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Abstract. Electronic band structures of intermetallic manganese compounds, Mn,N and
Mn,C, having the cubic perovskite-type crystal structure are calculated for the non-
magnetic state by a self-consistent augmented-plane-wave (Apw) methad, The energy
dispersion, the density of states and the Fermi surface are shown. The bonding nature
between Mn atoms and N or C atoms is discussed by calculating bond orders. The band
structure for the ferrimagnetic state of MnyN is also calculated by the Apw method.
The calculated magnetic moments and the electronic specific heat coefficient in the
ferrimagnetic state are compared with the observed results.

1. Introduction

Intermetallic manganese compounds, MnyN and Mn,C, have cubic perovskite-type
crystal structure, Mn atoms being at the corners and the face centres (these are labelled
as Mn(I) and Mn(II), respectively) and N and C atoms at the body centre. These
compounds have attracted much interest because the different local environments of
Mn(I} and Mn(II) atoms are reflected in various physical properties of these com-
pounds as follows,

(i) MnyN becomes a ferrimagnet below Ty = 756 K (Takei et alf 1962, Mekata 1962,
Fruchart et al 1979) and the magnetic moments of Mn(I) and Mn(Il) are observed to
be different and antiparallel. The magnitude of the moments of the Mn(I) atoms is
four times that of Mn(II) atoms. The non-collinear component in the magnetic
structure of Mn,N has also been reported (Fruchart et af 1979).

(ii) In a mixed compound Mn,N, 55C; 25 which becomes a ferrimagnet below Ty =
850 K, it has been observed that the total moment and the moment of Mn(II) decrease
and increase, respectively, by a replacement of N atoms by C atoms, while the moment
of Mn(I) changes little (Takei et al 1962).

(iil) The Mn(II) atoms which surround the N or C atoms octahedrally are strongly
bonded to the N or C atoms. Therefore Mn(II) atoms are chemically stable. On the
other hand, the Mn(I) atoms are easily substituted by Zn, Ga, Sn, etc, giving rise to
the family of compounds, Mn;MN or Mn;MC (M = Zn, Ga, Sn, efc).

(iv) MnyN is stable below 1150 K, while Mn,C is unstable at room temperature
{Morgan 1954).
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Figure 1. (2) Cubic perovskite-type ¢rystal structure. (b} Brillouin zone for the cubic lattice
with symmetry points.

To understand the physical properties of Mn,N and Mn,C the electronic band
structure of these compounds holds the key. In the present stage, however, little is
known about the electronic bands of Mn,N and Mn,C. Previously, we have made
band calculations for non-magnetic Mn;MC (M = Zn, Ga, In, Sn) (Motizuki and
Nagai 1988) and have found that the Mn d electrons in these compounds should be
treated not as localized electrons but as itinerant electrons because the Mn d band is
fairly wide.

In this paper we have calculated the electronic bands for the non-magnetic state
of Mn,N and Mn,C and for the ferrimagnetic state of MnyN, by a self-consistent
augmented plane-wave (APW) method. The computational details are described in
section 2. In section 3 the dispersion curves, the densities of states and the Fermi
surfaces are calculated for the non-magnetic state. Calculations of the bond orders
are also carried out for the non-magnetic state of Mn,N to elucidate the bonding
nature of the Mn atoms and the N atoms. The results of the ferrimagnetic band
calculation are given in section 4. The calculated magnetic moments are compared
with the observed results. Furthermore we estimate the coefficient of the electronic
specific heat from the density of states at the Fermi level. The results are discussed in
connection with observations.

2. Electronic band calculation

The crystal structure and the Brillouin zone of Mn X (X = N, C) are shown in figures
1(a) and 1(b), respectively. We adopt the muffin-tin approximation to the potential.
The local-density approximation (Gunnarsson and Lundqvist 1976) is used to construct
the exchange and correlation terms of the one-electron potential. We use the criterion
that /,,, = 8 and |k + G|, = (27/a2) X 5 (k being a vector in the Brillouin zone of
figure 1(b) and G a reciprocal lattice vector). We have determined self-consistently
the charge density of the crystal using a set of four special points (3,4, 3), (], 4, 1),
(3,8, 4), (£, £, % in the iteration process {Chadi and Cohen 1973). The starting charge
density has been constructed by superposing the self-consistent charge densities of the
neutral atoms: Mn 3d°4s?, N 2s?2p® and C2s%2p?. The cores are considered to be
frozen. We have calculated the energy bands of Mn,N and Mn,C within an accuracy
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Table 1. Lattice parameters and muffin-tin radii used in the band calculations of Mo X
(X=N,C).

Muffin-tin radii (in units of a)

Lattice parameter

a (A3 Mn(I) Mn(IE) X
MnN 3.865 0.250 0.245 0.249
Mn,C 3.865 (.249 0.240 0.250

of 0.002 Ryd. In table 1 the lattice parameters and the muffin-tin radii of Mn, N and
C spheres used in the present calculation are listed. The density of states has been
calculated by the linear energy tetrahedron method (Jepsen and Andersen 1971,
Lehmann and Taut 1972) using the energy eigenvalues at 35 points in the one-
fortyeighth Brillouin zone.

3. Non-magnetic state

The dispersion curves of the non-magnetic energy bands of Mn,X (X =N, C) along
the symmetry lines are shown in figure 2. The lowest band consists of the X 2s states.
The bands above the gap are mixed bands of the X 2p and Mn 3d states.

The densities of states calculated for Mn,X are shown in figure 3. Contributions
arising from 3d orbitals of the Mn(I) and Mn(II) atoms and 2p orbitals of the X atoms,
inside the muffin-tin spheres, are denoted separately. As seen in figure 3 the energy
range of the p~d mixed bands of each compound can be divided into three parts:

(i) the low-energy part between 0.05 and 0.30 Ryd for Mn,N and that between
0.15 and 0.45 Ryd for Mn,C;

(ii) the intermediate-energy range between 0.30 and 0.70 Ryd for MnyN and that
between 0.45 and 0.75 Ryd for Mn,C;

(iii) the high-energy part above 0.70 Ryd for Mn,N and that above 0.75 Ryd for
Mrn,C.

We have found that the X 2p orbitals are mixed significantly with the Mn 3d
orbitals in parts (i) and (iii), but not in part (ii). Therefore, part (i) and part (iii) may
correspond to bonding and anti-bonding bands of the X 2p orbitals and the Mn 3d
orbitals, respectively. The Mn 3d orbitals in these parts arise mainly from the Mn(II)
atoms. In part (ii}, the 3d orbitals of Mn(I) are mixed with those of Mn(II). The Fermi
level is located in the part (ii). The width of the mixed band, part (ii), arising from
the 3d orbitals of Mn(I) and Mn(II) atoms is about 0.4 Ryd for Mn N and 0.3 Ryd for
Mn,C, which are fairly wide. Therefore, we can conclude that the Mn 3d electrons in
these compounds should be treated not as localized electrons but as itinerant electrons.

We have constructed the Fermi surface of each compound by the method of three-
dimensional interpolation using a spline function. The results are shown in figure 4.
The Fermi surface of Mn,N or Mn,C consists of three parts: the hole surface around
the I point shown in figure 4(a), the hole surface around the R point shown in figure
4(b), and the electron surfaces shown in figure 4(c).

From the calculated results we have found that the gross features of the dispersion
curves and the density of states for Mn,N are similar to those for Mn,C, except that
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Figure 2, Dispersion curves of the non-magnetic bands of (&) MnyN and (b} Mn,C.

the gap between the lowest band and the mixed bands of the N or C 2p and Mn 3d
states and the overlap between the bonding and mixed bands are large for Mn,N
compared with those for Mn,C. The difference between N and C atoms does not
affect the overall shape of the density of states but leads to a shift of the Fermi level.
The number of the valence electron of MnN is larger by one than that of Mn,C, and
then the Fermi level of Mn,N shifts to higher energies. Such a character is clearly
reflected in the Fermi surfaces shown in figure 4, namely the electron and hole surfaces
obtained for Mn,N become small and large, respectively, for Mn,C.

The bond order 8 for a wavefunction 1 between two atomic or atomic-like orbitals
@, and g, centred on different nuclei is defined by (Suzuki et al 1988)
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Figure 3. The densities of states of (¢} Mo N and (b) Mn,C for the non-magnetic state.

Bi(n, k) = 3@ | WaiX¥ns @) + (@ [ VX Wni @]

where v, , denotes the Bloch function obtained by the APW band calculation (z and
k being the band suffix and wavevector, respectively). The bonding or anti-bonding
nature is related to the sign of 8; We have calculated three types of bond order
between the Mn(II} atom at (0, , }) and the N atom at (3, 4, 1), as a function of &
along the [1, 1, 0] line:

(1) Bmna,znp, (1, k) between @932-2 of Mn(1I) and ¢P: of N;
(2) Bmna,,Np, (7, k) between @» of Mn(II) and @P» of N;
(3) Brtna,, Np, (71, k) between ¢?= of Mn(Il) and @P: of N;

The results for Bynq,2 np, (7, &), ﬁMnd”.pr (1, k} and Bunq,, np, (7, k) are shown in
figures 5(b), 5(c) and 5(d}, respectively. The values of 8 for the bands in the energy
part (i) in figure 5(a) are positive, while those for the bands in the energy part (i)
are negative. The values of 8 for the bands in the energy part (ii) are almost zero and
we omit B for these bands in figure 5. Therefore, the energy parts (i) and (iii)
correspond to the bonding and anti-bonding bands between Mn(II) 3d and N 2p,
respectively, and the energy part (ii) corresponds to the non-bonding bands. The
absolute values of § decrease as the k-vector approaches the I' point, since the mixing
of the N 2p orbitals and the Mn(II) 3d orbitals vanishes completely at the T point.
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Figure 4. The Fermi surface of non-magnetic Mn,X (X = N, C): (a) hole surface; (b) hole
surface; (c) electron surfaces.

The Mn(II) 3d states which are mixed with the N 2p states arise mainly from dy
orbitals for the bands denoted as 1, 2, 4, 6, 7, 8 and from de orbitals for the bands
denoted as 3, 5. The chemical bonding between the Mn(II) dy and N 2p orbitals is as
strong as that between Mn(II) de and N 2p orbitals, but the energy splitting between
the bonding and anti-bonding bands for Mn(II) dy and N 2p is large compared with
that for Mn(II) de and N 2p. The bond orders between Mn(I) 3d and N Zp orbitals
are small in each energy part and therefore the chemical bonding between Mn(I) and
N is very weak.
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Figure 5. (a) The dispersion curves along the M line, and {&}-(d) the bond orders {b)

Buna,2.np, (72 £)s (€) Brtnd,ynp, (7 k) and (d) Brasa,mp, (7 k). The numbers attached to
each line in (&), (c) and (d) denote the band suffices in (a).

4. Ferrimagnetic state

The ferrimagnetic energy bands of MnyN have been calculated by the self-consistent
Apw method. The starting electronic configurations of the Mn(I), Mn(II} and N atoms
are taken to be different for spin-up and spin-down states as follows: (3d)*4s)! and
(3d)}(4s)! for up and down spins of Mn(I); (3d)*(4s)! and (3d)*(4s)! for up and down
spins of Mn(II); (2s)!(2p)!~ for both up and down spins of N. The densities of states
for the spin-up and spin-down bands are shown in figure 6. Contributions arising from
the Mn(I) 3d, Mn(II) 3d and N 2p states, inside each muffin-tin sphere, are shown
separately in figure 6. Comparing the density of states for the ferrimagnetic state with
that for the non-magnetic state shown in figure 3, we have found that the splitting
between the spin-up and spin-down bands cannot be described by a rigid splitting of
the non-magnetic band and the energy splitting of the spin-up and spin-down bands
of Mn(I) is opposite to that of Mn(II). The total density of states at the Fermi level
is obtained as 60.6 states Ryd~!/unit cell and 22.3 states Ryd~!/unit cell for the spin-
up and spin-down bands, respectively. Contributions arising from the Mn(I) 3d and
Mn(II) 3d and N 2p orbitals, inside each muffin-tin sphere, are 6.4 states Ryd~!/atom,
14.4 states Ryd~!/atom and 0.9 states Ryd~!/atom for the spin-up band and 0.1 states
Ryd~!/atom, 6.6states Ryd~!/atom and 0.2 states Ryd~!/atom for the spin-down
band, respectively.

The magnetic moments inside the muffin-tin spheres at the Mn(I), Ma(II} and N
sites are obtained as 3.02ug/atom, —0.96ug/atom, 0.09ug/atom, respectively. The
total magnetic moment is calculated to be 0.46ug/unit cell. The magnetic moment of
Mn(]I) is about three times that of Mn(II). As shown in figure 6, the densities of states
of the spin-up and spin-down bands arising from Mn(I) 3d have peaks on the lower-
and higher-energy sides of the Fermi level, respectively. The magnetic moment induced
at N site originates from the difference between the degrees of p—d mixing for the
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Figure 6. The density of states of MnyN for the
ferrimagnetic state,

Figure 7. The magnetic moments calculated for
the mixed compounds Mn,N;_,C, (—, total;

———, Mn(I); ———, Mn(H); ——~—, N) and the
observed magnetic moments at 300 K (O, total;
&, Mn(I); %, Mn(II); @, N).

spin-up and spin-down bands. The calculated magnetic moments at each atomic site
are in agreement with the observed values, which were reported to be 3.85up/atom
for Mn(I), —0.90ug/atom for Mn(1l), 0.0up/atom for N at T =77 K, whereas the
calculated total moment is about half the observed value (1.14ug/unit cell) (Takei er
al 1962). To obtain the magnetic moment for mixed compounds Mn,N,_.C,, we adopt
the rigid-band model for a replacement of N atoms by C atoms, i.e. we simply shift
the Fermi level to lower energies with increasing x. The calculated moments at each
atomic site of Mn,N,C, _, are shown in figure 7. The results are in agreement with the
observed values for x = 0.25 (Takei et a/ 1962), but the calculated total moment is
about half the observed value.

One of the physical quantities which is directly related to the density of states at
the Fermi level, p(Eg), is the electronic specific heat coefficient y defined by
y = 1%k i p(Er). By making use of p(Er) obtained for the ferrimagnetic state of
Mn,N, y is estimated to be 14.4 mJ K~2mol"!. This value is smaller by a factor of 3
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than the experimental value, Yo, = 42+ 2mJ K2 mol™! (Garcia ef af 1983). The
discrepancy may be remedied by taking into account the effect of the mass enhance-
ment due to the electron—electron interaction.
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