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Abstract. The dependence of the magnetic moment of FeigNz on the distortion of the Fe lattice
has been calculated using the discrete variational X, cluster method. The magnetic moments of
Feis X2, where X is B, C, N or a vacancy (VAC), have been also calculated. From the calculated
results for FejeXa (X = N or vac) and the results for FegNj calculated with varying distortions
of the Fe lattice, we have found that (i) the interaction between the 3d orbital of the first-nearest-
neighbour Fe from N (Fe I) extending toward N and the N 2p orbital and (i) the interaction
between the 3d orbital of the second-nearest-neighbour Fe (Fe IT) extending toward N and the
N 2p orbitals are both weak. We have also found that the presence of N reduces the moments
of Fe I and Fe I The average calculated magnetic moment of FeigNz is 2.25up, which is
far smaller than the experimental values obtained by Komuro and co-workers, but is in good
agreement with experimental results obtained more recently by Takahashi and co-workers.

1. Introduction

The observation by Kim and Takahashi [1] of the giant magnetic moment of Fe;gNz in
Fe—N films has excited much interest. Many researchers attempted to observe this magnetic
moment, but were unable to make single-crystal Fe,gN; films because of the instability of
FemNg.

Though no one could make single-crystal FeigN2 films, the structure of FejgN2; had
already been determined by Jack [2]. The structure is called a body centred tetragonal
(BCT) structure. -It is derived from a body centred cubic (BCC) structure, with a distortion
of the lattice by N atoms in interstitial sites. Figure 1 shows the BCT structure of FegNa.
As can be seen, this structure contains three Fe sites: Fe 1, Fe II and Fe I,

In 1990, Komuro and co-workers [3] succeeded in growing single-crystal FejsN: films
by molecular beam epitaxy (MBE). They reported that the average magnetic moment is 3.1-
3.3up at room temperature, a little larger than the 2.8 observed by Kim and Takahashi [1],

After single-crystal Fe N films were grown successfully, the following calculations [4—
10} were reported. Sakuma [4] calculated the magnetic moment of Fe;gN; using the linear
muffin-tin orbital (LMTO) method in the atomic-spheres approximation (ASA). He reported
that the average magnetic moment is 2,40u5, much smaller than the experimental moment
of 3.1-3.3p, and that the farthest Fe site from an N atom has the largest magnetic moment
(2.83up), while the other two sites have moments of 2.27up and 2.25u5. The calculated
average moment is not in agreement with the experimental moment, whereas the calculated
magnetic moments of both Fe;N and FeyN are in good agreement with the experimental
moments [4]. Ishida and co-workers [5] also calculated the magnetic moment of FejgNa
using the LMTO~ASA method and reported the average magnetic moment to be 24215,

Although the reason why these calculated results are in disagreement with the
experimental results is not known, the following researchers attempted to observe the origin
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a Figure 1. Crystal structure of Fe;gN2,

Figure 2. Cluster model of Fe4Xa, where X is
B, C, N and vac, and of FejgMz with varying
distortions of the Fe lattice. 'We regard the three
Fe sites nearest the central N atom to be Fe I, Fe Il
and Fe IH.

of the giant magnetic moment. Ishida and co-workers [5] calculated the dependence of
the magnetic moment on the lattice constant. From their results, the extrapolated average
moment is about 3.1 5 when the lattice constant is increased by about 17%. But considering
the experimental conditions in which singlecrystal FegN; films were grown on InGaAs
substrates, which have the same lattice constant as FeygNs [3], there is no possibility that
the lattice constant of Fe|¢N2 can increase by 17%. Ishida and co-workers [5] and Sakuma
and co-workers [9] calculated the magnetic moment of FeygXs where X is B, C, N, Qora
vacancy (VAC) and reported that the graph of average moment against X shows a maximum
at X = VAC and that the average moment, even for X = vAC, is about 2.5, which is also
smaller than the experimental moment of Fe sNa. Even if we take account of the possibility
of a lack of N atoms in Fe 5Ny, the calculated result cannot explain the experimental result.

In addition to the above calculations, calculations with varying distortions of the Fe
lattice are necessary to clarify the origin of the giant magnetic moment, but only one paper
comparing the moment of Fe;cNz with that of «'-martensite has been published [10]. We
have calculated the dependence of the magnetic moments on the distortion of the Fe lattice.

In the present paper, in order to compare the calculated result with the experimental
ones and clarify the origin of the giant magnetic moment, we have calculated the magnetic
moment of FesXy, where X = B, C, N and vac, and the magnetic moment of FejsN2
while varying distortions of the Fe lattice, using the discrete variational (DV) X, cluster
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method. The pv X, method, proposed by Adachi and co-workers [11], is a molecular
orbital calculating method.

2. Calculational method

The bV X, method [8] is based on the density functional method using the Slater X,
potential:

3 13
Ve(r) = —3a (Z;pa (1')) (1)
where p,(r) is the charge density at r, o is the spin index (up or down) and & is a
parameter fixed at 0.7. For each spin up or down, we calculate the electronic structure
using a one-electron Hamiltonian with (1) as the exchange correlation term.

3. Cluster model

We have calculated the magnetic moment of FejsX;, where X = B, C, N or VAC, and
calculated the magnetic moment of FejsN, with varying distortions of the Fe lattice. In
the calculation with varying distortions of the Fe lattice, we have changed the structure
from o’-martensite to BCT, i.e. the distance between Fe I and N is changed but the distance
between Fe II and N is fixed when the structure is changed from o’-martensite to BCC. In
order to calculate the magnetic moment using the DV X, cluster method, we have used
the cluster model shown in figure 2. The three Fe sites nearest to the central N atom are
referred to as Fe I, Fe II and Fe IIL

4. Results

4.1. Magnetic moments of Fejs X3

The magnetic moments of Fe;¢X; are shown in table 1. These moments are corrected
valuves: the calculated moments are multiplied by 2.21/2.51 because the moment of the Fe
bulk calculated using the present cluster model is 2.51 g, which is a little larger than the
experimental value of Fe bulk of 2.2145. The average moment is defined as the sum of the
moments with the weight of Fe I : Fell: Fe Il = 1 : 2 : 1 divided by 4, in accordance with
the number of equivalent sites in a unit cell. Though the result that the average magnetic
moment shows a maximum at X = VAC is in agreement with the calculated resufts of both
Ishida and co-workers [5] and Sakuma and co-workers [9], the average magnetic moments
of FeeX» with B, C, N and VAC are not in agreement with [5] and [9]. Ishida and co-workers
and Sakuma and co-workers reported that the average magnetic moment of Fej¢X; with B,
C, N increases monotonically, while the average magnetic moments we have calculated are
almost the same. The magnetic moment of each site is not in agreement with [5]: there is
a systematic difference between our result and the result in [5], which is consistently lower
for the Fe II site for all X. These results may be an artifact of our cluster calculation.



9396 K Miura et al

Table 1. The magnetic moment in each site of Fe1gX> where X is B, C, N and vac The values
for Fe |, Fe Il and Fe Ul comespond to those in figure 2, and "average' means the average
momerut defined as the sum of the moments with the weight of Fe [: Fell: Fe lll=1:2:1
divided by 4, in accordance with the number of equivalent sites in unit cell. The unit of each

value I8 up.

Site VAC B C N
Fe [ 2.38 2.10 1.87 1.98
Fell 223 207 202 209

Fe 11T 275 278 282 &2
Average 240 225 220 225

Table 2. The magnetic moment in each site of FejgNz with the position of Fe ] changed. The
structure of &’-mariensite is defined as 0%, while the structure of BCT, ie. FegNa, is defined
as 100%. Between the two structures, we have designated three intermediate positions as 25%,
56% and 75%. The unit of each value is up.

Site 0% 25% 50% 75%  100%
Fal 1.7 1.85 1.90 1.95 1.98
Fe Il 226 224 2le 213 209

Fe {lI 287 283 28 282 282
Average 227 230 227 226 225

4.2. Magnetic moment of Fejs N2 with varying distortions of the Fe lattice

The magnetic moments of Fei¢MN2, with the position of Fe I varied, are shown in table 2.
These moments are also corrected moments, the same as shown in table 1. We have defined
the structure of «'-martensite to be 0% and the structure of BCT to be 100%, with three
intermediate positions corresponding to 25%, 50% and 75%. The average magnetic moment
shows a maximum at 25%.

5. Discussion

5.1. Effect of N atom on Fe I and Fe II atoms

The average magnetic moment is almost independent of the position of Fe I as shown in
table 2. The average moments of Fe X, where X is B, C or N are almost the same, but
the average moment of FeX» where X is VAC is different, as shown in table 1. From
these results, we can conclude that the most important defining characteristic of Fej¢Xs is
whether or not X is a vacancy, rather than the degree of distortion of the Fe lattice or the
type of X atom, We will consider the effect of the existence of X atoms in the case X = N,

In order to understand the effect of the existence of X atoms, we have compared the
density of states in each Fe site for X = N with that for X = vAC. Figures 3(z) and 4(a)
show the 3d density of states of Fe I for X = N and X = VAC, respectively, and figures 3(b)
and 4(b) show the 3d density of states of Fe II for X = N and X = VAC, respectively. The
2p density of states of the central N atom for X = N is shown in figure 3(c). We do not
show the 3d density of states of Fe III because the influence of N atoms on Fe 111 is smaller
than that on Fe I and Fe H. The shapes of these densities of state are different from those
of Ishida and co-workers [5]. This may be an artifact of our cluster calculation. But we
can observe that the 3d density of states has two peaks in each up and down spin as well as
those reported by Ishida e al. The bigger peak under the Fermi level in the up spin (over
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the Fermi level in the down spin) corresponds to the double-degenerate 3d orbital called
dy which is generated by d(2z% — x? — y?) and d(x? — y?), while the smaller peak at a
lower energy level than the bigger peak’s energy level corresponds to the triple-degenerate
3d orbital called de, which is generated by d(yz), d(zx) and d(xy). The d(2z* — x2 — y?)
orbital of Fe I which is one of the dy orbitals makes a bond with the p(z) orbital of N
which is one of the N 2p orbitals, while the d(xy) orbital of Fe II which is one of the
de orbitals makes 2 bond with the p(x) and p(y) orbitals of the N 2p orbitals. The d(yz)
and d{zx) orbitals of Fe I make a bond with those of Fe II. As shown in figures 3(a) to
(c), around the energy level of the peak dy of Fe I, the 2p density of states of N is very
small. From this fact, it seems that both the interaction between the Fe I 3d orbital and
the N 2p orbital is weak. This conclusion is in good agreement with the calculated result
of FesN [12]. Comparing the density of states of Fe I in figure 4(a), for X = vaC, with
that in figure 3{(a), for X = N, the peak dy for X = VAC is bigger than that for X = N.
In spite of our cluster calculation, this result is in agreement with the result of Ishida and
co-workers [5]. From the fact that the peak dy for X = VAC is bigger than that for X = N,
considering that the d(2z2 — x? — y?) orbital of Fe I makes a bond with the p(z) orbital of
N, it seems that the interaction between the Fe I 3d orbital and the N 2p orbital is weak.

{a} (b}

JaYi

'
t ) M I ' ) 1 I ! |

Density of State {arb.unit)
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—

i Figure 3. Density of states of Fe I {a), Fe Ii
j (&) and the central N (¢) of FejgNa. Only 3d
elements are shown in Fe | (g) and Fe 1l (),
ENERGY (eV) and only 2p clements are shown in N {c).
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Figure 4. Density of states of Fe I () and Fe Ii () of Fe gX; where X = vac. Only 3d elements
are shown.

We have compared the dependence of the density of states of both Fe T and Fe II on the
position of Fe L Three results, for 0%, 50% and 100%, are shown in figures 5{a}-{c) for
Fe I, and figures 6(a)-{c) for Fe II. For Fe I, as the distance between Fe I and N increases,
the peak dy seems to be bigger, while the peak de seems to be smaller, as is shown in
figure 5. For Fe II, as the distance between Fe 1 and N increases, the peak dy seems to
be bigger, while the peak de also seems 1o be smaller, as is shown in figure 6. For Fe i,
considering that the d(2z% — x? — y?) orbital of Fe I, which is one of the dy orbitals, makes
a bond with the p(2) orbital of N, it seems that the interaction between the Fe I 3d orbital
and the N 2p orbital is weak. Moreover, considering that the d(yz) and d(zx) orbitals of
Fe I make a bond with those of Fe LI, it is natural that the peak de becomes smaller because
of a smaller overlap between the de orbitals of Fe I and those of Fe I as the distance
between Fe I and N increases, i.e. the distance between Fe I and Fe II increases. For Fe II,
considering that the d(yz) and d(zx) orbitals of Fe I1 make a bond with those of Fe I, it
is natural that the peak de becomes smaller because of a smaller overlap between the de
orbitals of Fe II and those of Fe L. It seems that electrons move from de orbitals to dy ones,
and thus the dy peak becomes bigger.

5.2, Comparison of the calculated and the experimental result

Because the moments of Fe I and Fe I are smaller than the moment of the Fe bulk as
shown in table 1, we can say that the existence of X atoms reduces the moments of Fe
atoms around X atoms. In fact, the average calculated moment of FesX;, as shown in
table 1, is about 2.25uy, which is only a littie larger than the moment of the Fe buik.
Moreover, the average moment is largest for X = vaC. This is a general resuit found in all
interstitial magnets [13]. The average calculated moment of FeysN», and even the moment
of FegXs for X = vaC, is smaller than the experimental result [3] of 3.1-3.3ut5. Sakuma
and co-workers [4,9] and Ishida and co-workers [5] reported the same results. We cannot
explain why the calculated result is not in agreement with the experimental results, Very
recently, Takahashi and co-workers [14] reported that the moment of Fe(gNa, which was
synthesized by plasma and sputtering evaporation, is a little larger (2.23-2.43ug) than the
moment of the Fe bulk of 2.21up. This experimental result is in good agreement with
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Figure 5. Density of states of Fe | of FeygN; with the position of Fe I varied: 0% (a), 30% (&)
and 100% ().
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Figure 6. Density of states of Fe I of FeygMNy with the position of Fe | varied: 0% (a), 50%
(&) and 100% (c).

our calculated result as well as the results of Sakuma and Ishida. We expect that more
experimental tesults will be reported in the near future.

6. Conclusion

The dependence of the magnetic moment of Fe;gN> on distortions of the Fe lattice has been
calculated using the bv X, cluster method. The magnetic moments of Fe sX;, where X is
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B, C, N or vAC, have also been calculated. From a comparison of the density of states for
X =N with those for X = VAC, and the dependence of the density of states on the distortion
of the Fe lattice, we have found that both the interaction between the Fe I 3d orbital and
the N 2p orbital and the interaction between the Fe I 3d orbital and the N 2p orbitais are
weak, and that the existence of N atoms reduces the moments of Fe I and Fe II. The average
calculated magnetic moment of Fe¢N, is 2.25u, which is far smaller than the previous
experimental result of 3.1-3.3ug. Even the moment of Fej;sX; for X = VAC of 2.40up is
smaller than the experimental result. But the very recent experimental result of 2.23-2.43up
is in good agreement with our calculated resulis. We expect that more experimental results
will be reported in the near future and we must compare our calculated result with them.
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