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Lebanon

Reprint requests to S. F. Matar. E-mail: s.matar@u-bordeaux1.fr

Z. Naturforsch. 2007, 62b, 881 – 890; received January 23, 2007

Dedicated to Dr. Bernard Chevalier on the occasion of his 60th birthday

Magnetic properties and bonding analyses of perovskite structure-derived TFe3N (T = Ru, Os)
nitrides have been investigated within density functional theory using both pseudo potential and all
electron methods. At equilibrium, spin degenerate non-magnetic (NM) and ferromagnetic (FM) cal-
culations of energy versus volume show that the ground state of the two compounds is ferromagnetic.
Magnetic moments of Ru/Os and Fe, respectively, being situated at two different crystallographic
sites are studied over a wide range of the cubic lattice parameter. The volume expansion indicates
that iron atoms show itinerant magnetism while Ru and Os exhibit a localized behavior. Important
magnetovolume effects are observed, with saturation of the magnetic moment reached in RuFe3N but
not in OsFe3N. The electronic structure is visualized for the different binding characters Fe–N ver-
sus Ru/Os–N with the help of electron localization plots. The density of states of the ferromagnetic
ground state is interpreted on the basis of a covalent magnetic model which goes beyond the Stoner
rigid band model. An Invar-like behavior is predicted for the two nitrides.
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Introduction

Due to their potential applications, iron nitrides
are of significant scientific interest. For example, in
the field of high-density magnetic recording materi-
als, Fe4N was considered as a promising medium [1].
Since then several experimental and theoretical studies
have been undertaken to elucidate its magnetic prop-
erties [2 – 5]. The cubic perovskite-derived structure of
Fe4N is shown in Fig. 1 (space group Pm3̄m). With
respect to the central nitrogen atom, two kinds of Fe
atoms may be distinguished: FeI at (0, 0, 0) and FeII

at (1/2, 1/2, 0). As a consequence, FeI is likely to be
less bonded to nitrogen and to be more ‘labile’ to-
ward the effects of substitution with, e. g., Os, Ir, and
Ru. The effects of substitution of iron (at the corner
sites) by other atoms (such as Ni, Pd, Ir, Os and Ru)
on the magnetic properties of Fe4N have been the sub-
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ject of several studies [6 – 10]. Using Mössbauer spec-
troscopy, corner Fe (FeI) was determined as the site
of substitution within the structure [7] (see Fig. 1).
In this latter study, the low amount of Os, Ir and Ru
did not result in a significant change of the Fe4N lat-
tice parameter, and it was found that the substitution
leads to the growth of very fine particles with super-
paramagnetic behavior. Eventually, at very high con-
centrations an ordered RuFe3N and/or OsFe3N anti-
perovskite structure should result. It is expected that
the structural and magnetic properties of the substi-
tuted system will be different from those of pristine
Fe4N, and their study at a modeling level therefore has
to be carried out in the proper framework of density
functional theory DFT [11]. In this regard, not many
reports treating Ru(Os)Fe3N nitrides are found in the
literature. In recent density functional-based calcula-
tions (using the FP-LAPW method) [12], a lattice pa-
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Fig. 1. (color online): The anti perovskite structure of Fe4N,
rewritten as FeIFeII

3N. Atom size from larger to smaller
spheres follow the order: corner FeI, face center FeII and
central N atoms. Ru and Os substitute for FeI in the ternary
nitrides RuFe3N and OsFe3N studied here.

rameter very close to the experimental one for Fe4N
was calculated for RuFe3N, which is stable in a ferro-
magnetic order. For the osmium system an ad hoc use
of the Fe4N lattice parameter in theoretical computa-
tions suggested a ferromagnetic ground state [13].

The present work follows our early and more recent
theoretical [2, 26, 27] and experimental [7] investiga-
tions in proposing trends of the electronic and mag-
netic properties of the ternary systems TFe3N (T = Ru,
Os) with respect to pristine Fe4N with an interpreta-
tion based on covalent magnetism on one hand and on
potential Invar-like behavior from examining magneto-
volume effects on the other hand. This property, which
is known for the alloy system Ni0.35Fe0.65, whose com-
pensation of the thermal αT and the magnetic expan-
sion αM coefficients, which vary oppositely, leads to
zero volume variation around r. t., was identified both
experimentally and theoretically for the ternary nitride
NiFe3N [10].

Computational Methods

As in our former works [2, 16, 26, 27], the self-
consistent calculations were carried out in the frame-
work of the well established density functional the-
ory [11]. We mainly used the all electrons augmented
spherical wave (ASW) method in a scalar relativistic
implementation [14] due to the presence of heavy el-
ements with Z > 50 such as Os. The exchange cor-
relation effects were accounted for within the gener-
alized gradient approximation (GGA) using the pa-
rameterization of Perdew, Burke and Ernzerhof [15].

This scheme was preferred over the LDA (local den-
sity approximation) in view of recent results on iron
mononitrides [16]. In the ASW method, the wave func-
tion is expanded in atom-centered augmented spher-
ical waves, which are Hankel functions and numeri-
cal solutions of Schrödinger’s equation, respectively,
outside and inside the so-called augmentation spheres.
The transition metal ns, np and (n–1)d, n = 4, 5, 6 for
Fe, Ru and Os, respectively, and N 2s, 2p states were
used for the valence basis sets. For all calculations
the ratio between the atomic radii of the corner Ru
(Os), Fe and N atoms were kept constant: rRu(Os)/rFe =
1.39 and rFe/rN = 1.16. A sufficiently large number
of k points was used to sample the irreducible wedge
of the Brillouin zone, and the energy and charge dif-
ferences between successive iterations were converged
below ∆E = 10−8 Ryd. and ∆Q = 10−8, respectively,
to obtain accurate values of the magnetic moments
and accurate total energy differences between various
ordered magnetic states. To extract more information
about the nature of the interactions between the atomic
constituents from electronic structure calculations, the
crystal orbital overlap population (COOP) [17] or the
crystal orbital Hamiltonian population (COHP) [18]
may be employed. Both approaches provide a quali-
tative description of the bonding, nonbonding and an-
tibonding interactions between two atoms. A slight re-
finement of the COHP was recently proposed in form
of the “energy of covalent bond” (ECOV), which com-
bines COHP and COOP to calculate quantities inde-
pendent of the choice of the zero of potential [19].
Both COOP and ECOV give similar general trends, but
COOP, when defined within plane-wave basis sets, ex-
aggerates the magnitude of antibonding states. In the
present work the ECOV was used for the chemical
bonding analysis. In the plots, negative, positive and
zero ECOV magnitudes are relevant to bonding, anti-
bonding and nonbonding interactions, respectively.

In as far as no structural determinations are avail-
able for T Fe3N (T = Ru, Os), trends in cell volumes
and ground state crystal structures were desirable in
the first place. The equilibrium structures were ob-
tained assuming spin degenerate systems from a full
geometry relaxation of nitride systems starting from
the Fe4N structure and using a pseudo potential ap-
proach within the VASP code [20]. Ultra soft US Van-
derbilt pseudo potentials (US-PP) [21] built within the
GGA scheme [15] were used. The calculations were
converged at an energy cut-off of 435.12 eV, sufficient
for spin degenerate calculations, for the plane-wave ba-
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sis set with respect to the k point integration with a
mesh from 6×6×6 to 12×12×12 leading to 56 k ir-
reducible k points. The tetrahedron method with Blöchl
corrections [22] was applied leading from 141 to 1569
inequivalent tetrahedra. The Brillouin zone integrals
were approximated using the special k point sampling
of Monkhorst and Pack [23].

Geometry Optimization and Charge Distribution
from Pseudo Potential Calculations

We started the geometry optimization of Fe4N with
an experimental lattice parameter of a = 7.1777 bohr
(1 bohr = 0.529 Å). Then the lattice geometry was
fully relaxed for the cell volume, shape and atomic
positions. The same cell parameter was equally used
for starting the calculations under the same conditions
of convergence for both Ru and Os homologues. The
resulting structures were all found cubic with an in-
creasing lattice parameter along the series T Fe3N (T =
Fe, Ru Os): a(Fe4N) = 6.966, a(RuFe3N) = 7.089,
and a(OsFe3N) = 7.11 bohr. The smaller magnitude
of a(Fe4N) with respect to the experiment of 2.95 %
results can be expected in the framework of the ap-
proximations used. The obtained results are for a non-
magnetic spin degenerate configuration; a full account
of spin polarization effects will be done in the next sec-
tion using the all electrons ASW method [14].

To get an insight in the real-space electronic struc-
ture of the nitride systems, an analysis of the electron
localization function (ELF) introduced by Becke and
Edgecomb [24] can be undertaken in the framework
of US-PP calculations [20]. The ELF function is nor-
malised between 0 (zero localization) and 1 (strong
localization) with the value of 1/2 corresponding to a
free electron gas behaviour. By such a mapping one
can illustrate the properties of chemical bonding. As
an illustration for this class of systems ELF contour
plots are shown for four cells of OsFe3N in Fig. 2. The
planes chosen for a) and b) are, respectively, for z = 0,
which comprises corner Os and face center Fe, and for
z = 1/2 which comprises Fe and cell centered N atoms.
Both plots point to a continuous electron distribution in
between the atoms in a free electron-like localization
(green color) contrary to both metal atoms which have
no localization. This agrees with the chemical picture
of a metal as made by a skeleton of ions surrounded by
an electron gas. The nitride chemical picture, mean-
ing negatively charged nitrogen, is stressed in Fig. 2b
by the presence of a strong localization (red contours)

Fig. 2. (color online): OsFe3N. Electron localization func-
tion (ELF) contours for four cells plotted for a) z = 0 plane
comprising Os and Fe and b) z = 1/2 plane comprising Fe
and N. Blue, green and red spheres are for corner Os, face
center Fe and cell center N atoms, respectively (see Fig. 1).
Blue, green and red ELF zones describe zero, free electron
like and strong localization of electrons.

within the Fe6N-like octahedron around N of which a
projection can be seen. These illustrations stress fur-
thermore the isolated character of the corner sites with
respect to Fe6N-like octahedra. In Fe4N for instance
the FeI moment is by ∼ 1 µB larger than that of FeII.
This is explained on the basis of a larger localization
of d orbitals at corner Fe sites. On the contrary, the
FeII atoms which are covalently bonded to nitrogen,
are consequently broadened and, due to spin pairing
with N, carrying a lower magnetic moment. The re-
placement of Fe by isoelectronic Ru and Os, which are
4d and 5d elements with broad bands, should not sus-
tain a magnetic moment. However, we shall see that
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Fig. 3. Non-magnetic (NM) and ferromagnetic (FM) total en-
ergy versus volume curves for RuFe3N (a) and OsFe3N (b).

the localization of these d orbitals will allow an onset
of atomic magnetic moments, which is an original fea-
ture of these elements, especially for osmium.

Electronic and Magnetic Structure Analysis with
all Electrons ASW Method

Total energy and magnetic moments

The variations of the total energy versus volume of
the unit cell for RuFe3N and OsFe3N were calculated
over a wide range between 250 and 560 bohr3, in both
a non-magnetic (NM), i. e., spin degenerate configura-
tion, and then in a ferromagnetic (FM) one. The data
allow us to determine the equilibrium volume (equi-
librium lattice parameter), the bulk modulus and the
corresponding stable magnetic order.

Fig. 3 shows the energy versus volume curves,
which are fitted by a Birch-Murnaghan equation of
state [25], for the two Ru(Os)Fe3N nitrides. At the the-
oretical equilibrium volume, the ferromagnetic state is
more stable than the non-magnetic one.

Table 1 summarizes the results of the total energy,
the lattice parameter and the bulk modulus, obtained

Table 1. Calculated equilibrium properties (in atomic units
(bohr): 1 Ry = 13.6 eV) for the nitrides RuFe3N and OsFe3N
and of corresponding nitrogen free alloy systems, ES (empty
spheres) replacing N. NM: non-magnetic and FM: ferromag-
netic.

Equilibrium E0 a0 B0 m HFC
properties (Ry) (bohr) (GPa) (µB) (kG)
RuFe3N NM −16808.48 7.094 292

FM −16808.51 7.212 195 Ru 0.697 −470.68
Fe 2.402 −150.63
N 0.060 +4.06

Tot 7.968
RuFe3ES NM −16698.72 7.094 –

FM −16698.76 7.212 – Ru 0.536 −973.80
Fe 2.893 −336.35
ES 0.043 −1.77
Tot 9.261

OsFe3N NM −42254.68 7.103 302
FM −42254.71 7.208 219 Os 0.392 −778.97

Fe 2.192 −133.55
N 0.050 +4.25

Tot 7.022
OsFe3ES NM −42145.02 7.103 –

FM −42145.02 7.208 – Os 0.066 −4583.88
Fe 2.467 −317.64
ES 0.024 −1.63
Tot 7.493

at equilibrium volume. For RuFe3N, a lattice param-
eter value of 7.094 bohr is obtained in the NM state,
and of 7.212 bohr in the FM one. The former is close
to the value obtained from geometry optimization (see
above). For OsFe3N, the NM and FM lattice param-
eters are 7.103 and 7.208 bohr, respectively. Again
the agreement with the ab initio geometry optimiza-
tion is good for the NM configuration at equilibrium.
These values are larger than the Fe4N lattice parame-
ter (7.177 bohr) but should be smaller than the experi-
mental one in view of the results, especially for Fe4N.
The fact that experimentally, no change was observed
for Fe(1−x)RuxFe3N [7] is certainly due to the low
amounts of substitution 0.05 < x < 0.2, and it appears
that the results established recently in full-potential
calculations [12] are somewhat underestimated. The
bulk modulus B0 is systematically larger for the NM
state than for the SP configuration which follows from
the larger lattice parameter of the latter and points to
a larger compressibility when the system is magnetic.
This means that the system is “softer” when it is mag-
netically ordered and “harder” when it is not.

Magnetovolume versus chemical effects

In a collective electron scheme, such as the one used
here, the magnetization arises from interband spin po-
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Fig. 4. Magnetic moment versus volume per atom curves for
RuFe3N (a) and OsFe3N (b).

larization, i. e., it is mediated by the electron gas. This
is opposed to the localized electron moments where
magnetization arises from intraband spin polarization
such as in oxide systems, especially insulating ones.
From this, it is expected that the magnetovolume ef-
fects will be large in intermetallic and insertion alloys
systems such as those studied here as well as those for-
merly studied (Fe4N and fcc-Fe) [26].

The variations of the magnetic moments with the
cell volume for RuFe3N and OsFe3N are shown in
Figs. 4a, b. At equilibrium, the magnetic moments of
all atomic species, and thus those of the unit cell, are
slightly larger in RuFe3N as compared to OsFe3N (see
Table 1). For Ru a value of 0.697 µB (which agrees
well with a previous report [12]) is obtained, whereas
a somewhat larger value of 2.40 µB is obtained for
iron in this compound. Smaller values are obtained in
OsFe3N where Os and Fe possess 0.39 and 2.19 µB,
respectively. The presence of relatively large moments
on corner Ru and Os atoms results from the isolated

character of these atoms with respect to the Fe6N oc-
tahedron on the one hand and from the covalent mix-
ing of their d states with those of face centered iron
atoms at (1/2, 1/2, 0) through “covalent magnetism” on
the other, which is developed in the next section. The
larger Fe moments, with respect to FeII in Fe4N [2],
can be the consequence of the larger Fe–N distances
and the Ru/Os–Fe metallic interaction. This is also fur-
ther examined below.

From Fig. 4a, the Fe moment in RuFe3N increases
rapidly with increasing volume to reach high values.
At the large volume limit it does not reach saturation
completely but its variation is small. The moment of
Ru increases slowly towards a constant value around
equilibrium; this is followed by an abrupt jump to
higher values where it begins to saturate. The situa-
tion is similar in OsFe3N as shown in Fig. 4b. The
Fe magnetic moment increases proportionally (almost
linearly) with volume, whereas the Os moment re-
mains constant over a wide range of volume around
equilibrium (more pronounced than Ru) to finally in-
crease at higher volume. Here, for both osmium and
iron, saturation of the magnetic moment is not reached.
From this kind of dependency, it is clear that an itin-
erant magnetism for iron has to be expected, while a
more localized one is predicted for ruthenium and os-
mium as suggested above. The figures also show that
for RuFe3N as well as for OsFe3N there is a clear
collapse of the magnetic moment at some low vol-
ume (between a lattice parameter of 6.6 and 6.8 bohr)
which can be reproduced under the conditions of high
pressures. This transition is characteristic of an Invar-
like behavior, which was reported for the other ternary
iron nitrides NiFe3N and PdFe3N [10]. A property
that points to the Invar behavior is the critical pres-
sure Pc for the disappearance of magnetic order, Pc =
−2∆E/∆V , where ∆E and ∆V are related to energy
and volume differences between magnetic and non-
magnetic states, respectively. Computed values are
Pc(NiFe3N) = 558 kbar in agreement with experiment,
i. e., Pc(exp.) = 530 kbar from our early magnetostric-
tion measurements [27]. This magnitude ranges be-
tween Pc(Ni0.35Fe0.65) = 10 kbar for the Invar alloy
itself and Pc ∼ 4000 kbar fcc γ-Ni. Hence, these two
systems are labeled as “soft and hard” magnetic mate-
rials, respectively. From the values in Table 1 we derive
the critical pressure criterion Pc. We find Pc(RuFe3N) =
487 kbar and Pc(OsFe3N) = 547 kbar, which are in the
range of the NiFe3N values given above. These magni-
tudes allow the positioning of the two presently studied
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systems within the range of NiFe3N, identified previ-
ously as the first Invar-related nitride [10].

In order to establish the role played by nitrogen,
complementary calculations were carried out with re-
placing the central nitrogen atom by an empty sphere
(ES) within the atomic sphere approximation of the
ASW method [14]. ES are pseudo atoms with zero
atomic numbers and a valence basis set like nitrogen,
so that they receive charges from neighboring atoms
and allow for covalence effects within the structure.
For this check we used the equilibrium lattice pa-
rameter obtained for NM and FM Ru(Os)Fe3N. As
can be seen in Table 1, total energies point again to
a ferromagnetic ground state. The magnetization is
larger than within the corresponding nitrides, and this
is mainly due to an enhancement of the Fe moment
while the moments on corner Ru and Os atoms are sig-
nificantly lower. This could be due to a loss of cova-
lency of the system without nitrogen. The role of ni-
trogen is hence not only to lower the moment on Fe
due to the σ and π bonding within the Fe6N-like octa-
hedron, but to ensure a covalently bonded system. We
can also note that the moments on N, which are rela-
tively high in both nitrides, are not negligible on the
ES, which is again a sign of covalency within the com-
pounds. This is further detailed below in the discussion
of the density of states and chemical bonding.

Hyperfine field, Fermi contact term

The effective magnetic field Heff acting on the nu-
cleus is usually written as the sum of four contributions

Heff = Hi + HFC + Horb + Hdip

The internal field Hi is the magnetic field at the nu-
cleus generated from the externally applied field. HFC
is the Fermi contact term of hyperfine interactions aris-
ing from unbalanced spin density of ns electrons at the
nucleus (in non-relativistic description)

HFC = −8π/3γN[{Φ ↑ (0)}2 −{Φ ↓ (0)2}]

where γN is the nuclear gyromagnetic ratio and the
quantities between brackets are the densities of ns elec-
trons at the nucleus (i. e., r = 0) for ↑ and ↓ spin mo-
ments. This quantity is a major contribution to Heff, and
it can be obtained from calculations. Horb and Hdip are
the fields arising from the orbital magnetic moments
(small for 3d elements) and from the dipole interac-
tions with surrounding atoms. Hdip is zero for cubic

symmetry as is the case in the systems under investiga-
tion.

In the case of RuFe3N we obtain HFC = −470.68,
−150.63 and +4.06 kG for Ru, Fe and N, respectively.
A good agreement is found with the results of full-
potential calculations [12] for this case. For OsFe3N
our values differ from those of ref. [13] although they
follow the same trend of magnitude. For instance,
HFC(Fe) = −133.55 kG comes close to the value of
−122.5 kG in [13] where an ad hoc smaller lattice pa-
rameter than the one obtained by us was used for ge-
ometry optimization. As with respect to our early 57Fe
Mössbauer investigations of Fe(1−x)OsxFe3N, 0 < x <
2 [7], a hyperfine field magnitude of −212 kG on face
centered Fe was found with a trend to decrease with
increasing Os concentration. This could be due to the
decrease of the transferred hyperfine field from largely
magnetic corner FeI (M ∼ 3 µB), HFC ∼ −277 kG to
face centered FeII in Fe4N when the amount of substi-
tution is increased in the solid solution. Comparing the
Ru and Os system one can note that the lowering of
the HFC value at Fe in the latter system is in agreement
with the smaller magnetic moment.

Electronic band structure

In this section we discuss the electronic structure of
RuFe3N and OsFe3N in line with that of the formerly
studied Fe4N [2] from the densities of states (DOS) and
their weights as well as the chemical bonding proper-
ties using the ECOV criterion [19].

a) Density of states

Spin- (↑ and ↓) and site-projected (Ru, Fe and N)
partial DOS (PDOS), taking into account the multiplic-
ity in the formula unit (1 Ru, 3 Fe, 1 N), are shown
in Fig. 5a (RuFe3N) and Fig. 5b (OsFe3N). Those of
Fe4N (i. e., FeIFeII

3N) are illustrated in Fig. 5c for
comparison. Although included in the calculations as
valence states, the N 2s states are omitted in Fig. 5. The
energy shift between spin ↑ and ↓ population (due to
the exchange splitting) is significant for Fe in both ni-
trides, which results in large magnetic moment values.
In contrast, this shift is less important for Ru and Os,
and consequently low values of their magnetic moment
are obtained. The DOS of iron atoms are extended over
a slightly larger energy window than those of Ru and
Os. In the whole shape, these densities of states seem to
be similar to those of Fe4N, but with a careful analysis
an important feature is noted. Contrary to Fe4N (with
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Fig. 5. Site- and spin-projected density of states at equilib-
rium. a) RuFe3N, b) OsFe3N, c) Fe4N (partial DOS (PDOS)
are drawn as: Ru, Os and FeI with thin lines, Fe/FeII with
solid line and N with dashed line).

two iron substructures FeI and FeII) where FeI densities
are low, somewhat large Ru and Os PDOS exist at ener-
gies around−6 eV, and this is more pronounced for Os.
Although at this energy interval the N(2p)-Fe(3d) mix-
ture is dominant (related to the stronger Fe–N chemical
bond, which has a covalent character), the observed Ru
and Os densities predict that significant Ru/Os–Fe and
Ru/Os–N interactions exist. In Fe4N, with the two Fe
sites FeI and FeII, the FeI PDOS is very small at the
Fermi level, hence the strong ferromagnetic behavior
of FeI as opposed to the finite DOS value of FeII aris-
ing from Fe–N π∗ bonding. On the contrary, Ru and
Os densities exist at all energies up to the Fermi level.
Although at this energy interval the N(2p)-Fe(3d) mix-
ture is dominant (related to the stronger Fe–N chemi-
cal bond, which could be a covalent one), the observed
Ru and Os densities predict that significant Ru/Os–Fe
and Ru/Os–N interactions exist. As it was argued for
Ni(Pd)Fe3N [10], it is proposed that the p-d hybridiza-
tion of the Fe–N interaction increases the Fe d band
width leading to states at the bottom and the top of
the band. Furthermore, contrary to Fe4N where the
DOS of FeI drops to zero at EF (Fig. 5c), indicating
a strong ferromagnetic behavior, Figs. 5a, b show that
the Fermi level EF is still in the spin ↑ d band of Fe,
Ru and Os. However, the major interaction is due to
Fe–N π∗ bonding. As a consequence, Ru(Os)Fe3N is
a weak itinerant ferromagnet and responsible for the
Invar-like behavior cited in the previous section. This
feature agrees well with the variation of the magnetic
moment versus volume.

b) Covalent magnetism

The weight difference between the spin ↑ and spin
↓ panels in the DOS figures (Fig. 5) is a feature which
needs to be assessed. Generally, the magnetism of met-
als and alloys is correctly provided within the Stoner
model [28] whereby the magnetic moment is the result
of a rigid band shift of an initially non-magnetic (i. e.,
with total spins) system to low-energy majority-spin
(↑) DOS below the Fermi level (EF) and to minority-
spin (↓) DOS at higher energy (above EF). However,
early magnetic band calculations [29] allowed to iden-
tify a new feature exhibited by many intermetallic sys-
tems where the weights of the two spin populations
DOS are not equal as proposed by the Stoner rigid band
model. The result is a larger majority DOS weight with
respect to the minority DOS on one hand and differ-
ent partial DOS (PDOS) intensities in the spin down
channel. This is also observed here (Figs. 5a and b).
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Fig. 6. Covalent magnetism.
a) Simple molecular orbital
sketch and b) correspondence
between the MO-like diagram
and the part of Figs. 5a, b corre-
sponding to Ru(Os)–Fe DOS.

The model of “covalent magnetism” was therefore pro-
posed to provide an explanation [28] going beyond the
basic Stoner model.

Let us see how this concept performs for Ru(Os)
Fe3N using a representation familiar to chemists. In
Fig. 6a, we provide a molecular orbital (MO) like dia-
gram involving the two main metallic elements form-
ing the nitride, namely Fe and Ru (Os). We also
start from a spin-polarized configuration to draw the
atomic-like orbitals (AO) which split in proportion to
spin polarization to form the MO’s. Fe will show larger

splitting than Ru or Os due to the larger magnitude of
its magnetic moment. Further, although Fe and Ru (Os)
are isoelectronic, the respective Pauling electronega-
tivities of 1.8 (Fe) versus 2.2 (Ru and Os) allow to
position their orbitals at lower energy. For the sake of
clarity we use double arrow symbols (⇑ and ⇓) for Fe
in order to point out clearly the differences with re-
spect to Ru (Os) for which simple arrows ↑ and ↓ are
used. Due to the filling of half of the d band with up
to 5 electrons in both transition elements, the Fe ⇑ and
Ru (Os) ↓ states are at the same relative energy. Now
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we let the spin-split orbitals interact to form the MO
diagram. States with like spins will be interacting. Fe
and Ru (Os) spin (↑) levels will form a common major-
ity spin band with bonding (⇑↑) and antibonding (⇑↑)∗
levels. For the spin ↓ states an energy difference occurs
and the occupation with electrons will be in proportion
with the starting AO levels. As a consequence, the Ru
(Os) ↓ weight will be larger than ⇓ of Fe, i. e., with
more electron transfer from Ru (Os) to the MO for the
minority spin MO bonding band, and vice versa for the
antibonding band at higher energy, meaning that there
is a larger electron transfer from Fe to the MO, and
consequently that its PDOS weight will be larger. This
is signaled by the relative magnitudes of the arrows.
Now, if we illustrate the MO diagram with a PDOS
picture, we obtain – almost – the same weight for ma-
jority spin for both Fe and Ru(Os) and a different pic-
ture of weights for the minority spin PDOS as shown in
Fig. 6b which happens to be qualitatively reproduced
by our MO scheme.

c) Chemical bonding properties

To illustrate the chemical bonding we examine the
two-atom interactions from the spin-polarized ECOV
[19] plots (covalence energy) assigning a bonding
character (negative value) or anti-bonding character
(positive value) to the interaction. This is shown for
RuFe3N in Fig. 7. As one expects from exchange split-
ting, the majority spin ECOV are shifted to lower ener-
gies in both panels and one can see that the weights be-
tween ↑ and ↓ ECOV are not similar. For both spin pop-
ulations the major part of the valence band is bonding;
antibonding interactions start to appear around 1 eV
below EF mainly for the majority spin ECOV. The ex-
tension of the bonding metallic interaction for ↓ ECOV
with larger magnitude than for Fe–N within the VB
suggests that this bond favors the stabilization of the
compounds. Note that this reproduces the qualitative
MO scheme of Fig. 6 in assigning the antibonding Ru
(Os)–Fe (⇑↑∗) antibonding interactions just below EF.
The Ru–N interaction at the large 1/2 a

√
3 distance

was found with small intensity. It is not shown here,
but its presence certainly plays a role in the stabiliza-
tion of the system and in the onset of magnetization
on the corner atoms. The Fe–N interaction is bonding
around −8 eV for both spin populations, reflecting a
strong d-p hybridization of the Fe–N bond, but it starts
to become antibonding below the Fermi level for spin ↑
ECOV. The same feature is observed in Fe4N (FeII–N

Fig. 7. (color online): Spin-resolved chemical bonding for
Ru–Fe and Fe–N interactions from ECOV (negative and pos-
itive ECOC are for bonding and antibonding contributions,
respectively).

interaction, see [30]). However, the major contribution
to the stabilization of the polarized spin arises from
spin down minority states for both major interactions
within the structure.

Conclusion

In this study the electronic and magnetic struc-
tures of RuFe3N and OsFe3N with an ordered anti-
perovskite structure were investigated. Full geometry
optimization allowed to obtain equilibrium lattice pa-
rameters for the two systems using a pseudo potential
DFT method. Then, using augmented spherical wave
(ASW), all electron self-consistent calculations were
carried out. From E(V ) curves the ferromagnetic state
is preferred at equilibrium for the two compounds. A
large exchange splitting is found for the Fe atoms, giv-
ing rise to a high magnetic moment, and non-negligible
moments were identified for the corner Ru and Os as
well as nitrogen atoms. The volume expansion makes
the former to increase rapidly and to keep the latter
almost constant at a high volume value. This implies
that an itinerant magnetism of the Fe atom and a more
localized one of Ru (Os) atoms are to be expected.
The chemical role of nitrogen in lowering of the mag-
netization was also investigated by calculations on a
nitrogen-free system. The density of states of differ-
ent elements (Ru, Os and Fe) at the Fermi level makes
the two nitrides globally weak ferromagnets. An im-
portant metallic interaction (Ru–Fe and Os–Fe) is ex-
pected, and by counteracting the Fe–N interaction it
allows for larger magnetic moments at Fe (in face cen-
tered positions) as compared to its magnitude in Fe4N.
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The shape of the DOS is explained on the basis of
the “covalent magnetism” approach through a sketch
of an MO-type diagram which finds confirmation from
PDOS and chemical bonding analyses. Finally, simi-
lar to what happens in related nitrides Ni(Pd)Fe3N, the
magnetic properties versus volume of Ru(Os)Fe3N are
strongly influenced by p-d hybridization of the Fe–N
covalent bond. From the critical pressure of the vanish-
ing magnetization, an Invar-like behavior is identified
for the two nitrides.
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[22] P. E. Blöchl, O. Jepsen, O. K. Anderson, Phys. Rev. B

1994, 49, 16223.
[23] H. J. Monkhorst, J. D. Pack, Phys. Rev. B 1976, 13,

5188.
[24] A. D. Becke, K. E. Edgecombe, J. Chem. Phys. 1990,

92, 5397.
[25] F. D. Murnaghan, Proc. Natl. Acad. Sci. USA 1944, 30,

244; G. Birch, J. Geophys. Res. 1978, 83,1257.
[26] P. Mohn, S. F. Matar, J. Magn. Magn. Mater. 1999,

191, 234.
[27] S. F. Matar, G. Demazeau, P. Hagenmuller, J. G. M. Ar-

mitage, P. C. Riedi, Eur. J. Solid State Inorg. Chem.
1989, 26, 517

[28] E. P. Wohlfarth, J. Magn. Magn. Mater. 1984, 45, 1.
[29] A. R. Williams, R. Zeller, V. L. Moruzzi, C. D. Gelatt
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