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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 bec, Fig
alloys, starting from dilute solid solutions of Si in iron up to the composition corresponding to the intermetallic
compound FgSi (x=0.01-0.25). Moreover, the ordered;Béwas simulated in &ictitious) B2-like ordered
structure and in théstable D05 structure. The self-consistent calculations were performed in the coherent
potential approximation making use of the Korringa-Kohn-Rostoker metl&dR-CPA) for disordered case
and the tight-binding linear muffin-tin orbitdfB-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
DOj structure.
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. INTRODUCTION C+(ald al4 al4) Fe sites, Si being at th® position at
(000). The B site has only Fe atoms as all its eight nearest
One of the reasons why the Fe-Si system is traditional%eighbors, whereas, C sites have four Fe and four Si neigh-
studied over years is the possibility to tune its magnetiqyors, The neutron diffraction finds the magnetic moments of
properties. Local magnetic moments at Fe sites may beCOfTE4MB and 1.5 at theB and (A,C) sites, respectivel*

higher_ tha}n in pure iron., depending on the Qistribution c_>f Fen the iron-rich sample$with Fe substituting part of Si po-
and Si neighbors, and finally disappear at Si concentration g itions Burch et al® were able to further distinguish be-

nearly 50 at. %. : R o .
The phase diagraifsee, e.g., Ref.)lincludes in the low- ;tqv‘\:ia;r?b(;,SC) sites with 4:4, 5:3, and 6:2 distribution of Fe:Si

temperaturgmagnetig region on the Fe-rich side three or- : o - . .
P emagneti¢ reg A semiqualitative model describing these differences in

dered structures, which separate different mixed phase?:,e magnetic momentalso depending on substitutions in the
namely purex-Fe, F@Si of theD 05 type and the cubiftype A i _ . .
yp e 3 P ayp Fe sublatticewas given by Switendickon the basis of non-

B20, space group2,3) e-phase FeSi. Since bothrFe and i : : .
Fe,Si have (neglecting the difference in chemical speties spln—pollanzed band—structure calculation and an assumption
the bee structure, the Fe-Si solid solution up to 25 at. % Si i€f @ rigid exchange shift of involved local levels. A quan-

a bcc substitutional alloy. The difference between the litative spin-polarized treatment of the ordered $iesystem
phase and ther; phase(i.e., a solid solution based on the followed in 1982 due to Williamst al® and provided the Fe
DO; structure is merely the degree of ordering. As Si con- magnetic moments equal to 186 and 2.4g5 on [A,C]
centration increases, Fe atoms show a certain site preferencé®#dB sites, correspondingly, in good agreement with above-
preventing the pairs of Si atoms to occupy neighboring pomentioned experiments. Cohesive, structural, and magnetic
sitions in the lattice. Ther-a; boundary is estimated to pass properties of all known ordered Fe-Si compounds as ob-
near 10 at. % Si for temperatures below 400°C and is shiftethined on the basis of state-of-the-art calculations have been
to slightly higher Si concentrations at more elevated tem+ecently addressed by Moromit al® This publication in-
peratures. cludes references to many previous studies.

The presence of the Si neighbors lowers the average mag- The variation of magnetic properties with concentration
netic moment at the Fe site, resulting at the same time in th&vas accessed in a phenomenological model by Niculescu
appearance of high-spin and low-spin Fe species. This had.1%!according to which the moment of Fe pA,C] sites
been studied earty® for ordered and disordered FgSi, by ~ changes linearly with the average number of iron atoms in
neutron diffraction, Mesbauer effect measurements, andtheir nearest-neighbor shell, and Bite Fe atoms maintain
pulsed NMR studies. the magnetic moment of 2.2, as in purea-Fe. (In reality,

Near the FgSi stoichiometry(i.e., the ordere®0; phas¢  the magnetic moment at tHe site in FgSi is substantially
one can refer to the fcc lattice with the lattice constant enhanced over the value in the pure)FEhis model was
two times that of underlyinge phase and distinguish revised by Elsukoet al1? for a broader concentration region
between the octahedr8 (a/2 a/2 a/2) and tetrahedrad,  in disordered Fe-Si alloys; it was proposed that the Fe mag-
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netic moment drops linearly by approximately Qu@bas the  zeros of the KKR-CPA determinant are complex since the
first and then the second neighbors of Si type appear amongatrix is not Hermitian. Hence one has to deal with the
the eight nearest neighbors to a Fe site; the further decreaggR-CPA determinant itself as a function &f and E. For
is faster(but also linear resulting in the disappearance of this reason in Ref. 18 an effective tetrahedron method of the
magnetic moment for seven Si nearest neighbors. A subs@rillouin-zone integration was developed together with the
quent discussion on the interplay of local order and magnetigxtrapolation approach in the CPA loop, whereby only few
properties can be found in Ref. 13. iterations are needed in order to solve the CPA equation on
The first-principles simulation of a disordered system washe rectangular contour in the complex energy plane. It was
done by Kudrnovskyet al!* who applied the coherent- moreover shown in Ref. 18 that for a sufficient accuracy in
potential approximatiofCPA) in combination with the tight-  the charge-density self-consistent procedure involving
binding linear muffin-tin orbitals methofB-LMTO,") to  transition-metal alloys, the-channel scattering must be
the Fe-rich Fg. )Sii1-y) system, where chemical disorder taken into consideration. Space-filling overlapping atomic
(partial substitution of Si with Pewas allowed at th® sites  spheres were use@s is also typical in TB-LMTO calcula-
in the D03 structure, A, C) andB sites being occupied by Fe tions); the core states were recalculated in each iteration. As
atoms only. It was demonstrated that the above-mentioneg rule, 10-20 iterations are required to get the self-
phenomenological modébf linear variation of the FEA,C]  consistency of potentials on conditions when the modified
magnetic moments with the number of nearest Fe neighbor®royden scheme is used in order to accelerate the conver-
is indeed consistent with a quantitative theory. Recently, thgjence. Self-consistencyn electronic chargewas reached
substitution of Fe in bottB and[A,C] positions of FgSi  for, until the electronic density differences were stable to
with V was addressed in the Korringa-Kohn-Rostokerwithin 10 7. The KKR-CPA calculation setup was the same
(KKR)-CPA study by Bansikt al,'® with the emphasis on as described in more detail in Ref. 19 for the calculations of
magnetic properties and the energetics of substitution. EXFe-Cr and Fe-Mn alloys. Thie mesh with 506 points in the
perimentally, the mean hyperfine field, isomer shift, and satuirreducible part of the Brillouin zone, as used in Ref. 19, has
ration magnetization have been studied in Ref. 12 for a broagow been extended to 1015 and further to 1k8points in
range of Si concentrations in disordered crystalline ancbrder to check the convergency of tkespace integration.

amorphous Fe-Si alloys. The lattice dynamics in the vicinityHowever, this had no noticeable effect on the total energy
of the F@Si composition at elevated temperatures has beefor on magnetic moments.

studied by inelastic neutron scattering by Raedél.!” and The TB-LMTO (Ref. 15 calculations also used space-
discussed in relation to high self-diffusivity observed infiling atomic spheres and combined corrections. In this
slightly off-stoichiometric samples. sense, the calculation setup was close to that used in the

In view of large general interest for magnetic and elastickKR-CPA calculation. The treatment of core states was fully
properties of Fe-rich Fe-Si systems it remains peculiar thaelativistic; for the valence states all relativistic effects, ex-
no theoretical study has been undertaken so far, to our begept the spin-orbit coupling, were included as well.
knowledge, with the use ab initio CPA in the assumption The exchange-correlation in the local-density approxima-
of full substitutional disorder on the bcc lattice. For the Sition (LDA) has been treated according to the Hedin-
concentration below 10 at. %, when Si atoms are yet far from.undqvist parametrizatiofi for nonmagnetic systems and
forming a pronounced sublattice, it would be certainly anwith spin scaling after von Barth and Heéftrfor magnetic
adequate model of an alloy. At larger concentrations this stilklloys. Along with the LDA, we applied also the generalized
may be an important limiting case, the other one being gradient approximation(GGA) in the Perdew-Burke-
substitutional disorder i sites of the FgSi lattice only, as  Ernzerhof schenf for the treatment of disordered alloys.
was assumed in the CPA study of Ref. 14. The real systemgjote that we have done that in the atomic sphere approxi-
especially at elevated temperatures, tend to allow some S$hation, with space-fillingloverlapped atomic spheres and
substitution beyond th® sublattice. the charge-density spherically symmetrized inside each

The objective of the present study is to obtain the elecatomic sphere prior to calculating the exchange-correlation
tronic structure and analyze the elastic and magnetic propepotential.(We emphasize that no feasible way to go beyond
ties of the Fe-Si system in the range of concentrations 0-2muffin-tin, or atomic sphere, approximation is so far avail-
at. % of Si. This would supplement earlier CPA studies ofgple in the CPA algorithm, to our best knowledg&hese
Kudrnovskyet al,'* the more so that this latter study used shortcomings may become very serious if the gradients of
fixed lattice constant over the whole concentration regiorjensity have to be evaluated, but the introduction of substi-
and did not address the changes in equilibrium lattice spaqutional disorder effectively compensates for the large part of
ing, nor in elastic properties. For a comparison, the samerror thus introduced. This empirical observation will be il-
properties as for disordered alloys are discussed for enistrated by results of the following section.
membergbcc Fe and F£Si) on the basis of TB-LMTO cal-
culation results, with the technical aspects of calculation pos-
sibly close to those in the KKR-CPA study. IIl. RESULTS

We performed a series of calculations on the disordered
bcc Fg_,Siy alloy with x=0.01;0.05;0.7;0.1;0.12;0.15;

The electronic structure of disordered Fe-Si alloys haved.25. In all cases, more then 20 calculations with different
been calculated using the fast KKR-CPA techni(fi@he lattice constants have been done in order to find the equilib-

Il. DETAILS OF CALCULATIONS
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almost linear behavior of the mean magnetic moment per
atom with concentratiofsee Fig. 2, left pangl The slope of
the magnetic moment decrease agrees well with the model

rium atomic space and bulk modulus by the fitting to theby Elsukov et al'? based on experimental data. Again in
Murnaghan equation of staté Moreover, we discuss below agreement with t_he expectations of thls_ model, the calculated
the distribution of the density of staté®OS) and magnetic average magnetic moment per atom in orderegSFéalls
moments at equilibrated lattice constants. For comparisorf/0se to, but lower than, the mean value obtained in the CPA
the same set of results was obtained in TB-LMTO calculaalculation for the FgzsSiy o5 composition(the correspond-
tions for ordered phasébcc Fe and FSi). The electronic NG value is shown in the left panel of Fig).Vhereas one
structure of these materials is well known and need not to b8SSUmes two Si nearest neighbors to a Fe atom on the aver-

discussed in detail here. We merely refer to our results foA9€ in the disordered case, the mean moment in ordered
magnetic moments and bulk modulus. Fe;Si combines the contribution from one high-sgimo Si

neighbors Fe(B) atom with twice the contribution of Fé\
C) atoms, each having four Si neighbors. Note that, as men-
A. Local DOS tioned in the Introduction, the decrease of Fe magnetic mo-
The local densities of staté®OS) at Fe and Si sites in ment with the number of Si neighbors is expected to become
two limiting concentrations are shown in Fig. 1. The minimal more rapid for more that two Si neighbofsut of eight in
Si concentration reflects the cases of essentially pure bcc Retal) appearing to a Fe site.
and an isolated Si impurity in Fe, with a typical localized The value of the meafper atom DOS at the Fermi level,
state formed near the bottom of the Fe valence band and th§E), decreases with Si concentration as shown in the right
hybridized structure in the energy region of Fd Bands. panel of Fig. 2, since local(Eg) at Si sites is lower than
Single-impurity calculations with the KKR-Green’s- that at Fe. The decrease is, however, not linear; it becomes
function method give a similar local DOS, e.g., for the Semore steep as a narrow plateau in the majority-spin DOS
impurity in Ni.>*As is generally typical for CPA calculations, hosting the Fermi level in pure iron gets finally smeared out
the sharp features in the DOS are gradually smeared out at ~5 at.% Si. From Si concentrations ef15 at. % on,
higher concentrations. No other remarkable changes in thie increase in the minority-spin DOS where the Fermi level
DOS could be singled out. One can notice that the positiomests pinned between two peaks works against the general
of the Fermi level is near the top of the majority-spin DOStendency. In ordered E8i, n(Eg) is much lower than in the
and crossing the minimum between two peaks in thelisordered alloy of the same concentration. Qualitatively,
minority-spin DOS remains stable over all concentrationghis could be seen as an evidence for an ordering tendency in
studied, that would imply the stability of a magnetic momentthe alloy. The crossover from random distribution of Si at-
per Fe site. Indeed, the calculated Fe magnetic moment dems over the bcc lattice sites to preferential distribution over
creases merely from2.1ug to ~1.9ug Whereas that at Si D sites of the FgSi structure that happens near 10 at. % Si is
sites remains roughly constant at—0.1 ug, resulting in  not directly addressed in the present study. It could be in-

FIG. 1. Spin-resolved local densities of states for two limiting
concentrations as calculated by KKR-CPA.
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dency drops down beyond 10 at. % of Si where the effects of
ordering on the F5i lattice start to play a role. Restricting

to low Si concentrations, one notices that the absolute values
become closer to experiment if relativistic correction is in-

= cluded; even better improvement follows from the use of
N GGA. Unfortunately, the hyperfine fields calculated with
= GGA become less regular at exactly thébelow 10% Si
° concentrations; here an apparent closeness to the experimen-
= tal values is probably an artifact due to the above-mentioned
£ loss of accuracy in GGA calculations in the low-dilution
2 limit. The dropdown of the measured hyperfine fields from
= 10 at. % Si on towards 25% can be clearly understood as due
o-—-0LDA : : i
o—o LDA+relat. to gradually increasing short-range order, that is, an ever
15 | |a---AGGA ] growing prominence of thée-enrichefiFe;Si D05 lattice,

that now competes with the fully disordered bcc alloy. As the
DO is characterized by the presence &, (C site9 Fe at-
0 0.1 0.2 oms with enhanced Si coordination and hence lower mag-
Concentration x in Fe,_,Si, netic moments, the mean hyperfine field decreases faster than
o ~linearly with concentration. We argue based on our simula-
FIG. 3. Measured and.calc.mated n d'ﬁ.erem approximations;., ¢ a fully disordered alloy that such fast decrease cannot
(see legend and texhyperfine fields depending on Si concentra- . . . . .
tion. be explained without a partial ordering, that goes along with
the phenomenological model used by Elsulenal}? to ex-

structive to analyze the total energies in dependence on coRlain their experimental data for hyperfine fields.
centration for both types of disorder in an otherwise similar
CPA calculation. Unfortunately, we were not able to treat
partial disorder with the computer program presently in use.
However we could apply, as an alternative, the supercell ap- We turn now to the discussion of elastic properties. The
proach in the framework of the TB-LMTO method and the results of the calculations are shown in Fig. 4 in comparison

C. Lattice parameter and bulk modulus

results of this simulation will be discussed below. with experimental datéadapted from Ref.)1 The calculated
lattice constant changes by less than 0.5% over the whole
B. Magnetic properties range of Si concentrations considered. Thalf of) lattice

Now we present an additional evidence for a significan constant of the ordered §8i compound is close to that

influence of structural ordering on magnetic properties Ir:found for the fully dlsordereq_allpy. The experlmental mea-

Fig. 3, the calculated values of hyperfine field at iron Sitessurement over 0-25 at. % Si indicates two linear parts n the
" concentration dependence of the lattice constant, with a

are plotted as function of concentration of Si atoms in disor- 0/ 2228 )
dered alloys. The hyperfine field has as the most importan(fham:’]e of slope near 10 at. %5t" apparently correspond

contribution the Fermi contact interaction. In this approxima-. '3 to the change fronw to «; phase. These data are repro-
tion the hyperfine field is given by the spin densrim%) ot duced in Ref. 1 and shown in Fig(&. The alloys prepared
nuclear pggition 9 y P by rapid solidification show more smooth change of lattice

constant between the two regiofisOur calculations also
Er show a smooth change of lattice constant, consistent with the
m(0)=f de[n;(0,e)—n (0,e)]. assumption of full substitutional disorder. A systematic un-
derestimation of the lattice parameterby ~3%, as com-
Heren, (0O,e) are the local DOS for spin-up and spin-down pared to experimenkss a typical error in LDA calculations.
electrons at the nuclear positions. In Fig. 3 we plotted alsdn order to clarify this point we present in Table | the results
the results of our nonrelativistic calculations which are farfor calculations of lattice parameterand bulk modulusB
off the experimental values. As was discussed in Ref. 25, ifior pure Fe by different methods within both LDA and gen-
the relativistic case the spin density at the nuclear positiorralized gradient approximatio(GGA) for the exchange-
has to be replaced by an average of the spin density over tteorrelation potential. As one can see, the GGA sets the cal-
nucleus region with the Thomson radius=Z€e*/(mc®). It culated elastic properties generally closer to experiment, but
leads to the relativistic enhancement of slightly beyond 7%one should note the loss of precision in the KKR—atomic
for Fe, according to Breit and Pyykket al?® (as estimated spheres approximatioftASA) calculation when using the
with hydrogen wave functions GGA that was mentioned at the end of Sec. II. Specifically,
Let us discuss the experimental and calculated results fahis gives rise to a certain disagreement between KKR and
hyperfine fields shown in Fig. 3 in some detail. The LDA FP-LAPW results, where the latter do not suffer from this
calculation shows an almost line@lightly upwards bended  shortcoming.
variation of the hyperfine field with concentration. In the  This observation concerning the comparison of LDA and
experiment, an initial similarly bended almost linear depen-GGA results to experiment remains valid over a range of
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nonlinear behavior o€,; as function of Si concentration is
well documented by the measured data of Ref. 31,cthe
values available for several intermediate concentrations seem
to be constant. The corresponding values for the bulk modu-
lus recovered from the data of Ref. 31 are shown by con-
nected black circles in the bottom panel of Fig. 4.
53 | ! Thus updated experimental values of the bulk modulus
00---0-0- 5 0mrg . __ LDA imply @ minimum in its concentration dependency at 10
""" ° at. %, albeit not so pronounced as in the LDA calculation.
) ) ) What can be the origin of such nonmonotonous change? We
0 0.1 0.2 0.3 know from both experiment and calculation that the lattice
. . . constant changes smoothly with concentration; the local
ool e ] magnetic moments, as well as integrated charge density
o - within atomic spheres around both Fe and Si sites, also
O,y LDA change unsignificantly between 0 and 25 at. % Si, as is seen
21 1 from Fig. 2, left panel. On the contrary, the density of states
at the Fermi level experiences a drop between 5 and 10 at. %
(Fig. 2, right panel for the reason already explained above.
This nonmonotonous change of the density of states appar-
ently has implications on acoustic phonon mode and hence
affects the bulk modulus. This effect seems to be of primary
electron origin, but the elastic constant and consequantly
the bulk modulusB are responce functions which normally
have the anomaly near phase transition, that would in our
FIG. 4. CalculatedLDA: open circles; GGA: trianglesand case correspond to the in_set of partial_ ordering s_tarting at
measuredblack circles, crossgstructure properties depending on abou_t the same cor_lcen.trat.|()10_at. 0/9' ,It is not possible to .
Si concentration. Top panel: lattice parameter; bottom panel: bullePtain a more detailed insight in this interplay of electronic
modulus. Data are from Ref. 1. Crosses in the bottom panel includBroperties and ordering without a straightforward simulation
data from Refs. 32—34also cited in Ref. §i the connected black Of partially ordered alloys, that seems difficult. One can,
circles are recovered from the data of Ref. 31 for the elastic conhowever, conclude that the increase in the bulk modulus after
stants. The isolated cross at 24.85% corresponds to the orderdd at.% of Si is not a simple interpolation toward the or-
phase. dered FgSi component: the bulk modulus of the latter lays
well off (higher than the smooth concentration-depending

concentrations as can be seen in Fig. 4, upper panel. Note ti&nd in disordered alloys, according to both calculations and
augmentation of the GGA error towards low Si concentra-€Xperiment. Zero-temperature extrapolation of measured
tions. bulk modulus is 1860 kbar according to Ref. 34; a slightly
The calculated LDA values of the bulk modulus show alower room-temperature value is indicated by an isolated
dip near 10 at. % Si. Qualitatively, this is consistent with thecross in Fig. 4. Our calculated value of 2600 kigr TB-
experimentally observed trend. We failed to find experimenLMTO, using the LDA or 2483 kbar(with the same method,
tal data about the bulk modulus in the sufficiently broadbut including nonlocal correction to exchange-correlation af-
range of Si concentrations; however, room-temperature meder Langreth and Mef) remains well above the calculated
surements of elastic constantg; and c,, are available in result for the disordered g8i alloy, B=2260 kbar.(Note
Ref. 31. Along with more limitedin terms of concentration that the correction after Langreth and Mehl is not the true
range data of Refs. 32 and 3®ee also Ref. 1 for a sum- GGA, but tends to work in the same direction, usually
mary) the experimental estimates of bulk modulus Bs Slightly improving LDA results. The given *near-LDA"
=1(cyy+2cy,) are plotted in Fig. 4. Whereas the strongly numberslare slightly overestimated, .but this upward shift is
systematic, for both ordered and disordered systems. The
TABLE I. Lattice parametea and bulk modulus for bec Fe as ~ fUll-potential resultB=1990 kbar reported for B&i by
calculated by different methods in local-spin densitpA) and ~ Moroni et al.” using the GGA is reasonably close to the ex-

generalized gradielGGA) approximations. periment. ) _
Unfortunately, applying the GGA for disordered alloys, as

Method TB-LMTO KKR KKR FP-LAPW FP-LAPW Exp. Was discussed above, faces the problem of accuracy loss at

54t

Lattice parameter (a.u.)

5.2

1.8}

Bulk modulus (Mbar)

16|

0 0.1 0.2 0.3
Concentration x in Fe, Si,

Exch. corr.  LDA LDA GGA LDA? GGAR low concentrationgless than 10% of Si, for the system in
a, a.u. 5283 5272 546 5.234 5401 5.424 question. One can see in Fig. 4 how the GGA predictions for
B, Mbar 210 208 145 244 1.67 168 the bulk modulus, almost perfect in the range of concentra-

tions 10—25%, start to dramatically deviate from the correct
8ur benchmark calculations with the Wien97 cotiRef. 30,  trend(that is set qualitatively correctly by the LDA calcula-
which agree well with many previous calculations of comparabletion), ending up with a quite wrong number &f for pure
accuracy. iron (see Table ). Apparently this loss of accuracy
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TABLE II. Lattice parameten, bulk modulusB, magnetic mo-
mentM, magnetic energAE,,, and heat of formatiotd per for-
mula unit of FgSi in D03 andB2-like phases as calculated by the
TB-LMTO method.

Structure a (a.u) B (Mban M (ug) AE,, (eV/f.u) H (eV/at)

PHYSICAL REVIEW B66, 014206 (2002

state with magnetic moments equal to, or higher than, that in
pure iron and differ only slightly, due to a different number
of Fe atoms as second neighbaii$.should be noted that a
larger number of Fe atoms in the second shell does not
straightforwardly lead to a higher magnetic momgnt.

The total magnetic moment p&2-like ordered cell is

DO; calc. 10.485 2.60 1955 —0.54 —-0.67 smaller than that in thé®O0; structure. This leads to a re-
DO, expt. 10.688 1.868 18.92 -0.21° duced equilibrium lattice constant as a consequence of
B2-like 10.461 2.67 16.22 -0.22 —0.55 smaller negative magnetic pressure. The heat of formation

8Reference 34.
bReference 3.
‘Reference 35.

for both lattices is evaluated with respect to the ground state
of Fe (ferromagnetic bocand Si(diamond structune As it
follows from Table Il we obtain the correct stable crystal
structure, in agreement with experimental phase diagram.
The comparison of magnetic energigslculated as the en-

progresses fast enough to completely absorb the small kinkrgy difference between magnetic and nonmagnetic phases,
in the concentration dependency of the bulk modulus at 10%aken at their respective equilibrium volumedso shown in
Si, that would have been reproduced otherwise in the GGAable Il indicates that the magnetic component is crucial for

sequence of data as well.

D. Competing phases for the FgSi composition

The next question to address is the following: Why for the

Fe;Si compound does a more complicat@@; ordering win
over theB2? We performed the TB-LMTO calculations for

establishing the correct energy relation between two phases.
The DOj structure wins because its more sophisticated mag-
netic structure helps to reduce the total energy more effec-
tively.

We note in passing that the magnetic energy in g
phase has been evaluated by Morenial® in LDA FP-
LAPW calculation, to yield—0.74 eV/cell. The difference

both types of ordering; the results are summarized in Tablérom our result can be explained by a different calculation

II. The B2 (CsC)-like ordering was simulated in a supercell
approach. If the Si atoms could occupy soBepositions
(those reserved for Fe atoms in tB®, structure and Fe
atoms, somé positions, this would result in thB2 order-
ing in the bcc lattice. At the limit of 50% Si we would then

setup. The calculation for tH82 structure, however, was not
done with the same setup, that would be necessary for an
unambiguous comparison of two phases.

The last question we address concerns a possibility for the
transition from ferromagneti¢FM) to nonmagneticNM)

obtain the ideal CsCl-type crystal structure. In the case oftates under pressure ingSg that was mentioned in Ref. 37.

Fe;Si we simulated this ordering by interchanging[3j(and
Fe(B) sites.
The calculations show that the magnetic moment aAkFe(

In Fig. 5 we presented the lattice parameter dependence for
total energy of ordered and disordered$ieas calculated by
TB-LMTO and KKR-CPA methods. As the minima for FM

C) dramatically decreases in the presence of an additionalnd NM phases are shifted apart it seems that the crossover
(the fifth) Si atom as a nearest neighbor; see Table Ill. This idetween FM and NM states is at some point possible. How-
in agreement with the phenomenological model of Ref. 12ver, a closer look at Fig. 5 revedlsee the inset in the left
which predicted exactly the same value of Fe magnetic mopane) that total-energy curves, instead of crossing, merge
ments with five Si atoms as nearest neighbors. Iron atomtgether at smaller volumes where the magnetic moment
without nearest Si neighbors maintained their “high-spin” eventually disappears. It is noteworthy that a metamagnetic

TABLE lll. Local magnetic moments as calculated by TB-LMTO 1205 andB2-like phases of F&Si
(the experimental values, whenever available, are given in parentheses

Site 1st neighbors 2nd neighbors M (ug)
D03
Fe(A, C) 4FeB)+4Si(D) 6Fe@, C) 1.25(1.2
Fe(B) 8Fe@A, C) 6Si(D) 2.47 (2.4
Si(D) 8Fe@, C) 6Fe®) -0.07 (—0.07)
B2-type

Fe(A, C) 2Fe2+Fel+Si+2Sil+Si2 6Fe@, C) 0.86
Fel 8Fep, C) AFe2+2Si 2.28
Fe2 8Fep, C) 2Fel+2Sil+2Si2 2.56
Fe3 8Fep, C) 4Sil1+2Si2 2.26
Si 8Fe@, C) 2Fel+48Sil -0.11
Sil 8Fe@, C) 2Fe2+2Fe3t+2Si —0.05
Si2 8Fe@, C) 4Fe2+2Fe3 -0.08
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behavior with multiple spin solutions for Fe &f(C) sites the region of low Si concentrations; moreover, the optimiza-
was found by Christensenetal. in the TB-LMTO tion of lattice spacing and hence the analysis of elastic prop-
calculations® moreover, the loss of convergency has beererties has been done over the range of Si concentrations up to
reported for some values of lattice parameter. We performe@5 at. %. The changes of bulk modulus with concentration
our TB-LMTO calculations in the lattice parameter rangeare reportedin agreement with experimental findingand
10.20—10.80 a.u., with a step of 0.05 a.u., and did not findliscussed in terms of evolution of the _electronic structure.
any instability regime. This intriguing behavior demands ad-T1he calculated results completely confirm the phenomeno-
ditional investigations and could have an explanation in tha®gical model for interrelation between short order and mag-

general theory of phase transitions, but the problem is stil[;etic. propertiesmagnetic moments, hyperfine fieldsear
outside the framework of the present paper. 6;Si compositions as it follows from disordered alloy KKR-

CPA calculations and supercell TB-LMTO calculation for

partial ordered compounds.
IV. CONCLUSION
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