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Abstract

Formation energies and magnetic moments of tri- , tetra-, and octa- ferromagnetic
element nitrides have been calculated using spin-polarized Perdew-Wang generalizec
gradient approximations of the density functional theory. From the energetic point of
view, FesN are more stable compared to Fe and N2 gas. NiuN may be a metastable
phase since mixture of NisN and Ni would be more stable. CosN are not stable
compared to Co metal with the hcp structure and Nz gas, but stable if compared to Co
metal with the fcc structure. Only FesN with the a"- FeieN2 type structure would be
stable among octa-metal nitrides with the assumed structure of thea "- Fe1sNs type anc
the Nis2Ns-type structure. All of FesN, CosN, and NisN are stable, but NisN would be

paramagnetic in contrast to ferromagnetism of other tri-metal nitrides.
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1. Introduction

Some of transition metal (TM) compounds with non-metallic (NM) elements whose
stoichiometric ratios of TM to NM are high are composed of TM atoms with the
face-centered-cubic (fcc), hexagonal closed packed (hcp), or body-centered cubic (bcc,
lattice and NM atoms which occupy regularly their interstitial sites.

For example, all of the tetra magnetic element nitrides (MesN: Me = Fe, Co, or Ni,

N, nitrogen) have the same crystal structure, usually referred to as anti-perovskite

structure with the space group P m-3 m. Metal atoms are arranged
in the fce structure and nitrogen atoms occupy the body center positions of the metal fcc
cells. Relatively large magnetic moment of FesN and relatively high spin-polarization
ratio predicted for CosN [1] are attractive natures of these compounds, though CosN has
not been successfully prepared by conventional chemical processes such as therma
decomposition of metal ammine azides. It has been prepared by inequilibrium process
such as reactive sputtering [2].

In addition, octa- ferromagnetic 3d element nitrides (MesN) is found for FesN,
where interstitial octahedral positions of a 2x2x2 supercell of a—Fe with the bce
structures are occupied by two N atoms. This compound is usually referred to as
a"-Fe1sN2 and attracted much attention because of its high magnetic moment. This
has a body-centered tetragonal symmetry and belong to the space Group of I4/mmm
(No.87). However, there have been no reports on the related compounds of other
magnetic elements. Though formation of Nis2N4 was reported [3] where one N atoms
located at the body center and three N atoms at the edge centers of a 2x2x2 supercell of
NisN, the relative stability of this structure compared to the possible o"-FeisN2 type
structure has not been clarified.

Furthermore, there also exist compounds corresponding to tri-metal nitrides
(MesN), but the crystal structures and the stability of which have not been understooc
thoroughly. Details of the observed results so far will be given later.

In the present paper, we will report the results of energetic study on the formatior.
of tri-, tetra- , and octa- magnetic element nitrides (i.e. FesN, CosN, and NisN; FesN
CosN, and NisN; FesN, CosN, and NisN) so as to evaluate the energetic stability of these

compounds.

2. Calculation Method
Calculations have been done using CASTEP (CAmbride Serial Total Energy
Package), a first-principle pseudopotential method based on the density-functiona

theory (DFT) [4] for describing the electron—electron interaction, a pseudopotential



description of the electron-core interaction, and a plane-wave expansion of the
wavefunctions, developed by Payne et al [5]. As for the method of approximation to the
exchange-correlation term of the DFT, we wused spin-polarized Perdew-Wang
Generalized Gradient Approximations [6]. The pseudopotential used is the ultrasoft
pseudopotential generated by the scheme of Vanderbilt [7] but is accompanied with the
non-linear correction [8, 9] so as to treat the local spin density dependence of the
exchange and correlation energy. Wavefunctions were expanded by plane-waves where
the number of plane-wave-expansion was set so as to correspond to a kinetic cutoff
energy of 340 eV.  As for the k-points sampling for the total energy calculation, the
Monkhorst-Packe scheme [10] with the mesh parameter corresponding to the spacing of
0.5 nm! in the Brillouin zone.

Self-consistent iteration convergence was assumed when the total energy
difference between successive cycles was less than 0.001eV per atom. Therefore, the
numerical values of calculated energy may have errors ca. +0.025 eV per formula unit at
most, if we consider the number of atoms in the calculated cell stated later.

The electronic density states (DOS) curves were obtained by broadening the
discrete energy levels using a Gaussian smearing function of 0.07 eV full-width af
half-maximum (FWHM) on a grid of k-points generated above. The energies are

shifted so that the Fermi energies (Er’s) are aligned with zero.

3. Structures of Compounds

The crystal structures of tetra-metal nitrides and octa-metal nitrides have been
well- determined as stated in the Introduction section. Though the oa—FeisN2 type
structure can be reduced to FesN, calculated shearing stress components such as
Txy ,Tyz, * * are large and algorithm for geometrical optimization did not work well for this
reduced structure. Therefore, optimization procedure have been applied to the original
structure, where normal stresses are determining factors of the total stress, and not to
the reduced structure. As for the Nis2N4 type structure, optimization calculations have
been performed for the reduced structure with the cell composition of MesNi.

On the other hand, the range of stability and the crystal structure of tri-metal
nitrides have not been thoroughly investigated. The existence of e-phase, belonging to
the space group of P 63/mmc (N0.194), in the Fe-N system has been confirmed and this
1s believed to be an interstitial alloy where Fe atoms are arranged in a hcp lattice and N
atoms occupy part of its octahedral interstitial sites. Since the observed range o
composition of this phase in the Fe-N system is from about 26 at% to about 33 at% N

at room temperature [11], e-phase in the Fe-N system is sometimes described as



Fes-vN.

In contrast to the Fe-N system, the range of stability of NisN in the Ni-N system is
not known, though Wriedt represented the formation of hexagonal nitride with the
assumed formula of NisN [12]. The atomic arrangement of this phase was determined
by Villars and Calvert [13] using Juza and Sachsze’s data [14] and they concluded that
the structure of NisN is the same with one of higher pressure phases of ReOs. This
structure can be regarded as an interstitial alloy where Ni atoms are arranged in an hcp
lattice and N atoms occupy part of its octahedral interstitial sites, as stated later
CosN was also prepared by nitridation of cobalt metal and cobalt fluoride by Juza anc
Sachsze [15] and it was confirmed that metal atom lattice has a hexagonal symmetry,
however, arrangement of N atoms is not determined to our knowledge.

It should be noted that the structures of e-Fes-v N and NisN are closely related in
that metal atoms compose the hep lattice whose octahedral interstitial sites are partly
occupied by N. Fig.1 shows the relation of octahedral interstitial sites in the hcp
lattice and the atomic arrangement of NisN with the ReOs type structure. In case the
octahedral interstitial sites of hcp lattice of Me are fully occupied by N, the compound
has the crystal formula of MesNes. If two of six interstitial sites, selected as shown in
(b), are fully occupied and other four sites are unoccupied, the crystal formula is MesNa,
which is just the case of NisN. ¢ - Fe3-y N which appears in the Fe-N system has the
structure where nearly one-third of the octahedral interstitial sites of hcp lattice are
occupied by N. Wide range of stoichiometry suggests that selectivity of occupied sites
seems not so strong compared to the case of the Ni-N system.

In the present calculations, we assumed, for simplicity, that all the tri-metal
nitrides have the NisN type structure. That is, randomness of site occupancy of
interstitial sites of metal lattice with hcp structure was disregarded.

We have also performed calculations for nitrogen gas molecule (N2), iron (Fe),
cobalt (Co) and nickel (Ni) metal as a reference state. For Nz, two nitrogen atoms
were placed in an empty cube whose side length is 0.3755 nm!, with assumed distance
(d) apart from each other. Electronic energy calculations as a function of d have been

performed so as to determine the optimized atomic distance within the N2 molecule.

1 This value is selected as the same with the lattice constant of the optimized NisN.
The larger the assumed empty cell is, the better approximation to the isolated N2
molecule can be expected. However, too large empty cell causes difficulty for securing
the same calculation conditions of the cut-off energy of plane-wave expansion and
k-point sampling spacing of the Brillouin zone because of the computational resources
used.



4. Results and Discussion

4.1. Results for reference states of Fe, Co, N1 and N2

We first briefly describe the optimization results of N2 (gas), Fe (metal), Co (metal)
and Ni (metal). Their optimized lattice constants (or , inter-atomic distance) are giver
in the 2nd column of Table 12, compared with observed values shown in brackets, [ ] .

The calculated electronic energies of their unit cells corresponding to their
optimized structures are also listed in the 4th column and those per atom are in the last
columns. As is clearly seen, Fe with the ferromagnetic bce structure has the most
negative energy, which agrees to the experimental observations, as is previously studied
by Asada and Terakura [16]. Ferromagnetic fcc structure and non-magnetic fcc
structure have nearly the same energy with one another, though cell volume of
magnetic phase is much larger than that of non-magnetic phase due to
magnetovolumetric effect. = Nonmagnetic hep structure has the more negative energy
than ferromagnetic and non-magnetic fcc structure.

As for cobalt, both fcc and hcp ferromagnetic structures have more negative
energies than corresponding nonmagnetic structures, not listed here, but hcp phase is
more negative than fcc phase. Lattice constant are slightly overestimated for Co and
Ni with their equilibrium structure, while underestimated for Fe. As for N2 gas,
optimized inter-atomic distance is about 5% larger than the observed one.

Therefore, the energy differences between the observed and optimized structures
may depend on the chemical species, though we have no comments over the reason at

present. However, we use these values as the energies of reference states, hereafter.

4.2. Formation energy calculations of nitrides
At first, we calculated the energies of tetra- ferromagnetic 3d element (Fe, Co, anc

Ni) nitrides (MesN; Me = Fe, Co, or Ni). Calculated energies of optimized MesN are
shown in the 4th column of Table 2 along with the optimized lattice constants in the 2n¢
column. We can see again that the lattice constants are slightly overestimated for CosN
and NisN compared with their observed values, while is underestimated for FesN.

From the calculated electronic energies of MesN, Me, and N2 gas, we can obtain
energies of formation of MesN, as follows: For example,

(-3745.5480) -4x(-868.1636) -(-271.9986)= -0.8949 eV

represents the formation energy of FesN from the reference states, four Fe atoms in the

2 In Tablel (and Tables 2-4), calculated magnetic moments per 3d metal atom are also
listed, which will be referred later in Section 4.3).



metallic state with the bec structure and one N atom in the gaseous molecule.
Calculated formation energies of FesN, CosN, and NisN are listed in the 5th column of
Table 2.

As shown there, FesN is predicted to be energetically more stable than Fe metal
and N2 gas. Therefore, FesN would be formed by nitridation of Fe metal. In fact,
FesN can be synthesized by various methods such as thermal ammonolysis, reactive
magnetron sputtering, plasma nitriding, ball milling, chemical vapor deposition, iror
implantation, laser nitriding, and so on. Though higher temperature than 773 K is
usually required in the nitridation process, nitridation at a low temperature of 548 K
has been reported where amorphous iron is used as a precursor [17].

As for Ni1sN, it is also predicted to be energetically more stable than Ni metal and
Nz gas. Though direct nitridation of Ni has not been reported to our knowledge, NisN
can be deposited through direct liquid injection CVD using nickelamidinate in NHs ot
NH3+H-: at 430 to 470 K [18].

As for CosN, it is predicted to be energetically unstable if compared with
equilibrium o phase (hep). Since it has been known that thin film can be deposited
from cobalt amidinate on fcc-copper substrate under the existence of NH3 and Hsz at
substrate temperatures from 373 K to 453 K [19]3, present result may seem to be
contradictory. However, it is also known that CosN exhibits a stepwise decomposition
with increasing the elevated temperature [20], perhaps reflecting the instability
compared to hcp Co and N2. Thin film growth of CosN on Cu substrate may be due to
low mismatch of CosN with Cu, as is suggested [19], and not due to energetic stability of
Co4N compared to Co metal with the hep structure and N2. It should be also noted that
calculations shows CosN has a negative formation energy of -0.03 eV in case fcc Co (B
phase) is adopted as a reference. That is, the energy change of

4 Co (fcc) +1/2 N2(gas) = CosN
is (-4458.8265) -4x(-1046.6993)-(1/2)(-543.9973) = -0.0307 eV.

Next, we calculated the energies of octa- ferromagnetic 3d element (Fe, Co, and Ni)
nitrides (MesN (Me= Fe, Co, or Ni). As stated above, there are two possible structures
for MesN; One is a body-centered tetragonal type which has been found for FeieNe, and
the other is a face-centered cubic structure which has been found for Nis2aNs. Therefore,
we performed optimization procedure for both of structures for all of MesN.

Calculated energies and magnetic moments of MesN are shown in the 4th and 3

3 In the absence of Hs, the reaction between Co precursor and NHs yields the CosN

phase.



columns of Table 3, respectively, along with the optimized lattice constants shown in the
2nd column. Here, calculations for Mes2Sis with the face-centered cubic structure have
been performed for reduced MesNi, while those for MeisNz with the body-centered
tetragonal structure have been performed for non-reduced Mei1sN2 and not for reduced
MesN1, since non-diagonal components of calculated stress tensor is not trivial in this
structure which made convergence procedure to the optimized structures very difficult
as already stated in the Method section.

As shown in the 5t column of Table 3, the formation energy of the compounds from
metal and N2 gas, the body-centered tetragonal structure is more stable than
face-centered cubic structure in all the cases considered here, and only FesN: is
predicted to be more stable than coexisting metal and N2 gas. This agrees to the
experimentally observed fact in Fe-N system, but does not for Ni-N system. Perhaps,
this is caused by lattice matching since NisN with face-centered cubic structure is
formed by exposure of Ni film to N+ ions in nitrogen ion implantation process.

Thirdly, we calculated the energy of tri-ferromagnetic 3d element (Fe, Co, and Ni)
nitrides. As stated above, there is some uncertainty about the structure and
composition of tri-metal nitrides, we assumed that all have the NisN type structure.
Randomness of site occupancy of interstitial sites of metal lattice with hep structure wil
contribute to the stability through configurational entropy, but atomic configuration of
the NisN type structure must be favorable from the energetic point of view.

Calculated energies are given in Table 5.

All the calculated data so far are summarized in Fig.2, which shows the variatior
of formation energy of each compound with the atomic composition. Calculated energy
changes for the reaction (1) are visualized in Fig.1 as a function of X. In the Figure
open circles, closed triangulars, and open squares denote the Co, Ni, and Fe compounds
Here, energies for octa-metal nitrides are those for the FeieN2 type structure, since
octa-metal nitrides with the NiisNz2 type structure has more positive energy of formatior
compared with those with the Fei1sN2 type structure.

As is shown, Fe-nitrides have the most negative formation energies, followed by Ni
nitrides. The reason why the order of stability of nitrides is not the same with (or,
reverse to) the order of atomic number is unclear. From the view point of
electronegativity, Fe is the most positive (1.83 by Pauling’s scale), followed by Co (1.88),
then Ni (1.91). Since the electronegativity of N is 3.04, bonding between metal atomnr
and nitrogen seems to be rather covalent with partial iconicity and the affinity betweer
metal and nitrogen must be the largest in Fe-N, followed by Co-N, then Ni-N
Cohesive energy of metallic states is 4.28 eV for Fe, 4.35 eV for Co, and 4.44 eV for Ni.



These factors seem to cause the highest stability of Fe nitride, then followed by Co
nitrides.  Atomic diameter of Fe, Co, and Ni are 0.117 nm, 0.116 nm, and 0.115 nm,
respectively, and volumetric effect for interstitial occupancy will also be favorable for Fe,
then Co. Therefore, reasons for non-simple relation between the formation energy
and atomic number are left for further considerations.

Among the octa-metal nitrides considered here, only FesN is energetically stable.
This result agrees to the fact that only FesN is obtained experimentally by
high-temperature processes, though NisN has been found by inequilibrium process such
as N ion implantation [2].

As for tetra-metal nitrides, FesN and NisN have negative formation energies?,
while CosN has positive value, though CosN will has a negative formation energy of
-0.03eV in case fcc Co is adopted as stated above.

As for tri-nitrides, all of FesN, NisN, and CosN with the assumed NisN type

structure are quite stable.

4.3 Spin-Polarized Density of States and Magnetic Moments

Fig.3 shows the calculated spin-polarized density of states (DOS) of Fe, FesN
(Fe16N2), FesN, and FesN (FegN2). As is shown, there is a steep peak of DOS for
majority spin just below the Fermi level and a steep peak of DOS for minority spin just
above the Fermi level for pure Fe. Calculated spin polarization between these two
peaks are 2.86 eV.

As N content in the compounds increase, these peaks become a bit broader and
spin-polarization between majority spin states and minority spin states (SP) become
narrower. SP values for FeisN2, FesN and FesN2 were 2.86 eV, 2.62 eV, and 1.67¢V,
respectively. Calculated magnetic moments were 2.31 s for Fe, 38.20 s for FeisNa,

9.56 B for FesN, and 12.26 s for FesNe, as listed in Tables 1-4. The calculated value

for FeaN is close to the observed ones [21].

Magnetic moments per 3d-element atom of these and other compounds are shown

4 Tt should be noted here that negative formation energy of a certain compound does not
always means this compound is energetically stable phase, since phase separation from
one-phase state into two-phase states may occur. For example, N14N may separate into
the mixture of Ni and NisN since the formation energy of NisN is located above the
connecting dashed line between the Ni and NisN that means the average formation
energy of Ni and NisN. Therefore, NisN is predicted to be energetically unstable

compared to the mixture of Ni and NisN. NisN seems to be metastable phase.



in Fig. 4.

Generally, increase in the atomic composition of N causes decrease in the magnetic
moments per 3d-atom. However, FesN and FeisN2 have higher magnetic moments
than pure Fe.

It is supposed that narrowing of the band width due to the expansion of the
interatomic distance in FesN, compared to the hypothetical fcc Fe, causes the increase
in the itinerancy of conduction electrons through supplying hopping site for electrons
resulting in the broadening of band width and in turn suppresses the increase of
exchange-splitting, compared to the case of hypothetical fec Fe (2.57 1) to 2.391L Bfor
FeaN, though still larger than bee Fe (2.31 ) [22].  However, relatively large values of
Fe1sN2, analogous to bce structure, seems to be explained by other mechanism5.

As for Co and Ni, increase in magnetic moments by introduction of N atom will not
be expected, though CosN may have slightly higher magnetic moment than hypothetical
Co16N2. NisN (and hypothetical NiisN2) will be also ferromagnetic but NigN2 will not.

5. Conclusions
Formation energies and magnetic moments of tri- , tetra-, and octa- ferromagnetic
element nitrides have been calculated using spin-polarized Perdew-Wang generalizec
gradient approximations of the density functional theory and it is concluded from the
energetic point of view that,
(1) FesN with the anti-perovskite structure are more stable compared to Fe and N2 gas.
(2) NisN are also more stable compared to Ni and N2 gas, but is a metastable phase
since mixture of NisN and Ni would be more stable.
(3) CosN are not stable compared to Co metal with hep structure and Ng gas, but it is
more stable than Co with fec structure and Na.
(4) Only FesN with the a"- FeisNz type structure would be stable among octa-meta
nitrides with the assumed structure of the o "- FeisN2 type and the Nis2aNa-type
structure.

(5) FesN and CosN are ferromagnetic but NisN would be paramagnetic.

5 It should be noted that there has been still a question left on giant magnetic moment
in Fe1s6N2[23].
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List of Tables and Figures

Fig.1 Location of octahedral interstitial sites in the hexagonal closed packed (hcp)
structure, (a), and the atomic arrangement of NisN with the ReOs type structure,
assumed by Villars and Calvert [13], (b).

Fig.2 Variation of formation energy of MexNix (Me: Fe, Co and Ni) with the
composition.

Straight lines connecting between compounds have no physical meaning but are drawn
so as to be easily viewable. However, the dashed line connecting X=0.0 (pure metal)
and NisN means the variation of average formation energy when pure Ni and NisN

coexist.

Fig.3 Spin-polarized electronic density of states of Fe, FesN, FesN, and FesN.
The upper half indicates the majority spin state and the lower half is for the minority
spin state. The energies are shifted so that the Fermi energies (Er’s) are aligned with

Zero.

Fig.4 Variation of magnetic moment per atom (Fe, Co and Ni) of metal nitrides with the

composition.

Table 1 Optimized lattice constants or inter-atomic distance of Fe (metal), Co (metal),
Ni (metal) and N2 gas molecule compared with observed ones, their calculated electronic

energies, and magnetic moments.

Table 2 Calculated electronic energies of optimized MesN (Me=Fe, Co or Ni), lattice
constants, and their formation energies from metal and N2 molecule and magnetic

moments per 3d- atom.

Table 3 Calculated electronic energies of optimized MeisN2 with the o"-FeSi2 type
structure and MesN with the Nis2Si4 type structure (Me=Fe, Co or Ni).
Lattice constants, their formation energies from metal and N2 molecule, and magnetic

moments per 3d- atom are also given.

Table 4 Calculated electronic energies of optimized MesN2 (Me=Fe, Co or Ni) with the,
NisN type structure, lattice constants, their formation energies from metal and N2

molecule, and magnetic moments per 3d- atom.



Fig. 1
(a)HCP lattice and its interstitial sites
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Table 1

Optimized Lattice Constants or Interatomic Magnetic Moment| Calculated Total Ga[F:!:Ted
Compound o dee> G | ey | Electronic
! Energy per
[Observed Structure atom
[Observed value] value] (eV) (eV)
0.1152 0 _ _
N, [0.1097] {0] 543.9973 271.9987
a=b=c=0.2450, o=p=y=109.47 2.31
Fe —868.1636 —868.1636
(bce)
[a=b=c=0.2482, a=P=y=109.47] [2.2]
a=b=c=0.2437, a=p=y=60 _ _
Fe [a=b=c=0.2579 at 1190K] 0 868.0103 868.0103
(fee)
a=b=c=0.2549
0=p=y=60° 2.57 868.0101 868.0101
Fe a=b=0.2464, ¢=0.3850, a=p=90, y=120 _ _
(hep) [a=b=0.2465 ¢=0.4050 at 15GPa] 0 1736.2418 868.1209
3.338/C
a=b=0.2513, ¢=0.4072, a=p=90, y=120 i 67//0002
(th(:D) ' I —2093.4390 -1046.7195
[a=b=0.2507, c=0.4069, a=p=90, y=120] [1.7/Co,]
Co a=b=c=0.2511, a=f=y=60 1.64 _ _
(fee) [a=b=c= 0.2506 at 696 K] [1.75] 1046.6993 1046.6993
) a=b=c=0.2506, a=B=y=60" 0.62
Ni -1358.9228 -1358.9228
(fee)
[a=b=c=0.2492, 0=p=y=60] [0.62])




Table 2

C OftiTized[L:ttiie . Calculated Total Formation Energy for the
C d one anDs' taneeome Magnetic Electronic Energy Optimized Structure
acs Gro istance Moment | for the Optimized (eV)
Space Group (nm) (o) A
Us tructure
[Observed value] (eV) [Reference State]
a=0.3763 9.555
-0.8949
FesN =2.39/Fe | =-3745.5480
[0.3795] [bcc Fe and N, gas]
a=0.3776 6.549 +0.0502
CosN =1.64/Co | —4458.8265 :
[0.374]) [hep Co and N, gas]
a=0.3755 1.133
i —-0.1400
Niz,N =0.283/Ni | -5707.7799 .
[0.374]) [fcc Ni and N, gas]




Table 3

Compound Optimized Lattice Constants or Calculated Total Formation Energy for the
Interatomic Distance Magnetic Electronic Energy Optimized Structure
(Assumed (nm) Moment for the Optimized (eV)
Crystal (us) Structure
Structure) [Observed value] (eV) [Reference State]
o dFethz 4| a=b=05641, c=06172 38.20 18798
ody~centere =2.39/Fe -14436.4879 )
tetragonal) L _ [bcc Fe and N, gas]
14/mmm [a=b=0572, c=0.629])
FegN, 17.42 -0.2596
(reduced from a=0.5159 =2.18/Fe -7217.5672 )
foc—FeaNy) [bcc Fe and N, gas]
Co1N, a=b= 0.5164 ¢=0.7251 24.54
(body—centered ' ’ —1 F4 _ +0.1379
tetragonal) 1.53/Co 172913714 [hcp Co and N, gas]
[4/mmm
GogN, 11.79 +0.1119
(reduced from a=0.5147 =1.47/Co -8646.6427 [hep Co and N, gas]
fCC_0032N4)
NiygNy 5.737
(body—centered| a=b=0.5161 ¢=0.7251 -0 - . _ '|.-0.1 357
tetragonal) 0.36/Ni 22286.6263 [fcc Ni and N, gas]
[4/mmm
NigN;
2.037
(reduced from a=0.5146 _ . _ +0.1552




Table 4

Calculated Total

Formation Energy for the

Optimized Lattice Constants Magnetic Electronic Energy Optimized Structure
Compound (nm) Moment for the Optimized (eV)
(us) Structure
(eV) [Reference State]
a= b=0.4646, c=0.4310 12.26 -2.0292
FegN, =2.04/Fe -5755.00814 [bee Fe .and N, gas)
a=b= 0.4636, ¢c=0.4323 6.24 _
CogN, =1.04/Co -6824.4078 [hep 02'2234'12 gas)
a=b= 0.4646, c=0.4307 _
NigN, 0.0 -8698.3295 0.7934

[fcc Ni and N, gas]
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