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Among transition-metal nitrides, the mononitride c-MoN with a rock-salt structure has drawn par-

ticular attention because it has been predicted to possess excellent mechanical and electronic prop-

erties, especially the high superconducting temperature around 30 K. However, synthesis of bulk

c-MoNx with the nitrogen concentration, x, more than 0.5 is still challenging, leading to contradic-

tions on its phase stability and properties. In this work, we formulated a high-pressure synthesis

reaction for the formation of single-crystal c-MoNx with a remarkably high nitrogen concentration

value of x � 0.67. This nitride possesses a high asymptotic hardness of �24 GPa, which is so far

the second hardest among metal nitrides. Impressively, the expected superconductivity is absent in

the as-synthesized product. We further performed density functional theory calculations to clarify

the structural stability and the absence of superconductivity in stoichiometric c-MoN. We find that

the ground state of c-MoN is theoretically explored to be a Mott insulator with an antiferromagnetic

phase, while a paramagnetic configuration is adopted at the ambient conditions. Such magnetic

properties would explain the structural stability and the absence of superconductivity in the as-

synthesized c-MoNx with a high nitrogen concentration. Published by AIP Publishing.
https://doi.org/10.1063/1.5048540

Refractory transition-metal (TM) nitrides have attracted

particular scientific and industrial interest because of their

high hardness, high melting points, and even superconductiv-

ity with considerably high critical temperatures (Tc).
1–3

However, despite intensive studies, some fundamental

underlying physics of TM nitrides, especially the relation-

ship between phase stability and the electronic structure,

remains poorly understood. Most early TM nitrides favor to

crystallize into a mononitride with a rock-salt structure,

while the mononitrides with heavier TM elements prefer to

adopt the zinc-blend (e.g., FeN and CoN) and hexagonal

(e.g., d-WN and d-MoN) structure modifications.4–7 Such

structural variations lead to the diversity of their physical

and chemical properties. For example, the TM nitrides with

the rocksalt structure (B1) often demonstrate a relatively

higher Tc than that of the hexagonal phase (e.g., NbN, ZrN,

and HfN).8,9 The known highest Tc of TM nitrides is �16 K

as found in cubic NbN.10 Impressively, based on the

Gaspari-Gyorffy approach,11,12 it has been proposed that the

cubic c-MoN could possess superconductivity with an even

higher transition temperature of �29 K,13 making this com-

pound a fantastic material.

Over the past few decades, attempts to experimentally

validate this prediction in c-MoN have been unsuccessful

mainly because the preparation of high-quality c-MoN with

the composition close to stoichiometry is still challeng-

ing.14–16 Most previously reported products are poorly crys-

tallized and non-stoichiometric in the form of thin films

synthesized through traditional reaction routes.15,17–19 As a

result, the stability of this compound is still an unsettled

problem, according to a number of recent calculations.20

Both the calculated negative elastic constant C44 and the

imaginary frequency in phonon spectra indicate that the

structure of c-MoNx is metastable and would spontaneously

transform into the hexagonal lattice.20–24 A series of theoreti-

cal works suggests that high pressure would be favorable for

the formation of c-MoNx with a high nitrogen concentra-

tion.25,26 Recently, synthesis of bulk c-MoN0.54 has been

reported in Ref. 14, showing a record value of the nitrogen

concentration and a large lattice parameter of 4.188 Å. In

addition, the obtained Tc for bulk c-MoN0.54 is 9.5 K, which
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is much higher than that in the previous report (i.e.,

5.5 K),15,16 indicating the sensitivity of its superconductivity

to nitrogen deficiency. To date, single-crystal c-MoNx has

rarely been reported, in particular with a high nitrogen con-

centration. Therefore, more experimental efforts are needed

to address the afore-mentioned issues.

Using a special high-pressure (P) reaction route, we

have recently synthesized a series of interesting TM nitrides

in W-N,27 Mo-N,28–30 Cr-N,31,32 and V-N systems,33 includ-

ing synthesis of c-MoNx single crystals.30 In this work, we

further have investigated this nitride with both experiments

and first-principles calculations with a focus on its phase sta-

bility from the perspective of magnetism.

The single-crystal c-MoNx samples were synthesized

using the recently formulated ion-exchange reaction at high

pressure, referring to Refs. 30 and 33 for more experimental

details. Single-crystal and powder X-ray Diffraction mea-

surements were employed to identify the phase of as-grown

crystals, equipped with Mo and copper targets, respectively.

The chemical composition of c-MoNx was determined by

carrying out both energy-dispersive X-ray spectroscopy

(EDX) and an electron probe micro-analyzer (EPMA,

SHIMADZU), using stoichiometric hexagonal d-MoN single

crystal as a reference material.30 Experimental details of the

EPMA of TM nitride can be referred to Ref. 34. Raman spec-

troscopy was used to study the possible nitrogen deficiency

as mentioned in Ref. 14. The aberration-corrected scanning

transmission electron microscopy (STEM, JEOL ARM200F)

measurement was performed to study the material at the

atomic level. Annular bright-field (ABF) and high-angle

annular dark-field (HAADF) images were acquired at angles

of 11.5–23.0 and 90–370 mrad, respectively. The low-

temperature electrical resistivity was conducted using a four-

probe method. We used a dual-beam Strata DB 235 focused

ion beam (FIB)/scanning electron microscopy (SEM) system

to prepare four electrical contact pads by a Pt source on the

(111) crystallographic plane of selected single crystals. The

nano-indentation hardness measurements were performed at

the applied loads of 5, 10, 15, and 20 mN using a Berkovich

indenter and a continuous stiffness measurement (CSM)

mode with a strain rate of 0.05 s�1. The loading time and

holding time were 30 s and 10 s, respectively. The reduced

elastic modulus (or combined modulus) was derived using

the well-known Oliver-Pharr method.35

Density functional theory (DFT) calculations were car-

ried out using the Vienna ab initio simulation package

(VASP).36 The Perdew-Burke-Ernzerhof (PBE) function was

employed combined with the projector-augmented wave

(PAW) pseudopotentials,37,38 as well as plane-wave basis

sets with an energy cutoff at 520 eV. The Monkhorst–Pack

scheme of k-point sampling was used on grids of 11� 11

� 11 for the cubic and orthogonal 8-atom MoN unit cell and

5� 7 � 7 for the 48-atom supercell. In the DFTþU correc-

tion, the U–J value (4.38 eV) for the Mo 4d-orbitals was

used from the previous benchmark of formation energies for

Mo oxides.39 All the structures were optimized until the

maximum force on each atom is less than 0.01 eV/Å.

The crystal structure of the high-P synthesized sample is

determined using transmission electron microscopy (TEM)

and single-crystal x-ray diffraction (XRD). As displayed in

Fig. 1(a), its crystal structure can readily be indexed by a

cubic symmetry with a space group of Fm3m (No. 255), and

the determined lattice parameter is a¼ 4.2 Å along the [011]

zone-axis. Figure 1(b) shows the well-defined atomic fringe

patterns of Mo atoms, confirming the high quality of the as-

prepared sample. Although the nitrogen atoms can be

observed in Fig. 1(c), it is hard to determine the nitrogen

deficiency, owing to the low sensitivity of nitrogen to the

electron microscopy probe. However, using intensity based

on line scanning along a certain crystallographic plan, the

nitrogen disorder and deficiency are clearly explored, which

suggests sub-stoichiometry of the sample (see Fig. S1).

Besides, the rock-salt structure as shown in Fig. 1(d) can fur-

ther be confirmed by single-crystal and powder XRDs. The

calculated lattice parameter is a¼ 4.1952(12) Å, which

agrees well with the obtained value by TEM. It is noted that

such-determined lattice parameter is close to that of stoichio-

metric c-MoN (i.e., �4.21 Å) in the form of the thin film as

claimed by Inumaru et al.,15 inferring a high-nitrogen con-

centration, because the lattice parameter of nitride is very

sensitive to the x value in TMNx. However, complicating the

matter further is that the lattice parameter of our sample is

just slightly greater than that of high-P synthesized c-

MoN0.54 (i.e., 4.188 Å) by Bailey and McMillan,14 indicating

a sub-stoichiometric composition in the our sample. In fact,

XRD refinement also shows that the x value in our sample

should be in the range of 0.6–0.8 (Fig. S2).

To determine the chemical composition of this nitride,

we performed both EDX and EPMA measurements using

hexagonal single-crystal d-MoN as a standard. Because of the

remarkable difference in sensitivity to EDX between Mo and

N, the obtained x value is around 0.53 in the EDX method

(Fig. S3 and Table S1). In contrast, the EPMA method is

often more accurate and has extensively been used for the

FIG. 1. Structure and the lattice parameter of cubic MoNx. (a) The selected

area electron diffraction (SAED) pattern. (b) The high angle annular dark

field (HAADF) images along the [011] zone-axis. (c) The annular bright

field (ABF) image along the [011] zone-axis. (d) Ball and stick model. The

small blue balls represent the N atoms, and the big red balls represent the

Mo atoms.
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study of TMNx.
14,34 Accordingly, the final composition is c-

MoN0.67 (i.e., x � 0.67) (Table S2), which is consistent with

the lattice parameter determination, compared with the case of

c-MoN0.54.14 It is noted that we also observed a series of

Raman signals from the MoN0.67 crystal (Fig. S4), which is

closely associated with nitrogen deficiency as reported in Refs.

14 and 40. In addition, probably because the fraction of oxygen

in our sample is too low, we did not obtain the enough EPMA

signal for oxygen to analyze its contribution. Evidently, syn-

thesis of single-crystal c-MoNx with a high nitrogen concentra-

tion x � 0.67 in this work suggests that the formation of

nitride is thermodynamically favorable at high pressure.

The hardness and modulus of the as-prepared single-crys-

tal sample are determined based on the nano-indentation tests

performed on the (111) surface. As shown in Fig. 2(a), the

modulus and hardness increase gradually with the indented

depth of diamond tip into the sample, followed by approach-

ing asymptotic values of 358 GPa and 24 GPa, respectively, at

the indented depth of 70 nm. At this threshold depth, the shear

deformation starts to be predominant under indentation rather

than the elastic deformation. The such-measured modulus and

hardness of c-MoN0.67 are comparable to those of Si3N4, one

of the most widely used hard materials.41,42

As shown in Fig. 2(b), we preformed low-temperature

resistivity measurement to study superconductivity of single-

crystal c-MoN0.67. Remarkably, the measured resistivity

decreases as the temperature is lowered, indicating a metallic

behavior as plotted in Fig. 2(b). However, the highly

expected superconductivity transition is not observed in this

single crystal sample with temperature down to 2 K. In fact,

the suppression of superconductivity has previously been

studied in c-MoNx thin films with the increasing high nitro-

gen concentration as manifested by the increasing lattice

parameter.15 As discussed below, a strong spin fluctuation is

associated with stoichiometric c-MoN, which destroys elec-

tron pairing to preclude the formation of superconductivity.

In contrast, the lattice defects (i.e., nitrogen deficiency)

would suppress the spin fluctuation, leading to superconduc-

tivity. From this point of view, our previously observed

superconductivity (Tc � 5 K) in c-MoNx (see Ref. 30) should

correspond to a smaller x value. Moreover, it is worthwhile

to mention that the derived residual resistivity ratio, q300 K/

q0, is 1.9 [see Fig. 2(b)], which is indicative of magnetically

induced scattering of conducting electrons.

To further understand the phase stability and magnetic

properties of this material, we carried out the first-principles

calculations to evaluate the stabilities of stoichiometric c-MoN.

Due to the crucial role of the on-site Coulomb interaction of

localized electrons in transition metal oxides and nitrites, the

generalized gradient approximation combined with Hubbard U

correction (GGAþU) was employed for treating the Mo 4d-

orbitals.43–45 We compared the energies of various magnetic

configurations, including the ferromagnetic (FM) phase and the

Mo"0.5Mo#0.5N antiferromagnetic (AFM) phase with the same

magnetic order of CrN [Figs. 3(a)–3(b)],46 as well as the non-

magnetic (NM) phase. As shown in Fig. 3(b), the total energy

of stoichiometric MoN for the AFM state (–15.36 eV) is lower

than that for both the FM (–14.90 eV) and NM states

(–13.96 eV) at the optimized lattices, indicating that the ground

state of c-MoN adopts an AFM state. Furthermore, the binding

energy of c-MoN demonstrates that it is a stable phase against

decomposition into Mo2N þ N2. On the other hand, in the con-

ventional PBE calculation without Hubbard U potential, the

NM state is the ground state, as shown in Fig. S5.

The kinetic stability of the AFM phase is further con-

firmed, since no observable imaginary frequency is found in

the phonon spectrum [Fig. 3(c)]. The FM state is also found

FIG. 2. Electron transport and mechanical properties of single-crystal c-

MoN0.67. (a) Nano-indentation tests on the (111) crystallographic plane. (b)

The measured electrical resistivity as a function of temperature down to 2 K

(black circles). For the residual resistivity, q0 ¼ 0.289 X�lm, is extrapolated

from a fit of the data to q ¼ q0 þ AT2 (red lines), where T and A are the

temperature and constant, respectively.

FIG. 3. (a) and (b) Perspective and top view of the MoN orthorhombic cell

with antiferromagnetic spin moments. The red and purple balls stand for two

right about magnetic moments of Mo atoms. The blue balls stand for N

atoms. (b) Energy of MoN unitcell as a function of Mo atom’s next-nearest

neighbor distance. (c) Phonon dispersions for the AFM phase. (d)–(f) DOS

and –pCOHP plots of the cubic nonmagnetic and ferromagnetic structure

and of the orthorhombic structure.
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to be kinetically stable with only a tiny imaginary frequency

of –0.02 THz in the transverse acoustic phonon branch

around the C-point [Fig. S6(b)]. The kinetic instability of the

NM phase is also confirmed by a large negative frequency of

–10 THz in its phonon spectra using both the GGAþU and

the conventional GGA calculations [Fig. S6(a)]. It is noted

that some kinetically unstable structures can be stabilized at

high temperature. For example, the imaginary frequency of

the e-Pu phase can be eliminated by its phonon entropy at

1500 K.47 However, extremely high temperature may be

needed to eliminate the imaginary frequency of –10 THz,

while all the experimental measurements were performed at

ambient conditions. Therefore, the temperature effect for sta-

bilizing the NM phase can be excluded. According to the

first principles calculations, the AFM state of c-MoN pro-

cesses both thermodynamic and dynamic stabilities.

Due to the spin polarization, the calculated lattice

parameters of magnetic states (e.g., 4.6 Å for the FM state

and 4.5 Å for the AFM state) are larger than those of the NM

state (4.34 Å), which is greater than those of c-MoN0.67

(�4.2 Å), although the NM state is both thermodynamically

and kinetically unstable. Similar overestimation of the lattice

parameters was also reported in previous GGAþU calcula-

tions.48 It is further noted that the anisotropic spin distribu-

tion leads to slightly deformation of the lattice for AFM

c-MoN. According to our calculation, a contraction of �3.5�

for the inter-axial angle a is found, and the Mo-Mo distance

in the xy plane (4.528 Å) is 0.5% larger than that along the z

axis (4.48 Å) in the AFM configuration.

The calculated band structure demonstrates that the AFM

phase of c-MoN is a Mott insulator with an energy gap of

�1.0 eV [Fig. S7(b)], while the FM state is metallic [Fig.

S7(a)]. Both phases have close local magnetic moments for

each Mo atom (AFM: 2.67 lB; FM: 2.86 lB). To gain deeper

insight into orbital origins of magnetism, the crystal orbital

Hamilton population (COHP) analysis was performed using

the LOBSTER package.49,50 The –pCOHP value as a function

of energy can demonstrate details of Mo-N bonding informa-

tion, where positive and negative values stand for bonding

and antibonding states, respectively. As exhibited in Fig. 3(d),

the Fermi level located in the antibonding region implies that

structure distortion is required for the NM state. Similarly, the

Fermi level falls in the antibonding region for only electrons

of one spin orientation [Fig. 3(e)], implying that the FM state

has higher stability than the NM state, but still lower than the

AFM state. The Fermi level of the AFM state is located in the

non-bonding region [Fig. 3(f)], where the diminished anti-

bonding states greatly stabilize this configuration.

Although the GGAþU calculation demonstrates that the

AFM state is the global minimum, the transportation measure-

ment displays that c-MoN has a paramagnetic (PM) state with

metallic conductivity at the ambient conditions. The �0.5%

deformation from the cubic structure due to anisotropic mag-

netic distribution is not noticed in the X-ray diffraction, either.

To probe the existence of the PM state, the Special Quasi-

random Structure (SQS) method was employed to mimic the

disordered local magnetic moments on the cubic lattice.51 As

shown in Fig. 3(b), the SQS-PM state has very close binding

energy (�0.1 eV) and identical lattice parameter to the AFM

structure, indicating the extremely easy transition between the

AFM and PM states.

To accurately evaluate the N�eel temperature (TN) for

magnetism phase transition, we further performed the Monte

Carlo (MC) simulation using the extracted spin exchange

parameters. To get the Heisenberg exchange parameters J

within the first-principles framework, we carried out GGAþU

calculations using the four-state mapping approach.52,53 Based

on the calculated spin exchange parameters, the nearest neigh-

bor exchange interaction J1¼ 0.0408497725 eV, and the next

nearest neighbor exchange interaction J2¼ 0.0150670150 eV.

The first-principles calculations with parallel temper Monte-

Carlo (PTMC) simulation indicate that the TN is around 162 K,

as shown by the specific heat in Fig. S8. In addition, the DOS

of the SQS model (Fig. S9) also exhibits a metallic electronic

structure for the PM state, in agreement with the experimental

measurement. As a result, it is believed that the long-range

order of local magnetic moments of the AFM ground state is

easily interrupted by small perturbation, such as thermal fluctu-

ation. It should be further mentioned that the conductance

measurement shows that the whole sample is metallic even at

very low temperature, indicating that the magnetic order is

also quite sensitive to structure distortion such as defects,

domain boundaries, and surfaces of the small sized crystallites.

Therefore, local paramagnetic configurations may always exist

in c-MoN, leading to low macroscopic metallicity.

We have investigated the crystal and electronic struc-

tures of single-crystal c-MoNxwith a high nitrogen concen-

tration x¼ 0.67, using a high-pressure approach. This nitride

is a hard material with the second highest hardness of

24 GPa among transition-metal nitrides. The highly expected

superconductivity is absent in c-MoNx because of coexisting

strong spin fluctuation in this nitride with a high nitrogen

concentration. Further, first-principles calculations suggest

that c-MoNx with low nitrogen deficiency adopts an antifer-

romagnetic ground state, which is closely associated with the

absence of superconductivity in this material. At ambient

conditions, the nitride has a paramagnetic configuration. Our

finding solves the long-standing debate in the stability of c-

MoNx and gains deeper understanding of properties for tran-

sition metal nitrides.

See supplementary material for more calculations

including binding energies based on the conventional PBE

methods and also for phonon spectra, electronic band struc-

tures for the ferromagnetic and antiferromagnetic states, den-

sity of states for the Special Quasi-Random Structure model,

specific heat calculations, and the refined lattice parameter

for the nitride using single-crystal XRD.
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