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AbslracL We performed band calculations by the linear muffin-tin orbilal (LMTO) atomic 
sphere approximation (SA) mclhod lor Mnr N and Bcc Mn using an rxchange-Eorrelation 
potenlial that depends on each of local spin dira-ticns at atomic spheres Kk discussed 
the magnetic S l N C l U r e  of MnrN on the basis of m u l l s  for two prototypes among several 
models proposed experimentally for Mn,N. We discussed the coexistence of ferromagnetic 
and antifemmagnetic states in BCC Mn. 

1. Introduction 

Numerous spin-polarized band calculations based on the local-spin-density (LSD) ap- 
proximation have been performed by the use of a constraint of a fixed total number of 
electrons in a given volume. A detailed study of magnetic properties of materials has 
been made possible by two modified versions of the usual spin-polarized band calcula- 
tion. One is called the fixed-spin-moment procedure 111, which finds the ground-state 
energy of an electron’s system under two constraints: a constraint that the spin 
moment of the system is fixed to a given value, as well as a fixed-electron-number 
constraint. The other is used to single out the correct ground state from several 
possible spin arrangements [2]. An essential feature of this procedure is the use of an 
exchange-correlation potential that varies from site to site in a crystal. Thus, the band 
calculation is performed under two constraints: a constraint that the spin moment 
on a site is fixed to a given local direction besides the usual constraint of the total 
number of electrons in a given volume. We call this procedure ‘the local-fixed-spin- 
direction procedure’. The ked-spin-moment procedure has been discussed in detail, 
for example, by Marcus and Moruzzi [3] and applied to the magnetic transitions of 
36 transition metals. The local-spin-fixed-direction procedure has been formulated by 
Kiibler el af [2] and applied to non-collinear antiferromagnetic Y-FeMn, RhMn, and 
PtMn,. In this paper we applied the local-spin-direction procedure to Mn,N and BCC 
Mn. 

The structure of Mn,N is composed of Mn atoms at the corner and face-centred 
positions and a nitrogen atom at the body-centred position in a cubic lattice. Mn,N 
has a total magnetic moment of 1 . 2 ~ ~  per unit cell. To explain this low value, 
various magnetic structures have been proposed; they are summarized in table 1 
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Table I. Calculated lolal energies and magnetic moments of MmN: cap (1). RI = 
Rz = RJ; case (Z ) ,  RI = R z , R ~ / R I  = 0.79; case (3), RI : R2 : Rg = 1.000 : 
0.968 : 0.782. Et,, and U,,, are the dinerence in loml energy and Ihe total magnetic 
moment, rspectively. Qmai is the maximum absolute value of differences between the 
charge of a neutral amm and that in a sphere of the atom. Mi (i = 1,2,3,4) are the 
magnetic moments. 

Et., Mnt Mnl  Mns Mnr M,,, 
(mRyd/unit cell) (O,O,O) (;,i,O) (4,O.i) (O,;,;) (pslunit cell) Qmlr Case 

(1)MnrN-a 14.7 +3.74 +2.03 -1.94 -1.94 + I 8 9  1.56 
(l)MnrN-b 0.0 +3.75 -0.77 -0.77 -0.77 +1.44 1.53 

(2)MnrN.b 0.0 +3.60 -0.83 -0.83 -0.83 +1.11 0.25 
(3)MnrN-a 14.2 +3.46 +2.09 -2.50 -2.50 +OS5 0.04 
(3)MnrN-b 0.0 +3.59 -0.80 -0.80 -0.80 +1.19 0.08 
Experimental datal51 +3.5 -0.77 -0.77 -0.77 +1.19 
Expenmenlal data[.(] +3.85 -0.90 -0.90 -0,90 +1.15 

(2)MnrN-a 15 6 +3.50 +211 -2.48 -2.48 +O.h5 0.21 

of the paper by Bkei et a1 [4]. The proposed models are all ferrimagnetic spin 
arrangements and classified into two prototypes. One is a model where a corner 
moment and a face-centred moment are antiparallel to the other two face-centred 
moments (designated Mn,N-a). The other is a model where a corner moment is 
antiparallel to the three face-centred moments (designated Mn,N-b). This motivates 
us to carry out the calculation for Mn,N by a local-6xed-spin-direction procedure 
because this procedure is suitable for determining the correct spin arrangement. An 
additional motivation is as follows. Because neutmn diffraction experiments 14, 51 
confirmed the spin arrangement of the Mn,N-b type, we can know whether or not 
the calculation gives a consistent result with experimcnt. 

Previously, Fuji el al  [6] performed the usual spin-polarized hand calculations 
of BCC Mn as a function of lattice constant and showed that the magnetic State of 
BCC Mn changes from paramagnetic to antiferromagnetic through ferromagnetic on 
increase in the lattice constant. However, they did not discuss the coexistence of fer- 
romagnetic and antiferromagnetic states. Although the ked-spin-moment procedure 
is usually used to analyse such a coexistence region, we show that a local-fixed-spin- 
direction procedure may also be applicable to such a problem. 

We performed total-energy band calculations by the LMTO ASA method [7] using 
a muffin-tin potential. The exchangearrelation potential was treated by the LSD 
approximation, in the von Barth-Hedin form as parametrized by Janak er ul [SI. The 
eigenvalue calculation was performed using 125 !+points for Mn,N and 35 k-points 
for BCC Mn in the irreducible Brillouin zone, where the adopted unit cells are as 
follows: a cubic unit cell with a point group D,, for Mn,N and a CsCl unit cell 
for BCC Mn. The density of states (DOS) was obtained by the tetrahedral integration 
method 191. 

2. Results and discussion 

21. Mn,N 
In the LMTO ASA calculation for an open structure such as Mn,N, it is better to 
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introduce empty spheres to construct a close packing with the atomic and empty 
spheres. Furthermore, errors due to the MA may be reduced by including ‘com- 
bined corrections’. However, we do not introduce empty spheres and we neglect the 
combined corrections in the present calculations. An overlap between two spheres 
with the radii SI and S, is defined as (S, + S, - d ) / S i  (i = 1,2), where d is the 
distance of the two spheres. When the radii of the constituent atoms in Mn,N are 
the same, the values of the overlaps are 0.62 between Mn and N, and 0.05 between 
Mn and Mn. This indicates that the ASA without empty spheres is not a reasonable 
approximation because the overlap must in principle be kept as low as possible and 
there is a guiding principle that the overlap is limited to 30% [IO]. One of the present 
authors [ll] showed that good agreement between the experimental and calculated 
results was obtained with respect to the magnetic moments and the hyperfine fields 
for Fe,N, although the overlap between Fe and N was more than 0.3. Therefore, we 
also choose the radii for Mn,N in the same manner a$ Fe,N. As is shown later, if 
we choose atomic radii leading to spheres of neutral charge, we shall obtain excellent 
agreement with experiment with respect to the magnetic moments and the spin struc- 
ture for Mn,N, although the present calculations are preliminary to more accurate 
calculations. 

We consider the following three cases with different combinations of sphere rad$ 
for Mn,N with the lattice constant a = 3.865 8, [4]. In case (l), all the sphere radii 
R,, 4 and R3 have the same value, where R,, R, and fs mean sphere radii for Mn 
at a corner position, Mn at a face-centred position and N at a bodycentred position, 
respectively. In case (2), R, is equal to R, but different values are permitted for 
R, and R3. In case (3), R,, R, and R, have different values. The sphere radii in 
cases (2) and (3) are determined from paramagnetic calculations so as to minimize 
the difference between the total charge of a neutral atom and that in a sphere of the 
atom. In case (2) the result R3/R1 = 0.79 is obtained by changing the ratio R3/R,  
from 0.60 to 0.90 at regular intends of 0.01 and the overlaps are as follows: less 
than 0.58 between Mn and N, and 0.12 between Mn and Mn. In case (3) the result 
R, : R, : R3 = 1.000 : 0.968 : 0.782 is obtained by using a trial-and-error method 
and the overlaps are as follows: less than 0.58 between M n  and N, and less than 0.16 
between Mn and Mn. 

Using those sphere radii we performed spin-polarized calculations for two spin 
arrangements Mn,N-a and Mn,N-b. The Mn,N-a type means the spin arrangement 
where a corner moment and a face-centred moment are antiparallel to two other 
face-centred moments. The Mn,N-b type means the spin arrangement where a corner 
moment is antiparallel to the three €ace-centred moments. In both types the moment 
of a nitrogen atom is defined to be perpendicular to the momens of Mn atoms. 
We list in table 1 the calculated total energies and magnetic moments, together with 
Q,,, the maximum absolute value of differences bchveen the total charge of a 
neutral atom and that in a sphere of the atom. Furthermore, in table 1 we also 
give the neutron diffraction experimental data which confirm the Mn,N-b type. Since 
the magnetic moment of a nitrogen atom is less than O.OOIp,, the value is not 
listed in table 1. This table shows that in any of thrw cases the total energy of 
Mn,N-b is about 15 mRyd lower than that of Mn,N-a, although the Q,,,,,-val~e~ are. 
significantly different for the three cases. Concerning the total magnetic moment per 
unit cell and moments of individual Mn atoms, the Mn,N-b type of case (3). which 
has smaller Q,,,-values than the other two cases, gives excellent agreement with 
experiment From the above-mentioned facts we concluded that the local-fixed-spin- 
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direction orocedure gives a consistent result with experiment, at least in the case of 
Mn,N, a i d  in this &se the charge neutralily in a sphere is an important factor. 

fe 

.>....-. 

."4d 

FIgum 1. ws CUNS of Mn4N.b type in case (3): (a) d bands of Mn atoms . . -, Mn 
(O,O,O);- . -,Mn(k,O, i); (b) s (-) and p (- - .) bands of N atoms. In each figure. the 
DOS culves for upspin (majority-spin) electrons are shown in the upper parl and fhose 
for down-spin (minority-spin) electrons in the lower p a n  The Fermi level is indicated 
by the venical full line. 

We turn our attention to the DOS of the Mn,N-b type in case (3) where the 
agreement between calculated results and experimental data is very good. We show 
in figure l(a) the d DOS of Mn atoms and in figure l(b) the s and p DOSS of N 
atoms. In figure I@) we drew the DOS curve of each of two Mn atoms at the 
positions (O,O,O) and ($,O,$) in the cubic lattice. The two Mn atoms have the 
following different magnetic moment values: t 3 . 5 9 ~ ~  and - 0 . 8 0 ~ ~  for Mn atoms 
at (O,O,O) and ( i , O , i ) ,  respectively (see tablc 1). Figure l (a )  shows that there is 
a significant difference between the two DOS curves of Mn atoms. The DOS curve 
of Mn at (O,O,O) has a giant peak in each spin state and the peak of the up-spin 
(majority-spin) electrons is located below the Fermi level, while the peak of the down- 
spin (minority-spin) electrons is above the Fermi level. That is, the former peak is 
occupied and the latter peak unoccupied. On the other hand, the DOS curve of Mn 
at (i, 0,  i) has a structure with several fine peaks and is not a structure with a giant 
peak. The large difference between the magnetic moments of Mn atoms at (O,O,O) 
and (i,O,i) can be attributed to the above-mentioned difference between the two 
DOS curves of Mn atoms. Making a comparison of DOS curves of Mn and N atoms, 
we note, furthermore, the following fact. The existence of two small peaks which 
appear below -0.5 Ryd in the DOS curve of Mn at (i,O,i) indicates hybridization 
between d bands of Mn atoms at (;,O. $) and s or p bands of N atoms. However, in 
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the DOS cuwe of Mn at (O ,O,  0) there is hardly anything to indicate hybridization. 

2.2 BCC Mn 
Previously, Fujii et a1 [6] showed that in the neighbourhood of a lattice constant of 
2.95 8, the ground state of BCC Mn changed from a ferromagnetic state to an antifcr- 
mmagnetic state with increase in lattice constant. However, they did not discuss the 
coexistence of ferromagnetic and antiferromagnetic states. We investigate whether or 
not the local-fixed-spin-direction procedure is suitable for analysing such a coexistent 
region by performing band calculations for BCC Mn with a CsCl unit cell. In the cal- 
culations, we consider the following three spin arrangements. First, a comer moment 
is parallel to a body-cenaed moment, Le. a ferromagnetic arrangement. Second, a 
comer moment is antiparallel to a body-centred moment, i.e. an antiferromagnetic 
arrangement. Third, a comer moment and a body-centred moment are parallel to 
[Oll] and [Oil] ,  respectively. This arrangement means that, in the z direction, one 
moment couples with another ferromagnetically, and in the y direction antiferromag- 
netically. Therefore, we consider the third arrangement as the coexistent state of 
ferromagnetic and antiferromagnetic states. - 

2 mRyd 

,.> 

a ,.$---- - .- 
t? 

I *  P' 

d 1 
2.90 2.92 2.96 

Lottire constant (AI 

Piinre 2 ferromagnetic 
(F) (- - -), antifemmagnelic (AF) (- . -) and mixture of both (F + AF) (-); 0, 
calculaled p i n t s .  

Comparison of total energies for three magnetic states: 

We performed band calculations changing the lattice constant from 2.80 to  3.10 8, 
and figure 2 shows the results obtained. Figure 2 demonstrats that there is certainly 
a region where the coexistent state of ferromagnetic and antiferromagnetic states has 
the lowest total energy of the three different states. This indicates that the local- 
fixed-spin-direction procedure and the ked-spin-moment procedure are suitable for 
analysing a problem where two or more magnetic states coexist in a narrow volume 
region. We feel that a procedure such as the former, but based on the principle 
of the latter procedure may be most suitable because the local-ked-spin-direction 
procedure can deal with both collinear and non-collinear spin arrangements. 
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