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Magnetic moments and coordination symmetry in bcc Fe-M alloys
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A directed valence analysis of metalloid (M) atoms in various structures has been performed and dis-

cussed in terms of the ligand p-d bond model. It is shown that p-1 bonding cannot have a direct effect on
the moment of Fe atoms in bcc Fe-M alloys, whereas in most other transition-metal-metalloid (T-M)
structures with ferromagnetic T atoms as solvents, it is shown that p-d bonding can reduce the moments of
the T atoms. The sma11 moment variations in bcc Fe-M alloys could be caused instead by variations in the
intraband exchange splitting, as a result of changes in the lattice constant,

I. INTRODUCTION

It was recently proposed that the saturation magnetic mo-
ment reduction in ferromagnetic transition-metal-metalloid
(T M) cry-stalline and glassy alloys occurs by bonding of the
d states of the T atoms with the p states of the M atoms. '
The model worked sufficiently well with T=Co and Ni.
However, it predicted a much faster decrease in the magnet-
ic moment for bcc Fe-M alloys than that observed. This led
the authors of paper I to the conjecture that p-d bonding
does not occur with the d orbitals of bcc Fe that are
ferromagnetic —i.e., the Eg orbitals. In Sec. II of this work,
a directed valence analysis will be applied to the ligand p-d
bond model' to show that p-d bonding cannot strongly af-
fect the magnetic moment in bcc Fe-M alloys, whereas for
other T atoms in other crystalline forms it most likely does.
In Sec. III, it will be shown that the small moment varia-
tions in bcc Fe-M alloys are a general function of the lattice
constant. In Sec. IV the conclusions will be drawn.

II. VALENCE ANALYSIS

A. Ligand p-d bond model

In paper I, the magnetic moment reduction caused by al-
loying ferromagnetic T atoms with M atoms was considered
from the point of view of the local coordination around the
M atoms. The model assumes that strong, localized p-d
bonds are formed and, thus, it is similar to the approach
used in ligand chemistry. The model is not a theory for fer-
romagnetism; rather, it gives a method of calculating the
magnetic moment reduction in an alloy as a result of the
formation of non-spin-polarized p -d bonds. An important
assumption used in the model is that the p-d bonds are lo-
calized within the first coordination shell around the M
atoms. The model is easily constructed from Pauling's
valence bond theory by assuming that ZM T atoms surround
an M atom in a solid, and ZM resonating valence bonds,
formed with ZM d orbitals from the T atoms and with the
three p orbitals from the M atom, are formed. The remain-
ing number of d orbitals not used in bonding with the M
atoms, and which presumably still carry ferromagnetic mo-
ments, is SNq —ZMNM, where Nq and NM are the number
of T and M atoms in the solid. In paper I the assumption
was made that each d orbital used in p-d bonding was mag-
netic before the bond was formed, and that each bonded d
orbital had carried an average of (ns/5) p, s (p,s is the Bohr

ZMfl g +ng c (2)

In paper I the same equation was obtained with the molecu-
lar orbital theory (MO) with the assumption that the Z~ d
orbitals combine with the three p orbitals from the M atom
to form three bonding MO's, three antibonding MO's, and
ZM —3 nonbonding MO's. It was assumed that the MO's
are not magnetic. The nonbonding and bonding MO's can
be looked at as being essentially equivalent to the ZM
resonating bonds from Pauling's theory.

B. Directed valence analysis

A questionable assumption used in deriving Eqs. (1) and
(2) is that the moment of the T atoms is equally distributed
over the manifold of the d states and, thus, the d orbitals
used in bonding were ferromagnetic before forming the
bonds. A directed valence analysis will be applied here to
test the validity of this assumption. For an M atom on an
fcc lattice there would be 12 valence bonds directed along
the (110)-type directions towards the first near-neighbor T
atoms, and the valence bonds are denoted as 0~~0. In the
bcc lattice there are eight bonds formed along the (111)-
type directions, denoted as O~~~, and in the simple-cubic lat-
tice there are six bonds formed along the (100) directions,
denoted as 0~00. The latter case also represents the valence
bonds between a central atom and its second near neighbors
in both the fcc and the bcc lattices. In Table I the basis
functions of the irreducible representations necessary to
form the valence bonds in Oy, point symmetry are listed.
For the fcc case, all five d orbitals are used to form the
valence bonds, and thus Eqs. (1) and (2) should work for
fcc Co-M and ¹iMalloys, as shown in paper I. In the bcc

magneton) per orbital before bonding, where ns is the mo-
ment of the T atom in the pure state. Essentially, it was as-
sumed that the moment of the T atoms is equally distribut-
ed over the manifold of d states. Thus, the magnetic mo-
ment per Tatom is

p = (5+T ZM+M ) (ns/5)/&r

or, with N~/Nr = c/(1 —, c), in which c is the metalloid con-
centration,

p, = ns —ZM (ns/5 )c /(1 —c)

and the average moment per T and M atoms is

31 2521 1985 The American Physical Society



2522 BRIEF REPQRT5 31

IR Basis functions 0 j~p(12) B)))(8) 0 )pp(6)

A ) (1)
E, (2)

T2g (3)
~,„(1)
Ty (3)
T2. (3)

S

f~z
tp„,py, p, j

f functions'

'~f .f +f,f —f2 2&
g x 3~ y +3~2 g~2 y~2

TABLE I. Irreducible representations (IR) and their basis func-
tions necessary to construct various valence bonds in O~ symmetry.
Degeneracies are given in parentheses, and basis-function partners
are grouped in brackets.

allows the magnetic d, 2 2 and d 2 2 oribtals to be used in

p-d bonding. Ray and Hasegawa found that their supersat-
urated bcc Fe-B solid solutions were composed of T inter-
stitial 8 atoms and T substitutional B atoms. Since only
the interstitial B atoms can reduce the moment of the Fe
atoms, Eq. (2) is used with Z~= T to arrive at dp, /dc of
—2.8p, ~. The experimental value is —3.0p, ~.

III. MOMENT VARIATIONS IN bcc Fe-M ALLOYS

It has been recognized that the small moment variation in
bcc Fe-M alloys with M content is dependent on the row in

case, ho~ever, the only d orbitals that can be used in bond-
ing are the T2g type. Band-structure calculations and
neutron diffraction studies have shown that the moment in
bcc Fe is directed primarily along those directions corre-
sponding to Eg symmetry. Therefore, in the limit of this
simple model, p-d bonding cannot directly affect the mo-
ment of Fe atoms in bcc Fe-M alloys.

As an example of the effects of p-d bonding, 10 at. % of
Si in fcc Co and Ni reduces the moments of the latter atoms
by 0.46 and 0.41 p, s/T at. , whereas the same amount of Si
in bcc Fe leaves the moment of the Fe atoms virtually un-
changed.

In the Fe3C structure, each M atom forms six bonds with
the T atoms that are situated on the corners of a trigonal
prism and the valence bonds are denoted as Ap, ,c. In the

Co2P structure, the same bonds are formed as above, but
three additional bonds are made in directions perpendicular
to the faces of the prism. The resulting nine valence bonds
are denoted as Aq, ,p. The hcp structure also has the six

valence bonds of the Fe3C case and has six additional bonds
arranged on a hexagon that is perpendicular to the threefold
axis of the prism. These bonds are denoted as Oh, „. Table
II lists the basis functions necessary to form the valence
bonds in D3q symmetry. Because all five d orbitals can be
used in bonding for the above three cases, the ligand p-d
bond model should apply to alloys with these structures, as
shown in paper I.

As a final example, consider the case where an M atom
sits on the largest interstitial position in the bcc lattice, the
(~,~, 0) position. The number of valence bonds is four
and the symmetry is C2„. It is easily shown that symmetry
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TABLE II. Irreducible representations (IR) and their basis func-
tions necessary to construct various valence bonds in D3I, sym-
metry. Degeneracies are given in parentheses, and basis-function
partners are grouped in brackets.
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FIG. 1. (a) Concentration dependence of the magnetic moment

plotted against the concentration dependence of the lattice constant
for various M atoms in bcc Fe. The solid line is the theoretical

result from band-structure calculations (Refs. 21 and 22). (b) The
same type of plot for fcc ¹iMalloys.
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which the M atom occupies in the periodic table, as opposed
to the column dependence observed in fcc Ni-M alloys. '
This observation, along with specific-heat measurements
and Mossbauer studies, '' ' have tended to discount the
electron transfer model and the s-electron polarization
model as being responsible for the moment variation with
concentration in Fe-M alloys.

Smail-angle neutron scattering measurements on bcc Fe-
M alloys have shown that the effect of the M atoms on the
moment of the Fe atoms is spread out evenly through the
solid rather than being localized near the M at@ms. '3 '4

Thus, localized bonding, as shown in Sec. IIB, has little or
no effect on the Fe moment.

bcc Fe is a weak ferromagnet in that the spin. -up 3d band
is partially empty. Ip principle, the smail moment variations
in bcc Fe-M could be caused by smail shifts in the intraband
exchange splitting. It is also accepted that the interatomic
distance plays a role in determining the spin exchange. '5

Therefore, the moment variation dp/dc for various bcc Fe-
M alloys ' ' have .been plotted versus the lattice-constant
variation da/dc (Ref. 20) in Fig. 1(a) for metalloid concen-
trations of less than 10 at. %. Two recent band-structure cal-
culations2'22 have given dp/da as 1.59p,s A for bcc Fe
when the lattice constant is close to equilibrium at T =0 K.
This slope is drawn in Fig. 1(a) and the resonable fit to the
data suggests that the interatomic spacing plays and impor-
tant role in the moment variation in bcc Fe alloys.

In contrast, the magnetic moment of strongly ferromag-
netic alloys, such as the fcc Ni-M system, is not expected to
be dependent on the lattice constant because the spin-up 3d

band is full and, thus, small changes in the intraband ex-
change splitting cannot affect the net ferromagnet'ic mo-
ment. The moment variation with concentration for various
fcc Ni-M alloys, 24 dp/dc, have been plotted versus da/dc
(Ref. 20), and no discernible pattern is seen (taken from
data with 0.0 & c & 0.1).

IV. CONCLUSIONS

A directed valence analysis of metalloid atoms in substitu-
tional bcc Fe-M alloys has shown that the p -d bonds
between metalloid and Fe atoms cannot have a direct effect
on the moment of the Fe atoms under the assumptions of
the ligand p-d bond model. ' Metalloid atoms in most other
structures, however, most likely do affect the moment of
the magnetic transition-metal atoms by the formation of lo-
calized p-d bonds. The small moment variations of bcc Fe-
M alloys appear to be related to the lattice spacing such that
dP/da = (1.6+0.4)p, s/A in agreement with recent band-
structure calculations.
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