the square of phonon frequency) and larger (g”)
(the average over the Fermi surface of the square of electron-
phonon matrix element) can increase A in the monolayer limit
given a relatively weak change in Ng. Actually, accompanied
with the enhancement of CDW, the phonon linewidth for
almost the entire LA branch of the normal phase (not just at
qcpw) rises markedly from bulk to monolayer TaS, or TaSe,,
reflecting strongly strengthened electron-phonon matrix ele-
ments [47,48]. Furthermore, since this soft LA branch has
much greater matrix elements than normal phase’s other two
acoustic branches, the dimensionality-induced rise of its orig-
inal EPC in normal state will synchronously affect the total
EPC in CDW state dominated by the low-energy CDW folded
acousticlike modes (see Fig. 2). This synergistic behavior,
lying in a close relation between the EPCs dictating the CDW
and superconductivity, suggests a cooperative interaction

between the two collective orders [47] that is responsible for
the increase of T, as TaS, or TaSe; is thinned to 2D limit.

Finally, I comment that whether a declining (rising) A oc-
curs in 2D NbSe, (TaS, and TaSe,) remains to be confirmed
via direct phonon and electron-phonon calculations for bulk
2H-T X,’s CDW phase under SOC, which require huge com-
putational resources beyond my limited capacity. In case of
2H-NbS; with no bulk CDW order, a prior theoretical work
found A = 1.5 and a Migdal-Eliashberg T;. of 18.6 K in the
bulk [54], larger than A = 0.98 and T, of 7.5 K calculated for
its monolayer CDW phase. Here the decline of the monolayer
predicted A and 7 is consistent with the suppressed 7. ob-
served in atomically thin NbS,, in spite of an overestimation
by theory of the measured 7 for this system. I therefore expect
in the 2D limit of NbS, a similar exclusive interaction of CDW
and superconductivity as in the NbSe; case.

IV. CONCLUSIONS

I theoretically explore the CDW formation mechanism,
low-energy CDW phase, and superconductivity in monolayer
1H-TX, withT = Nb, Taand X = S, Se as well as the dimen-
sionality effects on collective orders in these group V TMDs.
Phonon and susceptibility results demonstrate the strongly
momentum-dependent EPC, rather than Fermi-surface nest-
ing, as the origin of CDW instability. A 3 x 3 distorted
structure displaying hollow-centered clustering of transition-
metal atoms constitutes the ground-state CDW phase for each
monolayer. Electron-phonon and Migdal-Eliashberg theory
results reveal that SOC effects renormalize the supercon-
ducting critical temperature 7, in CDW state by modifying
both its isotropic coupling strength A and the extent of EPC
anisotropy. From bulk to monolayer the intensified Fermi-
surface gapping by CDW points to a generally enhanced CDW
order, and depending on the Np variation, either competitive or
cooperative interaction of CDW with superconductivity can
be anticipated through the delicate balance between CDW-
induced diminishment of electronic states available for pairing
and strengthened electron-phonon matrix elements in the re-
duced dimensionality. The two physical scenarios should lie
behind the complex behaviors of T, observed down to mono-
layer limit of 2H group V TMDs, and also serve as basic
mechanisms for explaining superconductivity in other atom-
ically thin CDW metals.
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