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Enhancement of Fe magnetic moments in ferromagnetic Fei6Nz
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In order to investigate the electronic and magnetic properties of an Fe&6N2 ferromagnet, we have per-
formed electronic-structure calculations employing the total-energy self-consistent local-density-
functional linearized mu5n-tin orbital band method. Band structures, density of states, Stoner parame-
ters, magnetic moments, and cohesive bonding properties for paramagnetic or ferromagnetic Fe&6N2 are
obtained. The effect of spin-orbit interaction on the magnetism is also explored. Based on these results,
the magnetic structure and the microscopic origin of the enhancement of Fe magnetic moments in this

compound are investigated. Magnetic moments of three types of Fe [Fe(I), Fe(II), and Fe(III)] in Fe,6Nz

are 2.13, 2.50, and 2.85@3, respectively. Large enhancement of the magnetic moment is observed in

Fe(II) and Fe(III), which are located farther from N than Fe(I). This suggests that the local environment

plays a very important role in determining the Fe magnetic moments in this compound. The orbital con-
tribution to the magnetic moment in Fe atoms is minor, a total of 0.56p& in the unit cell. Our value of
the average magnetic moment per Fe atom, 2.50pz, is a bit smaller than the reported value, -3.0pz, es-

timated from the experiment.

I. INTRODUCTION

In the early 1970's, Kim and Takahashi' observed a gi-
ant saturated magnetic moment in the Fe film deposited
in a nitrogen atmosphere and interpreted that this large
magnetization came from Fe&6N2, which is formed in the
Fe-N film. Assuming that the Fe-N film is a polycrystal,
composed of a-Fe and Fe&6N2, they have deduced the
average magnetic moment of the Fe atom, 3.0@~, from
the measured value of the saturated magnetic Aux density
of the film (8, ), 2.58 T. This magnetic moment is much
larger than that of bcc ct-Fe, 2.22ps (saturated magnetic
flux density of bcc a-Fe is about 2.2 T). Since a large sa-
turated magnetic Aux density is an important factor for
the application to advanced magnetic materials, extensive
research has been carried out on Fe&6N2. Reproduction
of the single-phase sample has not been successful, how-
ever.

Recently, Komuro et al. successfully made a single-
crystal Fe-N film of Fe,6Nz, which was epitaxially grown
on the substrate of Fe/GaAs(100) using molecular beam
epitaxy (MBE). They reported that the saturated mag-
netic Aux density of the sample is 2. 8—3.0 T, the largest
among the magnetic materials available so far (the corre-
sponding average magnetic moment per Fe atom is
3. 1 —3.3ps). Other groups ' have also reported similar
results on this material, which confirmed the result of
Kim and Takahashi. ' From a measurement of the
Mossbauer spectrum, Nakajima et al. obtained the rnag-
netic moments of 1.3, 2.5, and 3.8pz for the three types
of Fe atoms in Fe,6N2, respectively. Hence, the first-
nearest-neighbor Fe atom of N [Fe(I)] yields the smallest
moment while Fe(III), which is located the farthest from
the N atom, yields the maximum moment which is much
enhanced from the value of a-Fe. However, the average

magnetic moment per Fe atom in this case is only
2.53p~, which is smaller than the estimate made by Kim
and Takahashi' or Komuro et al.

Sakuma investigated systematically the electronic and
magnetic structures for a series of iron nitrides, Fe3N,
Fe4N, FesN(=Fe, &N2) using the LMTO (linearized
muifln-tin orbital) band method. He has explored the
effects of the interstitial N atom and its concentration on
the magnetic and electronic structures of these com-
pounds. He found that the lower N concentration gives
the larger magnetic moments with the exception of
Fe&6N2 In Fe)6N2, he obtained 2.40p~ for the average
magnetic moment per Fe atom, which is larger than that
of bcc a-Fe. However, this value is smaller than the ex-
perimental estimate, —3.Op~.

In this study, we have carried out the total-energy elec-
tronic structure calculations in order to understand the
microscopic origin of the enhancement of the Fe magnet-
ic moments in Fe&6N2. We have investigated the effect of
interactions between the d band of the Fe atoms and the
s,p band of the N atom and also the interactions between
Fe-Fe on the magnetization. We have calculated the to-
tal energies of paramagnetic and ferromagnetic Fe&6N2 to
examine the cohesive bonding properties in this com-
pound. The effect of the spin-orbit interaction on the
magnetic moments is also discussed.

The self-consistent local-density-functional LMTO
band method is employed and the tetrahedron method
for the Brillouin-zone integration and the form of von
Barth —Hedin for the exchange-correlation potential is
utilized. An orbital contribution to the magnetic rno-

ment is obtained by including the spin-orbit interaction in

a perturbative way. In this way, both the magnetic
exchange-correlation interaction and the spin-orbit in-

teraction are taken into account simultaneously in the
self-consistent variational step.
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TABLE I. Atomic positions in Fe&6N2 bct unit cell, in units
of primitive lattice vectors.

N
Fe(I)
Fe(II)

Fe(III)

(0.00,0.00,0.00)
(0.00,0.00,0.31)(0.50,0.50,0. 19)
(0.25,0.25,0.00)(0.75,0.25,0.00)
(0.25,0.75,0.00)(0.75,0.75,0.00)
(0.00,0.50,0.25)(0.50,0.00,0.25)

Q N ~ Fe(I)

Fe(II), ~ Fe(III)

FIG. 1. Crystal structure of Fe&6N2.

The positions of each atom in the unit cell are given in
Table I. The atom is situated at the deformed octahedral
interstitial site surrounded by six Fe atoms. The distance
from N to Fe(I) in the z direction is a little bit shorter
than the distance to Fe(II} in the xy plane. The Fe(III)
atom is located farthest from the N atom. Fe(III) is at
the center of the tetragonal structure made of eight
nearest-neighbor Fe(II) atoms. Thus, the local environ-
ment of the Fe(III) atoms is similar to the case of bcc a-
Fe, except that the nearest-neighbor distance is longer.

II. CRYSTAL STRUCTURE

The basic structure of Fe,eN2 (a" phase) comprises
eight (2 X 2 X 2}bcc Fe unit cells in which two N atoms
are located between two Fe [Fe(I)] atoms along the z axis
(see Fig. 1). The Bond length of Fe(I}-Fe(I},which in-
cludes the N atom in the middle, increases while the bond
length of Fe(I}-Fe(I), which does not have the N atom,
decreases so that xy planes are deformed alternatively
along the z direction to possess a puckering structure. As
seen in Fig. 2, Fe&6N2 crystallizes in the body-centered
tetragonal (bct) and the space group is D4t, which is
symorphic. In the primitive bct unit cell, there is one
formula unit (FesN) with nine atoms, one type of N atom,
and three types of eight Fe atoms [two Fe(I), four Fe(II),
two Fe(III)].

III. ELECTRONIC STRUCTURE
OF PARAMAGNETIC Fe,&N2

The total density of states (DOS) and site-projected lo-
cal DOS (LDOS) in the paramagnetic phase of Fe,eN2 at
the experimental lattice constant are given in Figs. 3 and
4, respectively. A high DOS at the Fermi level (Ez)
[N(EF ) =30.3 states/eV] in Fig. 3 originates mostly from
the d band of Fe atoms and predicts possible magnetic or
structural phase transitions. In fact, we obtained the
Stoner parameter, S =1.8 [S=N(E~}1„,; I„,equals the
intra-atomic exchange-correlation integral], which is
larger than 1.0 and so induces the ferromagnetic instabili-
ty as in the case of a-Fe.

As seen in Fig. 4, Fe(III), which is the farthest from the
N atom, has the highest LDOS at EF, while Fe(I), which
is closest to N, has the lowest LDOS. Hence, the fer-
romagnetic instability and the corresponding magnetic
moment are expected to be the largest in Fe(III). This is
attributed to the fact that hybridization interaction with
neighboring N atoms becomes larger with a reduced dis-
tance in Fe(I) and, accordingly, the bandwidth becomes
larger.

The narrow DOS located —15 eV below EF is mostly
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FIG. 2. Body-centered tetragonal (bct) unit cell of Fe&6Nz.
Lattice constants of the a and c axes are 5.72 and 6.29 A, respec-
tively.

FIG. 3. Total density of states (DOS per unit cell in unit of
states/eV) of paramagnetic Fe&6N2.
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TABLE II. Angular momentum and site-projected local
DOS at Ez, N&(Ez) in units of states/Ry, and charge occupan-
cies, Qi, of paramagnetic Fe&6Nz.

Fe(I)

Fe(II)

Fe(III)

2.45
1.68
0.15
0.61
0.25
0.59
0.14
0.66

1.22
3.85
0.58
0.81
0.49
0.72
0.47
0.64

27.16
6.57

53.34
6.59

67.46
6.64

3.67
5.53

27.89
7.99

54.08
7.90

68.07
7.94
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due to the s band of the N atom in which a bit of band
states of Fe(I) and Fe(II) are also mixed. Two sharp DOS
peaks located 7-8 eV below EF correspond to the hybri-
dized states between the p band of N and the bands of
Fe(I) and Fe(II). The smaller peak on the left possesses

relatively more s-band character of Fe while the one on
the right possesses more d-band character. The high
DOS in the wide range of —4—2 eV originates from the d
bands of three types of Fe with which some of the N @-
band states are also hybridized. Table II provides the
I.DOS at EF and the numbers of occupied electrons per
each atom.

IV. ELECTRONIC STRUCTURE
OF FERROMAGNETIC Fe&6N2

The total density of states and site-projected local DOS
in the ferromagnetic phase of Fe&6N2 are given in Figs. 5
and 6, respectively. Due to the exchange splitting be-
tween spin-up and spin-down band states, the total DOS
at Ez (6.26 statesleV) is only about 20% of that of the
paramagnetic phase, which allows a stable ferromagnetic
ground state. The magnitude of the exchange energy
splitting is the largest in Fe(III), which has the highest
LDOS at EF in the paramagnetic phase, and so is the
magnetic moment. Compared to the almost filled spin-up
d band of Fe(III), about 0.3 electron states are empty in
the spin-up d band of Fe(I). Smaller exchange splitting in
Fe(I) than in Fe(III) gives rise to the shift up in energy for
the spin-up band and the shift down for the spin-down
band, and so about 0.3 electrons transfer from the spin-
up to the spin-down band to reduce the magnetic mo-
ment.

Table III presents the numbers of the occupied elec-
trons per each atom. %'e obtain magnetic moments, 2.13,
2.50, and 2. 85ps, for Fe(I), Fe(II), and Fe(III), respective-
ly. The enhancement is prominent in Fe(II) and Fe(III),
whose magnetic moments are increased much from that
of bcc a-Fe, 2.22pz. The average magnetic moment of
the above three types of Fe is 2.50pz, which is a little bit
larger than that of Sakuma (2.43ps), but still smaller
than the experimental estimate (-3.0ps). Sakuma ob-
tained the magnetic moments, 2.27, 2.25, and 2. 83p& for
Fe(I), Fe(II), and Fe(III), respectively. The main
dN'erence from ours is the size of the magnetic moments
in Fe(I) and Fe(II) Sakuma obtained similar magnitudes
of magnetic moments for Fe(I) and Fe(II), whereas we get
a much larger value for Fe(II). Of course, the size of
magnetic moments will depend on the atomic sphere ra-

6 I I I I I I I I i I I
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-15

Energy (eV) -25
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FIG. 4. Site-projected local density of states (LDOS in unit of
states/eV) of paramagnetic Fe&6N2. Panels from the top corre-
spond to the local DOS of N, Fe(I), Fe(II), and Fe(III), respec-
tively.

Energy (eV}

FIG. 5. Total density of states (DOS per unit cell in unit of
states/eV) of ferromagnetic Fe,6N2.
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N

Fe(I)

Fe(II)

Fe(III)

0.87
0.82
0.30
0.31
0.30
0.31
0.33
0.34

Q,

1.94
1.92
0.40
0.44
0.35
0.38
0.31
0.36

Qd

4.37
2.18
4.55
2.01
4.74
1.83

Qt.t

2.81
2.75
5.07
2.94
5.20
2.70
5.38
2.53

N(EF )

2.46
0.43
6.10
7.23
4.27
5.93
1.51
5.88

dii used in the LMTO band calculation. We used the
same sphere radius (2.64 a.u. ) for both N and Fe atoms,
whereas Sakuma used the sphere radii, 1.70 and 2.72 a.u.
for the N and Fe atoms, respectively. In order to exam-
ine the effect of the atomic sphere radius on the magnetic
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TABLE III. Angular momentum and site-projected occupan-
cies, QI, of ferromagnetic Fe,6N2. f and i, denote spin-up and
spin-down electrons, respectively. Local density of states at EF,
N(EF ) in units of states/Ry, are also provided.

moment, we have performed another band calculation
with the same sphere radii used by Sakuma. We have
again obtained the enhanced magnetic moments for
Fe(II), Fe(III) (2.41 and 2.97@~}and the smaller one for
Fe(I) (2.05pz), which are similar to our former results
within 5%. Since local environments for the two Fe
atoms are quite difFerent, it is more likely that the mag-
netic moments of the two atoms also become different.
Evidently, a stronger hybridization interaction with the
N atom in Fe(I) will give rise to a smaller magnetic mo-
ment than in Fe(II). The enhancement of the magnetic
moment in Fe(III) is ascribed to the d-band localization
occurring in consequence of a relatively longer bond
length to the near-neighbor Fe atoms than in bcc a-Fe.
The distance to the nearest neighbor, Fe(II), is 4%%uo longer
than that in bcc a-Fe. On the other hand, the d band in
Fe(I}becomes rather delocalized due to the hybridization
interaction with the nearest-neighbor N atom and due to
a shorter near-neighbor distance to Fe(II) (5% shorter
than in bcc a-Fe) as well, Thus, the magnetic moment in
Fe(I} is reduced compared to bcc a-Fe. However, the
reduction here is not as large as in the Fe&&B2, Fe,6C2, or
Fe-Al systems in which hybridization interaction with B,
C, or Al reduces the magnetic moment of Fe a lot. ' '"
The magnetic moment of Fe(I) in Fe,6Bz and Fe,6C2 be-
comes 1.96 and 2.03pz, respectively. ' The Fe(II) atom
has an intermediate value between Fe(I} and Fe(III).
Influence by the magnetic moments of near-neighbor Fe
atoms, the magnetic moment of the N atom also polarizes
in the same direction with a magnitude of 0.06p~.
Therefore, the total magnetic moment in the unit cell is
20pz, which corresponds to the magnetic flux density of
-2.3 T. This value is smaller than the experimental
values, 2.8—3.0 T.'

Orbital polarizations in Fe,&N2 stemming from the
spin-orbit interaction is non-negligible. However, the
value is not large enough to compensate the difFerence be-
tween the theory and the experiment. Orbital magnetic
moments, 0.06, 0.07, and 0.08ps, are obtained for Fe(I),
Fe(II), and Fe(III), respectively, and so the total orbital
magnetic moment in the unit cell is 0.561M&. Moreover,
introducing the spin-orbit interaction reduces the spin
polarization in each Fe atom slightly and thus the in-
crease of the total magnetic moment in the unit cell is
minor.
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FIG. 6. Site-projected local density of states (LDOS in unit of

states/eV) of ferromagnetic Fe16N2. Panels from the top corre-
spond to the LDOS of N, Fe(I), Fe(II), and Fe(III), respectively.
In each panel, the upper part is spin-up LDOS and lower part is
spin-down LDOS.

V. DISCUSSIONS AND CONCLUSION

The average magnetic moment per Fe atom in our cal-
culation, 2.50pz, is smaller than the value estimated
from the measurement, -3.Ops. The origin of the
difference between the theory and the experiment can be
analyzed in three respects.

The first possibility is that the local-density-functional
approach employed in our study could be inappropriate
in describing the electronic and magnetic structures of
Fe,6N2. This is always possible since the description of
local-density approximation (LDA) is known to be poor
for the compound with strong local bonding. Experi-
ences, however, indicate that LDA descriptions for elec-
tronic and magnetic structures in transition-metal com-
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FIG. 7. Total energy of paramagnetic (marked by triangle)
and ferromagnetic (marked by circle) Fe&6N& vs volume. The
volume is renormalized by the experimental volume (00) and
the reference value of the total energy of —20430 Ry.

pounds are not so bad. In order to test the validity of the
LDA description for the cohesive bonding properties in
this compound, we performed total-energy electronic
structure calculations as varying the lattice constant of
Fe&6N2. Figure 7 provides total energy versus volume for
both the paramagnetic and ferromagnetic Fe&6N2. The
equilibrium volume for the paramagnetic phase is too
small, 0.89Qo ( Qo is the experimental volume). As spin
polarization is introduced, volume expansion occurs and
the total energy is lowered. The energy gain of the fer-
romagnetic phase is about 44 mRy and the equilibrium
volume is 1.0200, which is very close to the experiment.
This good agreement reveals that the cohesive bonding
properties in Fe,6N2 are fairly well described by the
LDA. As the volume increases, the magnetic moment in-
creases. The average magnetic moments per Fe atom be-
come 2.59 and 2.69pz for volume expansions of 5 and
16%, respectively. On the other hand, the magnetic mo-
ment decreases rapidly as the volume is reduced. At
about 15% reduction of volume, the ferromagnetic phase
becomes unstable and the magnetic moment vanishes.

The second possibility is the enhancement of the mag-
netic moment at the surface. It is well known that the
magnetic moment is greatly enhanced at the surface of
the film. For example, enhancements of magnetic mo-

ment at the surfaces of Fe(001) and Fe(110) are predicted
to be 35 and 20%, respectively, with respect to their bulk
values. ' Hence, surface electronic and magnetic studies
for this material may be essential to resolve the problem.

The third possible reason may lie in the experiment.
There may be another impurity phase in the film sample
which has a larger magnetic moment besides cx-Fe and

Fe&6N2, different from the assumption by Kim and
Takahashi. ' In fact, Nakajima and Okamoto reported
that the a' martensite phase (FeN) is observed in their
Fe-N sample which is prepared by the N-ion implanta-
tion. Furthermore, Mossbauer studies by Nakajima
et a/. yield the average magnetic moment per Fe atom,
2.53pz, which is smaller than the estimate by Kim and
Takahashi' and Komuro et al. Thus, refined measure-
ments are also necessary for determining more precise
magnetic moments.

In summary, based on the electronic structures of
Fe&6N2, the magnetic structures and the enhancement of
the magnetic moment in Fe atoms are investigated.
Total-energy calculations reveal that the cohesive bond-
ing properties in this compound are well described by the
local-density approximation. Spin magnetic moments for
three types of Fe, Fe(I), Fe(II), and Fe(III), are 2.13,
2.50, and 2.85pz, respectively, and the orbital contribu-
tion to magnetic moments is estimate to be minor. Thus,
large enhancements of the magnetic moment are found in
Fe(II) and Fe(III), which are located far from the N
atom. In the case of Fe(I), the magnetic moment less
than in bcc a-Fe is caused by the d-band delocalization,
which is induced by the strong hybridization interaction
with nearest-neighbor N atom and also by the shorter
bond length to near-neighbor Fe atoms. In contrast, the
d band in Fe(III) is rather localized due to the longer
bond lengths between Fe atoms and leads to the enhance-
ment of magnetic moment. The above result implies that
the local environment plays an important role in deter-
mining the magnetic moments of Fe atoms in this com-
pound.
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