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Two-dimensional double-layer honeycomb (DLHC) materials are known for their diverse physical properties, but
superconductivity has been a notably absent characteristic in this structure. We address this gap by investigating M;N»
(M = Nb, Ta) with DLHC structure using first-principles calculations. Our results show that M, N are stable and metallic,
exhibiting superconducting behavior. Specifically, NbyN, and TayN, display superconducting transition temperatures of
6.8 K and 8.8 K, respectively. Their electron—phonon coupling is predominantly driven by the coupling between metal
d-orbitals and low-frequency metal-dominated vibration modes. Interestingly, two compounds also exhibit non-trivial band
topology. Thus, M,>N, are promising platforms for studying the interplay between topology and superconductivity and fill

the gap in superconductivity research for DLHC materials.
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1. Introduction

Two-dimensional (2D) materials have been extensively
investigated across both experimental and theoretical domains
for several decades. This is due to their unique physical
characteristics, including exceptional optical properties and
superconductivity,['*! and their significant potential for ap-
plications in nano-electronic devices and beyond.>"1 Var-
ious types of 2D materials have been explored, such as
graphene, which was successfully mechanically exfoliated in
2004,181 and other materials including h-BN,"-12 BCN, SiC,

141 arsenene, 1! phosphorene,“ﬁ]

silicene, 13! germanene, [
tinene,l!”! and transition metal dichalcogenides.!'8-2° Re-
searchers have employed methods like chemical vapor deposi-
tion and mechanical exfoliation to study these materials.[?1->?]
Some 2D materials, such as graphene[gl and silicene,['3! are
derived from layered three-dimensional (3D) materials. How-
ever, certain 2D materials can form layered structures di-
rectly without originating from the bulk phase.?*! For exam-
ple, double-layer honeycomb (DLHC) AISb was synthesized
on graphene-covered SiC substrates via molecular beam epi-
taxy (MBE) and has potential applications in sodium-ion and
lithium-ion storage!>*! and hybrid Hall-effect devices.[>>! This
structure differs from its 3D counterpart.>°!

As a significant member of the 2D family, honeycomb

materials, including single-layer honeycomb (SLHC)?"-%]
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and DLHC structures, ! have consistently been focal points
of research. Unlike the single-layer six-membered ring of
SLHC structure, the DLHC structure consists of two stacked
In the 2D limit, SLHC materials of-
ten exhibit insufficient stability, particularly for group III-V

six-membered rings.

semiconductors. To address this challenge, the DLHC struc-
ture was proposed in 2018.139 Since then, beyond AlSb, re-
searchers have successfully synthesized other DLHC mate-
rials such as Cul and Agl, which can be stabilized under
ambient conditions through direct growth within graphene

31321 DLHC has been predicted to exhibit semicon-

packages. !
ductor properties in III-V, II-VI, and I-VII compounds and
shows diverse properties. For example, DLHC GaAs has been
suggested as a platform for studying excitonic insulators. [31-33]
Additionally, DLHC materials exhibit strong spin—orbit cou-
pling (SOC), leading to topologically protected states like
those in InSb, InAs, GaSb, GaAs, and HgTe,’"! making
them promising for spintronics and quantum computing. 3433
Their tunable electronic properties also make them suitable for
transistors, energy storage, and nano-electronic devices,[36’37]
while their strong van der Waals interactions suggest poten-

38,391 For instance, Yi

tial applications in flexible electronics.!
et al. proposed that AIP could serve as a potential anode mate-
rial for alkali metal ion batteries.*” Furthermore, DLHC ma-

terials like InN and AlAs possess excellent optical properties,
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including tunable band gaps, which present potential applica-
tions in photonics and optoelectronics./*!! However, supercon-
ductivity has been notably absent in DLHC structures, creating
a significant gap in this field.

In this work, we perform first-principles calculations
on the M)N> (M = Nb, Ta) compounds with DLHC struc-
ture, consistent with experimentally realized materials such
as AISb,?®! to address the absence of superconductivity in
DLHC structure. We identify two dynamically and thermo-
dynamically stable superconductors: NbyN> and Tap;N,. The
electronic structure, phonon spectrum, non-trivial band topol-
ogy, electron—phonon coupling (EPC), and superconducting
properties of these compounds are systematically investigated.
From the calculated Eliashberg spectral function, the EPC
constants (A) are found to be 0.58 for Nb,N, and 0.81 for
TayNj, corresponding to superconducting transition tempera-
tures (7¢) of 6.4 K and 8.8 K, respectively. These results rep-
resent a significant step forward in the search for supercon-
ductivity within DLHC systems. A detailed analysis reveals
that in Nby Ny, superconductivity is primarily mediated by the
interaction between Nb d-orbitals and low-frequency phonon
modes. In Ta;N», the EPC arises mainly from the coupling
between Ta d-orbitals and low-frequency Ta-dominated vibra-
tions. Additionally, both compounds exhibit non-trivial band
topology. These findings provide new insight into the inter-
play between superconductivity and band topology in DLHC
materials, offering a promising platform for future exploration
of topological quantum phenomena.

2. Computational details

All the density functional theory (DFT)[4>#3 calculations
related to MpN, structures in this study were conducted us-
ing the widely recognized Vienna ab initio simulation package
(VASP)*Y and the Quantum Espresso (QE) package.!*! The
interaction between electrons and ions was carried out by the
projector augmented wave method (PAW).[4! For exchange—
correlation effects, we employed the generalized gradient ap-
proximation (GGA) with the Perdew—Burke—Ernzerhof (PBE)
functional.!*’! The edge states were calculated using the it-
erative Green’s function method implemented in the WAN-
NIERTOOLS package,*®! based on a tight-binding model
constructed from maximally localized Wannier functions gen-
erated by WANNIER90.**>% The Z, index was also com-
puted using WANNIERTOOLS. In all calculations, the vac-
uum spacing was 20 A along the c-axis was maintained to
eliminate interactions between periodic images of the layers.
For the electronic integration, we utilized a I'-centered k-mesh
of 18x18x1 for Brillouin zone sampling. For the phonon
dispersion and EPC calculations, we used a g-point grid of
12x12x1 to sample the Brillouin zone, coupled with a high-
resolution k-point grid of 48 x48x 1 to accurately compute the
EPC matrix elements.

3. Results and discussion
3.1. Lattice structure and stability

The fully optimized DLHC structure of M>N, exhibits
hexagonal symmetry and belongs to the space group P6/mmm
(No. 191). Figure 1(a) presents the top and side views of
this crystal structure, where green and gray spheres denote M
and N atoms, respectively. Structurally, M>N, adopts a DLHC
configuration, consisting of two buckled M—N monolayers that
are vertically stacked and interconnected via strong interlayer
M-N bonds. In this arrangement, each M (N) atom in the bot-
tom layer forms a single interlayer bond with one N (M) atom
in the top layer, creating a compact and robust bilayer frame-
work. The primitive unit cell contains four atoms, one M atom
and one N atom in each layer, preserving the stoichiometry and
symmetry of the DLHC prototype. Unlike the planar geometry
of graphene, the six-membered rings in M,N, display a con-
sistent out-of-plane curvature, forming a bent bilayer structure
with noticeable 3D character. This structural deformation is
stabilized by the interlayer bonding and may significantly im-
pact the electronic coupling and lattice dynamics. Table 1
summarizes the optimized structural parameters, including the
in-plane lattice constant a, the intralayer bond length /, and
the vertical interlayer distance 4. Notably, Nb,N, and Tap,N,
show nearly identical geometrical parameters, which can be
attributed to their similar atomic radii and equivalent valence
electron configurations, as both elements are group V tran-
sition metals. This structural similarity implies that the two

(@)
Q//Oxayé&,

0.

O M (M=Nb, Ta)

(c)

ol

Fig. 1. (a) Top and side views of M>N, (M = Nb, Ta). The unit cell
is shown by the black solid line. M and N atoms are represented by
green and gray spheres, respectively. The 2D maps of electron local-
ization function for (b) NbyN, and (c) TapN,. The color of red and
blue refer to the highest (1.0) and lowest (0.0) value of ELF, indicating
accumulation and depletion of electrons, respectively.
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compounds may exhibit analogous physical properties, includ-
ing superconductivity. Additionally, we compared the a, /, and
h of MyN, with other DLHC compounds. The results indi-
cate that the values for M>Nj fall within the normal range for
DLHC materials. 263

Table 1. Optimized lattice parameter a, bond lengths / and &, which are
the distances between the M atom and the N atom in top view and side
view.

a(A) LA h(A)
Nb,N, 352 2.07 223
TNy 3.52 2.07 2.25

The stability of M>Nj is comprehensively evaluated from
both thermodynamic and dynamical perspectives. For ther-
modynamic stability, ab initio molecular dynamics (AIMD)
simulations at 300 K are carried out for both compounds. As
illustrated in Figs. 2(a) and 2(b), the energies of NbyN> and
Ta;N; fluctuate around —675 eV and —632 eV, respectively,
with no structural collapse or reconstruction observed during
the simulations, indicating excellent thermal stability at room
temperature. The cohesive energies (E.on) and formation en-
ergies (Eform) are calculated to further assess thermodynamic
stability. Using the formula Econ = [Em,N, — (2Ep +2EN)] /4,
where Eyp N, is the total energy of the optimized M,N,, and
Ey and Ey are the total energies of isolated M (Nb or Ta) and
N atoms, respectively, each calculated in large vacuum boxes
to minimize spurious interactions due to periodic boundary
conditions. The E.o, values obtained are —9.27 eV/atom for
NbyN» and —9.11 eV/atom for TapN;. These values are sig-
nificantly more negative than those of experimentally syn-
thesized 2D materials, such as Cu,Si (—3.46 eV/atom)[>!>2!
and DLHC AISb (—5.04 eV/atom).*63 Additionally, com-
pared to other DLHC nitrides like AIN (—5.65 eV/atom),
GaN (—4.32 eV/atom), and InN (=3.73 eV/atom),?! the
more negative E.o, values for M>N, not only imply superior
structural cohesion but also suggest that M>N, compounds
may be more readily synthesizable under experimental con-
ditions. The FEfoy is calculated using the relation Efym =
[Epm,N, — (2Em +2EN)] /4, the reference states are taken as
body-centered cubic (BCC) phases for Nb and Ta, and N,
molecules for N. The negative Efon (—4.03 eV/atom for
NbyN; and —2.42 eV/atom for TapyN;) further confirm the
thermodynamic feasibility of synthesizing these compounds.
Dynamical stability is assessed through phonon spectra, de-
picted in Figs. 4(a) and 4(f). The absence of imaginary phonon
modes across the entire Brillouin zone confirms the dynam-
ical stability of both NbyN, and TapNj.
combination of AIMD simulations, significantly negative E.p

In summary, the

and FEfom, and positive phonon spectra provides compelling
evidence for the thermodynamic and dynamical stability of
M,N,. These findings underscore the structural viability of
M>N, and suggest their potential experimental accessibility.

Techniques such as molecular beam epitaxy and chemical va-
por deposition could potentially be used for their synthesis.

—672 —630
(a) (b)
—67ar —632}
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g LNV W o0 0 _0o
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Fig. 2. The variation of the free energy in the AIMD simulations in
the time scale of 6 ps along with the last frame of image at 300 K of
(a) NbaN» and (b) Ta; Ny, respectively.

3.2. Electronic structure and non-trivial band topology

Figure 3 illustrates the orbital-resolved electronic band
structures, total density of states (DOS), and orbital-projected
DOS (PDOS) for DLHC NbyN; and Tap;N,. The band struc-
tures along the high-symmetry path I'-M—-K-I" are depicted
in Figs. 3(a), 3(b) for NbyN», and in Figs. 3(f), 3(g) for TapyN».
The corresponding Fermi surfaces (FSs), which reveal the na-
ture of the low-energy electronic states, are shown in Figs. 3(e)
and 3(j). Additionally, the electron localization function (ELF)
plots in Figs. 1(b) and 1(c) provide insight into the spatial dis-
tribution of electron density within the unit cell.

Several energy bands intersect the Fermi level (Ef), con-
firming the metallic nature of both Nb,N, and Ta;N,. In
Nb,N,, three bands cross Ef, forming distinct Fermi pock-
ets, one centered at the M point and another extending along
the K-I" direction, as shown in Fig. 3(e). The band with the
highest Fermi velocity (vg) lies along the I'-K path, whereas
the bands near the M point exhibit significantly lower vg. The
orbital-resolved band structures and PDOS [Fig. 3(d)] reveal
that the low-energy electronic states near Ep are predomi-
nantly contributed by Nb d-orbitals. Among these, Nb d,, and
dy, states dominate, followed by smaller contributions from
Nb d_, dyy, and dxz,yz. In contrast, the contribution from N
atoms is minor, mainly arising from N p-orbitals. The elec-
tron localization function (ELF) in Fig. 1(b) further corrobo-
rates this picture, showing strong charge localization around
N atoms. A similar metallic behavior is observed in Ta;N»,
where three bands also cross Ef, as shown in Figs. 3(f) and
3(g). The corresponding FS [Fig. 3(j)] exhibits a prominent
electron pocket around the I point and a hole pocket along the
K-T" direction. The highest vg originates from the I'-K band
crossing. However, unlike Nb,N,, the vp near the I" point
is comparatively lower. The PDOS [Fig. 3(i)] shows that Ta
d-orbitals dominate the states near Ep, especially the Ta d,,
and dy; components, followed by Ta d > orbitals. A moder-
ate contribution from Ta s-orbitals is also present, whereas the
N-derived states are mainly from N s-orbitals, with minimal
participation from N p-orbitals.
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Fig. 3. Orbital-resolved electronic band structure along high-symmetry line of I'-M—K-I" for Nb (a) and N (b) of Nb,Nj. (c) The total DOS
of NbyN; and the total DOS of Nb and N atoms. (d) Orbital-projected DOS of NbyN,. (f)—(i) are similar to (a)—(d) but for Ta;N,. FSs of
(e) NbyN» and (j) TapN,. The high symmetric route along I'-M—K-I" is shown in black dotted lines.

—
53
Ny

, (b)

Energy (eV)
o

9

V
A
\

-1 Edge state]
_9 A
L)

A

'S

Eg@

M K rr M r

-2

~

Fig. 4. The band structures with SOC and topological edge states (red
trace) on the (0, 1) edge of (a), (b) Nb,N; and (c), (d) TayN».

To further elucidate the charge distribution and bond-
ing characteristics, we performed Bader charge analysis. In
Nb,Nj, each Nb atom carries a Bader charge of approximately
3.47e, while each N atom holds about 6.53¢. This indicates a
net charge transfer of 1.53e from Nb to N. Similarly, in Ta; Ny,
the Ta atoms possess charges of 3.53¢, and the N atoms have
6.47e, corresponding to a transfer of 1.47 electrons from Ta to
N. This significant charge redistribution underscores the par-

tially ionic character of the metal-N bonds. These results
are consistent with the ELF maps [Figs. 1(b) and 1(c)] and
the charge density difference (CDD) plot [Fig. S1], both of
which show pronounced electron localization around the N
atoms, reflecting their strong electronegativity and confirming
the electron-donor role of the transition metal atoms. Further-
more, both the ELF and CDD reveal the presence of intersti-
tial electronic states. In summary, the dominance of transi-
tion metal d-orbitals near the Er underscores the pivotal role
of metal-N bonding in determining the electronic structure of
DLHC M;N; compounds. Both ELF and Bader charge analy-
ses highlight the significant electron-donating role of Nb. Fur-
thermore, the pronounced d-orbital character near Er creates
favorable conditions for substantial EPC, which is a key factor
in inducing superconductivity.

Moreover, both Nb, N, and Ta; N, exhibit Dirac-cone-like
dispersions along the K-I" path near the Er. Upon inclusion
of SOC, these Dirac points evolve into continuous band gaps,
as highlighted in yellow in Figs. 4(a) and 4(c). The opening of
SOC-induced gaps suggests a potential non-trivial topological
character. To confirm this, we calculated the Z, topological
index and obtained a value of 1 for both compounds, thereby
confirming their non-trivial band topology. Additionally, as
shown in Fig. S2, the Wannier charge centers (WCCs) cross
the reference line an odd number of times, further support-
ing the topological nature of these materials. The existence of
topologically protected edge states, evidenced by the red traces
in Figs. 4(b) and 4(d), provides further validation of their non-
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trivial topology. These results establish Nb,N, and Ta;N; as
2D topological metals with SOC-induced band gaps that can
support robust edge states. Such properties make them highly
promising for applications in spintronic devices and quantum
information technologies.

3.3. Electron—phonon coupling and superconductivity

Given the metallic nature of NbyN», and Ta;N» as indi-
cated by their energy bands, it is crucial to further investi-
gate their EPC and superconducting properties. Consequently,
we calculate and analyze their phonon dispersion relations,
phonon density of states (PhDOS), Eliashberg spectral func-
tion o?F (w), cumulative EPC constant A, and the integrated
EPC distributions, with the results presented in Figs. 5 and 6.

For Nb,Nj, the phonon modes can be categorized into
three distinct frequency regions based on the phonon disper-
sion relations [Fig. 5(a)]: a high-frequency region ranging
from 475 cm™! to 610 cm™!, a mid-frequency region from
375 cm™! to 475 cm™!, and a low-frequency region below
323 cm~!. The high-frequency modes are predominantly at-
tributed to in-plane vibrations of the lighter N atoms, while
the mid-frequency modes mainly correspond to out-of-plane
vibrations of the N atoms. As confirmed by the atom-resolved
PhDOS in Fig. 5(c), the entire frequency range from 375 cm™!
to 610 cm™! is almost entirely dominated by the vibration
modes of N atoms. Below 323 cm™!, the vibration modes
become increasingly hybridized, involving both in-plane and
out-of-plane displacements of Nb and N atoms. However, the
dominant contributions in this low-frequency range are from
Nb atoms, as evident in Fig. 5(c), where the phonon den-
sity of states (PhDOS) of Nb atoms dominates. The low-
frequency region contributes approximately 70% of the to-
tal A, as demonstrated by the Eliashberg spectral function
a*F (o) and the integrated EPC function A in Fig. 5(d). This
is consistent with Fig. 5(b), where the first acoustic branch
shows strong EPC across most of the path except near the K
point. Additionally, the EPC distribution in Fig. 5(b) matches
that in Fig. 6(a). In summary, Nb plays a pivotal role in the
superconductivity of NbyN,. As evidenced by the electronic
structure analysis, Nb provides nearly all the contributions
at the Fermi level, especially from its d-orbitals. Therefore,
the superconductivity in Nb,N; primarily originates from the
coupling between Nb d-orbitals electrons and mid- to low-
frequency Nb vibrations. For Ta;N», analogous phonon char-
acteristics are observed. The vibration spectrum is divided
into three regions: a high-frequency region (490-627 cm™!),
a mid-frequency region (340478 cm™!), and a low-frequency

region below 220 cm™!.

Similar to the Nb analogue, the
high- and mid-frequency modes are primarily associated with
N atom vibrations, corresponding to in-plane and out-of-plane
motions, respectively. In contrast, the low-frequency region

involves more complex hybridized modes with contributions

from both Ta and N atoms. The dominant phonon modes in
this low-frequency range arise from the heavier Ta atoms, as il-
lustrated in the atom-resolved PhDOS in Fig. 5(g). Significant
EPC is concentrated in the first acoustic branch, particularly
near point I along the K-I" path, where pronounced phonon
softening is observed, indicating a strong Kohn anomaly. The
corresponding vibration pattern at point I is shown in the in-
set of Fig. 5(f), highlighting the enhanced EPC in this region.
This corresponds to the orange-yellow arrow-shaped area near
the K point along the K-I" path in Fig. 6(b). As depicted in
Fig. 5(h), over 80% of the EPC originates from the coupling
of Ta d-orbitals [Fig. 3(i)] with low-frequency phonon modes
below 220 cm™!. This highlights the key role of Ta-derived vi-
brations in mediating the superconducting pairing mechanism.
Based on the calculated EPC parameters and using the Allen-
Dynes modified McMillan formula, the estimated 7; of NbyN»
and Ta; N, are 6.37 K and 8.80 K, respectively.

To further explore the tunability of superconductivity,
strain engineering is applied to Nb,N, and TayN,. The strain
is applied along the two basis vector directions, and the rela-
tive change of the lattice constant € is defined as (a —ayg)/ag x
100%, where ap and a represent the lattice constants of pris-
tine and strained M,N», respectively. For NbyN», applying a
compressive strain of —1% primarily affects @0, reducing it
from 311.27 K to0 298.02 K, which lowers T; to 6.08 K. In con-
trast, tensile strain induces dynamical instability, evidenced by
imaginary frequencies in the phonon spectrum. For Ta;N», a
compressive strain of —2% decreases both A and Wog, lower-
ing T; to 5.23 K. Conversely, a tensile strain of 2% increases
both A and g, Taising T¢ to 9.61 K. These findings indicate
that compressive strain suppresses superconductivity in both
materials, while tensile strain benefits superconductivity only
in TapNj. All strained phonon spectra were confirmed to be
free of imaginary modes, as shown in Fig. S3. The full details
of the superconducting parameters for both the intrinsic and
strained conditions are comprehensively listed in Table 2.

In addition to the phonon spectrum and EPC analyses,
key superconducting parameters, such as the reduced energy
gap 2A(0)/kp T, and the isotope effect coefficient 3, are eval-
uated to further elucidate the nature of superconductivity in
these compounds. For Nb, Ny, the calculated values are 3.59
and 0.44, respectively, while for Ta;N», they are 3.76 and 0.47.
The corresponding results are summarized in Table 3. These
values are in close agreement with the predictions of conven-
tional BCS theory, which estimates 2A(0)/kgT; =~ 3.53 and
B = 0.50. The proximity of these values to the BCS lim-
its strongly suggests that both NbyN, and TapN, are conven-
tional, phonon-mediated superconductors. Together with the
EPC analysis, these findings provide a comprehensive theo-
retical foundation and valuable reference for the experimental
exploration of superconductivity in these 2D DLHC materials.
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Fig. 5. Phonon dispersion of (a) Nb,N; and (e) TayN, weighted by the vibration modes of M and N atoms, respectively. (b), (f) Phonon
dispersion weighted by the magnitude of EPC Agy. The insets show the vibration modes for the prominent Agy I for Ta;N,. The brown and
gray spheres represent Ta and N atoms, respectively. (c), (g) Total and atom-projected phonon DOS for Nb, N, and Ta;Nj. (d), (h) Eliashberg
spectral function 02F () and cumulative frequency dependence EPC function A (@) for NbaN, and TayN,.

Table 2. Biaxial strain €, logarithmic averaged phonon frequency mog, total
EPC constant A4, and superconducting 7; of M;N5.

€ (%) Wrog (K) A e (K)
NbyN» 0 311.27 0.58 6.37
-1 298.02 0.58 6.08
TayNp 0 185.10 0.81 8.80
-2 131.11 0.74 5.23
2 196.48 0.82 9.61

(b)

»

Min [ il | Il Moax

Fig. 6. The integrated EPC distributions of (a) Nb,N, and (b) TayNj in
the plane of g, = 0. The high-symmetry path of '-M—K-I" is marked.

.
>
.

Table 3. The DOS at the Fermi level N(Eg) (states/spin/Ry/unitcell),
Sommerfeld constant y (mJ /cm?® /K?), specific heat jump at T, AC (T;)
(mJ/cm3 /K?), critical magnetic field at 0 K H,(0) (T), isotope coeffi-
cient 8, and 2A(0) /kg T:. of Nb,N; and TayN».

N(Eg) Yy AC(T.) H(0) B 2A(0)/kp T,
Nb,N,  12.70  0.03 0.05 0.03 044 3.59
Ta;N, 12,76 0.04 0.07 0.03 047 3.76

4. Conclusion

In summary, using first-principles calculations, we have
systematically investigated M>N, (M = Nb, Ta) with DLHC
structure. We successfully identified NbyN> and Tap;N» as the
first DLHC materials exhibiting superconductivity, thereby ad-
dressing a key gap in this field. Both compounds display dy-
namically stable metallic behavior and significant EPC, with
T. of 6.37 K and 8.80 K, respectively. Their superconductiv-
ity primarily originates from d-orbitals of the transition met-
als (Nb and Ta) and low-frequency metal-dominated phonon
modes. Notably, calculations of the Z, index and edge states
reveal that Nb,N, and Ta;N, possess non-trivial band topol-
ogy. The coexistence of superconductivity and non-trivial
band topology not only enriches the understanding of DLHC
systems but also provides a robust theoretical foundation and
practical guidance for experimental research aimed at discov-
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ering and designing DLHC compounds with combined super-
conducting and topological properties.
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