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Interrelation between structural ordering and magnetic properties in bcc Fe-Si alloys
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We presentab initio calculation results of spin-polarized electronic structure in disordered bcc Fe12xSix
alloys, starting from dilute solid solutions of Si in iron up to the composition corresponding to the intermetallic
compound Fe3Si (x50.01–0.25). Moreover, the ordered Fe3Si was simulated in a~fictitious! B2-like ordered
structure and in the~stable! D03 structure. The self-consistent calculations were performed in the coherent
potential approximation making use of the Korringa-Kohn-Rostoker method~KKR-CPA! for disordered case
and the tight-binding linear muffin-tin orbital~TB-LMTO! method for intermetallic compounds. In the last case
the supercell approach has been utilized in order to take into account the structural defects in the B2-type
ordered phase. In particular we have calculated the equilibrium structural properties, magnetic moments, and
hyperfine fields at iron positions and have explained an instability in the B2-type ordering as compared to the
D03 structure.

DOI: 10.1103/PhysRevB.66.014206 PACS number~s!: 71.23.2k, 75.25.1z, 75.50.Bb, 62.20.Dc
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I. INTRODUCTION

One of the reasons why the Fe-Si system is tradition
studied over years is the possibility to tune its magne
properties. Local magnetic moments at Fe sites may bec
higher than in pure iron, depending on the distribution of
and Si neighbors, and finally disappear at Si concentratio
nearly 50 at. %.

The phase diagram~see, e.g., Ref. 1! includes in the low-
temperature~magnetic! region on the Fe-rich side three o
dered structures, which separate different mixed pha
namely purea-Fe, Fe3Si of theD03 type and the cubic~type
B20, space groupP213) e-phase FeSi. Since botha-Fe and
Fe3Si have ~neglecting the difference in chemical specie!
the bcc structure, the Fe-Si solid solution up to 25 at. % S
a bcc substitutional alloy. The difference between thea
phase and thea1 phase~i.e., a solid solution based on th
D03 structure! is merely the degree of ordering. As Si co
centration increases, Fe atoms show a certain site prefere
preventing the pairs of Si atoms to occupy neighboring
sitions in the lattice. Thea-a1 boundary is estimated to pas
near 10 at. % Si for temperatures below 400°C and is shi
to slightly higher Si concentrations at more elevated te
peratures.

The presence of the Si neighbors lowers the average m
netic moment at the Fe site, resulting at the same time in
appearance of high-spin and low-spin Fe species. This
been studied early2–6 for ordered and disordered Fe12xSix by
neutron diffraction, Mo¨ssbauer effect measurements, a
pulsed NMR studies.

Near the Fe3Si stoichiometry~i.e., the orderedD03 phase!
one can refer to the fcc lattice with the lattice constana
two times that of underlyinga phase and distinguish
between the octahedralB (a/2 a/2 a/2) and tetrahedralA,
0163-1829/2002/66~1!/014206~8!/$20.00 66 0142
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C6(a/4 a/4 a/4) Fe sites, Si being at theD position at
~000!. The B site has only Fe atoms as all its eight near
neighbors, whereasA,C sites have four Fe and four Si neigh
bors. The neutron diffraction finds the magnetic moments
2.4mB and 1.2mB at theB and (A,C) sites, respectively.2–4

In the iron-rich samples~with Fe substituting part of Si po
sitions! Burch et al.5 were able to further distinguish be
tween (A,C) sites with 4:4, 5:3, and 6:2 distribution of Fe:S
neighbors.

A semiqualitative model describing these differences
Fe magnetic moments~also depending on substitutions in th
Fe sublattice! was given by Switendick7 on the basis of non-
spin-polarized band-structure calculation and an assump
of a rigid exchange shift of involved locald levels. A quan-
titative spin-polarized treatment of the ordered Fe3Si system
followed in 1982 due to Williamset al.8 and provided the Fe
magnetic moments equal to 1.36mB and 2.48mB on @A,C#
andB sites, correspondingly, in good agreement with abo
mentioned experiments. Cohesive, structural, and magn
properties of all known ordered Fe-Si compounds as
tained on the basis of state-of-the-art calculations have b
recently addressed by Moroniet al.9 This publication in-
cludes references to many previous studies.

The variation of magnetic properties with concentrati
was accessed in a phenomenological model by Niculescet
al.10,11 according to which the moment of Fe on@A,C# sites
changes linearly with the average number of iron atoms
their nearest-neighbor shell, and theB-site Fe atoms maintain
the magnetic moment of 2.2mB , as in purea-Fe. ~In reality,
the magnetic moment at theB site in Fe3Si is substantially
enhanced over the value in the pure Fe.! This model was
revised by Elsukovet al.12 for a broader concentration regio
in disordered Fe-Si alloys; it was proposed that the Fe m
©2002 The American Physical Society06-1
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netic moment drops linearly by approximately 0.06mB as the
first and then the second neighbors of Si type appear am
the eight nearest neighbors to a Fe site; the further decr
is faster~but also linear! resulting in the disappearance
magnetic moment for seven Si nearest neighbors. A su
quent discussion on the interplay of local order and magn
properties can be found in Ref. 13.

The first-principles simulation of a disordered system w
done by Kudrnovsky´ et al.14 who applied the coherent
potential approximation~CPA! in combination with the tight-
binding linear muffin-tin orbitals method~TB-LMTO,15! to
the Fe-rich Fe(31y)Si(12y) system, where chemical disorde
~partial substitution of Si with Fe! was allowed at theD sites
in theD03 structure, (A,C) andB sites being occupied by F
atoms only. It was demonstrated that the above-mentio
phenomenological model~of linear variation of the Fe@A,C#
magnetic moments with the number of nearest Fe neighb!
is indeed consistent with a quantitative theory. Recently,
substitution of Fe in bothB and @A,C# positions of Fe3Si
with V was addressed in the Korringa-Kohn-Rostok
~KKR!-CPA study by Bansilet al.,16 with the emphasis on
magnetic properties and the energetics of substitution.
perimentally, the mean hyperfine field, isomer shift, and sa
ration magnetization have been studied in Ref. 12 for a br
range of Si concentrations in disordered crystalline a
amorphous Fe-Si alloys. The lattice dynamics in the vicin
of the Fe3Si composition at elevated temperatures has b
studied by inelastic neutron scattering by Randlet al.,17 and
discussed in relation to high self-diffusivity observed
slightly off-stoichiometric samples.

In view of large general interest for magnetic and elas
properties of Fe-rich Fe-Si systems it remains peculiar
no theoretical study has been undertaken so far, to our
knowledge, with the use ofab initio CPA in the assumption
of full substitutional disorder on the bcc lattice. For the
concentration below 10 at. %, when Si atoms are yet far fr
forming a pronounced sublattice, it would be certainly
adequate model of an alloy. At larger concentrations this
may be an important limiting case, the other one bein
substitutional disorder inD sites of the Fe3Si lattice only, as
was assumed in the CPA study of Ref. 14. The real syste
especially at elevated temperatures, tend to allow som
substitution beyond theD sublattice.

The objective of the present study is to obtain the el
tronic structure and analyze the elastic and magnetic pro
ties of the Fe-Si system in the range of concentrations 0
at. % of Si. This would supplement earlier CPA studies
Kudrnovskýet al.,14 the more so that this latter study use
fixed lattice constant over the whole concentration reg
and did not address the changes in equilibrium lattice sp
ing, nor in elastic properties. For a comparison, the sa
properties as for disordered alloys are discussed for
members~bcc Fe and Fe3Si) on the basis of TB-LMTO cal-
culation results, with the technical aspects of calculation p
sibly close to those in the KKR-CPA study.

II. DETAILS OF CALCULATIONS

The electronic structure of disordered Fe-Si alloys ha
been calculated using the fast KKR-CPA technique.18 The
01420
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zeros of the KKR-CPA determinant are complex since
matrix is not Hermitian. Hence one has to deal with t
KKR-CPA determinant itself as a function ofk and E. For
this reason in Ref. 18 an effective tetrahedron method of
Brillouin-zone integration was developed together with t
extrapolation approach in the CPA loop, whereby only fe
iterations are needed in order to solve the CPA equation
the rectangular contour in the complex energy plane. It w
moreover shown in Ref. 18 that for a sufficient accuracy
the charge-density self-consistent procedure involv
transition-metal alloys, thef-channel scattering must b
taken into consideration. Space-filling overlapping atom
spheres were used~as is also typical in TB-LMTO calcula-
tions!; the core states were recalculated in each iteration
a rule, 10–20 iterations are required to get the se
consistency of potentials on conditions when the modifi
Broyden scheme is used in order to accelerate the con
gence. Self-consistency~in electronic charge! was reached
for, until the electronic density differences were stable
within 1027. The KKR-CPA calculation setup was the sam
as described in more detail in Ref. 19 for the calculations
Fe-Cr and Fe-Mn alloys. Thek mesh with 506 points in the
irreducible part of the Brillouin zone, as used in Ref. 19, h
now been extended to 1015 and further to 1785k points in
order to check the convergency of thek-space integration.
However, this had no noticeable effect on the total ene
nor on magnetic moments.

The TB-LMTO ~Ref. 15! calculations also used spac
filling atomic spheres and combined corrections. In t
sense, the calculation setup was close to that used in
KKR-CPA calculation. The treatment of core states was fu
relativistic; for the valence states all relativistic effects, e
cept the spin-orbit coupling, were included as well.

The exchange-correlation in the local-density approxim
tion ~LDA ! has been treated according to the Hed
Lundqvist parametrization20 for nonmagnetic systems an
with spin scaling after von Barth and Hedin21 for magnetic
alloys. Along with the LDA, we applied also the generaliz
gradient approximation ~GGA! in the Perdew-Burke-
Ernzerhof scheme22 for the treatment of disordered alloys
Note that we have done that in the atomic sphere appr
mation, with space-filling~overlapped! atomic spheres and
the charge-density spherically symmetrized inside e
atomic sphere prior to calculating the exchange-correla
potential.~We emphasize that no feasible way to go beyo
muffin-tin, or atomic sphere, approximation is so far ava
able in the CPA algorithm, to our best knowledge.! These
shortcomings may become very serious if the gradients
density have to be evaluated, but the introduction of sub
tutional disorder effectively compensates for the large par
error thus introduced. This empirical observation will be
lustrated by results of the following section.

III. RESULTS

We performed a series of calculations on the disorde
bcc Fe12xSix alloy with x50.01;0.05;0.7;0.1;0.12;0.15
0.25. In all cases, more then 20 calculations with differe
lattice constants have been done in order to find the equ
6-2
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INTERRELATION BETWEEN STRUCTURAL ORDERING . . . PHYSICAL REVIEW B66, 014206 ~2002!
rium atomic space and bulk modulus by the fitting to t
Murnaghan equation of state.23 Moreover, we discuss below
the distribution of the density of states~DOS! and magnetic
moments at equilibrated lattice constants. For comparis
the same set of results was obtained in TB-LMTO calcu
tions for ordered phases~bcc Fe and Fe3Si). The electronic
structure of these materials is well known and need not to
discussed in detail here. We merely refer to our results
magnetic moments and bulk modulus.

A. Local DOS

The local densities of states~DOS! at Fe and Si sites in
two limiting concentrations are shown in Fig. 1. The minim
Si concentration reflects the cases of essentially pure bc
and an isolated Si impurity in Fe, with a typical localize
state formed near the bottom of the Fe valence band and
hybridized structure in the energy region of Fe 3d bands.
Single-impurity calculations with the KKR–Green’s
function method give a similar local DOS, e.g., for the
impurity in Ni.24 As is generally typical for CPA calculations
the sharp features in the DOS are gradually smeared o
higher concentrations. No other remarkable changes in
DOS could be singled out. One can notice that the posi
of the Fermi level is near the top of the majority-spin DO
and crossing the minimum between two peaks in
minority-spin DOS remains stable over all concentratio
studied, that would imply the stability of a magnetic mome
per Fe site. Indeed, the calculated Fe magnetic moment
creases merely from;2.1mB to ;1.9mB whereas that at S
sites remains roughly constant at;20.1 mB , resulting in

FIG. 1. Spin-resolved local densities of states for two limiti
concentrations as calculated by KKR-CPA.
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almost linear behavior of the mean magnetic moment
atom with concentration~see Fig. 2, left panel!. The slope of
the magnetic moment decrease agrees well with the m
by Elsukov et al.12 based on experimental data. Again
agreement with the expectations of this model, the calcula
average magnetic moment per atom in ordered Fe3Si falls
close to, but lower than, the mean value obtained in the C
calculation for the Fe0.75Si0.25 composition~the correspond-
ing value is shown in the left panel of Fig. 2!. Whereas one
assumes two Si nearest neighbors to a Fe atom on the a
age in the disordered case, the mean moment in ord
Fe3Si combines the contribution from one high-spin~no Si
neighbors! Fe(B) atom with twice the contribution of Fe(A,
C) atoms, each having four Si neighbors. Note that, as m
tioned in the Introduction, the decrease of Fe magnetic m
ment with the number of Si neighbors is expected to beco
more rapid for more that two Si neighbors~out of eight in
total! appearing to a Fe site.

The value of the mean~per atom! DOS at the Fermi level,
n(EF), decreases with Si concentration as shown in the ri
panel of Fig. 2, since localn(EF) at Si sites is lower than
that at Fe. The decrease is, however, not linear; it beco
more steep as a narrow plateau in the majority-spin D
hosting the Fermi level in pure iron gets finally smeared
at ;5 at. % Si. From Si concentrations of;15 at. % on,
the increase in the minority-spin DOS where the Fermi le
rests pinned between two peaks works against the gen
tendency. In ordered Fe3Si, n(EF) is much lower than in the
disordered alloy of the same concentration. Qualitative
this could be seen as an evidence for an ordering tendenc
the alloy. The crossover from random distribution of Si a
oms over the bcc lattice sites to preferential distribution o
D sites of the Fe3Si structure that happens near 10 at. % S
not directly addressed in the present study. It could be

FIG. 2. Calculated electronic properties in dependence on th
concentration. Left panel: local magnetic moments at Fe and
sites and mean magnetic moment per atom~the value for ordered
Fe3Si is also shown!; right panel: density of states at the Ferm
level.
6-3
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KULIKOV, FRISTOT, HUGEL, AND POSTNIKOV PHYSICAL REVIEW B66, 014206 ~2002!
structive to analyze the total energies in dependence on
centration for both types of disorder in an otherwise sim
CPA calculation. Unfortunately, we were not able to tre
partial disorder with the computer program presently in u
However we could apply, as an alternative, the supercell
proach in the framework of the TB-LMTO method and t
results of this simulation will be discussed below.

B. Magnetic properties

Now we present an additional evidence for a signific
influence of structural ordering on magnetic properties.
Fig. 3, the calculated values of hyperfine field at iron si
are plotted as function of concentration of Si atoms in dis
dered alloys. The hyperfine field has as the most impor
contribution the Fermi contact interaction. In this approxim
tion the hyperfine field is given by the spin densitym(0) at
nuclear position,

m~0!5EEF
de@n↑~0,e!2n↓~0,e!#.

Heren↑,↓(0,e) are the local DOS for spin-up and spin-dow
electrons at the nuclear positions. In Fig. 3 we plotted a
the results of our nonrelativistic calculations which are
off the experimental values. As was discussed in Ref. 25
the relativistic case the spin density at the nuclear posi
has to be replaced by an average of the spin density ove
nucleus region with the Thomson radiusr T5Ze2/(mc2). It
leads to the relativistic enhancement of slightly beyond
for Fe, according to Breit and Pyykko¨ et al.26 ~as estimated
with hydrogen wave functions!.

Let us discuss the experimental and calculated results
hyperfine fields shown in Fig. 3 in some detail. The LD
calculation shows an almost linear~slightly upwards bended!
variation of the hyperfine field with concentration. In th
experiment, an initial similarly bended almost linear depe

FIG. 3. Measured and calculated in different approximatio
~see legend and text! hyperfine fields depending on Si concentr
tion.
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dency drops down beyond 10 at. % of Si where the effects
ordering on the Fe3Si lattice start to play a role. Restrictin
to low Si concentrations, one notices that the absolute va
become closer to experiment if relativistic correction is
cluded; even better improvement follows from the use
GGA. Unfortunately, the hyperfine fields calculated wi
GGA become less regular at exactly these~below 10%! Si
concentrations; here an apparent closeness to the experi
tal values is probably an artifact due to the above-mentio
loss of accuracy in GGA calculations in the low-dilutio
limit. The dropdown of the measured hyperfine fields fro
10 at. % Si on towards 25% can be clearly understood as
to gradually increasing short-range order, that is, an e
growing prominence of the~Fe-enriched! Fe3Si D03 lattice,
that now competes with the fully disordered bcc alloy. As t
D03 is characterized by the presence of (A, C sites! Fe at-
oms with enhanced Si coordination and hence lower m
netic moments, the mean hyperfine field decreases faster
linearly with concentration. We argue based on our simu
tion of a fully disordered alloy that such fast decrease can
be explained without a partial ordering, that goes along w
the phenomenological model used by Elsukovet al.12 to ex-
plain their experimental data for hyperfine fields.

C. Lattice parameter and bulk modulus

We turn now to the discussion of elastic properties. T
results of the calculations are shown in Fig. 4 in comparis
with experimental data~adapted from Ref. 1!. The calculated
lattice constant changes by less than 0.5% over the wh
range of Si concentrations considered. The~half of! lattice
constant of the ordered Fe3Si compound is close to tha
found for the fully disordered alloy. The experimental me
surement over 0–25 at. % Si indicates two linear parts in
concentration dependence of the lattice constant, wit
change of slope near 10 at. % Si,27,28 apparently correspond
ing to the change froma to a1 phase. These data are repr
duced in Ref. 1 and shown in Fig. 4~a!. The alloys prepared
by rapid solidification show more smooth change of latt
constant between the two regions.29 Our calculations also
show a smooth change of lattice constant, consistent with
assumption of full substitutional disorder. A systematic u
derestimation of the lattice parametera ~by '3%, as com-
pared to experiments! is a typical error in LDA calculations.
In order to clarify this point we present in Table I the resu
for calculations of lattice parametera and bulk modulusB
for pure Fe by different methods within both LDA and ge
eralized gradient approximation~GGA! for the exchange-
correlation potential. As one can see, the GGA sets the
culated elastic properties generally closer to experiment,
one should note the loss of precision in the KKR–atom
spheres approximation~-ASA! calculation when using the
GGA that was mentioned at the end of Sec. II. Specifica
this gives rise to a certain disagreement between KKR
FP-LAPW results, where the latter do not suffer from th
shortcoming.

This observation concerning the comparison of LDA a
GGA results to experiment remains valid over a range

s
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INTERRELATION BETWEEN STRUCTURAL ORDERING . . . PHYSICAL REVIEW B66, 014206 ~2002!
concentrations as can be seen in Fig. 4, upper panel. Not
augmentation of the GGA error towards low Si concent
tions.

The calculated LDA values of the bulk modulus show
dip near 10 at. % Si. Qualitatively, this is consistent with t
experimentally observed trend. We failed to find experim
tal data about the bulk modulus in the sufficiently bro
range of Si concentrations; however, room-temperature m
surements of elastic constantsc11 and c12 are available in
Ref. 31. Along with more limited~in terms of concentration
range! data of Refs. 32 and 33~see also Ref. 1 for a sum
mary! the experimental estimates of bulk modulus asB
5 1

3 (c1112c12) are plotted in Fig. 4. Whereas the strong

FIG. 4. Calculated~LDA: open circles; GGA: triangles! and
measured~black circles, crosses! structure properties depending o
Si concentration. Top panel: lattice parameter; bottom panel: b
modulus. Data are from Ref. 1. Crosses in the bottom panel inc
data from Refs. 32–34~also cited in Ref. 1!; the connected black
circles are recovered from the data of Ref. 31 for the elastic c
stants. The isolated cross at 24.85% corresponds to the ord
phase.

TABLE I. Lattice parametera and bulk modulusB for bcc Fe as
calculated by different methods in local-spin density~LDA ! and
generalized gradient~GGA! approximations.

Method TB-LMTO KKR KKR FP-LAPW FP-LAPW Exp.
Exch. corr. LDA LDA GGA LDAa GGAa

a, a.u. 5.283 5.272 5.46 5.234 5.401 5.42
B, Mbar 2.10 2.08 1.45 2.44 1.67 1.68

aOur benchmark calculations with the Wien97 code~Ref. 30!,
which agree well with many previous calculations of compara
accuracy.
01420
the
-

-

a-

nonlinear behavior ofc11 as function of Si concentration i
well documented by the measured data of Ref. 31, thec12

values available for several intermediate concentrations s
to be constant. The corresponding values for the bulk mo
lus recovered from the data of Ref. 31 are shown by c
nected black circles in the bottom panel of Fig. 4.

Thus updated experimental values of the bulk modu
imply a minimum in its concentration dependency at
at. %, albeit not so pronounced as in the LDA calculatio
What can be the origin of such nonmonotonous change?
know from both experiment and calculation that the latt
constant changes smoothly with concentration; the lo
magnetic moments, as well as integrated charge den
within atomic spheres around both Fe and Si sites, a
change unsignificantly between 0 and 25 at. % Si, as is s
from Fig. 2, left panel. On the contrary, the density of sta
at the Fermi level experiences a drop between 5 and 10 a
~Fig. 2, right panel!, for the reason already explained abov
This nonmonotonous change of the density of states ap
ently has implications on acoustic phonon mode and he
affects the bulk modulus. This effect seems to be of prim
electron origin, but the elastic constantc11 and consequantly
the bulk modulusB are responce functions which normal
have the anomaly near phase transition, that would in
case correspond to the inset of partial ordering starting
about the same concentration~10 at. %!. It is not possible to
obtain a more detailed insight in this interplay of electron
properties and ordering without a straightforward simulat
of partially ordered alloys, that seems difficult. One ca
however, conclude that the increase in the bulk modulus a
10 at. % of Si is not a simple interpolation toward the o
dered Fe3Si component: the bulk modulus of the latter la
well off ~higher than! the smooth concentration-dependin
trend in disordered alloys, according to both calculations a
experiment. Zero-temperature extrapolation of measu
bulk modulus is 1860 kbar according to Ref. 34; a sligh
lower room-temperature value is indicated by an isola
cross in Fig. 4. Our calculated value of 2600 kbar~in TB-
LMTO, using the LDA! or 2483 kbar~with the same method
but including nonlocal correction to exchange-correlation
ter Langreth and Mehl36! remains well above the calculate
result for the disordered Fe3Si alloy, B52260 kbar.~Note
that the correction after Langreth and Mehl is not the tr
GGA, but tends to work in the same direction, usua
slightly improving LDA results.! The given ‘‘near-LDA’’
numbers are slightly overestimated, but this upward shif
systematic, for both ordered and disordered systems.
full-potential result B51990 kbar reported for Fe3Si by
Moroni et al.9 using the GGA is reasonably close to the e
periment.

Unfortunately, applying the GGA for disordered alloys,
was discussed above, faces the problem of accuracy lo
low concentrations~less than 10% of Si, for the system i
question!. One can see in Fig. 4 how the GGA predictions f
the bulk modulus, almost perfect in the range of concen
tions 10–25%, start to dramatically deviate from the corr
trend ~that is set qualitatively correctly by the LDA calcula
tion!, ending up with a quite wrong number ofB for pure
iron ~see Table I!. Apparently this loss of accurac
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KULIKOV, FRISTOT, HUGEL, AND POSTNIKOV PHYSICAL REVIEW B66, 014206 ~2002!
progresses fast enough to completely absorb the small
in the concentration dependency of the bulk modulus at 1
Si, that would have been reproduced otherwise in the G
sequence of data as well.

D. Competing phases for the Fe3Si composition

The next question to address is the following: Why for t
Fe3Si compound does a more complicatedD03 ordering win
over theB2? We performed the TB-LMTO calculations fo
both types of ordering; the results are summarized in Ta
II. The B2 ~CsCl!-like ordering was simulated in a superce
approach. If the Si atoms could occupy someB positions
~those reserved for Fe atoms in theD03 structure! and Fe
atoms, someD positions, this would result in theB2 order-
ing in the bcc lattice. At the limit of 50% Si we would the
obtain the ideal CsCl-type crystal structure. In the case
Fe3Si we simulated this ordering by interchanging Si(D) and
Fe(B) sites.

The calculations show that the magnetic moment at FeA,
C) dramatically decreases in the presence of an additio
~the fifth! Si atom as a nearest neighbor; see Table III. Thi
in agreement with the phenomenological model of Ref.
which predicted exactly the same value of Fe magnetic m
ments with five Si atoms as nearest neighbors. Iron ato
without nearest Si neighbors maintained their ‘‘high-spi

TABLE II. Lattice parametera, bulk modulusB, magnetic mo-
ment M, magnetic energyDEm , and heat of formationH per for-
mula unit of Fe3Si in D03 andB2-like phases as calculated by th
TB-LMTO method.

Structure a ~a.u.! B ~Mbar! M (mB) DEm ~eV/f.u.! H ~eV/at.!

D03 calc. 10.485 2.60 19.55 20.54 20.67
D03 expt. 10.686a 1.86a 18.92b 20.21c

B2-like 10.461 2.67 16.22 20.22 20.55

aReference 34.
bReference 3.
cReference 35.
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state with magnetic moments equal to, or higher than, tha
pure iron and differ only slightly, due to a different numb
of Fe atoms as second neighbors.~It should be noted that a
larger number of Fe atoms in the second shell does
straightforwardly lead to a higher magnetic moment.!

The total magnetic moment perB2-like ordered cell is
smaller than that in theD03 structure. This leads to a re
duced equilibrium lattice constant as a consequence
smaller negative magnetic pressure. The heat of forma
for both lattices is evaluated with respect to the ground s
of Fe ~ferromagnetic bcc! and Si~diamond structure!. As it
follows from Table II we obtain the correct stable cryst
structure, in agreement with experimental phase diagr
The comparison of magnetic energies~calculated as the en
ergy difference between magnetic and nonmagnetic pha
taken at their respective equilibrium volumes! also shown in
Table II indicates that the magnetic component is crucial
establishing the correct energy relation between two pha
TheD03 structure wins because its more sophisticated m
netic structure helps to reduce the total energy more ef
tively.

We note in passing that the magnetic energy in theD03
phase has been evaluated by Moroniet al.9 in LDA FP-
LAPW calculation, to yield20.74 eV/cell. The difference
from our result can be explained by a different calculati
setup. The calculation for theB2 structure, however, was no
done with the same setup, that would be necessary fo
unambiguous comparison of two phases.

The last question we address concerns a possibility for
transition from ferromagnetic~FM! to nonmagnetic~NM!
states under pressure in Fe3Si, that was mentioned in Ref. 37
In Fig. 5 we presented the lattice parameter dependence
total energy of ordered and disordered Fe3Si as calculated by
TB-LMTO and KKR-CPA methods. As the minima for FM
and NM phases are shifted apart it seems that the cross
between FM and NM states is at some point possible. Ho
ever, a closer look at Fig. 5 reveals~see the inset in the lef
panel! that total-energy curves, instead of crossing, me
together at smaller volumes where the magnetic mom
eventually disappears. It is noteworthy that a metamagn
TABLE III. Local magnetic moments as calculated by TB-LMTO forD03 andB2-like phases of Fe3Si
~the experimental values, whenever available, are given in parentheses!.

Site 1st neighbors 2nd neighbors M (mB)

D03

Fe(A, C) 4Fe(B)14Si(D) 6Fe(A, C) 1.25 ~1.2!
Fe(B) 8Fe(A, C) 6Si(D) 2.47 ~2.4!
Si(D) 8Fe(A, C) 6Fe(B) 20.07 (20.07)

B2-type
Fe(A, C) 2Fe21Fe11Si12Si11Si2 6Fe(A, C) 0.86
Fe1 8Fe(A, C) 4Fe212Si 2.28
Fe2 8Fe(A, C) 2Fe112Si112Si2 2.56
Fe3 8Fe(A, C) 4Si112Si2 2.26
Si 8Fe(A, C) 2Fe114Si1 20.11
Si1 8Fe(A, C) 2Fe212Fe312Si 20.05
Si2 8Fe(A, C) 4Fe212Fe3 20.08
6-6
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FIG. 5. Total energy as function of volum
calculated for orderedD03 ~left panel, TB-
LMTO calculation! and fully disordered~right
panel, KKR-CPA calculation! cases. The results
for ferromagnetic~FM! and nonmagnetic~NM!
cases are shown.
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behavior with multiple spin solutions for Fe atA(C) sites
was found by Christensenet al. in the TB-LMTO
calculations;38 moreover, the loss of convergency has be
reported for some values of lattice parameter. We perform
our TB-LMTO calculations in the lattice parameter ran
10.20–10.80 a.u., with a step of 0.05 a.u., and did not fi
any instability regime. This intriguing behavior demands a
ditional investigations and could have an explanation in
general theory of phase transitions, but the problem is
outside the framework of the present paper.

IV. CONCLUSION

We presented the description of electronic structure
magnetic properties of bcc Fe-Si alloys in the assumption
full substitutional disorder, as treated in the KKR-CPA fo
malism. Different from earlier CPA studies done in the a
sumption of partial disorder in theD sites of the ordered
Fe3Si compound only, the present study is more adequat
n
,

. B
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the region of low Si concentrations; moreover, the optimiz
tion of lattice spacing and hence the analysis of elastic pr
erties has been done over the range of Si concentrations u
25 at. %. The changes of bulk modulus with concentrat
are reported~in agreement with experimental findings! and
discussed in terms of evolution of the electronic structu
The calculated results completely confirm the phenome
logical model for interrelation between short order and m
netic properties~magnetic moments, hyperfine fields! near
Fe3Si compositions as it follows from disordered alloy KKR
CPA calculations and supercell TB-LMTO calculation f
partial ordered compounds.
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