Neutron diffraction study of the structural and magnetic properties of ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888
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ABSTRACT: Binary ε-Fe3N1.098 and ternary ε-Fe2.322Co0.678N0.888 were synthesized as spherical bulk materials using novel high-pressure solid-state metathesis reactions (HPSSM). The structural and magnetic properties of the two nitrides were investigated using neutron powder diffraction (NPD), a vibrating sample magnetometer (VSM), and first-principle calculations. We found that at high pressure and high temperature (HPHT), nitrogen atoms enter the interstitial 2d sites of the nitrogen-rich ε-Fe3N1.098 structure, space group P6322, which were previously reported to be vacant. The stoichiometry of the nitride (N/Me ratio) and the level of disorder have a significant influence on the site occupancies and local magnetic moments in these iron-based nitrides. The substitution of Fe by Co in ε-Fe2.322Co0.678N0.888 did not reduce the mean magnetic moment (μm) per metal atom at the Wyckoff 6g site. NPD refinements showed that the magnetic moment  per Fe atom in ε-Fe3N1.098 (at 1.8(4) μB) was slightly higher than that of ε-Fe2.322Co0.678N0.888, where the moment per Fe/Co atom is 1.7(2) μB.
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1. Introduction
Iron-based nitrides have attracted enormous attention due to their potential applications in steel surface hardening, as corrosion-resistant materials, and as high-density magnetic recording media [1, 2, 3]. Binary iron nitrides form interstitial compounds containing variable amounts of nitrogen. The crystal structures of the α''-Fe16N2 and γ-Fe4N1+δ nitrides are derived from the body-centered cubic (bcc) α-Fe and face-centered cubic (fcc) γ-Fe structures, respectively [4, 5]. Both ε-Fe3N1+δ and ζ-Fe2N1+δ are based on hexagonal-close-packed (hcp) ε-Fe [6-9]. Soft ferromagnetic ε-Fe3N1+δ form a homogenous solid solution over a broad range with δ varying from -0.40 to 0.48 [8]. In the ideal structure of ε-Fe3N, crystallising with space group P6322, the Fe atoms form an hcp arrangement with N atoms occupying one-third of the voids inside the Fe6 octahedra in an ordered fashion (Figure 1). Each Fe atom at the Wyckoff 6g site is coordinated by two nearest-neighbor N atoms at the Wyckoff 2c site. The interstitial 2c site is the only available site for N atoms, with an occupancy factor equal to 1 (occ.2c=1). The 2c octahedra share common vertices with each other, and share common edges and faces with 2b and 2d octahedra, respectively. In reality, however, the 2b site may also be occupied by N atoms (occ.2b>0), with a resultant decrease in the ideal 2c site occupancy (occ.2c<1) [8]. Previous studies indicate that the occupancy of the 2d site is always zero (occ.2d=0) due to the N-N repulsive interactions, thus minimizing the configurational entropy [8]. However, it is not known whether the N atoms can occupy the interstitial 2d site, in a higher entropy configuration favoured by high temperature at high pressures (HPHT). On the other hand, metallic hcp ε-Fe, with a high intrinsic magnetic moment of 2.64 μB, does not exhibit magnetic ordering even at 0.03 K and 21.5 GPa [10]. However, the incorporation of interstitial N atoms can be expected to induce magnetic ordering in ε-Fe-based nitrides at higher temperatures, resulting in increased Curie temperatures. Further investigations are therefore necessary to understand how the Fe magnetic moment is affected by the nitrogen content and site disordering in these materials. Stimulated by these open questions, we report, here, experiments aimed to elucidate the disordering of interstitial N atoms in hcp ε-Fe-based lattices.

Previous studies have described numerous attempts to modify or improve the structural and magnetic properties of Fe-based lattices by substituting Fe atoms with other transition metals in iron-based alloys [11-14]. Examples include ternary ε-Fe3-xCoxN1+δ alloys, which are isostructural to hexagonal ε-Fe3N. The Fe and Co atoms sit at Wyckoff 6g sites and the N atoms sit in interstitial voids formed by Fe6 octahedra, typically in a disordered arrangement. Atomic disordering significantly affects the chemical bonding state and magnetic moments of these alloys. In the hcp ε-Co structure the Co atom (1.64 μB) possesses a lower magnetic moment than Fe in hcp ε-Fe (2.64 μB). However, the substitution of Fe by Co does not directly reduce the mean magnetic moment [14]. In ternary alloys, since Co randomly replaces Fe, an exchange interaction exists between the Fe 3d, Co 3d, and N 2p states, which may induce localized spin effects or the appearance of long-range ferromagnetic ordering. 

Neutron powder diffraction (NPD) is a unique and powerful method for precisely determining the atomic occupancy at sites as well as magnetic structures. We report, here, the results of NPD experimental and first-principles calculations on binary ε-Fe3N1.098 and ternary ε-Fe2.322Co0.678N0.888 nitrides. The primary motivation for this work was to further probe the effects of interstitial elements and substitution disordering on the structural and magnetic properties of iron-based nitrides.

2. Experimental and theoretical calculations 
The incorporation of nitrogen into the crystalline structure of a metal alloy is often thermodynamically unfavorable. High-pressure thermodynamically favors the formation of highly crystalline iron-based nitride materials via a high-pressure solid-state metathesis (HPSSM) reaction [15]. The HPSSM reaction is an effective method of synthesizing metal nitrides, such as GaN, CrN, VN, Re3N, and MoN2 [16-21]. In this study, binary ε-Fe3N1+δ and ternary ε-Fe3-xCoxN1+δ were prepared via HPSSM synthesis routes. Hexagonal boron nitride (hBN), Fe2O3, and Co2O3 were used as reaction precursors. The chemical reaction can be described as:
3Fe2O3+6BN→2Fe3N+3B2O3+2N2    (1) 

(3-x)Fe2O3+xCo2O3+6BN→2Fe3-xCoxN+3B2O3+2N2    (2) 

The reaction precursors were compressed to 5 GPa, heated to 1673 K for 3 min, and quenched to room temperature in 1 min with a subsequent release of pressure. The detailed experimental procedures are described elsewhere [22, 23]. High-pressure chemical reactions play an important role in the design of our novel material synthesis. The higher reactivity of oxygen with respect to nitrogen means that care has to be taken to prevent the formation of oxides. Our high-pressure confining environment allows nitrogen to take part in the chemical reaction unhindered by the competition with oxygen. In HPSSM reactions, B atoms tend to bond with O atoms to form borates, which typically have lower formation enthalpies as compared to boron diffusion into the metal interstitial sites to form metal borides [15]. A metallic spherical bulk iron-based nitride with a diameter of ~5 mm was formed in the center of the recovered high-pressure assembly. After mechanical separation, the spherical products were washed in distilled water and alcohol with an ultrasonic washer to remove any residues. Figure 2a shows three such as-synthesized magnetically-ordered iron-based nitride samples.

The as-synthesized iron-based nitride samples were first investigated by field-emission scanning electronic microscopy (FE-SEM, JSM-7000F, JEOL) and X-ray powder diffraction (XPD) with Cu Kα radiation (Fangyuan, DX-2500). The SEM image (Figure 2b) demonstrates that nitrogen-degassing in the HPSSM reactions gave rise to abundant cavities inside the nitride products. The XPD patterns (Figure 3) indicate that the binary and ternary nitrides were highly crystalline. The approximate atomic ratios were determined by energy dispersive X-ray spectroscopy (EDX), and then used in further NPD refinements. For EDX quantitative analyses, well-polished iron-based nitride samples and EDX standard samples (pure-phase Fe, Co, and hBN) were uniformly coated with an osmium layer (5 nm thick) in an osmium coater (Neoc-STB, Meiwafosis Co., Ltd). An EDX detector (Oxford Instruments, INCA E250) installed on a field-emission scanning electronic microscope (FE-SEM, JSM-7000F, JEOL) was used for quantitative EDX analyses. The EDX method used in this study can effectively quantify the content of light and heavy elements (such as Fe, Co, and N). The accuracy of the quantification was evaluated to not be less than 0.5% [24, 25]. Hysteresis loops were measured under a field of up to 21,000 Oe in a vibrating sample magnetometer (VSM, MicroSense-VSM-EV9) to analyze the magnetic properties.

     The NPD experiments were carried out at room temperature using the neutron powder diffractometer of the Institute of Nuclear Physics and Chemistry, P.R. China. Approximately 3 g of each pure-phase iron-based nitride sample in powdered form, obtained from 12 high-pressure runs, was placed into a thin-walled vanadium can (6 mm in diameter). NPD data were collected at a wavelength of λ=1.57 Å over the range of 2θ = 20-140° with a step of 0.1°/s. The counting time was 10 h with a neutron flux of 3×105 n cm-2 s-1 at the sample position. The data were refined using FULLPROF SUITE ver.1.10 Rietveld refinement software. Two possible space groups (P6322 and P312) were used for structural NPD refinements. For the space group P6322, reliability factors of the refinements were Rwp=9.70 and χ2=2.36 for ε-Fe3N, and Rwp=6.92 and χ2=1.60 for ε-Fe2CoN. When using P312, reliability factors of the refinements were higher, Rwp=11.10 and χ2=3.16 for ε-Fe3N, and Rwp=7.77 and χ2=2.01 for ε-Fe2CoN. Therefore, we selected a more reasonable space group, P6322, for structural and magnetic structure description. Neutron scattering lengths are b(Fe)=0.954×10-12 cm, b(N)=0.936×10-12 cm, and b(Co)=0.253×10-12 cm [8, 26]. There is a large difference in neutron scattering length between Fe and Co, and therefore a significant difference in the intensity of the neutron diffraction peaks for Fe and Co at 6g site. Additionally, the assumption of presence of N atoms at different sites (2b or 2c) leads to significant differences in the calculated diffraction intensities and positions. Therefore, we were able to refine their occupation and composition information simultaneously and obtain chemical compositions information from the NPD refinements themselves (see supporting information). The nitrogen content (δ) and Co concentration (x) were determined from the NPD refinements, in combinations with our EDX results and the initial nominal compositions. For the nominal Fe3N sample, NPD refinement resulted in the nitrogen-rich ε-Fe3N1.098, and EDX resulted in ε-Fe3N1.27. For the nominal Fe2.4Co0.8N sample, NPD refinement yielded nitrogen-poor ε-Fe2.322Co0.678N0.888, and EDX yielded ε-Fe2.32Co0.68N0.98. For the two nitrides, B and O elements were not detected by either NPD or EDX, which is in accordance with our previous studies on HPSSM reactions [15, 16, 17, 19, 20, 22, 27, 28]. In this study, we only used the NPD refinement results for the elemental determinations in the context.
First-principles calculations were carried out within the framework of the density functional theory (DFT) [29, 30], implemented in Quantum Espresso (QE) code [31] using the pseudo-potential method and plane wave basis sets. Exchange and correlation potentials were described by using the generalized gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE) [32]. The kinetic energy cutoff for wave function was set to 50 Ry, and atomic structures were fully relaxed. We used a primitive cell containing one Co atom, five Fe atoms, and two N atoms in the calculations for Fe2.5Co0.5N, giving rise to a composition of Fe5CoN2. For the N occupation, we put N in the 2c site, since the 2c site is the most abundant one for N occupation, as shown in the experimental observations (Table 1).

3. Results and discussion

Figure 4 illustrates the refined NPD patterns for binary ε-Fe3N1.098 and ternary ε-Fe2.322Co0.678N0.888. Two space groups, P6322 and P312, were considered in the NPD structural refinements, and the space group P6322 was found to give better fit with relatively lower Rwp and χ2 values, which is consistent with Leineweber’s results [8]. Table 1 lists the refined structural data of the two nitride samples within space group P6322. The refined lattice parameters, a=4.7383(5) Å, c=4.3867(5) Å, for ε-Fe3N1.098 deviate from the values, a=4.69380(4) Å, c=4.37477(6) Å, reported by Leineweber et al. [8], but are similar to those reported by Niewa et al., a=4.7241(2) Å, c=4.38462(2) Å [9]. These differences can be attributed to the differences in N concentration in the samples and differences in experimental quenching methods.

For the binary nitrogen-rich ε-Fe3N1.098, the primary N-site is the 2c position, with additional N located at the 2b site. The 2d site can also be occupied. The 2d octahedron shares faces with the primary 2c octahedron, and the N-N repulsive interactions between these face-sharing octahedral sites are stronger than those for corner-sharing (2c site) and edge-sharing octahedra (2b site). High pressure and high temperature (5 GPa and 1673 K) enable the N atoms to enter the lattice 2d lattice site, despite the higher potential barrier. Therefore, in a highly disordered crystal, interstitial N may occupy all the possible octahedral interstices in the hcp Fe structure, in the following orderof preference: 2c>2b>2d. In ternary, nitrogen-poor, ε-Fe2.322Co0.678N0.888, the 2c site remains the primary site occupied by N atoms, followed by the 2b site, however, the unfravourable 2d site remains vacant.
As can be seen from the crystal structure shown in Figure 1, in the ideal hexagonal P6322 structure, each Fe atom has two nearest-neighbor N atoms and the corner-sharing octahedral 2c sites are the only positions occupied by N atoms (occ.2c=1). Any interstitial disorder of N atoms results in differences in the coordination number distribution of the metal atoms. Our NPD refinements show that the N atoms are able to occupy all the possible voids formed by corner-sharing Fe octahedra (2c, 2b, and 2d sites) in nitrogen-rich ε-Fe3N1.098. If these sites are fully occupied, each Fe atom has six nearest-neighbor N atoms, with a coordination number equal to 6 (C.N.=6). From our NPD refinements, the measured site occupancies for 2c, 2b, and 2d sites are 0.804, 0.264, and 0.030, respectively (Table 1a). The reduction in occupancy by nitrogen at the ideal 2c site leads to partially absent N coordination for Fe, and in the metallic form (Fe0) may lead to Fe atoms without any nearest-neighbor N. We denote the Fe atoms with a coordination numbers (Fe by N) of 0 as Fe(0), and the Fe atoms with coordination numbers of 1, 2, 3, 4, 5, and 6 as Fe(1), Fe(2), Fe(3), Fe(4), Fe(5), and Fe(6), respectively. Thus, Fe(0) represents the Fe atom without a nearest-neighbor N atom, Fe(1) represents the Fe atom with only one nearest-neighbor N atom, and Fe(n) represents an Fe atom with n nearest-neighbor N atoms. Simple statistical analysis reveals that the probability of the occurrence of an Fe(0) atom, PFe(0), in ε-Fe3N1.098 (P6322 structure) ias ~2.0%, since PFe(0)=(1-occ.2c)2(1-occ.2b)2(1-occ.2d)2, where the occ.2c, occ.2b, and occ.2d are the occupancy factors for 2c, 2b, and 2d, respectively (Table 1a). The probability of occurrence of Fe(6), PFe(6), in ε-Fe3N1.098 is 0.004% (equal to PFe(6)=occ.2c2occ.2b2occ.2d2). Similarly, PFe(1), PFe(2), PFe(3), PFe(4), PFe(5) are calculated to be 17.6, 45.8, 28.5, 5.9, and 0.3%, respectively (see supporting information).

We employ similar notation for ternary ε-Fe2.322Co0.678N0.888,. 
The Fe/Co atom with N coordination numbers (Fe/Co by N) of 0 can be expressed as Fe/Co(0), and the Fe/Co atoms with coordination numbers of 1, 2, 3, and 4, can be expressed as Fe/Co(1), Fe/Co(2), Fe/Co(3), and Fe/Co(4), respectively. The probability of occurrence of Fe/Co(0), PFe/Co(0), in ε-Fe2.322Co0.678N0.888 is 6.3% (PFe/Co(0)=(1-occ.2c)2(1-occ.2b)2, Table 1b). Similarly, PFe/Co(1), PFe/Co(2), PFe/Co(3), and PFe/Co(4) are 30.6, 44.1, 17.0, and 1.9%, respectively (see supporting information).
In the ideal ε-Fe3N1+δ with space group P6322, each Fe atom has only two nearest-neighbor N atoms at the 2c sites, thus PFe(2)=100%. Figure 5 shows the coordination number distribution for Fe(Co) atoms by N atoms in ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888. The values for the continuous column form a histogram with an asymmetric distribution. Fe(2) atoms with two nearest-neighbor N atoms still account for the major proportion in both ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888. As PFe/Co(0)>PFe(0) and PFe/Co(1)>PFe(1), the percentage of metallic and low N coordination Fe atoms in ε-Fe2.322Co0.678N0.888 is higher than that in ε-Fe3N1.098, suggesting higher local magnetic moments should be expected in our nitrogen-poor nitrides.

The NPD refinements imply that, in both ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888, a ferromagnetic spin structure exists, with magnetic moments oriented perpendicular to the c-axis of the hexagonal structure. The refined mean magnetic moment at the Wyckoff 6g sites per Fe atom in ε-Fe3N1.098 and per Fe/Co atom in (-Fe2.322Co0.678N0.888 were 1.8(4) and 1.7(2) μB, respectively. Previous low-temperature time-of-flight neutron powder diffraction studies showed that the average magnetic moment per Fe atom in ε-Fe3N decreases with increasing temperature from 2.2 μB at 4.2 K to 2.0 μB at 300 K [8], which is somewhat higher than the our value (1.8 μB) at 300 K. One explanation for this difference is that the nitrogen-rich ε-Fe3N1.098 sample, which was quenched from high pressure and high temperature, has N atoms disordered over in all possible octahedral interstices in the hcp Fe lattice, and this disordering of interstitial N atoms reduces the magnetic moment of Fe atoms at the Wyckoff 6g site.

We have carried out first-principles calculations to provide further insight into our experimental observations. The partial density of state (PDOS) of Fe3N and Fe2.5Co0.5N are presented in Figure 6a and 6b in which the hybridizations between N 2p states and the d orbitals of the Fe and Co atoms are clearly observed. The 3d density of states of Fe is mixed with the 2p density of states of N, and the N 2p states are strongly hybridized with the d orbitals of the Fe atoms. N acts as electron donor and this results in spin-pairing with a reduction in magnetization compared with hcp ε-Fe. Larger spin-pairing effects and covalent bonding between the Fe 3d and N 2p orbital electrons reduce the magnetization in our iron-based nitrides [33]. From our first-principle calculations, the local magnetic moments of Fe and N in the ordered ε-Fe3N are 2.15 and -0.11 μB, respectively; and the local magnetic moments of Fe, Co, and N in ε-Fe2.5Co0.5N are 2.20, 1.05, and -0.09 μB, respectively. Notably, doping with Co atoms can increase the magnetic moment at the Fe atoms. As shown in Figure 6b, the spin-polarization of the Fe 3d state is stronger than the Co 3d state, and therefore the Fe atom possesses a larger magnetic moment than the Co atom. The overestimated calculated moments can be attributed to the fact that a fully ordered model of the crystal structure has been used in the calculations and the moments correspond to those expected at 0 K, instead of those measured experimentally at 300 K. The magnetic moments per metal atom should be substantially less when the effects of the interstitial disordering in N are taken into account.
Interstitial disorder of the N atoms may induce the randomization of spins, and a reduction or complete loss of the long-range ferromagnetic order, leading to a reduction of the local moment per metal atom in these nitrides. The magnetic moment can be tuned using the concentration of N in iron-based nitrides. Metallic bcc α-Fe, fcc γ-Fe, and hcp ε-Fe have intrinsic magnetic moments of 2.2 [34], 2.5 [35], and 2.64 μB, respectively. However, the individual Fe magnetic moment decreases from α''-Fe16N2 (2.9 μB) to γ-Fe4N1+δ (2.0 μB), ε-Fe3N1+δ (1.8-2.0 μB), ζ-Fe2N1+δ (1.4 μB), and FeN (1.1 μB) [21, 8, 9]. Introducing interstitial N atoms into the Fe structure does not simply dilute the intrinsic magnetic moment. Figure 7 shows a summary of the N-concentration-dependent magnetic moments at the Fe atoms in typical iron-based nitrides. The values for α′′-Fe16N2, γ-Fe4N, ε-Fe3N, ζ-Fe2N, FeN, and (-Fe are from theoretical investigations [35, 36, 37], while those for ε-Fe3N1.07 [38] and α-Fe [34] are from experimental magnetic measurements data. The values for ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888 are from our NPD results, and the data for ε-Fe originate from our theoretical calculations. The content and disordering of N atoms strongly affects the atomic occupancy and local magnetic moments of iron-based nitrides.

Figure 8 shows room-temperature magnetic hysteresis loops for ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888, while Table 2 lists the magnetic properties of the two samples; Fe and Co metals with typical crystal structures are also listed for comparison. The ε-Fe3N1.098 sample has a saturation magnetization (Ms) of 110.04 emu/g at 300 K, which is a little lower than the previous experimental extrapolated value of 123 emu/g for ε-Fe3N1.17 at 0 K [39]. In general, the magnetic moment decreases with increasing temperature. Our VSM experiments were performed at 300 K, leading to lower values than those obtained at low temperature (0 K). Due to the differences in magnetic response between instruments, the VSM magnetic moment measurement (1.22 μB) is always found to be lower than that of the NPD refinements (1.7 μB) and the first-principle calculations (2.15 μB) with an ordered occupation model [35]. Although the Co atom possesses a lower magnetic moment than the Fe atom, the value of Ms in ε-Fe2.322Co0.678N0.888 (119.71 emu/g) is slightly higher than that for ε-Fe3N1.098 (110.04 emu/g). Ternary ε-Fe2.322Co0.678N0.888 also exhibits a slight increase in remanent magnetization (Mr) and coercivity (Hc). It is important to note that the ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888 samples have different nitrogen concentrations, which also has a significant effect on their magnetic property. Accordingly, the increase in Ms, Mr, and Hc for ε-Fe2.322Co0.678N0.888 arises from the combined effects of the substitution of an Fe atom by Co as well as the disordering of interstitial N atoms.
4. Conclusion
Novel HPSSM reactions allow the synthesis of binary ε-Fe3N1.098 and ternary ε-Fe2.322Co0.678N0.888 as spherical bulk materials. The effects of interstitial and substitutional disorder on the structural and magnetic properties of these iron-based nitrides have been studied quantitatively. The magnetic moment is found to be ferromagnetically aligned perpendicular to the hexagonal c-axis, and the magnetic moment per metal atom at the Wyckoff 6g site has been evaluated by considering the nearest N coordination number and the effect of N on the metal magnetic moment. We found that the imposition of high-pressure allows occupancy of N into the enthalpically less-favoured 2d lattice site in binary ε-Fe3N1.098. The increase in Ms, Mr and Hc for ε-Fe2.322Co0.678N0.888 can be explained by the combined effects of the substitution of an Fe atom by Co atom and the disordering of interstitial N atoms.
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 [8] A. Leineweber, H. Jacobs, F. Hüning, H. Lueken, H. Schilder, W. Kockelmann, ε-Fe3N: magnetic structure, magnetization and temperature dependent disorder of nitrogen. J. Alloys Compd. 288 (1999)79–87.
 [9] R. Niewa, D. Rau, A. Wosylus, K. Meier, M. Hanfland, M. Wessel, R. Dronskowski, D.A. Dzivenko, R. Riedel, U. Schwarz, High-Pressure, High-Temperature Single-Crystal Growth, Ab initio Electronic Structure Calculations, and Equation of State of ε-Fe3N1+x.Chem. Mater.21 (2009)392–398.
[10] G. Cort, R.D. Taylor, J.O. Willis, Search for magnetism in hcp ε-Fe. J. Appl. Phys. 53 (1982) 2064-2065.
[11] N.S. Gajbhiye, R.S. Ningthoujam, S. Bhattacharyya, Magnetic Properties of Co and Ni Substituted ε-Fe3N Nanoparticles. Hyperfine Interact. 164 (2005) 17–26.
[12] A. Houben, P. Müller, J. Appen, H. Lueken, R. Niewa, R. Dronskowski, Synthesis, crystal structure, and magnetic properties of the semihard itinerant ferromagnet RhFe3N. Angew. Chem. Int. Ed. 44 (2005) 7212–7215.
[13] A. Houben, J. Burghaus, R. Dronskowski, The ternary nitrides GaFe3N and AlFe3N: Improved synthesis and magnetic properties. Chem. Mater. 21 (2009) 4332–4338.
[14] K. Guo, D. Rau, L. Toffoletti, C. Müller, U. Burkhardt, W. Schnelle, R. Niewa, U. Schwarz, Ternary Metastable Nitrides ε-Fe2TMN (TM = Co, Ni): High-Pressure, High-Temperature Synthesis, Crystal Structure, Thermal Stability, and Magnetic Properties. Chem. Mater.24 (2012) 4600–4606.

[15] L. Lei, W. Yin, X. Jiang, S. Lin, D. He, Synthetic route to metal nitrides: high-pressure solid-state metathesis reaction. Inorg. Chem. 52 (2013) 13356–13362.

[16] L. Lei, D. He, Synthesis of GaN crystals through solid-state metathesis reaction under high pressure. Cryst. Growth. Des, 9 (2009) 1264–1266.

[17] H. Ma, D. He, L. Lei, S. Wang, Y. Chen, H. Wang, GaN crystals prepared through solid-state metathesis reaction from NaGaO2 and BN under high pressure and high temperature. J. Alloys Compd. 509 (2011) L124–L127.

[18] A. Friedrich, B. Winkler, L. Bayarjargal, W. Morgenroth, E. Juarez-Arellano, V. Milman, K. Refson, M. Kunz, K. Chen, Novel rhenium nitrides. Phys. Rev. Lett. 105 (2010) 085504.

[19] X. Jiang, L. Lei, Q. Hu, Z.C. Feng, D. He, High-pressure Ramans pectroscopy of Re3N crystals. Solid. State. Commun.201 (2015)107–110.

[20] S. Wang, H. Ge, S. Sun, J. Zhang, F. Liu, X. Wen, X. Yu, L. Wang, Y. Zhang, H. Xu, J.C. Neuefeind, Z. Qin, C. Chen, C. Jin, Y. Li, D. He, Y. Zhao, A New Molybdenum Nitride Catalyst with Rhombohedral MoS2 Structure for Hydrogenation Applications. J. Am. Chem. Soc.137 (2015) 4815–4822.

[21] E. Gregoryanz, C. Sanloup, M. Somayazulu, J. Badro, G. Fiquet, H.K. Mao, R.J. Hemley, Synthesis and characterization of a binary noble metal nitride. Nat. Mater.3 (2004) 294–297.

[22] W. Yin, L. Lei, X. Jiang, P. Liu, F. Liu, Y. Li, F. Peng, D. He, High pressure synthesis and properties studies on spherical bulkε-Fe3N. High. Pressure. Res. 34 (2014) 317–326.

[23] L. Lei, D. He, Y. Zou, W. Zhang, Z. Wang, M. Jiang, M. Du, Phase transitions of LiAlO2 at high pressure and high temperature. J. Solid State Chem.181 (2008) 1810–1815.

[24] Y. Kojima, H. Ohfuji, Structure and stability of carbon nitride under high pressure and high temperature up to 125GPa and 3000K. Diam. Relat. Mater. 39 (2013) 1–7.

[25] H. Ohfuji, M. Yamamoto, EDS quantification of light elements using osmium surface coating. J. Miner. Petrol. Sci.110 (2015) 189–195.

[26] M.P. Raphael, B. Ravel, Q. Huang, M.A. Willard, S.F. Cheng, B.N. Das, R.M. Stroud, K.M. Bussmann, J.H. Claassen, V.G. Harris, Presence of antisite disorder and its characterization in the predicted half-metal Co2MnSi. Phys. Rev. B. 66 (2002) 104429.

[27] M. Chen, S. Wang, J. Zhang, D. He, Y. Zhao, Synthesis of Stoichiometric and Bulk CrN through a Solid-State Ion-Exchange Reaction. Chemistry-A European Journal, 18 (2012) 15459-15463.

[28] S. Wang, X. Yu, Z. Lin, R. Zhang, D. He, J. Qin, J. Zhu, J. Han, L. Wang, H.K. Mao, J. Zhang, Y. Zhao, Synthesis, crystal structure, and elastic properties of novel tungsten nitrides. Chemistry of Materials, 24 (2012) 3023-3028.
[29] P. Hohenberg, W. Kohn, Inhomogeneous electron gas. Phys. Rev.136 (1964) B 864.

[30] W. Kohn, L.J. Sham, Quantum density oscillations in an inhomogeneous electron gas. Phys. Rev. 137 (1965) A1697.

[31] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lzaaeri, L. Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, R. M. Wentzcovitch, Quantum Espresso: Amodular and open-source software project for quantum simulations of materials. J. Phys. Condens. Mat. 21 (2009) 395502.

[32] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation made simple. Phys. Rev. Lett. 77 (1996) 3865.

[33] S. Bhattacharyya, Iron Nitride Family at Reduced Dimensions: A Review of Their Synthesis Protocols and Structural and Magnetic Properties. J. Phys. Chem. C.119 (2015) 1601–1622.

[34] B.D. Cullity, C. D. Graham, Introduction to Magnetic Materials, Addison-Wiley, New York, 1972, pp. 171–190.
[35] M. Sifkovits, H. Smolinski, S. Hellwig, W. Weber, Interplay of chemical bonding and magnetism in Fe4N, Fe3N and ζ-Fe2N. J. Magn. Magn. Mater. 204 (1999)191–198.
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Table 1. Rietveld refined NPD structural data for the preferred P6322 hexagonal phase (a) ε-Fe3N1.098 with Rwp=9.70, χ2=2.36, lattice parameter a = 4.7383(5) Å, c = 4.3867(5) Å, mean magnetic moment per Fe atom, μm=1.8(4) μB, directed perpendicular to c-axis; about 3.4 % elemental Fe impurity is found in the sample. (b) ε-Fe2.322Co0.678N0.888 with Rwp=6.92, χ2=1.60, lattice parameter a = 4.6288(3) Å, c = 4.3427(4) Å, mean magnetic moment per Fe(Co) atom, μm=1.7(2) μB, directed perpendicular to c-axis. Atomic positions (x, y, and z) and site occupancy (occ.) are also given.

	(a)Atom
	Wyckoff
	x
	y
	z
	occ.

	Fe
	6g
	0.31886(121)
	0
	0
	1

	N
	2c
	1/3
	2/3
	1/4
	0.804(24)

	N
	2b
	0
	0
	1/4
	0.264(36)

	N
	2d
	2/3
	1/3
	1/4
	0.030(18)


	(b)Atom
	Wyckoff
	x
	y
	z
	occ.

	Fe
	6g
	0.32308(150)
	0
	0
	0.774(39)

	Co
	6g
	0.32308(150)
	0
	0
	0.226(39)

	N
	2c
	1/3
	2/3
	1/4
	0.684(40)

	N
	2b
	0
	0
	1/4
	0.204(12)


Table 2. Saturation magnetization (Ms), magnetic moment per metal atom (μm), remanent magnetization (Mr), coercivity (Hc) of different as-prepared iron-based nitrides from magnetic measurements. Magnetic properties of Fe and Co metals with typical lattice structures are also listed for comparisons. The values of Ms and μm for α-Fe and α-Co are from the ref [40].
	Sample
	Ms, (emu/g)
	μm (μB)
	Mr, (emu/g)
	Hc (Oe)

	Fe3N1.098
	110.040
	1.218
	1.59
	17.65

	Fe2.322Co0.678N0.888
	119.708
	1.311
	1.68
	20.77

	α-Fe
	221.71
	2.218
	-
	-

	ε-Fe
	-
	2.64
	-
	-

	α-Co
	162.55
	1.716
	-
	-

	ε-Co
	-
	1.64
	-
	-


Figure caption

Figure 1. Structure of ε-Fe3N1+δ in space group P6322. Big yellow ball denotes the Fe atom at Wyckoff6g site; small red, blue, and green balls denote N atoms at 2c, 2b, and 2d sites, respectively. In idealε-Fe3N1+δ, only the 2c position is occupied by N atoms. Diffusion of nitrogen results in the transfer of N atoms from 2c to 2b and 2d sites, suggesting an interstitial disordering process in nitrogen. In ternary ε-Fe3-xMxN1+δ, Fe atoms at 6g site are partially substituted with Co/Ni atoms.
Figure 2. (a) An optical photography of three as-synthesized iron-based nitride samples with magnetic property. (b) Abundant cavities induced by nitrogen-degassing in the HPSSM reactions.
Figure 3. The XPD patterns for well crystallized ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888.
Figure 4. Refined NPD patterns for ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888.
Figure 5. Comparison of coordination numbers distribution for Fe(Co) by N in ε-Fe3N1.098 versus ε-Fe2.322Co0.678N0.888, the inset is the Fe atom with six nearest-neighbor N atoms.

Figure 6. (a) PDOS of Fe3N. Fe 3dand N 2p states are shown in red solid and blue dotted lines, respectively. (b) PDOS of Fe2.5Co0.5N. Fe 3d, Co 3d and N 2p states are shown in red solid, green dashed and blue dotted lines, respectively. Vertical black dashed line represents the Fermi level.
Figure 7. Mean magnetic moment per metal atoms in μB as a function of nitrogen concentration. The theoretical investigation data are shown for α′′-Fe16N2 [36], γ-Fe4N, ε-Fe3N, ζ-Fe2N, FeN, γ-Fe [35, 37]. ε-Fe3N1.07 [38] and α-Fe [34] are magnetic measurements data. ε-Fe3N1.098 and ε-Fe2.322Co0.678N0.888 are NPD results, and the data for ε-Fe is theoretical calculation results. The dash line is guide to the eye.
Figure 8. Hysteresis loops of binary ε-Fe3N1.098 and ternary ε-Fe2.322Co0.678N0.888. Inset is the enlarged area.
