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ABSTRACT: Two-dimensional transition metal dichalcogenides possessing
superconductivity and strong spin—orbit coupling exhibit high in-plane upper
critical fields due to Ising pairing. Yet to date, whether such systems can become
topological Ising superconductors remains to be materialized. Here we show that
monolayered NbSe, can be converted into Ising superconductors with nontrivial
band topology via physical or chemical pressuring. Using first-principles
calculations, we first demonstrate that a hydrostatic pressure higher than 2.5
GPa can induce a p—d band inversion, rendering nontrivial band topology to
NbSe,. We then illustrate that Te-doping can function as chemical pressuring in
inducing nontrivial topology in NbSe, ,Te, with x > 0.8, due to a larger atomic
radius and stronger spin—orbit coupling of Te. We also evaluate the upper critical
fields within both approaches, confirming the enhanced Ising superconductivity
nature, as experimentally observed. Our findings may prove to be instrumental in
material realization of topological Ising superconductivity in two-dimensional
systems.
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ver the past decade, transition metal dichalcogenides
(TMDs)"* have been actively explored as an attractive
class of systems in the rapidly expanding two-dimensional
(2D) materials family. These systems can be expressed as MX,,
where M represents a transition metal element and X
represents a chalcogen element. Given the vast choices of M
and variations in X, diverse physical properties can be harbored
by the TMD materials. Furthermore, the inherently weak
interlayer couplings in these systems offer another highly
effective tuning knob to reveal their thickness-dependent
properties down to the monolayer regime.’ Recent striking
examples include the predictions and observations of quantum
spin Hall states in WTe,,"”” superconductivity in NbSe,,*~"’
and even potential realizations of topological superconductivity
in WTe,,""" all achieved using monolayered systems. These
advances, in turn, have substantially enriched our under-
standings of low-dimensional electron systems that exhibit
globally nontrivial and/or macroscopic quantum behaviors.
Among the superconducting properties, Ising superconduc-
tivity has gained increasing attention since its first observations
in TMD systems,"” """ due to the surprisingly high in-plane
upper critical fields (HI,) well above the Pauli paramagnetic
limits.”® The underlying mechanism is the effective Zeeman
field, generated by the broken inversion symmetry in the few-
layer regime, allowing the inherently strong spin—orbit
coupling (SOC) of the systems to lock the spins of the
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electrons moving in-plane into the out-of-plane directions.
Very recently, it has also been proposed that the conditions for
Ising pairing can be further relaxed in the so-called type-II
Ising systems, namely, without invoking the inversion
symmetry breaking,”' as experimentally demonstrated in
different centrosymmetric systems.”””” Given the indispen-
sable strong nature of SOC in Ising superconductors as well as
the vital role of SOC in many topological materials, it is
conceivable that topological Ising superconductivity may also
emerge as a new property of quantum matter. Several
theoretical efforts have been reported toward this goal,”**°
yet to date a definitive materialization remains to be achieved.

In this Letter, we use first-principles approaches to unveil
that a monolayered NbSe, as a representative Ising super-
conductor can be further enriched into an Ising super-
conductor with nontrivial band topology via physical or
chemical pressuring. Specifically, we first show that a
hydrostatic pressure over a critical value of 2.5 GPa can
induce a p—d band inversion in a NbSe, monolayer,
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Figure 1. (a) Top and (b) side views of the crystal structure of 1H-NbSe,, with the unit cell highlighted by the black solid lines and lattice vectors
(@ and b) shown in (a). (c) Orbital- and element-resolved band structure of 1H-NbSe, with the SOC. The Fermi level is set at zero. (d) Spin-

projected Fermi surface of 1H-NbSe,.
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Figure 2. Band structures of 1H-NbSe, at 1.8, 2.6, 3.0, and 3.5 GPa (a) without and (b) with the SOC. The blue and red data points denote the
spectral weights contributed by the Nb-d and Se-p orbitals, respectively. The Fermi levels are all set at zero. (c) Calculated Z, invariants for 1H-
NbSe, under different pressures. (d) Edge states (ES) of the semi-infinite slab along an Se-terminated Nb-zigzag edge at 3.0 GPa, with its Dirac
nature at the X point as highlighted in the inset. The warmer colors denote higher local density of states, and the blue regions denote the bulk band

gaps.

introducing a topological phase transition (Z, = 1) to the
system while still preserving its superconducting property.
Next, we demonstrate that substitution of Se by Te can
function as an even more superior approach of chemical
pressuring in inducing the nontrivial p—d band inversion in an
alloyed monolayer of NbSe,_,Te, when x > 0.8, originating
from the dual effects of a larger atomic radius and stronger
SOC of Te. We also evaluate the in-plane upper critical fields
at different pressures or doping concentrations and confirm the
enhanced Ising superconductivity nature. Encouragingly, we
have further carried out preliminary experimental studies to

confirm that the NbSe,_,Te, samples indeed exhibit enhanced
Ising superconductivity. Collectively, the central findings
presented here offer appealing new approaches toward
definitive materialization of topological Ising superconductivity
in 2D systems.

Monolayered NbSe, and Design Principle. As dis-
played in Figure la,b, monolayered NbSe, with the H phase
(labeled as 1H-NbSe,) exhibits the same trigonal prismatic
cage as that for its bulk counterpart,”” though the symmetry is
reduced to P6m2 (D3},) because of the broken inversion
symmetry. Our density functional theory (DFT) calculations
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Figure 3. Band structures of 1H-NbSe,_,Te, with x = 0.6, 0.8, 1.0, and 1.6 (a) without and (b) with the SOC. The blue and red data points denote
the spectral weights contributed by the Nb-d and Se(Te)-p orbitals, respectively. (c) Calculated Z, invariants for 1H-NbSe,_,Te, at increasing Te
contents. (d) Edge states (ES) of the semi-infinite slab along an Se-terminated Nb-zigzag edge for x = 1.0, with its Dirac nature at the X point as

highlighted in the inset.

show that 1H-NbSe, is the most stable phase, with the lattice
constants a = b = 3.454 A.*® Figure 1¢,d displays the electronic
structures of 1H-NbSe, obtained with the SOC. The system is
metallic, consistent with the observations of its super-
conducting properties.”'*'® The Fermi surface, mainly
contributed by the Nb-d orbitals, possesses a cylindrical hole
pocket at the I" point, while the valence bands right below the
Fermi level mainly originate from the Se-p orbitals. The gap
between the Nb-d and Se-p bands is about 0.2 eV, which can
be readily manipulated to induce the necessary band inversion.
The lack of an inversion symmetry and presence of the SOC
lead to the opposite spin splittings around the K (K’) points
shown in Figure 1d, and the resultant effective Zeeman field
pins the electron spins to the out-of-plane directions, rendering
the Ising pairing nature to the system.'*'®

To potentially realize topological Ising superconductivity in
1H-NbSe,, our main design principle is that pressuring can
effectively narrow the band gap down to a critical value or even
close it, enabling the SOC to further hybridize the relevant
bands and open an inverted gap at proper high-symmetry
point(s) in k-space, thereby resulting in a topological phase
transition. One natural way of pressuring is to apply
hydrostatic pressure. Another way is via substitutional doping
with a foreign element of a different atomic radius, which can
be viewed as applying a chemical pressure. Both pressuring
approaches are explored to tune the electronic structures of
monolayered NbSe,. In particular, to largely preserve the main
band feature of NbSe,, substitutional doping of Se by Te is
chosen. Because Te possesses a larger atomic radius and
stronger SOC, this chemical pressuring is expected to function
as an even more appealing way to induce nontrivial band
topology than physical pressuring, as the stronger SOC is also
favorable for the preservation or enhancement of the Ising

pairing. Both pressuring approaches may convert the systems
into topological Ising superconductors.

Physical Pressuring Effect on Band Topology. First, we
explore the effects of a hydrostatic pressure on the band
structures of monolayered NbSe,. Our calculations show that
the 1H phase is always energetically more stable than the 1T
phase within the pressure range considered in this study,
confirming no structural phase transition. The corresponding
band structures without or with the SOC under different
pressures are displayed in Figures 2a,b and S1. The Nb-d and
Se-p bands are moving closer toward each other with
increasing pressure, especially along the I'-M path in the first
Brillouin zone. As shown in Figure 2a, at 1.8 GPa, the bands
first touch and then cross upon increasing pressure. Here, the
underlying physical reason is that the hydrostatic pressure
compresses the lattice constants and shortens the bond
lengths, leading to more dispersive band structures and band
gap closing. In particular, when the pressure reaches 2.5 GPa
or higher, the Se-p bands have moved to be essentially
degenerate with or higher than the Nb-d bands at the M
points. With the SOC included, the crossing bands open a gap,
associated with an explicit inversion of their orbital
contributions (see Figure 2b). If the pressure continues to
increase, inverted band orders also exist at the I" point, e.g,, at
3.5 GPa. Such p—d band inversions at the high-symmetry
points may result in a topological phase transition, as examined
later.

Given the above analysis on the band inversion of 1H-NbSe,
under varying pressure, we now determine the topological
properties by evaluating the topological invariant Z,. In doing
so, we stress that, even though the systems have no global band
gap, there exist well-defined curved chemical potentials
between the relevant inverted bands, separating the bands
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Table 1. Calculated Superconducting Transition Temperature (T.), Spin Splitting Energy (A,,), and Ising Spin-Orbit Field
(H,,) under Different Physical Pressures (P) or Te Doping Contents (x)

P (GPa)

0.6 1.8 24 2.6 3.0 3.5
T. (K) 3.36 3.53 3.16 322 407 412
A,, (meV) 717 79.8 827 833 84.7 86.1
H, (T) 619.6 691.0 7144 719.5 731.8 7433

x

0.4 0.6 0.8 1.0 1.4 1.6
A,, (meV) 82.9 914 98.9 104.6 1134 116.5
H, (T) 717.0 789.2 854.1 903.4 979.3 1006.0

into “occupied” and “unoccupied” states (see section S3). The
corresponding Z, invariant is determined by the “occupied”
states, as calculated by following the Wannier charge center
method.”” Such an approach in identifying the band topology
has been employed in studying FeSeysTeys,”" and the robust
topological superconductivity thus predicted has been further
confirmed experimentally.”' >* The calculated Z, invariants
under different pressures are summarized in Figure 2c,
establishing a critical pressure of 2.5 GPa, above which the
monolayered NbSe, is in the topologically nontrivial phase
with Z, = 1. It should be emphasized that the nontrivial
topology of the systems is solely determined by the band
inversion at the M points. In particular, at 3.5 GPa, the band
inversion at the I" point takes place below the curved chemical
potential (see Figure 2b), which does not contribute to the
topological phase transition. As another manifestation of the
nontrivial topology in the band structures, the edge states of a
semi-infinite slab along an Se-terminated Nb-zigzag edge of
NbSe, at 3.0 GPa are shown in Figures 2d and S3, with the
Dirac nature at the X point highlighted. The energy spectra for
a semi-infinite slab of NbSe, with increasing pressure are also
presented in Figure S4, demonstrating the evolution of the
edge states from the trivial to nontrivial regime.

It is noted that the structural reconstructions caused by the
charge density wave (CDW) phase transition have been
reported in 1H-NbSe,.*'**>* Here we further investigate the
effects of the CDW on the electronic and topological
properties by considering two energetically degenerate 3 X 3
CDW structures of 1H-NbSe, (see section SS). We find the
band structures exhibit similar characteristics to that of the
non-CDW phase, and the corresponding band topologies also
stay intact. We do not expect the CDW phases under physical
pressuring to influence the electronic and topological proper-
ties of the systems either.

Chemical Pressuring Effect on Band Topology. Next,
we investigate how chemical pressuring can function as
another appealing approach in inducing the nontrivial p—d
band inversion by introducing Te substitutional doping to 1H-
NbSe,. To do so, we have first confirmed that the 1H phase
remains to be energetically stable for NbSe,_, Te, with x = 0-2
(see Table S1). In particular, when x = 2, the system still
slightly prefers the 1H phase than the 1T phase.

To analyze the electronic properties of NbSe,_,Te, with an
arbitrary Te doping concentration, the virtual crystal
approximation (VCA) method®”*® has been adopted. Figure
3a,b shows the projected band structures of NbSe,_,Te, with x
= 0.6, 0.8, 1.0, and 1.6 without and with the SOC, respectively,
exhibiting similar trends in the band evolution as observed
when applying a hydrostatic pressure. Specifically, when x >

0.8, the Se-p bands have moved to be essentially degenerate
with or higher than the Nb-d bands at the M points; when x >
1.2, inverted band orders also exist at the I" point (see Figure
S6). Such band inversions are again likely to result in a
topological phase transition.

Using the “curved chemical potential” approach, we further
calculate the Z, invariants to identify the potential topological
properties of the NbSe,_,Te, at different x. As shown in Figure
3¢, when x > 0.8, the system hosts a topologically nontrivial
phase with Z, = 1. Similar to the case of 3.5 GPa, when x > 1.2,
the band inversions at the I" point (Figure 3b) do not actually
contribute to the topological phase transition of the system.
Instead, its nontrivial topology is again solely determined by
the band inversion at the M points. As a reflection of the bulk-
surface correspondence, the topologically protected nontrivial
edge states for x = 1.0 are also displayed in Figure 3d. In
addition, our selective test calculations based on the unfolding
method™ using the 2 X 2 supercells also yield similar
characteristics in the band structures and identical band
topology as from the VCA approach (see section S7), verifying
the general validity of the VCA method.

Enhanced Ising Superconductivity in NbSe,. With the
nontrivial band topology confirmed above under physical or
chemical pressuring, we now need to examine individually
whether the superconducting property and Ising nature of
pairing can still be preserved under such conditions. Here, we
first focus on the superconducting aspect. Using the standard
Eliashberg formalism,"*™** we estimate the superconducting
transition temperature (T.) of 1H-NbSe, to be 3.0 K (see
section S8), consistent with the values measured experimen-
tally."*'® The phonon dispersions of NbSe, under different
pressures are shown in Figure S8, and the corresponding
pressure-dependent T_s are listed in Table 1, all of which
showing relatively small variations from that under no pressure.
As for the Te-doped systems, we cannot readily obtain T at an
arbitrary x within the VCA scheme. Instead, we have checked
the high-symmetry case of x = 1 (namely, 1H-NbSeTe) using
the standard supercell method and obtained T, = 2.30 K
Qualitatively, such T. reduction is consistent with our
preliminary experimental results using flake samples (see
section S11). We therefore conclude that the superconducting
property of 1H-NbSe, can be well preserved upon the
application of a proper hydrostatic or chemical pressure.
Here it is noted that we have also examined the multigap
features of these systems by solving the anisotropic Migdal—
Eliashberg formalism,™ and more discussions (including the
CDW effects on T.) are presented in section S9.

Next, we investigate the Ising pairing aspect of the systems,
to ensure that the pressuring induced topological phase
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transition will not compromise the Ising nature reflected by the
exceptionall?r high in-plane upper critical field. In doing so, we
calculate H!, via an established microscopic model based on
the Gor'’kov Green function technique, in which the super-
conductivity is protected by Zeeman-type spin—orbit inter-
action with Rashba spin—orbit interaction,”>**

T
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X Rely| = + —yl|=
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2p = \/(//‘BHllz + aRkF)Z + (aer-)2 + B,

— — ~2
=+ \/(MBH(‘:‘Z - aRkF)Z + (aRkF)Z + ﬂso ,

ﬁ;o = A, /[1 + h/(2nksTz)] is the effective Zeeman-type
splitting energy, ogky = agkp/~2[1 + A(27kyT)] is the
effective Rashba-type splitting energy, 7 is the spin—orbit
scattering time, T is the superconducting transition temper-
ature in the presence of an in-plane magnetic field, y(x) is the
digamma function, pp is the Bohr magneton, kg is the
Boltzmann constant, and A, measures the spin splitting
energy averaged over the Fermi surface in the first Brillouin
zone. "'® Based on the spin-projected Fermi surface shown in
Figure 1d, we obtain A, = 68 meV for the monolayered NbSe,
and the corresponding Ising spin—orbit field H, is A, /2up =
586.5 T, consistent with previous studies.'”'® The spin-
projected Fermi surfaces for 1H-NbSe, under varying pressure
are shown in Figure 4a. We notice that the spin splitting is
enlarged upon increasing pressure, and the corresponding A,
are presented in Table 1, showing again its increasing
tendency.

According to eq 1, we further gain the evolution of the in-
plane upper critical field with the transition temperature. First,
we use eq 1 to fit the experimental data for the NbSe,
monolayer, including the data extracted from Figure 4 in ref
14 and H!, = 31.5 at T = 0.3 K in the Supporting Information

of ref 14, which yields ﬂ;o = 8.77 meV, agky = 0.58 meV, and 7

= 60 fs (see Figure 4c). We then use the same 7 and agkg to
further estimate the H!, at different pressures, as shown in
Figures 4c and S10, confirming that H,/H, > 1, where H,, is
the Pauli paramagnetic limit.”" Therefore, the Ising pairing
nature of the system is well preserved under hydrostatic
pressures. It is noted that we have also employed a pair
breaking equation**° to estimate the evolution of H!, with the
transition temperature, as done in the first demonstration of
the NbSe, monolayer as an Ising superconductor,'* and the
similar Ising pairing nature is obtained under hydrostatic
pressures (see section S10).

To finally verify the Ising nature of the monolayered
NbSe,_,Te,, we have also examined the doping effect on the
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Figure 4. (2) Evolutions of the spin-projected Fermi surfaces for 1H-
NbSe, at 0.6, 2.6, and 3.0 GPa. (b) Same as (a) but for 1H-
NbSe,_,Te, at x = 0.4, 0.8, and 1.0. (c) In-plane upper critical field
HY, as a function of the transition temperature T for 1H-NbSe, at 0
and 2.6 GPa, both in reduced units as described in the main text. (d)
Same as (c) but for 1H-NbSe,_,Te, at x = 0 and 1.0. The red dots
represent the experimental data extracted from ref 14.

spin splittings of the Fermi surfaces. In Figure 4b, we can see
that A, enlarges explicitly with the increasing Te content. By

using the same 7 and E;k; as that for 1H-NbSe,, the H!Z/HP
versus T/T, plot at x = 1 is shown in Figure 4d, revealing
distinctly enhanced H!, from that of the undoped 1H-NbSe,.
Such more pronounced spin splittings and further enhanced
H!, result from the dual effects of the Te dopants, namely, the
pressure effect associated with their larger atomic radius and
the stronger SOC. Therefore, the Ising pairing nature of 1H-
NbSe, is also well preserved (in fact substantially enhanced)
within the chemical pressuring approach.

Discussion. Before closing, we briefly discuss the
experimental feasibility aspects of the present study. First,
applying a physical pressure has been established as a powerful
route to modulate electronic properties of materials,*’ "
suggesting that our proposal based on a hydrostatic pressure
can be verified in future experiments. Second, when a substrate
is inevitable, substrates with weak interfacial coupling are
preferred, such as bilayer graphene (BLG)/SiC(0001), which
has been proven to be weakly coupled to the NbSe,
overlayers.'”'#'*° Third, substitutional doping of atoms in
compound materials has also been well established, including
the TMD systems.”' > In particular, the superconducting
NbSeTe bulk material has recently been successfully
synthesized, showing T, ~ 1.3 K.>* Even more encouragingly,
motivated by the present predictions, we have further carried
out preliminary studies to fabricate the NbSe, ,Te, samples
and characterize the superconducting properties of the
mechanically exfoliated flakes under different magnetic fields
(see more details in section S11). Such flakes indeed exhibit
both persistent superconductivity and substantially enhanced
Ising pairing for a broad range of Te concentrations, especially
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including the Te-doping levels predicted to achieve nontrivial
band topology. Fourth, the existence of the edge states in the
present systems can be signified by the enhanced intensity of
the local density of states at the sample edges in a proper
energy window (see also Figure S17), as recently demonstrated
using scanning tunneling spectroscopy for related sys-
tems.”> > Finally, if the topological edge bands disperse
upward to the Fermi level, such topological states can directly
participate in the superconducting pairing. Even if they are
located below the Fermi level, it is still feasible to participate in
the superconducting pairing under proper carrier doping or
gating.59

In conclusion, we have identified that monolayered NbSe,
can be converted into an Ising superconductor with nontrivial
band topology via physical or chemical pressuring. Our
calculations have demonstrated that a hydrostatic pressure
over 2.5 GPa or substitution of Se by Te to form alloyed
NbSe,_,Te, with x > 0.8 can induce p—d band inversions,
rendering nontrivial topology to the NbSe, systems. Mean-
while, the superconducting and Ising properties of these
systems are well preserved. In particular, the Ising paring
nature in the Te-doped systems has been explicitly enhanced,
as signified by the significantly enhanced in-plane upper critical
fields over the monolayered NbSe,, also as experimentally
confirmed. Collectively, our central findings provide crucial
new pathways toward material realization of topological Ising
superconductivity in 2D systems.
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