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Magnetic interactions in iron 
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AbstracL A first-principles discrcie variational method in the local density approximation 
is used to calculate the local properties at Fe sites in Fe[N, M ]  clusters representing 
a-iron. Here N and M arc the respective numbers of anlifermmagnetically mupled Fe 
atoms at the nearest neighbour (NN) and the next nearest neighbour (NNN) sites of the 
central atom. The local magnetic moment was found to increase slightly with N, reach a 
maximum and decrease with further N values. A large moment is obtained for N = 0 
and M = 6. The magnitude of the magnetic hypenine field was found to  decrease 
linearly with increasing N tor rvled M. The average quantities arc also calculated 
treating the AFM atoms as impurities in the a-iron lattice. A model is presented which 
attempts to understand the coupling of the Ccnlral atom to iU NN and NNN as being 
accomplished through Ta and Eg states respectively. 

1. Introduction 

The interaction between electrons is essential for understanding the properties of 
transition metals. In particular, magnetism in the 3d metals is a direct consequence 
of this interaction. For a single isolated atom, Hund’s rules lead through the residual 
Coulomb interaction to the existence of magnetic moments for unfilled shells. When 
a solid is formed the interatomic interaction between the 3d electrons produces a 
narrow d band that overlaps the broad sp band. Depending on the number of d 
electrons, the interatomic distances and the crystal structure, the split magnetic states 
can be maintained or destroyed [I]. At equilibrium lattice distances the d electrons 
are classified into itinerant and localized components [2]. 

In BCC metals the 3d states are hybridized such that those with Tzg symmetry are 
oriented towards nearest neighbour atoms while the states possessing E symmetry 6 point towards next nearest neighbours [3]. Because of their interatomic dstances the 
T, and E electrons in iron are considered as itinerant and localized respectively 
[2f The ?”, electrons form strong d-d  bonding whereas the Eb electron bonds are 
relatively weaker. 

The temperature-dependent properties of iron metal exhibit local magnetio 
moment characteristics. This is shown by the magnetic susceptibility, which follows 
the Curie-Weiss law, the spin disorder resistivity and the quasi-elastic magnetic diffuse 
neutron scattering [4]. The nature of the stable coupling between the local magnetic 
moments through itinerant d electrons is in general strongly dependent on the number 
of the latter electrons, as proposed by Stearn [SI. This number is such that the stable 
coupling in iron is ferromagnetic. Furthermore, it is known that the local magnetic 
moments are retained well beyond the Curie temperature. At such temperatures the 
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Fe-Fe couplings are no longer ferromagnetic, in general. However, the amount of 
short range present is unknown [6]. 

The average local moment at the  Fe site decreases with temperature and vanishes 
at the Curie point. The magnetic hyperline field at the Fe site was found to follow 
this very closely [7J The timescales of these measurements are very different. 
Magnetization measurements are on relatively large samples and long timescales, 
while the hyperfine field measurements are on single sites and timescales of the order 
of nanoseconds. Thus the rate of change of orientation of the local moment could 
not be the only reason behind the decrease of the two quantities with temperature. 

Peng and Jansen [8] have calculated the exchange constant between Fe-Fe atoms 
in the ferromagnetic state and in different antiferromagnetic configurations using 
the full potential linearized augmented plane-wave method This led to a model 
Hamiltonian from which the Curie temperature is predicted 

Our objective in this paper is to calculate the local magnetic moment and the 
magnetic hyperfine field at Fe sites against the antiferromagnetic coupling to nearest 
and next nearest neighbours. Furthermore, we attempt to understand these results 
on the basis of chemical bonding and magnetic splitting of the electrons. 

The plan of this paper is as follows. In the following section we give an outline 
of the calculational method used. In section 3 we present and discuss our results. In 
the last section some concluding remarks are given. 

2. Calculational model 

We took 15-atom clusters as representing the BCC a-iron metal. A cluster is denoted 
by Fe[N,M], where N and M are the number of antiferromagnetically (AFM) cou- 
pled Fe atoms in the nearest neighbour (NN) and next nearest neighbour (NNN) shells 
respectively. 

The discrete variational method ([9] and references therein) in the spin-polarized 
local-density approximation was uscd to calculate the eigenstates of the Kohn-Sham 
equation with the von Barth-Hedin exchange-correlation potential. A self-consistent 
calculation was performed using, as a variational basis, a h e a r  combination of atomic 
orbitals 3d, 4s and 4p, while the core states were kept frozen. The matrix elements of 
the Hamiltonian and overlap matrices were obtained by numerical integration. The 
pseudorandom Diophantine integration method was augmented as desired by a special 
integration scheme in a spherical volume about particular atoms. Average properties 
such as atomic configuration, energy levels and magnetic moments converged rapidly 
with the Diophantine sample, with 300-400 points per atom being sufficient to 
determine such properties to better than experimental precision. Properties such as 
contact spin and charge densities, which depend sensitively upon the wavefunction in 
the atomic core region, require a more careful solution of the Kohn-Sham equation in 
the region of the probe nucleus. In this region the Diophantine points were replaced 
by a dense regular (angular x Gaussian quadrature) mesh. 

Tb calculate the potential the total charge density was cast in a multicentre 
overlapping multipolar form [IO]. The radial density basis set was constructed from 
spherical atomic densities, calculated from the wavefunction variational basis and from 
seven parabolic radial functions for each I = 0 in the fuUy symmetric representation 
of the molecular point group. 

Different magnetic configurations were obtained through a selection of relevant 
initial magnetic moment inputs. The cluster approach offers flexibility in studying 
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the effect of the surrounding atoms on the central atom up to one at a time. It 
is not limited by any symmetry requirement such as a unit cell. Furthermore, it is 
possible to change the interatomic distance of each group of atoms at will. However, 
it introduces surface effects which might be serious in the case of non-local properties. 
For local properties it gives reasonable values. 

3. Results and discussion 

The local magnetic moments and the occupation numbers at the central Fe atom 
presented here were obtained using Mulliken population analysis. We divide the 
results into two parts. In the first part the 0, point group is used in the 
symmetrization of the molecular orbitals. This leads directly to the Tzb and Eg d 
occupations and magnetic moments. A model to understand the Fe-Fe d bonding 
and coupling is subsequently introduced. In the second part the C, point group is 
used and the changes in the local magnetic moment and hyperfine field against N 
and A4 are presented and discussed. 

3.1. Bonding and coupling processes 

Bhle 1 shows the occupation numbers and magnetic moment of the E and TZg d 
states at the central Fe atom for the clusters F~[PAR], Fe[O, 01, Fe[S, 01, be[O, 61 and 
Fe[S, 61. The total magnetic moment including the  sp contribution is also included. 
We note that the local d magnetic moment decreased by about 0.3 p B  when the 
coupling to NN was AW while it increased by the same amount for AFM coupling to 
N". Such trends, however, with a larger decrease and smaller increase, were also 
obtained by Peng and Jansen [SI. On the other hand the total magnetic moment 
pbt does not decrease and instead it is always greater than the FM coupled clusters. 
Another feature exhibited by table 1 is the almost constancy of nE,, at about a value 
of 2.0 whereas the other occupations depend on N and M. The spin-up states in 
Fe[O, 01 have a total occupation of 4.63, which is close to the spin-up band occupation 
obtained with other band methods [ll]. We note also Khat pk for Fe[O, OJ is larger 
than 40% of the total moment expected by spherical symmetry, in agreement with 
experimental results [12]. 

Table 1. The E, occupations (nEIf, nE"), the  Tk occupations (n~,,, nT@,), the Es 
magnetic moment (p%)  in Bohr magnetons, the TQ magnetic moment ( p ~ ~ ) ,  the total 
d mO"It Pdlot, and the total moment (pwt) at the central Fe atom in the paramagnetic 
i n n  Fe[~m] and Fe[N, M]  mnfigurations. 

F~[PAR] Fe[O, 01 Fe[& 01 Fe[O, 61 Fe[8, 61 
n ~ y  1.37 1.96 1.98 1.84 1.98 
n ~ i  1.37 0.60 1.16 0.48 0.76 
nr,, 2.07 2.67 2.46 2.88 255 
n ~ , ,  2.07 1.68 1.26 156 1.65 

PKt 0.00 1.36 0.82 1.36 1.22 

Pdta 0.00 2.35 2.02 2.68 2.12 
PTa 0.00 0.99 1.20 1.32 0.90 

Pwr 0.00 2.17 221 2.56 239 



1922 M E  Elzain 

Energy bands in solids originate from the corresponding atomic levels. In par- 
ticular the 36 bands are narrow and cany most of the features of the atomic levels 
implying that orbital overlaps are rather limited to a few shells around each atom. 
Thus the magnetic structure can in principle be deduced from the bonding of an atom 
to its NN and NNN atoms. The TZs and Eg states in the BCC lattice have spatial orien- 
tations towards the NN and N" atoms respectively 131. We assume d bonding such 
that the central atom bonds to NN through the TZs electrons and to the NNN a t o m  
through the Eg electrons, independent of sp bonding or sd mixing. This d bonding is 
mainly of the U type. Since the NN distance is smaller than the NNN distance the TZS 
bonding will be stronger than the corresponding Eg bonding. Such an approach has 
been used to describe the magnetic structure of BCC iron-phosphorous alloys [13]. 

For iron in the paramagnetic state (iron with unsplit bands) the d states split into 
bonding and antibonding parts as shown in figure 1. The Eg levels can take up to  
two electrons per atom, while the TZs take three electrons. According to the result of 
F~[PAR] shown in table 1, two of the Eg electrons go into the U bond and the rest into 
the a' bond. Similarly, for the Tzg electrots the occupation is as shown in figure 1. 

, '-+ P.0 
8.0 + Figure 1. The bonding scheme for paramagnetic 

(magnetically unsplit) iron showing the Tzg and the 
Es states and their elecironic occupation. 

0 0 
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Intra-atomic exchange interactions split each of these levels, while the interatomic 
exchange may enhance or diminish this splitting. When the coupling to both NN and 
NNN atoms is FM the splitting is enhanced and the local energy states split as shown 
in figure 2(a), with occupations consistent with the results of the Fe[O, 01 cluster. 

Antiferromagnetic coupling between the central atom and the NN a t o m  directly 
affects the TZs electrons. In this case the TtP splitting diminishes. The energy of 
the TZg(d)  spin-up state is increased and electrons are transferred from this state 
to the E6 states. Furthermore, since the majority electrons at the central atom 
are pointmg up while those at the NN atoms are pointing down then bonding TZs 
states should reflect this. The sharing of these spin-polarized electrons between the 
atoms is unequal. Assuming about 0.5 electrons are transferred in each direction 
to keep charge neutrality, the occupation of these levels is as shown in figure 2(b). 
It is interesting to note that in this case pT2' increases because of the increased 
(decreased) polarization of the full bonding spin-up (spin-down) states. The term pG 
decreases since the gained electrons occupy the spin-down states because the spin-up 
states are already full. 

When the NNN a t o m  are AFM coupled to the central atom the E electrons are 
directly affected and their splitting decreases. Since the spin-up Eb(a*$ are raised in 
energy, electrons are transferred from this state to the Tzg( a*) spin-up state. The loss 
of spin-up Eg(o*) electrons acts to decrease pEt. However, polarization of the full 
bonding E, electrons similar to that of the full bonding Tzs electrons in the case Fe[& 
01 leads to mcrease in the bonding Eg moment. The net pb remain effectively un- 
changed. The N" a t o m  also couple A m  to the NN atoms through the TZS electrons, 
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F i u m  2. The bonding schemes for magnetic iron. (a) is the' bonding scheme when 
bath NN and NNN Fe atoms are ferromagnetieally (FM) coupled to the central atom; ( b )  
is when NN are antiicrromagnetically (AFM) coupled and NNN are FM. In ( c )  NN are FM 
coupled and NNN are ~m whereas ( d )  shows the bonding scheme when both NN and 
NNN are AFM. 

increasing the NN Tzg moment and hence indirectly affecting the Tzg electrons of the 
central atom. Thii indirect effect enhances the FM Tzs coupling between the central 
atoms and NN atoms. The resulting energy diagram is as shown in figure 2(c). The 
electrons transferred from the Eb(u*) spin-up state mainly occupy the T,,(u*) spin- 
up state and hence increase pT,. Since psr is unchanged the net result is an increase 
in the total magnetic moment. This is obselved from the results of the Fe[@ 61 cluster. 

Antiferromagnetic coupling to both NN and NNN atoms should in principle keep 
the centralatom moment approximately constant, since in this case no charge transfer 
between the Eg and Tzg statq is expected. Both splittings are expected to decrease 
and both full bonding states are to be polarized. Instead of the electrons being 
interchanged between the T,&a') spin-up and E,(U*) spin-up states they are 
transferred to the corresponding spin-down antibondmg states of the same type. 
Figure 2(d) shows the schematic energy diagram. 

To further investigate the validity of such bonding structure we considered two 
additional cases. In the first case we placed He atoms at the NN and the NNN sites at 
large interatomic distances. The bonding between Fe and He atoms should be very 
weak because a He atom has a vely deep energy, and furthermore the interatomic 
spacing we used was vely large. Thus, due to the weak coupling between Fe and 
He, the TZs and Eg states at the Fe central atom are slightly pushed up or remain 
unchanged. If we think of the Fe-He orbitals as forming bonding and antibonding 
combinations then the antibonding part is retained by the Fe. The bonding part is 
occupied by the He. For the cluster Fe[He, Fe], with He positions along the (111) 
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diagonals and Fe at NNN positions we have pTa U 2 . 1 ~ ~  and ph ZT 0 . 9 ~ ~  In this 
case the Tzb antibonding state is split by the intra-atomic exchange interaction and 
the spin-up component is nearly full (N 2.97 electrons) while the spin-down part has 
about N 0.85 electrons. The Eg state gains some electrons from the states with Tze 
symmetry, leading to a reduction of the E magnetic moment. When the He atoms 
are placed along the principal axis (100) t i e  results for the cluster Fe[R, He] give 
pTa N 1 and p% N 1.3, which are close to the values obtained for Fe(0, 01. Here 
the Eb antibonding spin-up states are nearly full (U 1.9 electrons) and the spin-down 
states have about 0.6 electrons, The TZg occupation is also unchanged. 

In the other set of calculations we have retained the Fe atomic positions along 
the (111) and (100) directions but changed the interatomic distances. When the NN 
are displaced away, so that the distance to the central atom is increased such that it 
is equal to that of the NNN atoms, we obtain pTa N 1 . 7 ~ ~  and pE, U 1 . 1 ~ ~  At such 
distances we expect the bonding between the TZz electrons to decrease and the level 
splitting becomes similar to that of the Eg electrons. Then both the U and U' spin-up 
levels are full (z  2.9 electrons) and the spin-down levels are partially occupied (U 1.2 
electrons), giving a large pTa moment The change in the Et moment is relatively 
small. 

On the other hand, when the NNN atoms are displaced towards the central atom 
by about 0.42 au from 5.42 au to 5.00 au, the E4 bonding increases and the split 
U and U*  Eg levels no longer overlap. This is similar to the Tzs bonding at the 
equilibrium lattice constant Thus in this case the Eg moment decreases. We found 
that ph = 0.86pB However, pTJz 0 . 7 2 ~ ~ )  also decreases slightly because of the 
closer NN and NNN interatomic distance which indirectly affects the Tzs occupation. 

3.2 Magnetic hype@ne field 

The magnetic hyperfine field Bhf is calculated from the phcnomenological relation 
proposed by Elzain et af [14], where the contributions to B,, are divided into valence 
and core parts. The valence contribution is directly calculated from the self-consistent 
solution of the KohllSham equation whereas the core contribution is assumed to 
scale linearly with the local 3d moment, pe 

As observed in section 3.1 there are two effects which contribute to changes in pd. 
For fixed M the pT2' component increases with increasing N due to the polarization 
of full bonding Tzg states while the pLEt component decreases due to conversion of 
electrons from T, to Eg symmetry. Tn figure 3 we show the variation of pd against 
N for M values [xed at 0 and 4. We note that the two effects act in such a way to 
give a maxima at around N = 4 and beyond this the decrcase in pL4 dominates the 
changes in pd. 

The core contribution to Bbl is expected to follow the Same pattern as that 
of pd shown in figure 3. However, when the valence contribution is included the 
total E,  shows an almost linear variation against N .  This is shown in figure 4, 
for some representative clusters having M = 0 and hf = 4. Consequently, the 
valence contribution plays a major role in the reduction of Bhf against changes in the 
magnetic coupling. Thus, independent of the flipping rate of the local moment, the 
hyperfine field should decrcase due to the positive valence contribution. 

The average local and total moments per atom pFe and p respectively and the 
average hyperfine field Bhf are also calculated. These averages are obtained by 
treating the iron atoms with negative moment a s  impurities in the ferromagnetic iron 
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Figure 3. The local M moment pd at the Fe central 
site against N for M = 0 (full circles) and M = 4 
(open circles). The curves are for guiding the eye, 

Flgvre 4. The magnetic hyperfine field Bbi at the 
central Fe site against N for M = 0 (full circles) 
and M = 4 (open circles) The curves are tor 
guiding the eye. 

lattice. The concentration of these atoms is denoted by c. The site occupations are 
given by a random binomial distribution. Figure 5 shows the variation of the scaled 
&,e, p and B,, against c We note that FFe remains almost constant at the completely 
ferromagnetic iron value. However, both p and Bhf decrease with increasing c. For 
values of c up to about 0.2 the two quantities have an identical variation. Above 
this concentration BhI decreases slower than p. We assume that the concentration 
c increases with temperature. Hence, if the positive valence contribution is the only 
reason behind the reduction in B,, then at high temperatures the plot of Bhr against 
temperature will deviate from that of p. However, at high temperatures the flipping 
rate of the local moment is large and this leads to an additional reduction in BhI. The 
two effects combine together to bring the variation of BhI back in phase with that of p. 

I 
0.1 0.2 0.3 0.4 

Figure 5. The average local magnetic 
moment at Fe central site /Lpc (full curve), 
the average total moment per Fe atom fi 
(dotted c u m )  and lhe average magnetic 
hyperfine field s, (broken curve). These 
quantities are plotted against the average 
number of AFM Fe atoms c and each is scaled 
by the corresponding Fep. 01 quantity. 
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4. Conclusion 

A first-principles discrete variational method has been used to calculate the local 
properties at the Fe site in 15-atom clusters representing a-iron. The computation has 
been performed for clusters with different magnetic configurations. It was found that 
the local magnetic moment changes slightly with changes in the magnetic coupling. In 
particular, the local moment does not vanish when NN atoms are antifemmagnetically 
coupled to the central atom. Furthermore, the local moment increases when the 
coupling of the central atom to its NNN is AFM. 

It is conjectured that the magnetic interactions can be understood in terms of 
a model which takes the coupling to NN atoms to be through the TZs States and 
that the coupling to NNN atoms to be via Eb states. AFM coupling between the 
central atom and its nearest neighbour leads to an increase of pTzr because of the 
polarization of the full bonding states while it decreases pL4 due to the intra-atomic 
charge transfer. The increase in the magnetic moment observed for AFM coupled 
N" was also explained using the same model. 

The local magnetic moment and hyperfine field at the Fe site were also calculated 
as a function of N and M, the number of AFM, NN and NNN atoms respectively. It was 
found that the magnetic moment at fixed M increases with N, reaching its maximum 
at N m 4 and decreases with further N values. The magnitude of the magnetic 
hypefine field was found to decrease linearly with increasing N .  The main reason 
behind this reduction is the positive valence contribution from the AFM coupling. 

The averages of the local moment pFe, the total moment p and the hyperfine field s,, were calculated by treating the relative number of the AFM coupled atoms to be 
identical to the concentration of impurities in the a-iron lattice. It was found that pFc 
retains a constant value while p and Bhl decrease linearly with the concentration of 
the AFM coupled atoms. The variations of p and Bat are similar at low conccntrations 
and they deviate as the concentration increases, with B,, having the slower rate. It 
is suggested that at low temperatures the positive valence contribution is the main 
reason for the reduction of B,, with temperature. At high temperatures the increase 
in the flipping rate of the local moment enters as an additional factor. Both effects 
acting together lead to the variation of B,, with temperature following those of p. 
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