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Experimental studies have reported that nitrogen (N)-doped orthorhombic α-Mo2C exhibits a significant
enhancement in its superconducting transition temperature (Tc). To elucidate the underlying mechanisms, we
conducted a systematic first-principles investigation of N-doped α-Mo2C, focusing on its structural stability,
electronic structure, phonon dynamics, and superconductivity. The results show that the superconductivity origi-
nates from the electron-phonon coupling (EPC) between Mo-4d orbital electrons and low-frequency vibrational
modes of Mo atoms. As the N content increases, the Tc exhibits a dome-shaped variation, well-consistent
with experimental observations. Notably, varying the N-doping concentration drives a Lifshitz transition and
a trivial-nontrivial-trivial topological evolution, as confirmed by Wannier-based Z2 invariants. These findings
provide important insights into the superconductivity and topology in N-doped α-Mo2C, and offer valuable
guidance for the design of high-performance superconducting and topological quantum materials.
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I. INTRODUCTION

Transition metal carbides (TMCs) have garnered consider-
able attention in recent years due to their unique combination
of metallic and ceramic properties. These materials exhibit
high melting points, exceptional hardness, excellent electri-
cal conductivity, superior corrosion resistance and remarkable
chemical stability, enabling their use in extreme environments
such as high-temperature structural applications, electro-
catalysis, energy storage systems [1–5]. Furthermore, their
tunable electronic structures, arising from the partially filled
d-orbitals of transition metals, make them promising can-
didates for advanced functional materials, including super-
conductors. Among the TMCs family, molybdenum carbide
(Mo2C) has emerged as a particularly compelling material
due to its structural robustness and versatile physical prop-
erties. Mo2C demonstrates noble-metal-like catalytic activity
in reactions such as hydrogenation [6,7], hydrogen evolu-
tion reactions [8–11], and water-gas shift [12,13], while
also exhibiting intriguing low-temperature superconductiv-
ity [2,14]. Specifically, the orthorhombic phase of Mo2C
(α-Mo2C) features rigid [Mo6C] octahedral motifs that fa-
cilitate electron-phonon coupling (EPC) [15]. The EPC
mechanism is essential for conventional superconductivity
within the Bardeen-Cooper-Schrieffer (BCS) framework [16].
With a Vickers hardness of 13.4 GPa, α-Mo2C represents a
rare example of a hard superconductor and provides a promis-
ing platform for studying structure-property relationships in
quantum materials [15]. These exceptional properties provide
a strong foundation for further tuning its superconducting per-
formance through electronic structure engineering, including
doping and strain modulation.
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Among various strategies to modulate the superconducting
properties of Mo2C, N-doping has emerged as a particularly
promising approach. While previous researches primarily fo-
cused on N-doping to enhance the catalytic and electronic
transport performance of Mo2C for applications such as hy-
drogen evolution reactions, lithium-ion storage, and stable
alkali metal anodes [17–20]. Recent studies have demon-
strated that N incorporation can also effectively enhance its
superconducting performance [21,22]. Earlier experimental
work often relied on complex precursors and multi-step pro-
cesses, yielding C-rich or multiphase composites with limited
N incorporation and poor crystallinity, thus precluding accu-
rate evaluation of intrinsic superconducting properties [21].
Recently, solid-state reactions and simple urea approaches
[21,22] have enabled the synthesis of phase-pure Mo2C1−xNx

solid solutions with tunable N content up to x = 0.57 [21].
These doped samples retain the orthorhombic α-Mo2C struc-
ture while exhibiting significantly enhanced superconducting
properties. The superconducting transition temperature (Tc)
increases substantially from 5.5 K in undoped α-Mo2C to
7.9 K at optimal doping levels, accompanied by elevated
upper critical fields and clear evidence of bulk superconduc-
tivity [21]. Beyond these experimental findings, Mo2C has
recently attracted significant attention as a promising platform
for topological superconductivity owing to its tunable band
structure, strong metallic bonding, and symmetry-allowed sur-
face states [23]. However, both theoretical predictions and
experimental results remain inconclusive regarding whether
the topological electronic bands of α-Mo2C persist after
N-doping. Therefore, to elucidate the underlying mecha-
nisms of doping enhanced superconductivity and explore the
possibility of topologically nontrivial phases, first-principles
calculations are essential for systematically investigating the
electronic structure, phonon behavior, and EPC in N-doped
α-Mo2C system.
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FIG. 1. (a)–(e) The crystals of Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1). The primitive cell is shown by the black solid line.

Here, we conduct a comprehensive study based on first-
principles calculations. Our results reveal that with increasing
N concentration: (1) The crystal structure of α-Mo2C remains
stable without undergoing any structural phase transition;
(2) A topological transition occurs, accompanied by a
Lifshitz transition in the Fermi surface; (3) The Tc exhibits a
dome-shaped dependence on N content, consistent well with
experimental observations. This trend is primarily governed
by the variation in the electronic density of states (DOS) at
the Fermi level and low-frequency vibrational modes of Mo
atoms. These findings not only deepen the understanding of
N-doping on the superconductivity in Mo2C1−xNx, but also
provide new insights into the electronic topological properties
that may exist in TMCs.

II. COMPUTATIONAL DETAILS

The electronic and superconducting properties of
Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1) are investigated using
first-principles calculations, as implemented in the Vienna
Ab-initio Simulation Package (VASP) [24] and the Quantum
ESPRESSO (QE) software package [25]. The electron-ion
interactions are treated using the Projector-Augmented
Wave (PAW) method [26], and the exchange-correlation
effects are described within the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof
(PBE) parametrization [27]. The topology properties are
calculated through the WANNIERTOOLS package [28,29],
and its basis set depends on the maximum localized Wannier
functions (MLWFs) [30,31] from the VASP2WANNIER90
interfaces [32]. More computational methods and details are
shown in the Supplemental Material (SM) [33] (which also
contains Refs. [34–36]).

III. RESULTS AND DISCUSSIONS

A. Crystal structures

Based on first-principles calculations, we investigate
whether N-doping induces a structural phase transition in
α-Mo2C. The results show that the orthorhombic structure of
α-Mo2C remains stable across all examined doping concen-
trations, with no indication of a phase transition, consistent
with experimental observations [21,22]. Therefore, the stud-
ied compounds Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1) all
retain an orthorhombic ξ -Fe2N-type crystal structure with
the space group Pbcn (No. 60), as illustrated in Fig. 1.
At doping levels of x = 0.25, 0.75, and 1, the substi-
tuted structures remain symmetry-equivalent no matter which

carbon atom is replaced. However, at x = 0.5, three inequiv-
alent configurations occur due to the presence of multiple
nonequivalent carbon sites. We evaluate the thermodynamic
stability of these three inequivalent configurations by cal-
culating their formation energies according to the formula:
Eform = [EMo2C0.5N0.5 − (8EMo + 2EC + 2EN)]/12, where the
EMo2C0.5N0.5 , EMo, EC, and EN denote the total energies of
Mo2C0.5N0.5, bulk Mo metal, orthorhombic graphite and
an isolated N2 molecule, respectively. The calculated for-
mation energies for the three inequivalent configurations
are −0.1746, −0.1741, and −0.1711 eV/atom, respectively.
Among them, the configuration shown in Fig. 1(c) exhibits
the lowest formation energy, indicating the highest thermody-
namic stability and suggesting that it is the most favorable
for experimental realization. Consequently, only this repre-
sentative configuration is discussed in the main text, while
the results of the other two configurations are presented in
Figs. S1–S3 of the SM [33].

From the crystal structures of Mo2C1−xNx in Figs. 1(a)–
1(e), it is clearly seen that each primitive unit cell contains
eight Mo atoms and four C/N atoms, where N atoms substitute
for C at varying concentrations. Each C/N atom is coordinated
by six Mo atoms, and each Mo atom is bonded to three C/N
atoms. The calculated lattice parameters and unit cell volumes
(V ) are summarized in Table I. As shown, the calculated re-
sults for pristine α-Mo2C are in good agreement with experi-
mental data [14,21,22,37]. Upon increasing N content, the lat-
tice parameter a shows a gradual increase, while b and the unit
cell volume V exhibit a monotonic decrease. These trends are
consistent with those observed in experimental measurements
[21,22], confirming the reliability of the calculation results.

B. Electronic structures and topological transition

To investigate the origin of superconductivity in pristine
α-Mo2C and assess the influence of N-doping, we calcu-
late the electronic properties of Mo2C1−xNx for N-doping

TABLE I. Lattice parameters a, b, and c (Å) and the unit cell
volume V (Å3) for Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1).

Materials a (Å) b (Å) c (Å) V (Å3)

α-Mo2C 4.74 6.06 5.23 150.23
Mo2C0.75N0.25 4.76 6.05 5.20 149.75
Mo2C0.5N0.5 4.78 6.03 5.16 148.73
Mo2C0.25N0.75 4.82 6.01 5.12 148.32
Mo2N 4.89 5.97 5.06 147.72
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FIG. 2. (a), (d), (g), (j), (m) Band structures without SOC; (b), (e), (h), (k), (n) TDOS and (c), (f), (i), (l), (o) PDOS of Mo2C1−xNx (x = 0,
0.25, 0.5, 0.75, 1). (p) BZ and its projections on (001), (010), and (100) surfaces.

concentrations of 0, 0.25, 0.5, 0.75, and 1, as presented in
Fig. 2. Figures 2(a), 2(d), 2(g), 2(j), and 2(m) show the elec-
tronic band structures along high-symmetry paths [defined
in Fig. 2(p)] for each doping level. In all cases, multiple
bands cross the Fermi level, confirming the metallic nature
of Mo2C1−xNx across the entire doping range. Although
the overall band structure shapes of Mo2C1−xNx are similar

FIG. 3. (a)–(e) The Fermi surfaces of Mo2C1−xNx (x = 0, 0.25,
0.5, 0.75, 1) weighted by the Fermi velocity vF .

throughout the entire N-doping range, the Fermi level shifts
upwards as the N concentration increases. Because the band
near Fermi level is dense and multiple bands cross, we fur-
ther provide a direct comparison of the same representative
band (the lowest valence band) for different N-doping levels
(Fig. S4 of the SM [33]), which makes the doping-induced
upward shift of Fermi level more transparent. This is naturally
expected because each N substitution introduces one addi-
tional valence electron compared with C, thereby filling states
near the Fermi level. Figures 2(b), 2(e), 2(h), 2(k), and 2(n)
present the total density of states (TDOS) together with its
element-resolved components for each doping level. The data
reveal that TDOS around the Fermi level are overwhelmingly
contributed by Mo atoms; quantitative analysis shows Mo
accounts for more than 94% of the TDOS at the Fermi level.
A notable feature emerges at a N-doping concentration of
x = 0.75, where the Fermi level shifts upwards and ap-
proaches a van Hove singularity (vHs) peak. Consequently,
the TDOS of Mo2C0.25N0.75 is significantly enhanced, in-
creasing from 6.24 states/eV for α-Mo2C to approximately
10.28 states/eV. This enhancement in the TDOS is expected
to strengthen EPC and is beneficial for superconducting
properties in the N-doped system. The partial DOS (PDOS),
shown in Figs. 2(c), 2(f), 2(i), 2(l), and 2(o), reveal that the
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FIG. 4. (a)–(c) TSSs of Mo2C1−xNx (x = 0.25, 0.5, 0.75) on the (001) surface.

five Mo-4d orbitals contribute nearly equally to the states
near the Fermi level across all doping levels. This suggests a
relatively weak crystal field effect in Mo2C1−xNx, regardless
of N concentration. Collectively, these results confirm that the
Mo-4d electrons dominate the electronic states near the Fermi
level, playing a crucial role in the superconducting behavior of
N-doped α-Mo2C. Figures 3(a)–3(e) show the Fermi surfaces
(FSs) weighted by the Fermi velocity (vF ) for Mo2C1−xNx

(x = 0, 0.25, 0.5, 0.75, 1), where the magnitude of the vF

is encoded by the color scale, with the redder regions corre-
sponding to larger vF , steeper band slopes, stronger electronic
dispersion, faster carrier motion, and higher conductivity.
More importantly, increasing the N concentration induces a
clear reconstruction of the FS, which manifests in the appear-
ance or disappearance of the Fermi pockets (see also Fig. S5
of the SM [33]), indicating a change in FS topology. Such a
topology change of the FS, driven by a band edge crossing
the Fermi level, is characteristic of a Lifshitz transition. This
FS reconstruction provides an essential electronic structure
basis for understanding the doping dependent evolution of the
superconducting properties discussed below.

Molybdenum atoms are known to exhibit strong spin-orbit
coupling (SOC), which can give rise to topologically nontriv-
ial electronic states. To examine this possibility in Mo2C1−xNx

(x = 0, 0.25, 0.5, 0.75, 1), we compare the electronic band
structures calculated without and with SOC, as shown in
Figs. S6(a–j) of the SM [33]. With SOC, the previously
degenerate crossings between the highest occupied band
(blue) and the lowest unoccupied band (red) are lifted, pro-
ducing finite direct gap openings along high-symmetry paths.
Representative localized energy gap cracking is clearly shown
in Fig. S6 of the SM [33]. Importantly, to assess whether
such a separation persists beyond high-symmetry lines, we
further evaluate the gap magnitude throughout the irreducible
Brillouin zone and summarize the resulting distribution in
Fig. S7 of the SM [33]. The finite gap distribution indicates
that SOC induces a global separation gap between the highest
occupied and lowest unoccupied bands across the irreducible
Brillouin zone, which provides the band-gap prerequisite
for defining the topological invariant Z2 discussed below.
To further verify the topological properties of Mo2C1−xNx

(x = 0, 0.25, 0.5, 0.75, 1), we construct the Maximally
Localized Wannier Functions (MLWFs) by using Wannier90
to obtain accurate tight-binding Hamiltonians. d orbitals of
Mo atoms and p orbitals of C/N atoms are chosen as the

initial projections. The Wannier-interpolated band structures
show excellent agreement with the first principles results as
shown in Fig. S8 of the SM [33], ensuring the reliability of the
derived tight-binding models. And the Wilson loop method
[38] is employed to calculate the topological invariants of the
occupied bands below the energy gap opened between the
highest valence and lowest conduction states, as shown in
Fig. S6 of the SM [33]. For three dimensional systems, the
topological classification is characterized by the strong index
(ν0) and three weak indices (ν1ν2ν3) [39,40]. The results
reveal a distinct doping induced topological oscillation:
Mo2C1−xNx at (x = 0) is topologically trivial materials
with (0;000), while the nitrogen is introduced leading to
topologically nontrivial materials (1;000) for x = 0.25, 0.5,
and 0.75. Upon further doping to full substitution (x = 1),
the system reverts to topologically trivial materials (0;000).
These results provide a compelling platform for exploring
doping controlled topological materials. A defining feature
of the topologically nontrivial materials is the existence of
topological surface states (TSS). Based on the MLWFs,
the surface spectral functions of a semi-infinite system
is calculated using the iterative Green’s function method.
Figures 4(a)–4(c) present the TSSs on the (001) surface
of Mo2C1−xNx (x = 0.25, 0.5, 0.75) along high-symmetry
paths in the projected 2D Brillouin zone of Fig. 2(p), where
a Rashba-like TSS is clearly resolved at the X̄ point within
the bulk energy gap. The corresponding TSSs on the (010)
and (100) surfaces are provided in Fig. S9 of the SM [33].
These Rashba-like TSSs should be directly observable via
angle-resolved photoemission spectroscopy (ARPES) [41].

C. Electron-phonon coupling and superconductivity

To investigate the vibrational properties of N-doped
α-Mo2C, we analyze both the phonon dispersion [Figs. 5(a),
5(d), 5(g), 5(j), and 5(m)] and the phonon DOS (PhDOS)
[Figs. 5(b), 5(e), 5(h), 5(k), and 5(n)] for Mo2C1−xNx (x = 0,
0.25, 0.5, 0.75, 1). The phonon spectra exhibit no imaginary
frequencies throughout the entire frequency range, which in-
dicates that varying the N concentration does not compromise
the dynamic stability of the Mo2C1−xNx. To better character-
ize the vibrational behavior, the phonon spectra are divided
into two frequency regions, including 0−310 cm−1 and
311−700 cm−1. In the lower range (0−310 cm−1), Mo atom
vibrations are dominant. The higher range (311−700 cm−1)
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FIG. 5. (a), (d), (g), (j), and (m) Phonon dispersion weighted by the magnitude of EPC λqν for Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1)
where the coupling strength gradually increases as the color changes from blue to red. (b), (e), (h), (k), and (n) Total PhDOS of Mo2C1−xNx

(x = 0, 0.25, 0.5, 0.75, 1) and the total PhDOS of each element. (c), (f), (i), (l), and (o) Eliashberg spectral function α2F (ω) and cumulative
frequency-dependent EPC function λ(ω) of Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1). (p) Variation of Tc, λ, ωlog, and N (EF ) with the increase
of N-doping concentration.

mainly involves vibrations from C and N atoms. An increase
in N concentration leads to a noticeable softening of certain
optical phonon branches in the high-frequency region, which
arise mainly from the vibrations of N atoms because of the
larger atomic mass of N compared to C. Consequently, these
modes are energetically separated and shifted to lower fre-
quencies. This characteristic may affect the superconductivity
of Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1).

The phonon dispersion weighted by the magnitude of EPC
λqν [Figs. 5(a), 5(d), 5(g), 5(j), and 5(m)], along with the
Eliashberg spectral function α2F (ω) and its cumulative fre-
quency dependent EPC function λ(ω) [Figs. 5(c), 5(f), 5(i),
5(l), and 5(o)], clearly demonstrate that the low-frequency
phonon modes dominate the EPC in Mo2C1−xNx (x = 0,
0.25, 0.5, 0.75, 1). These modes contribute more than 86%

of the total EPC strength, whereas contributions from high-
frequency phonons are negligible. Therefore, the influence of
N-doping induced high-frequency optical phonon branching
softening on the superconducting properties of Mo2C system
can be ignored. By analyzing low-frequency phonon spectra
of Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1), it is found that the
EPC is relatively strong below the frequency of 200 cm−1 as
shown in Figs. 5(a), 5(d), 5(g), 5(j), and 5(m). The progres-
sive softening of phonon modes in the low-frequency region
(0 − 200 cm−1) with increasing N concentration, as shown in
the circled in green (Fig. S10 of the SM [33]), contributes
to enhance the EPC and thereby raises Tc [42–45]. Addition-
ally, by calculating the vibration mode at the high-symmetry
point X for Mo2C1−xNx (x = 0, 0.25, 0.5, 0.75, 1) [I, II, III,
IV, and V in Figs. 5(a), 5(d), 5(g), 5(j), and 5(m)], which
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TABLE II. The total EPC constant λ, the logarithmically aver-
aged phonon frequency ωlog (K), and Tc (K) for Mo2C1−xNx (x = 0,
0.25, 0.5, 0.75, 1).

Materials λ ωlog Tc

α-Mo2C 0.67 269.33 2.53
Mo2C0.75N0.25 0.82 259.75 5.61
Mo2C0.5N0.5 1.04 239.80 10.22
Mo2C0.25N0.75 1.16 222.46 11.78
Mo2N 0.99 236.13 8.78

exhibits strong coupling and simultaneous phonon softening,
it is evident that Mo atoms vibrate more strongly relative to
C/N atoms [as shown in the inset of the Figs. 5(a), 5(d), 5(g),
5(j), and 5(m)]. This observation indicates that the vibrations
of Mo atoms indeed play a major role in the EPC. Combined
with the electronic structure analysis, these findings confirm
that the dominant contribution to EPC originates from the
coupling between the low-frequency vibrational modes of Mo
atoms and the Mo-4d electrons. This coupling mechanism is
key to understanding the doping-dependent superconducting
behavior of N-doped α-Mo2C.

Based on α2F (ω), we quantitatively determine the log-
arithmically averaged phonon frequency (ωlog) and the
total EPC constant (λ) for Mo2C1−xNx (x = 0, 0.25,
0.5, 0.75, 1), as shown in Table II. According to μ∗ ≈
0.26N (EF )/[1 + N (EF )], where N (EF ) is the electronic
DOS at the Fermi level [46–48], μ∗ is 0.2 when rounded
to one decimal place. The Tc is calculated using the
Allen–Dynes modified McMillan equation, yielding an in-
crease in Tc from 2.53 (x = 0) to a maximum of 11.78 (x =
0.75), then slightly decreasing to 8.78 (x = 1) and showing
a dome-shaped dependence of Tc on N-doping, which is in
excellent agreement with experimental results [22]. To more
clearly expose the microscopic origin of the superconducting
dome and its connection to the doping-induced electronic
reconstruction discussed in Sec. III B, Fig. 5(p) summarizes
the calculated Tc, λ, ωlog and N (EF ) as functions of the N
concentration. Within the Allen-Dynes framework, the evolu-
tion of Tc is governed by the competition between the EPC
strength λ, the logarithmically averaged frequency ωlog, and
the electronic DOS at the Fermi level N (EF ). As shown
in Fig. 5(p), for x � 0.75, N (EF ) increases monotonically
with doping, which is consistent with the FS reconstruc-
tion/Lifshitz physics. And the Mo-dominated low-frequency
phonon branches that provide the dominant contribution to
the total EPC, exhibit a clear softening (highlighted by the
green-circled regions in Fig. S10 of the SM [33]). Therefore,
the enhancement of λ driven jointly by the increased N (EF )
and the softening of the relevant low-energy modes outweighs
the reduction in ωlog, leading to a monotonic increase of
Tc. Upon further increasing the doping to x = 1, the trend
becomes nonmonotonic. The N (EF ) decreases compared with
that at x = 0.75 Fig. 5(p), while the Mo-dominated low-
frequency modes partially harden, which reduces the mode

resolved EPC contributions. Consequently, the total EPC con-
stant decreases from λ = 1.16 at x = 0.75 to λ = 0.99 at
x = 1, and together with the concomitant increase in ωlog this
results in a suppressed Tc in fully substituted Mo2N. To ensure
the reliability of these conclusions, we carried out systematic
numerical validations, including additional DOS calculations
at finer doping intervals (Fig. S11 of the SM [33]), k/q-mesh
convergence tests for EPC calculations to confirm that the
λ values is not an artifact of coarse sampling (Fig. S12 of
the SM [33]), and μ∗ sensitivity analysis showing that the
dome-shaped Tc(x) trend persists for the values μ∗ = 0.10,
0.13 and 0.20 (Fig. S13 of the SM [33]). Taken together, these
checks establish that the reported Tc(x) dome and its micro-
scopic interpretation are robust with respect to both numerical
convergence and reasonable choices of model parameters.

IV. CONCLUSION

In conclusion, we have carried out a comprehensive
first-principles investigation of the electronic structure, topo-
logical properties, and the microscopic origin of the enhanced
superconductivity in N-doped orthorhombic α-Mo2C. The or-
thorhombic framework remains stable across the entire doping
range, while N substitution electron dopes the system and
shifts the Fermi level upward, leading to a pronounced FS
reconstruction accompanied by a Lifshitz transition and a
trivial-nontrivial-trivial topological evolution, as confirmed by
Wannier-based Z2 invariants. Consistent with bulk-boundary
correspondence, the calculated (001) surface spectra for x =
0.25, 0.50, and 0.75 reveal Rashba-like TSSs at X̄ point,
which should be directly testable by ARPES. The dome-
shaped Tc(x) is quantitatively explained by our mode-resolved
EPC analysis. For x � 0.75, the increase of N (EF ) together
with the softening of Mo-dominated low-frequency phonons
enhances λ and raises Tc, whereas for (x > 0.75), the reduction
of N (EF ) and partial hardening of these modes suppress λ and
Tc. The dominant EPC originates from Mo-d electrons cou-
pling to low-energy Mo vibrations, and μSR measurements
could further probe the superconducting state across doping.
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