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Abstract ?he magnetoelystalline anisotropy energy (MAE) of the pnictide MnSb is 
invesligaled by means of the augmented spherical wave method. The spin-rbil coupling 
enten the variational step of the procedure and l h c  force theorem is applied to determine 
the dependence of the MAE on the directions of magnetization. Our numerical results 
agree well with the fint-order development of anisotropy energy in uniaxial crystal 
structures. Ihe easy axis of magnelizalion is then found 10 be in the basal plane of 
the hexagonal stNCture in agreement with experiment. and the firsl-order anisotropy 
constant is given. 

1. Introduction 

The magnetocrystalline anisotropy energy (MAE) is an important property of magnetic 
compounds and its calculation has been a long-standing problem. Since the first 
studies of Brooks [l] a large amount of work has been dedicated to the calculation 
of the MAE. Recently an investigation of the MAE for 3d metals (Fe, CO and Ni) was 
reported by Daalderop et a1 [2]. In that work, the spin-orbit coupling was included 
in the calculations to provide the anisotropy energy, and the many-body prohlem was 
treated with the linear-muffin-tin method in the framework of the local spin-density 
approximation (LSDA). Daalderop el a1 pointed out the difficulties encountered in the 
calculations when attempting to determine small energies (the MAE for CO is about 
60 peV/atom). 

In this paper we present an augmented spherical wave (AsW) spin-polarized band- 
structure calculation, including spinarbit coupling, of manganese pnictide MnSb 
whose MAE is determined by applying the so-called force theorem. This compound 
was chosen because of its large anisotropy energy (E, = -210 peV/unit cell 
corresponding to an anisotropy field H a  = 11 kOe). 

2. Determination of the magnetocrystalline anisotropy energy by band-structure 
calculations 

The internal energy of ferromagnetic materials depends on the direction of 
spontaneous magnetization. We consider here one part of this energy, the MAE, 
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which possesses the q s t a l  symmetry of the material. 
uniaxial anisotropy, such as a hexagonal crystal, the MAE can be expressed as [3] 

For a material exhibiting 

E( e) = K, sin' f3 + ICz sin4 0 + I(; sin6 0 + K3 sin6 0 cos[6( 'p + +)I + . . . (1) 

where Ki is the anisotropy constant of the ith order, f3 and 'p are the polar angles 
of the Cartesian coordinate system where the e axis coincides with the z axis (the 
Cartesian coordinate system was chosen such that the z axis is rotated through 9oo 
from the a hexagonal axis) and + is a phase angle. 

Both the dipolar interaction and the spin-orbit coupling give rise to the MAE, the 
former contributing only to the first-order constant K,. In this paper, we deal with 
the MAE caused only by the spin-orbit interaction. 

2 1. Ab-initio determination of the magnetocrysta/line anisotrofl energy 

Following Jansen [4], the MAE is a ground-state properly whose origin lies in the 
spin-rbit interaction (i.e. coupling between the spin of an independent particle and 
its own orbit) and can therefore be determined within the density-functional theory 
by an appropriate relativistic form of the effective single-particle equation of Kohn 
and Sham. The expression for the total ground-state energy of an N-electron system 
under spin-polarized formalism is [S, 61 

e T ( 6 , n l )  = E,,(n,) - El(?L,n,)  (2) 

where E,, is the sum of one-particle eigenvalues (including core states): 

El[ii,nl] = n(r)ue,-e,(r - r' )n(r' )  d3r'd3r J J  

where a and 
elements are obtained from the one-electron eigenfunctions $>e.i ( 7 ) :  

are the spin indices, and ii is the two-by-two density matrix, whose 

N 

n i p  = ZdJmi(r )!b; i (7) .  
i = l  

The MAE between the two directions of magnetization is the change in total 
ground-state energy when aligning atomic moments along those directions: 

E, = EgT(mt) - EgT(n2) (3) 

where n, and n2 are the directions between which the MAE is evaluated. 
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However, even in materials with a large anisotropy energy such as MnSb, this 
quantity is "'y small compared with the total ground-state energy (415 kevlunit cell), 
and sufficient numerical accuracy is difficult to attain. Instead of direct subtraction of 
the total ground-state energy, we used the so-called force theorem [2,6], which states 
that, provided that the variation in the atomic moment direction can be treated as 
a perturbation keeping the unitcell volume constant, the lirst-order change in total 
enera is given by the difference in the sum of eigenvalues calculated in each direction 
from the same selfconsistently converged effective potential u,rff(n,):  

For valence electrons, the sum of single-particle eigenvalues is given by [6] 

where N ( n ,  6) is the density of states (Dos) and cnin delimits the core and wlence 
states. 

Following Daalderop el al [2], we assume that the core-state contribution to the 
MAE is negligible and express it as 

22. Derails of fhe calculalion 

The electronic structure of MnSb was calculated using the ASW method of Williams 
et a1 [7]. The Dirac effective single-particle equation was approximated by the spin- 
polarized scalar-relativistic radial equation, including the Darwin and mass-velocity 
terms, but no spin-orhit term. Exchange and correlation were described in the L S D k  

The spin-orbit coupling operator was reintroduced into the Hamiltonian matrix 
at the variational step of the procedure. The spin-polarization and spin-rbit 
interactions were then treated simultaneously in the self-consistent loop. 

MnSb crystallizes in the hexagonal NiAs structure (space-group, P63/mmc) with 
two MnSb formulae per unit cell (figure 1). Antimony atom layers form a hexagonal 
close-packed structure (2a sites), whose octahedral sites are occupied by manganese 
atoms (2c sites) and tetrahedral sites are empty (4f sites). In the ASW M A ,  atoms 
are represented by overlapping spheres, whose total volume must equal the unit-cell 
volume. 

All calculations were performed with the 4.2 K experimental lattice constants 
given by Coehoorn et a1 [SI (table 1). The sphere radius ratio was arbitrarily chosen 
as the ASA radius ratio of Mn to Sb in their elementary solid states. No attempt 
was made to minimize the total ground-state energy by varying lattice parameters or 
by varying the radius ratio. However, when self-consistency was reached, the spin 
densities in the Mn and Sh atomic spheres were almost zero at the WignerSeitz 
radii, indicating that magnetic moment should be rather insensitive to the choice of 
sphere radii [9]. 
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Flgure 1. Ni-As-lype hexagonal st~c1urr of MnSb [211. 

Tabk 1. ASW input parameters. q; is the number of sampling points in the irreducible 
Brillouin zone. 66 is the energyatep mesh used for Dos sampling. 

Rm Rsb 6 6  

T.9 (A) (A) RsIRM,, c l n  9; (ev) 
Our results 4.122 1.437 1.926 1.34 1.396 150 k-poinls 0.136 
Data f" 181 4.112 1.563 1.839 1.18 1.396 1wO Lpoints 0.1 

Selfconsistency was mnsidered to be reached when the difference between the 
sum of the eigenvalues of subsequent iterations was better than 13.6 fieVlunit cell 
(A!$$ > E,/15). Other usual criteria, such as the charge density ( A Q  > lO-'e-) 
and magnetization ( A M  > 10-3fiB) were more than satisfactoly. 

Bandstructure calculations require the eigenvalue problem to be solved at 
selected k-points on a regular mesh in the Brillouin zone. Tb optimize computational 
efforts, lattice symmetries are used to reduce the initial set of k-points, each new V- 
point of the reduced set being weighted according to symmetries ( l U j .  However, as 
already pointed out by Coehoorn and de Groot [ll], when taking spin-orbit coupling 
into account, the magnetic space group differs when changing the magnetic moment 
direction; therefore the number of k'-points in the reduced set differ when changing 
atomic moment directions. Calculations of the MAE E,(B) (see equation (8)) were 
carried out keeping the same k mesh of the total Brillouin zone. 

3. Results and discussion 

3.1. Spin-polarized calculatiom 

The magnetic moments resulting from spin-polarized calculations without spin-rbit 
coupling are shown in table 2 and compared with both the previous ASW calculation 
of Coehoorn a a1 [SI and the experimental d u e s  of Bouwma et a1 [12]. The various 
input parameters are given in table 1. 
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lhbk 2 MnSb heoretical spin magnetic moments and experimental value. 
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%tal magnetic moment Mn site Sb site 
( p e  pzr MnSb tomula unit) (pe) WB) 

Data h m  [E] 3.24 3.30 -0.06 
our rrrults 3.32 3.35 -0.032 

Exprimcntal data (T = 4.2 K 1121) 3.55 

Both theoretical calculations give. similar results, although different WignerSeitz 
radius ratios were chosen. The exchange splitting is 3 eV and is calculated as the 
energy a t  the middle of the 3d majority band minus the energy at the middle of the 
3d minority bands (Hankel energies in the ~ s w  formalism [13]). The theoretical total 
magnetic moment is 6% lower than the experimental value. 

3.2. Infience of Spin+rbil coupling 

An independent calculation including spin-orbit coupling was performed with the 
Same input parameter and selfconsistency criteria as in the former spin-polarized 
calculation in order to estimate the influence of spin-orbit interaction on the 
calculated properties. Atomic moments were kept parallel to the c axis. 

(1) ’The total ground-state energy is lowered by 82 meV 
(2) The effects on the DOS are shown in figure 2 by subtraction of the calculated 

DOS with and without spin-orbit coupling. Both calculations were spin polarized, but 
the DOS is not shown spin projected. Deep wlence states between -4.5 and -1.5 eV 
corresponding to Sb 5s states are marginally influenced by spin-orbit coupling. States 
between 1 eV and the Fermi level (7 eV) originate from overlapping Sb Sp and 
majority spin Mn 3d states. 

(3) Exchange splitting is reduced by 22 me\! The spin contribution to the total 
magnetic moment is slightly reduced from 3 . 3 2 ~ ~  to 3 . 2 9 ~ ~  per formula unit and is 
mostly caused by the reduction in the number of excess majority spin electrons in Mn 
3d states by 0.U24 electrons. Such a reduction was also found by Min and Jang [14] 
for BCC and FCC iron. 

3.3. Evaluation of Ihe induced orbital momenl 

The part of the orbital moment induced by spin-orbit coupling was also calculated 
according to [U]. Tiking this into account led to an increase in the total calculated 
moment by 4.5 x 10-zpB per formula unit. Nevertheless, this value does not account 
for the difference between the calculated and experimental magnetic moments. 

As in Fe, CO and Ni systems [16], occupied spin-up electron states contribute 
negatively to the total orbital moment, whereas occupied spin-down electron states 
contribute positively. 

The magnetomechanical factor was then estimated from [17] g‘ = (MO* + 
MSpin)/( Md + Mspin/2), where Adspin i3 the spin contribution to the total magnetic 
moment and Marb is the part of orbital moment induced by spin-orbit coupling. The 
magnetomechanical factor g‘ was found to be 1.973, in rather good agreement with 
the average experimental magnetomechanical factor g’ = 1.978 [NI. 
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'he  calculated MAE E,(O) is plotted in figure 3 for different meshes corresponding 
to q = 512, lO00, 1728, 40% and 5832 ksampling-points in the Brillouin zone. 
The numerical results (open squares) were fitted to the f i r s tader  development of 
equation (1) (full curves) giving the adjusted IC,-values summarized in table 3. 

E a (Rydunit cell) 

-,, I 1 
I 

0 zo 4 €3 10 ,m m 1 4  310 1 . J  

e (deg) 
Flgurc 3. MnSb varialion in the MAE for different numben of k-sampling-points in the 
Brillouin zone. Curve 5 is deduced from the experimental value [ I l l .  

Curve 5 is drawn with the value given by Coehoom and de Groot [Ill: 
E[ 100] - E[001] = -210 meV/unit cell at 4.2 K. 

The calculated MAEs agree well with the adjusted expression for uniaxial 
anisotropy. Curves 3, 4 and 6 seem to oscillate around the experimental n l u e  (curve 
5). MAE minima are found at 0 = 9oo, giving experimental data according to which 
the magnetic moments lie in the basal plane of a hexagonal unit cell helow the spin 
reorientation temperature (520 K) [19]. 

Attempts to fit the calculated MAES to a second-order model showed a small 
influence of the second-order anisotropy constant (IC2 e IC,/lO) and agreement 
with the numerical results was neither improved nor made worse. 
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lbbk 3. MnSb calculated Rrslonicr anisotropy conslanu K I .  

CurVC KI (0 K) KI (0 K) 

1 512 -11.8X 16 -624 
2 1000 - 8 . 7 ~  Id -462 
3 1728 -4.3 x 16 -230 

6 5832 - 5 . 3 ~  16 -281 

(in Sgurc 3) q (J m-' or 10 erg an-') (peV/unit all) 

4 4096 - 3 . 6 ~  16 - 193 

Ea (0) (RydluniI cell) 

0 

?Reference ualw] 

" . 1  

- Superimposition o f  t h e  t u o  least-square fits 
+ Self-consistency achlsued w l t h  0-0  deg Lq-1728 pts I 6 e = l ~ . E n e V l  
0 ____________________.-... with 9.90 dep 

Rgum 4 
directions. 

MnSb numerical and adjusled values of E,(B) for WO selfconsistency 

The influence of the energy-step mesh 66 used for DOS sampling was also checked 
for q = loo0 k-sampling-pints in the Brillouin mne. Self-consistency was achieved 
at 0 = 00 for 6~ = 45 meV and 6c  = 136 meV and the MAE was calculated with 
0 = 900. We found an increase by 3% and %, respectively, related to calculation 
performed with 66 = 21 meV (curve 2). 

3.4.2. M E  dependence dn self-conrislency direction. Further calculations were carried 
out to check the influence of the direction in which selfconsistency is primarily 
reached on the calculated MAE. Self-consistency was now obtained keeping atomic 
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moments in the hexagonal basal plane. Brillouin zone sampling and the energy mesh 
were the same as those of curve 4 (figure 3), and the two results are compared. 
Figure 4 shows the Superimposition of numerical and adjusted results of the two 
calculations. No difference was found in the first-order anisotropy constant value, 
and this is a further justification of the we of first-order force theorem. 

A Conclusion 

In this work we have calculated the MAE in MnSb at low-temperature experimental 
volumes lkom first principles by applying the force theorem in the framework of the 
ASW formalism. Our numerical results agree well with first-order development of 
anisotropy energy in uniaxial crystal structures. The easy direction of magnetization 
was always found to be in the hexagonal basal plane, and the calculated value of the 
Iirstarder anisotropy constant oscillates between -5.3 x 1 6  and -4.3 x 16 J m-3 
around the experimental value of -4 x le J 

An attempt to go beyond the force theorem and to calculate the MAE by direct 
difference of total energies was unsuccessful, as we found it much more difficult 
to reach self-consistency in the total energy rather than in the sum of particle 
eigenvalues. 

Application of this method to hexagonal bulk material is especially useful when 
no experimental data are available, such as for the hexagonal nitride R,N, whose 
easy axis of magnetization was determined (201. Our next project is a general study 
and an ab inirio evaluation of the MAE of barium hexaferrite BaFe,,O,,. 

Acknowledgments 

The authors are grateful to Dr S Matar (LCS CNRS, Bordeaux, France) and to Dr J 
Sticht pchnische  Hochschule, Darmstadt, Germany) for fruitful discussions. 

Refemces 

[I] Bmoks H 1940 Phys Ret! 58 909 
[Z] Daaldemp G H 0, Kelly P I and Schuurmans M F H 1590 PM. b. B 41 1 I919 
131 Smith J and wjin H P J 1959 Fmitc.v (Eindhoven: Philips 'khnical Uhrary) 
[4] Janscn H J F 1990 Maptetic Ankoaopy (Science, Tcchrtolo@ of Narzmtmctured Magnetic MotmbI.~) 

[SI Van Barth U and Hedin L I972 I .  Phys C Solid Starc ByS. 5 1629 
161 Kubler J and Eyen V 1992 Eleclronu Sfmcfwe C a h l a t i o m  (Matm'alr Scieme, mad Teclurology) ed 

17 Wlliams A 4 Kubler J and Gelatt C D Jr 1979 Phys. Rev. B 19 6094 
[8] Coehoom R, Haas C and de Groat R A 1985 Phys Rev B 31 1980 
[9] Erikon 0, " m u m  1 Pohl A Severin 1 Boring A M and Johnnsson B 19" Phys. Rm B 41 

[IO] Monkhont H J and Pack J D I976 Phys. Rev. B U 5188 
1111 Coehoom C and de Grmt R A 1985 J Phys. I? Mcc Phys. IS 2135 

ed G C Hadjipanayis and G A Prinz (New Yo* Plenum) 

K H Buschow (Weinheim: VCH Verlagsgesellschaft) 

11807 

j14 
(131 

Bouwma J. van Bmggen C F, Haas C and n n  lam B 1971 1. FYysique ColL 32 Cl 78 
Malar S 1992 Z Phys. B 87 91 



10478 N Vast a a1 

[I41 Min B I and Jang Y R IS91 1 my.: Chidnu. Morrer 3 5131 
[IS] B m b  M S S and Kelly P J 1983 phys Ro Len 51 1708 
[I61 E r i b n  0, lohansson B, AlbcrS R C Boring A M and Bmoks M S S 1990 phyi Ro, B Q 5707 
111 Sngh M, Callaway 1 and Wdng C S 1976 phya. Ro. B 14 I214 
[IS] Scott G G 1961 Rys Ror I21 104 
1191 GI& Hondlmd OJ bwgmic Chcmisny 1983 (Berlin: Springer) g e m  number 56 (manganese), 

(201 Siberchimt B, Vast N and Matar S 1992 Ifoc hhrr Cor$ on PTM (Darmstadt: International Journal 

[ZI] Wst A R 1984 Solid Sime chnnisny mid irr Apglicorionr (New York Wiley) ch 7 

part c, section 9 

of Physifs B) at pres8 


