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We present ab initio calculations of magnetic moments and local electronic densities of states in

binary Fe3+ySi, y and ternary Fe3 „V Si random a11oys with DO3-derived structures. The loca1-

spin-density approximation, the linear muftin-tin orbital method, and the coherent-potential approx-

imation (LMTO-CPA) were used. In Fe3+ySi, the excess (as compared to Fe3Si) Fe atoms occupy
the Si[D] sites of the Fe,Si host and create a strong d scattering. A realistic-alloy calculation thus

requires the application of the CPA. In both types of alloys the moments of Fe atoms occupying the

8 sites remain essentially unchanged when the concentrations (y in Fe3+y Si, , x in Fe3 V Si) are

varied. The Fe[A, C] moments vary almost linearly with y and x, in agreement with experimental

observations. The sublattice density-of-states functions provide insight into the site preference for
substitutiona1 transition-metal impurities in Fe3Si.

I. INTRODUCTION

Experimental and theoretical investigations of Fe3X
(X =Al, Si, Ga) compounds have revealed a number of
interesting physical properties. For example, it appears
that transition-metal impurities enter the lattice substitu-
tionally with a remarkable site preference. Also, certain
systematic behaviors of the sublattice magnetic iTioments
when the impurity concentrations are varied have been
found, and a simple rule expressed as the so-called
"local-environment model" has been deduced. Details of
the experimental findings were reviewed in Ref. 1. %'e
shall describe here the results of ab initio, spin-polarized
electronic-structure calculations for two types of alloys in
this class, Fe3+y Si, y and Fe3 ~ V~ Si.

The compounds considered here form DO3-related
structures. ' The (ordered) Fe3Si crystallizes in the DO3
structure, which may be viewed as a fcc Bravais lattice
with a basis consisting of four atoms, types 3, B, C, and
D, associated with each lattice point as illustrated in Fig.
I. Disregarding differences between 3, B, C, and D
atoms, their positions define a bcc lattice with half the
lattice constant. The DO3 structure may then be con-
sidered as being made up of four fcc sublattices, 3, B, C,
and D, arranged regularly along the body diagonal. Each
3 atom is at the center of a cube with four 8 and four D
atoms at the corners in tetrahedral arrangements. Simi-
larly, each 8 atom is at the center of a cube with four 3
and four C atoms at the corners. In Fe3Si, Fe atoms oc-
cupy the 2, C, and B sites. Thus, the Fe atoms on the
(structurally and magnetically) equivalent 2 and C sites
have tetrahedral point symmetry with four Fe[B] and
four Si[D] atoms as nearest neighbors. The Fe atoms on
the B sublattice have cubic point symmetry with eight
Fe[ 2, C] atoms as nearest neighbors, just like in elemen-
tal bcc iron.

Polarized-neutron experiments, ' as well as saturation
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FIG. 1. Sketch of the DO3 structure (Fe,Si taken as an exam-
ple). Solid circles, ~, Pe[A, C]; Open circles, D, Si[D]; Half-
solid circles, Cl, Fe[B].

magnetization measurements, have established that the
magnetic moments of the two types of Fe atoms are very
different. The B-site moment in Fe3Si, m i,-,(tt]

--(2.2
—2.4)p, tt, is close to the moment of elemental bcc Fe,
while the moment on the 3 and C sites,
m„,(~ c) =(1.1 —1.35)hatt, is significantly smaller. A
small, negative moment, —0.07p~, was found on Si[D].

Silicon-iron alloys, Fe, +,Si„exist as a continuous
range of solutions for x between 0 and 0.265. For Si con-
tents between 10 and 25%, the alloys form DO3-related
structures with the Si atoms preferentially occupying the
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D site, i.e., the sites where Si resides in the ordered Fe3Si
compound. The disordered, but DO3-related, Fe-Si al-
loys of this type will be labeled as Fe3+ySi&, and they
exist in the range 0.4 ~y ~ 1.0. The magnetic properties
of these binary alloys are well described by the phenome-
nological model' in which the moment of Fe on 3 and
C sites increase linearly with the average number of Fe
atoms in their nearest-neighbor shell, where Fe atoms
with increasing y replace Si. These extra Fe atoms are in
the model considered as Fe[B]-type iron atoms, and over
the entire y range it is assumed that the Fe[B] moments
have the magnitude 2.20p~, the one of elemental bcc
iron.

Thus, when an Fe atom enters the system, it replaces a
Si[D] moment of —0.07@ii by this large moment,
2.20p~. This local-environment model is also the basis
for the interpretation' of the concentration-dependent
magnetic behavior of Fe3 T„Si (T being a transition
metal) alloys. In these alloys, iron atoms are replaced by
another transition metal, e.g. , V, Mn, Co, . . . . So far the
local-environment model for the binary and ternary
DO3-related alloys described above has been justified by
the fact that it explains trends in the observed total mo-
ments versus composition. We shall demonstrate, by
means of ab initio electronic structure calculations
within the local-spin-density approximation (LSDA) that
the empirical rules also follow from a quantitative theory.

A unique property of Fe3Si is that 3d transition-metal
impurities selectively substitute Fe on one of the two ine-
quivalent sites. Impurities of elements to the left of Fe in
the Periodic Table (e.g. , Mn or V) show a strong prefer-
ence for B sites, whereas those to the right, such as Co or
Ni, select the 3 or C sites. This site preference also
occurs' in concentrated alloys like Fe3 V Si and
Fe3+ Mn Si, where V or Mn substitute exclusively
Fe[B] up to concentrations as high as x =0.75 (V case)
or 0.5 (Mn case). Experimentally, these site-preference
properties have been demonstrated by nuclear-magnetic-
resonance (NMR) neutron diffraction, Mossbauer
data, ' and, most recently, by x-ray appearance near-edge
studies (XANES) and extended x-ray-absorption fine-
structure (EXAFS) studies. " We show in the present
work that crude total-energy estimates for Fe3 T„Si al-

loys, requiring only the electronic structure of Fe3Si, are
able to explain this remarkable property.

The electronic structure of pure Fe3Si was first studied
theoretically by Switendick' who performed a non-spin-
polarized augmented-plane-wave (APW) calculation, and
subsequently included an empirical exchange splitting to
account for the observed magnetic moments. Similar cal-
culations were presented by Ishida et al. ' for Fe3A1.
Williams et al. ' performed ab initio self-consistent LSD
calculations using the augmented-spherical-wave (ASW)
method, and obtained iron moments, 1.36pz on the 3,C
sites and 2.48pz on the B sites, in good agreement with
experiment. Theoretical studies of the electronic struc-
tures of impurities in Fe3Si were carried out by Czarba
and Jacobs' who applied the recursion method based on
an empirical tight-binding Hamiltonian. These calcula-
tions were not self-consistent, in contrast to the recent

work by Ishida et al. ' who performed LSD-LMTO
(linear muffin-tin orbital) calculations with a supercell
geometry modeling Fe3 T Ga (T=Cr, Mn. . . ) alloys
with x =0.25. We wish to proceed further by including,
simultaneously, spin polarization and the eff'ects of chem-
ical disorder. We do this by performing calculations
within the LSDA using the coherent-potential approxi-
mation (CPA) in conjunction with the linear muffin-tin
orbital method in the tight-binding (TB) formulation.
The CPA is known to reliably describe the electronic
states in alloys, and allows us here to examine, contrary
to the supercell approach, the electronic structures of
Fe3+ Si, and Fe3 V„Si alloys for any values ofy and
x. We have chosen Fe3 „V Si to represent the
Fe3 T„Si alloys in this work for two reasons: (i) The V
impurity is simpler to examine than, for example, Mn, be-
cause it is nonmagnetic. (ii) For x )0.5, Mn starts to oc-
cupy not only B sites but also 2 and C positions, '
whereas the strong selectivity of V for the B sites
remains" up to higher concentrations (x =0.75).

The outline of the rest of the paper is as follows: The
principles of the LMTO-CPA alloy calculations are de-
scribed in the following section. Before presenting the
actual results of the CPA calculations for Fe3+ySi& and
Fe3 V Si in Sec. IV, we briefly discuss (Sec. III) the
electronic structure of the (ordered) Fe3Si DO3 crystal.
This serves the purpose of describing the bonding charac-
teristics and the features leading to the site selectivity of
transition-metal impurities. Results of a detailed study of
the magnetic properties, including pressure-induced
high-spin to low-spin transitions in Fe3Si, Fe3A1, and
FezMnSi ordered compounds are presented elsewhere. '

Summary and conclusions are given in Sec. V.

II. METHOD OF CALCULATIONS

The LMTO Hamiltonian in the orthonormal represen-
tation and in the atomic-sphere approximation (ASA) is'

HRL, R'L' RL ~RR'~L'L

+~RL [S ( V~ ) ]Rl., R'L'~R'L'

where R runs over the sites of the four sublattices, andL:—(l, m, o ) is the combined angular-momentum index,
with o. being the spin index, l 2 being the orbital and m
the azimuthal quantum number. The Hamiltonian H is
diagonal in the spin. The structure matrix Szz z.z. is in-
dependent of the lattice constant and the spin, and it cor-
responds to the underlying bcc lattice. The scattering in
channel I of the atom at site R is characterized by the
potential parameters X~~ with X =C, 6 and y giving, '

respectively, the position, the width, and the shape of the
resonance. The randomness enters the alloy Hamiltoni-
an, Eq. (I), via the random potential parameters X~i.
Details concerning the LMTO-CPA can be found in
Refs. 19 and 20. The generalization of the LMTO-CPA
method from the simple-lattice case to the present case of
four interpenetrating lattices is straightforward. We use
sp d orbitals on each atom so that our LMTO-CPA
Hamiltonian, for each of the two spin directions, has the
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dimension 36 X 36.
The Fe3+y Si

&
as well as the Fe3 „V Si alloys can be

treated, formally, as binary alloys, A &,X, formed by
the two end-point crystals A and %. In both cases, A is
the ordered Fe3Si, and the X crystal is, in the case of
Fe3+ Si, , Fe3Fe (c =1), whereas the X system for the
other case is the Heusler-type Fe2VSi alloy. The poten-
tial parameters for these end-point crystals were deter-
mined' from self-consistent LMTO-ASA calculations
within the LSD approximation using the same atomic-
sphere radius (2.608 a.u. ) for all constituent atoms and
both end-point crystals A and X. This latter
simplification is justified by the observation ' that the lat-
tice constant remains essentially unchanged when the al-
loy composition is varied. This way of choosing the po-
tential parameters has the following advantages: (i) The
choice is "exact" in the A and X limits: (ii) The poten-
tial of, say, the Fe[8] and V[B] are properly related to
each other on the energy scale. These two points allow
us, as a first approximation, to circumvent fully charge-
and spin-self-consistency calculations for concentrations
0 & c & 1. Our choice of end-point crystals leads
effectively to concentration-dependent potential parame-
ters of the Fe atoms on the A, C sublattices because the
Fe[ A, C] potentials are different in Fe3Si and Fe3VSi, and
similarly, the Fe[A, C] potentials in Fe3Si are different
from those in Fe3Fe. Thus, the potential parameters of
Fe[A, C] fiuctuate upon alloying between the limiting
values of the end-point crystals. This is included in the
CPA, and it leads to a dependence of the A, C potential
parameters on the environment of these atoms. Note
that this is the key feature of the phenomenological
local-environment model. '

The coupled system of CPA equations for the four sub-
lattices is solved for each spin direction ("up" and
"down") in a manner that is similar to the calculation for
the simpler fcc Pd75Fe25 alloy. The energy-dependent
quantities, like the density-of-states functions, are calcu-
lated with an energy resolution of 0.01 Ry. The k-space
integrations are performed using a mesh corresponding
to 110 points in the irreducible wedge of the fcc Brillouin
zone. In order to keep the number of CPA iterations as
1ow as possible, the calculations are performed with the
energies shifted by 0.02 Ry along the imaginary axis in
the complex plane. Once convergence is achieved, an
analytical deconvolution back to the real axis is per-
formed. Having solved the CPA equation set, we calcu-
late the total density of states (DOS) by summing the two
spin contributions. The total DOS is then integrated, and
the alloy Fermi level, EF is determined from the known
number of electrons. Finally, we integrate the sublattice
"up"- and "down"-DOS functions to determine the sub-
lattice magnetic moments.

III. ORDERED Fe3Si AND Fe2VSi

Before we present the results of our LMTO-CPA alloy
calculations, we shall briefly examine the electronic struc-
tures of two of the end-point compounds, Fe3Si and
FezVSi (that of bcc Fe is assumed to be well known ).
This will be done by considering only the results of non-

polarized LMTO calculations, and the purpose is to
demonstrate that the CPA calculations presented later
contain the proper features of the end-point compound
DOS functions, and further to discuss, on the simplest
possible basis, what to expect from the more involved cal-
culations. Also, we shall address here the site preference
for substitutional transition-metal impurities.

We shall start by considering Fe3Si. The Fe[A, C] and
Fe[B] d DOS functions are shown in Figs. 2(a) and 2(b),
respectively. In addition to the calculation of the d pro-
jected functions shown here, we have also projected the
e and t2 contributions separately (using a cubic-
harmonic basis set). As mentioned earlier, Fe[8] is eight-
fold coordinated to Fe[A, C], and it is therefore not
surprising that the Fe[B] projected DOS has a two-peak
structure similar to what is found in bcc elemental Fe.
Also, this implies that one must expect that spin polariza-
tion will produce an Fe[B] moment of the same order of
magnitude (2.2pz ) as in bcc Fe. In fact, one finds' that
the Fe[B]moment is close to 2. 5pB. The two-peak struc-
ture in the Fe[B] DOS really consists of three peaks
(identified by the cubic-harmonic projection), a low-lying
t2 peak of states bonding to the Fe[A, C] d orbitals, an
essentially nonbonding e peak, and, on the high-energy
side of the latter, the t2 peak antibonding to the
Fe[A, C] orbitals. The signature of an interaction be-
tween orbitais on the 8 site and orbitals on the [A, C]
sites is the coincidence of structures in the Fe[B] and
Fe[A, C] projected densities of states. Since the full
Hamiltonian is diagonal in the spin, this holds separately
for majority and minority bands. To a first approxima-
tion, the shapes of the minority and majority bands are
similar, but they will be displaced relatively to each other
by a splitting given by mI, where m is the Fe[B] moment
2. 5pz and I =0.06 Ry is the Stoner parameter. The
spin-polarized CPA calculations (the following section)
also agrees with this. The moments on the Fe[&,C]
sites, which are =1.2@~ (following section, Refs. 14, 17,
and experiment'), are induced through the interaction
with the Fe[B]majority- and minority-spin orbitals.

The characteristic difference between the "tetrahedral"
Fe[ A, C] and the "bcc" Fe[8] DOS, namely, the fact
that the former has three main peaks whereas the latter
has a two-peak structure, further enables us to under-
stand the site preference for substitutional 3d transition-
metal impurities in Fe3Si. When an iron atom is replaced
by a transition element with fewer d electrons than Fe, it
is energetically more favorable to fill up the low-lying
DOS peak of the "bcc" d DOS than filling states in the
low-lying and the middle peak of the Fe[A, C] DOS.
Consequently, such impurities will prefer to enter the B
sites. On the other hand, a transition metal with more d
electrons than Fe prefers to replace an [A, C] Fe atom
because the energy associated with the filling of the two
lowest peaks of the [ 3,C] Fe d DOS is lower than that of
a structure where the high-lying second peak of the
Fe[B] DOS becomes (partially) filled. These considera-
tions are based on a comparison of total energies of
different structures made on the basis of the sum of one-
electron energies alone in the spirit of the "frozen-
potential" method. The Fe[A, C] and V DOS func-
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FICx. 2. Fe3Si. (a) Fe[ A, C]d density-of-states function calcu-
lated without spin polarization (Ref. 17). (b) same as (a) but for
the B sites.

FICx. 3. Fe,VSi. (a) Fe[A, C]d DOS. (b) V[B]d DOS.

tions, again calculated without spin polarization, are
shown in Figs. 3(a) and 3(b). In this compound the Fe[B]
atoms are completely substituted by V which has a
higher-lying d-level position and more extended d orbit-
als. The V DOS has the typical two-peak structure of
transition metals on the B sites, but, as in the case of
Fe[B], the peak of tz states antibonding to Fe[A, C] is
located on the high-energy side of the ez nonbonding
peak, i.e., again the apparent two-peak structure is really
composed of three strong peaks. The bonding t 2 peak
antibonding to Fe[A, C] is mostly Fe like and the anti-
bonding t2 peak is mostly V like. Contrary to the case
of Fe[B], the effective exchange constant (I) for V is not
large enough to spin polarize the e peak, and the weak
antiferromagnetic moment is caused by the fact that the
minority-spin Fe[ 2, C] level lies higher (by approximate-
ly 0.02 Ry), and, hence, . closer to the V level than the

majority-spin Fe[ A, C] level. Consequently, the
minority-spin bonding t2 peak has many more weight on
V than the majority-spin bonding t2g peak. The Fe[A, C]
moment in Fe2VSi is small (0.37ps, see next section) as
compared to the 1.2p~ in Fe3Si due to the high position
of the V level.

IV. RESULTS OF LMTO-CPA CALCULATIONS
FOR Fe3++ S~~ ~ AND Fe3

A. Fe3+ySi&

The d levels of Si[D] and Fe[B] lie at very different en-
ergies. Therefore, for the Fe3+ySi& alloy, in which
Si[D] is replaced by Fe[B] as y increases, we cannot ap-
ply simple schemes like the virtual-crystal approach
(VCA) to obtain the electronic structure. The strong
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TABLE I. Calculated iron and silicon moments (pz per atom) as well as the magnetization (total mo-
ment in p& per formula unit) for Fe3+ySil —y (Fel Si ) alloys. The average number for nearest-
neighbor Fe[ A, C] atoms is denoted by NF, [ 3,C]. The compound corresponding to y =0 (x =0.25) is
the ordered Fe3Si alloy, whereas that with y =1.0 (x =0) is the bcc iron, viewed as the Fe3Fe crystal
with DO3 structure.

4
16

3
16
2
16

1

16

NF, [A, C] Pe[A, C]

1.10
1.21'
1.38
1.67
1.85

2.22

Fe[B]

2.52
2.49'
2.43
2.35

2.27
2.22

Moments
Fe[D]

2.29
2.27

2.23

2.22

Si[D]
—0.08
—0.08'
—0.08
—0.12
—0.13

2.22

Total

4.63
4 83'
5.70
6.77
7.81

8.88

'Obtained from LMTO calculations for Fe,Si with inclusion of combined correction (Ref. 17).

scattering on the D sublattice implies that this alloy is in
the regime of the so-called split-band limit. ' The CPA
method is therefore well suited for calculations for this
system.

The composition of the alloy may be specified through
y in the formula Fe3+y S1) or x in Fe& Si with

y =1—4x. We have performed LMTO-CPA calculations
for x =

—,', (ordered Fe3Si), x =
—,', , —,', , and —,', . In reality,

the regime of DO 3-type structures corresponds to
0. 10+x ~0.265 according to Ref. 6. Thus, the alloy
with x =

—,', (y = —') is outside this regime, but we never-
theless include it in the calculations in order to examine
trends.

The moments calculated for the individual sites as well
as the total moment (per formula unit) are given in Table
I. In the row giving the values for y =0 (ordered Fe3Si)
the results for the LMTO-LSD crystal calculations' are
also given. The slight difference between these and the
CPA results is mainly due to the fact that the LMTO-
CPA scheme applied here, contrary to the calculation of
Ref. 17, did not include the so-called combined correc-
tion" term. Also, for the other "end component" bcc
iron (Fe3Fe), we obtain moments 2.22ps per atom which
agree with crystal calculations. It should be noted that
the moment 2. 13pz of bcc iron in Ref. 33, was calculated
at the theoretical equilibrium volume which is slightly
smaller than the volume (corresponding to the Wigner-
Seitz radius 2.608 a.u. ) assumed in the present work.

The result summarized in Table I shows that the
theoretical Fe[B] is almost independent of y; it decreases
slightly from 2. 5p~ in Fe3Si to the 2.22p~ in bcc iron.
The Fe[ A, C] moments vary linearly with x, cf. Table I
or, more clearly, as shown in Fig. 4. Figure 4 shows the
calculated moments as well as the concentration depen-
dence of the Fe[A, C] moments as used by Niculescu
et al. ' in their phenomenological model for the descrip-
tion of experimental data. It is seen that our calculated
moments, like the model, extrapolate to zero for x =

—,', .
In the limit towards the pure iron the CPA results behave
differently from the model due to the difference in the
slopes of the two lines in Fig. 4. While our calculations
join smoothly to the bcc value for x ~0, the model would

0
2. 2

2/16

X

4/16 6/16 8/16

2, 0

1.5
I—
Z:

O

1.0
LU
Z',

0
8 6 4 2

NUMBER OF Fe 1NN

FIG. 4. Fe3+ySil —y (Fel+ Si ). Magnetic moment of iron on
the 3 and C sites as a function of composition x or X&„ the
number of Fe 1NN.

lead to a kink in the Fe[ A, C] moment versus the c curve.
Experimentally, neutron-scattering data yield the fol-

lowing sublattice moments in Fe3Si: Fe[ 3,C],
(1.2+0. 12)ps, Fe[B], (2.4+0.06)pz, and Si[D],
(
—0.07+0.06)p~. Similar measurements by Moss and

Brown yield 1.07+0.06@~, 2.23+0.06@~ for the
Fe[ A, C] and Fe[B] moments. The saturation magneti-
zation measurements of Ref. 5 are in reasonably good
agreement with these results: Fe[ A, C]; 1.35ps; Fe[B],
2.2ps, Si[D], —0.07ps. The total moment 4. 83ps, as
well as the sublattice moments derived from the LMTO
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Fe3 „V„Si
I

CPA calculations are seen to agree extremely well with
the phenomenological model of Niculescu et al. '

4
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FIG. 11. Fe3 V Si. Calculated magnetic moments (present
work, theory) and experimental (Ref. 1) data as well as their
decomposition according to the local-environment model (Ref.
1) (dashed and dot-dashed straight lines). The open circles
represent the measured total moments.

moments listed in Table II for Fe3 V Si. The Fe[B]
moments stay roughly x independent, Fe[B] being "bcc-
Fe-like, " the Fe[A, C] moments decrease with x, and so
does the average B-site moment. Also, the total moment
decreases with x. Quantitatively, these concentration
variations agree very well with experiments, ' considering
the total moment, and with the decomposition of experi-
mental data as performed by means of the model of Ref.
1. This can be seen from Fig. 11. The moment variations
in the range 0 +x ~0.75 are all almost linear but the ex-
perimental total moment shows as a small departure from
linearity (dashed curve). The calculated total-moment
curve exhibits a small nonlinear shift in the same direc-
tion. Disregarding very fine details, the present LMTO-

V. CONCLUSIONS AND SUMMARY

A quantitative theory of electronic states in off-
stoichiometric Fe3+ySi& and Fe3 „V Si compounds,
as presented here, requires the application of the CPA
method. The main reason why simpler approximations
are not applicable is that the d levels of Fe, V, and Si are
at very diff'erent energies so that these alloys are in the
split-band regime. The ab initio calculations, which are
performed here by means of a scheme that combines the
LMTO method with the CPA, include spin polarization,
within the local approximation to density-functional
theory, and allows the calculation of magnetic moments
as functions of alloy composition. The method has re-
cently been applied to binary alloys but here it is extend-
ed to the case of ternary systems.

The calculated moments do not only agree with experi-
mental values but the composition dependence found for
the sublat tice moments also confirms the local-
environment model used by Niculescu et al. ' in their
analysis of experimental results. For the end compounds,
the CPA calculations yield sublattice moments that agree
with neutron-scattering data as well as with self-
consistent traditional crystal LMTO-LSD calculations.

The Fe atoms on B sites, which in Fe3Si have cubic
symmetry, have essentially the same moments as in bcc,
Fe, and the Fe[B] DOS has a characteristic two-peak
structure. The Fe[ A, C] moments which, in contrast to
the Fe[B]moments, vary markedly with composition, are
induced by interactions with the Fe[B] orbitals. The
Fe[B] DOS, the B sites having tetrahedral symmetry, has
the three-peak shape. Arguments, in the spirit of the
frozen-potential method, explain the remarkable site
preference observed for 3d transition-metal impurities in
Fe3Si in terms of the diff'erences between the shapes of the
Fe[B] and Fe[ A, C] DOS functions i.e. , a difference that
is traced back to the different point symmetry of these
sites in the DO3 structure.
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