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Phase stability, structural, and electronic properties of iron silicides in the Fe3Si, FeSi, and FeSi2 composi-
tions are investigated by first-principle density-functional calculations based on ultrasoft pseudopotentials and
all-electron methods. Structural stabilization versus spin-polarization effects are discussed at the Fe3Si com-
position, while fore-FeSi andb-FeSi2 we investigate their structural properties and the corresponding semi-
conducting band properties. All the computed results are analyzed and compared to available experimental
data. The stability of the bulk phases, the lattice parameters, the cohesive energies and magnetic properties are
found to be in good agreement with experiment when using the generalized gradient approximations for the
exchange-correlation functional. Density-functional calculations are unable to account for the small bulk
modulus ofe-FeSi despite that the computed lattice constant and internal atomic positions coincide with the
experimental results. Both full-potential and ultrasoft-pseudopotential methods confirm forb-FeSi2 the indi-
rect nature of the fundamental gap, which is attributed to a transition betweenY to 0.63L being 30% smaller
than the experimental gap. Ultrasoft pseudopotential calculations of Fe-Si magnetic phases and of various
nonequilibrium metallic phases at the FeSi and FeSi2 composition are presented. These calculations provideab
initio information concerning the stabilization of metallic pseudomorphic phases via high pressures or epitaxy.
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I. INTRODUCTION

In the past decade, the aim of creating suitable me
semiconductor contacts~Schottky junctions!1 has motivated
many experimental investigations of the stability of silicid
when grown epitaxially on Si. The fluorite structure is grow
on silicon with excellent quality for metallic CoSi2 and NiSi2
films.2 Considerable complications occur for FeSi2 films
mainly because of the poor geometrical matching of
orthorhombic b phase onto the Si~111! and Si~100!
substrates.3 Due to this unfavourable geometrical relatio
ship, various Fe silicide cubic structures, which are relate
defected CsCl (B2) lattices are formed as thin films an
have been experimentally characterized during the last
years.4 In contrast to the semiconductingb phase, the epi-
taxially grown cubic phases exhibit metallic conductivity.

More recently, studies have been devoted to the un
standing of the magnetic properties of Fe/Si, Fe/Fe-Si,
Fe-Si/Fe3Si multilayers,5 mainly in relation to possible ap
plications in the field of giant magnetoresistence. Differen
metal/metal multilayers, the exchange coupling propertie
Fe/Si multilayers with semiconducting spacers are s
unclear.6 This is due, in particular, to an insufficient unde
PRB 590163-1829/99/59~20!/12860~12!/$15.00
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standing of the relation between the formation of meta
silicides in the interlayer and the antiferromagnetic couplin
Interest on magnetism of iron silicides is also stimulated
the research on transition-metal silicon compounds exhi
ing both ferromagnetic ordering and high-quality epitax
growth on Si. Evidence has been recently found for the f
mation of a ferromagnetic iron silicide at the Fe/Si~100! in-
terface and its magnetic properties have been studied
spin- and angle-resolved photoemission.7 Finally, Fe-Si-
based materials are interesting because of the technolo
issues of integrating on a unique device both magnetic,
tical, and electronic components.

A few theoretical studies have been undertaken to ca
late the electronic structure and bonding properties of a
selected bulk phases of iron silicides. The electronic str
ture and magnetic properties of Fe3Si and related ternary
systems have been investigated by Kudrnovsky, Christen
and Andersen.8 The compound Fe3Si exists over a wide
composition range with theDO3 structure and exhibits fer
romagnetic ordering. Upon heating, it transforms to aB2
structure, and prior to melting to a disordered structure.
terest in this material is motivated by its intriguing magne
properties and because of the site-occupation preferenc
12 860 ©1999 The American Physical Society
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PRB 59 12 861COHESIVE, STRUCTURAL, AND ELECTRONIC . . .
substitutional transition-metal impurities in this material.9

The structure of Fe3Si is characterized by maintaining a
most the same interatomic Fe nearest-neighbor~NN! dis-
tance as in bcc Fe and in pseudomorphicB2 FeSi. The small
misfit and the similar epitaxial behavior of these structu
are relevant factors in the stabilization ofB2 FeSi films on
the Fe3Si(100) surface, mainly because of the preferen
segregation of Si to the surface.10 This may lead to a more
efficient fabrication of Fe/FeSi/Fe heterostructures.

At the 1:1 composition bulk FeSi assumes the cubicB20
structure (e-FeSi). At high temperatures, it shows anom
lous magnetic properties, with a maximum of the susce
bility at 500 K, while at low temperature the peculiar featu
is a very small band gap of about 50 meV. The semicond
ing properties have been studied theoretically by ba
structure calculations by Mattheiss and Hamann.11 The B20
structure can be seen as a distortion of the rocksalt struc
(B1). The small gap in the middle of the 3d bands ofe-FeSi
can be traced back to the pseudogap present in this uns
phase.11 However, a sufficient number of electronic excit
tions occurs across the gap even at moderate temperatur
T'300 K so thate-FeSi becomes a poor metal. The anom
lous thermal magnetic properties have been explained u
spin-fluctuations models by Jarlborg12 and using a Kondo
insulator description by Mandruset al.,13 while Fu, Krijn,
and Doniach14 investigated the optical properties of FeSi i
dicating large discrepancies between band theory and m
sured data.

For the 1:2 composition the band structure and semic
ducting properties ofb-FeSi2 have been investigated b
Christensen15 and Eppenga.16 Comparison between com
puted and experimental optical properties have been
sented by Antonovet al.,17 which claim excellent agreemen
between measurement and the calculations. Soft-x-ray e
sion and -absorption spectra ofb-FeSi2 and of the high-
temperature bulk stable phase (a-FeSi2) have been studied
by Eisebittet al.18 The electronic structure of the epitaxial
stabilizedB2 FeSi andg-FeSi2 cubic structure have bee
described by Ma¨der, von Känel, and Baldereschi19 by anab
initio method. The structural relation between these pseu
morphic phases and the ground-state structure have bee
vestigated using a tight-binding molecular-dynamic meth
by Miglio et al.20

The manifold of new applications of Fe-Si bulk materia
thin films, and epitaxial compounds and the scarcing ofab
initio studies of the electronic and structural effects of bu
stable and epitaxially stabilized iron silicides compoun
motivates our investigation. This work will be split into tw
papers. In this first paper, we present anab initio study of the
electronic structure and total energy properties of the bu
stable and other unstable structures of Fe3Si, FeSi and FeSi2
compounds. In a second paper, we will present the strain
epitaxial properties of selected Fe-Si compounds.21 The nu-
merical calculations are performed using a plane-wave b
set and ultrasoft pseudopotential~USPP!, as well as full po-
tential all-electron methods. Here, the USPP are used
compute structural and atomic relaxations and to study
complex interplay of the structural and electronic degree
freedom from magnetic (Fe3Si) to semiconductor (e-FeSi
and b-FeSi2), and defected Fe-Si metallic phases (FeSi11x
andg-FeSi2). No attempts have been made previously to u
s
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pseudopotential techniques to study structural propertie
Fe-Si systems because of the difficulties to describe local
and magnetic 3d states.

II. COMPUTATIONAL ASPECTS

A. Methods and techniques

Most calculations presented here have been done u
the Viennaab initio simulation package22 ~VASP! with ul-
trasoft pseudopotential. For the exchange-correlation fu
tional both the local-spin-density~LSD! approximation with
the parametrization of Perdew-Zunger23 and the generalized
gradient approximation~GGA! of Perdew and Wang24 have
been used. For intermediate spin polarizations the interp
tion formula of von Barth and Hedin25 are applied. The ap-
proach of White and Bird26 has been used for the comput
tion of GGA exchange-correlation potentials and extended
treat spin-polarized states.34 VASP is a plane-wave code
based on ultrasoft pseudopotentials, and uses iterative s
egies based on residual minimization27 and preconditioned
conjugate-gradient techniques for the diagonalization of
Kohn-Sham Hamiltonian. A detailed description of VAS
and its algorithm can be found in Ref. 22.

The full-potential linearized augmented plane-wa
method28 ~FLAPW! within the LSD approximation, has bee
used to provide reliable all-electron reference results for
sessing the quality of the ultrasoft pseudopotentials.

Brillouin-zone integrations are performed on a grid
Monkhorst-Pack special points29 by using different schemes
The linear tetrahedron method including the corrections
Blöchl30 has been chosen to improve the convergence of
tal energy with respect to the number ofk points. Smearing
methods31 with Methfessel and Paxton32 broadening function
are used when exact forces are required.

For comparison of different structures and composition
is necessary to care about the convergence of total en
and equilibrium properties calculations. The convergence
these integration methods, with respect to the number ok
points has been tested for all structures using both LSD
GGA functionals. Here, we give some results for the meta
pseudomorphic phase of FeSi with theB2 structure charac-
terized by a pseudogap below and a very sharp peak
above the Fermi level. Its total energy has been compu
using sets of 220, 120, 84, 56, 35, 10, and 4k points in the
irreducible wedge of the Brillouin zone. The total energy
converged within differences smaller than 0.001 eV wh
using 84 k points or more, while errors of 0.002, 0.00
0.016, and 0.135 eV arise for the 56, 35, 10, and 4k point
sets, respectively. A similar fast convergence is also fou
for other related quantities, such as the equilibrium grou
state properties. ForB2 FeSi, the computed LSD equilibrium
volume and bulk modulus differ by 0.002 Å3 and 10 Kbar
when using 120 and 220k points, respectively.

When using VASP, the electron-ion interaction is d
scribed using ultrasoft pseudopotential~USPP!.33,34Fe USPP
has been generated in the nonmagnetic 4s13d7 atomic con-
figuration, with cutoff radii of 2.2, 2.45, and 2.45 a.u. fo
respectively the 4s, 4p, and 3d wave components. The log
aritmic derivatives of the pseudowave function are very
curate not only for the l50,1,2 components but also for th
unoccupied l53 ( f states! over a wide range of energies~see
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12 862 PRB 59E. G. MORONI, W. WOLF, J. HAFNER, AND R. PODLOUCKY
Fig. 1 in Ref. 34!. The screened all-electron potential w
truncated atr loc51.7 a.u. and chosen as the local potent
To describe the valence core energy interaction and s
polarization effects accurately the nonlinear partial core c
rection scheme proposed by Louie, Froyen, and Cohen35 has
been used.

For Si, the pseudopotential has been generated in
3s23p2 atomic configuration. In this case, we used an ult
soft pseudopotential with two reference energies for thes
and 3p states and a norm-conserving pseudopotential wi
single reference energy for the 3d component. As local po-
tential we have used the 3d pseudopotential.

The transferability of USPP and the plane-wave exp
sion of the US pseudowave function are optimized at
energy cutoff of 18 Ry. For all studied Fe-Si structures
relative total energy is converged to within 1 meV for
cutoff energy of the plane-wave basis set of 250 eV
higher. Figure 1 illustrates the fast convergence of the r
tive total energy versus cutoff energy (Ecut) for four differ-
ent Fe-Si compounds. The convergence is fast and inde
dent of the crystal environment. A reduction ofEcut
influences strongly the accuracy of the computed struct
properties and the differences of the cohesive energies
creases rapidly. The convergence of the magnetic mome
Fe and Si in Fe3Si is confirmed by Fig. 2, which presents th
ratio of magnetic moments computed at various plane-w
cutoff energies~from 180 to 400 eV! with respect to the
reference magnetic moment computed at a cutoff energ
400 eV.

We have also generated an USPP for Fe in the 3p64s13d7

nonmagnetic configuration including the 3p semicore states
as valence states. In this case the cutoff radii of the pse
wave function were reduced to 1.9 a.u. and a larger cu
energy of 320 eV is required for converged results. As
bcc Fe,34 also for Fe3Si when we use the USPP withou
semicore states GGA overestimates the magnetic momen
about 0.1mB and the magnetic energy of about 40 meV p
atom. As shown in Table II these small magnetic differen

FIG. 1. Calculated total energy per atom fora-FeSi2 , B2 FeSi,
DO3 Fe3Si, andg-FeSi2 versus the cutoff energy of the plane-wa
basis set. The total energy are referenced to the total energy
tained using a cutoff energy of 400 eV.
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affect the corresponding equilibrium bulk properties. Mo
details concerning the applied USPP are given in Ref. 34

B. Comparison of USPP and FLAPW results

In this section, we describe briefly the principal featur
of the used methods and we present the transferability
USPP for describing the ground-state and electronic pro
ties of several crystal structures for the Fe3Si, FeSi, FeSi2
composition, along with pure Fe and Si. A compilation of
the crystal structures covered in this study is presented
Table I. The total energy of the known stable crystal stru
tures and of some selected metastable and unstable F
compounds are computed as a function of volumes us
both ab initio methods described above. From Murnagh
least-squares fits38 of the total energy versus volume we o
tain the equilibrium volumeV0, the bulk modulusB0 and its
pressure derivativeB085(]B/]P)P50.

Table II compares the USPP and FLAPW results for
total energy and magnetic properties of various Fe-Si co
pounds. An excellent agreement is obtained for the equi
rium and structural properties of nonmagnetic FeSi a
FeSi2 selected compounds. For the spin-polarized Fe3Si, the
computed equilibrium lattice constants differs of about 0.3
~0.02 Å! and the bulk modulus differs of about 10%. A
shown in Fig. 2 and Table II the magnetic moments on
Fe and Si sites in Fe3Si agree within 0.1mB . A reduction in
magnetic moments and a related increase in the bulk mo
lus is obtained by including the full relaxation of 3p semi-

b-

FIG. 2. Convergence of magnetic properties of Fe3Si versus the
cutoff energy of the plane-wave basis set. ForEcut varying from
120 to 400 eV we show the ratio of the computed Fe and Si m
netic moments with respect to the reference moments evaluate
a cutoff energy of 400 eV. In the inset are compared the calcula
local moments as a function of lattice constants using LSD FLAP
~open symbol! and LSD USPP~filled symbol!.
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PRB 59 12 863COHESIVE, STRUCTURAL, AND ELECTRONIC . . .
TABLE I. List of structures considered in this study. See R
36 for Pearson symbol.

Proto- Struktur- Pearson Space Space gro
Material type bericht symbol group number

Fe W A2 cI2 Im3̄m 229

Cu A1 cF4 Fm3̄m 225

Fe3Si BiF3 D03 cF16 Fm3̄m 225

FeSi FeSi B20 cP8 P213 198
ClCs B2 cP2 Pm3̄m 221

MnP B31 oP8 Pnma 62
CoSn B35 hP6 P6/mmm 191
NaCl B1 cF8 Fm3̄m 225

b-FeSi2 FeSi2 oC48 Cmca 64
a-FeSi2 FeSi2 tP3 P4/mmm 123
g-FeSi2 CaF2 C1 cF12 Fm3̄m 225

Si C A4 cF8 Fd3̄m 227
core states in the USPP.34 Previous LSD linear muffin-tin
orbital8 and augmented-spherical-waves39 calculations lead
to Fe moment of 1.2-1.4mB and of '2.5 mB for the two
different Fe sites in Fe3Si. We found smaller magnetic mo
ments of about 0.8-0.9mB for the Fe atom, which has 4 F
and 4 Si NN and'2.3 mB for the eightfold coordinated Fe
atoms. These differences are mainly related to the nonsph
cal terms of the potentials and to different treatements of
interstitial region. Using full-potential methods the magne
moments are reduced by about 0.4mB for the fourfold coor-
dinated Fe atoms.

The transferability of USPP is confirmed also for dens
of states and band-structure properties. In Fig. 3 we pre
the total density of states~DOS! of selected bulk-stable Fe-S
compounds with the Fermi level taken as the zero of ene
These DOS obtained from USPP are equal with the D
obtained by FLAPW. For Fe and Fe3Si we plot the spin-
polarized DOS for majority and minority spin. The total in
tegrated areas of the DOS up to the Fermi level in Fig. 3

.

or

e
r-
TABLE II. Comparison of LSD and GGA ultrasoft pseudopotential~USPP! with LSD all-electron
FLAPW calculations and experiment for equilibrium and magnetic properties of Fe-Si compounds. FA2
Fe and DO3 Fe3Si, are compared the equilibrium lattice constanta, the bulk modulusB, the local magnetic
momentMi , and the respective magnetic energyDEm . For B2 andB20 FeSi,a- andg-FeSi2 and pure Si,
are compared the equilibrium lattice constanta, the bulk modulusB. At the 1:2 stoichiometry we compar
also the total energy difference between theg- and thea-FeSi2 structure, and the internal Si atomic coo
dinatez in a-FeSi2. For the Fe atom the GGA USPPps1 was generated for the 4s13d7 and ps2 for the
3p64s13d7 atomic configurations~i.e., treating the 3p electrons as valence electrons!.

LSD GGA
Units FLAPW USPP ps1 ps2 EXP

Fe A2 aFM Å 2.76 2.76 2.86 2.87 2.87a

aNM Å 2.70 2.70 2.79 2.78
BFM Mbar 2.38 2.35 1.55 1.66 1.683a

DEm eV/at 0.25 0.30 0.55 0.49
MFe mB 2.03 2.05 2.32 2.24 2.22a

Fe3Si DO3 aFM Å 5.47 5.49 5.63 5.63 5.65b

aNM Å 5.44 5.45 5.55 5.55
BFM Mbar 2.67 2.47 1.97 2.14
BNM Mbar 3.02 2.93 2.48 2.50
DEm eV/f.u. 0.74 0.69 1.20 1.04
MFe mB 2.27 2.34 2.61 2.55 2.2-2.4c

MFe mB 0.83 0.87 1.37 1.33 1.35c

MSi mB 20.02 20.02 20.06 20.05 20.07c

FeSiB20 aNM Å 4.41 4.38 4.46 4.47 4.489b

BNM Mbar 2.55 2.57 2.23 2.24 1.1–1.3e

FeSiB2 aNM Å 2.72 2.72 2.77 2.77 2.77d

BNM Mbar 2.70 2.63 2.21 2.23 2.22d

a-FeSi2 aNM Å 2.66 2.66 2.71 2.71 2.69b

cNM Å 5.08 5.08 5.14 5.14 5.134b

BNM Mbar 2.13 2.06 1.72 1.75
z 0.272 0.272 0.273 0.273 0.28b

g-FeSi2 aNM Å 5.32 5.31 5.40 5.41
BNM Mbar 1.96 1.93 1.67 1.67

Eg-Ea eV/f.u. 0.32 0.30 0.36 0.33
Si A4 aNM Å 5.41 5.40 5.46 5.43a

BNM Mbar 0.99 0.95 0.87 0.988a

aReference 37.
bReference 36.
cReference 9.
dReference 4.
eReference 43.
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12 864 PRB 59E. G. MORONI, W. WOLF, J. HAFNER, AND R. PODLOUCKY
8, 7, 6, 5.33, and 4 electrons for Fe, Fe3Si, FeSi, FeSi2, and
Si, respectively. Along this seriese-FeSi with a very small
optical gap separates Si andb-FeSi2, which display semi-
conducting properties of different origin, from the metal
and ferromagnetically ordered Fe and Fe3Si compounds.

To prove the transferability of USPP for band-structu
results we present in Fig. 9 the band structure ofb-FeSi2 in
the vicinity of the band gap as computed using USPP
FLAPW. The band structure was plotted with 245k points
along the high-symmetry lines of the base-centered or
rhombic Brillouin zone. The calculation is based on the e
perimental lattice parameters and the experimental ato

FIG. 3. Density of states for the six members of the Fe-Si ser
identified by their stoichiometry and crystal structure type. T
Fermi level is taken as the zero of energy.
d

o-
-
ic

positions taken from Dusausoyet al.40 The discrepancies be
tween the two band-structure calculations are very small
do not influence the dispersions of the bands close to the
Related electronic properties will be discussed more in de
in Sec. III C 2 and compared with GGA results.

III. RESULTS AND DISCUSSION

A. LSD versus GGA for cohesive properties

The influence of gradient corrections to the loc
exchange-correlation functional is analyzed here for the t
energy and magnetic properties of Fe-Si compounds u
USPP and whenever possible compared to experime
measurements. Table III summarizes the computed equ
rium volume~per atom! V0, the bulk modulusB0, the heat of
formation DH, and the cohesive energyEcoh using USPP
calculations by comparing both the LSD and GGA functio
als, along with the corresponding available experimen
data. The cohesive energiesEcoh are obtained by subtractin
from the total energy of the solid at the equilibrium lattic
constant the sum of the pseudoatom total energies, using
spin-polarized results for the Fe and Si pseudoatom. For
lated atoms the LSD and GGA atomic ground states are
spin-polarized configuration 3d6.24s1.8 for Fe and the
3s23p2 for Si. The corresponding atomic spin energies a
2.82 and 0.62 eV/atom, respectively, by using LSD and
3.15 and 0.76 eV/atom by using GGA. Note that LSD a
GGA calculations for Fe predict the wrong atomic grou
state~see Ref. 34!. The heat of formationDH of the iron
silicide series is evaluated with respect to the ground stat
Fe ~FM bcc! and Si~NM diamond!.

Figure 4 shows the GGA heat of formationDH and the
respective bulk modulus of the Fe-Si compounds as a fu
tion of composition. For all Fe-Si compound with 3:1, 1:
and 1:2 stoichiometry we obtain the correct stable crys
structure, in good agreement with the experimental ph
diagram. The available experimentalDH values41 for iron

s,
TABLE III. Calculated equilibrium volumeV0, bulk modulusB0, heat of formationDH, and cohesive energyEcoh for the iron silicides
series. The LSD and GGA results are compared with experimental values.

Compo- Struktur- V0(Å 3/atom) B0 ~Mbar! DH ~eV/atom! Ecoh ~eV/atom!

sition bericht LSD GGA exp LSD GGA exp LSD GGA exp LSD GGA exp

Fe A2 FM 10.54 11.73 11.79a 2.35 1.55 1.68a 0.00 0.00 0.00 6.47 5.15 4.28a

NM 9.89 10.72 3.05 2.39 0.30 0.55
A1 NM 9.69 10.50 3.27 2.60 20.04 0.24

Fe3Si DO3 FM 10.36 11.17 11.27c 2.42 1.99 20.41 20.28 20.21b 6.59 5.30
NM 10.04 10.70 2.87 2.46 20.22 0.03

FeSi B20 NM 10.50 11.12 11.24c 2.57 2.09 1.1–1.3d 20.68 20.42 20.41b 6.58 5.33
B2 NM 10.02 10.63 10.63e 2.63 2.21 2.22d 20.67 20.38

b-FeSi2 NM 11.95 12.59 12.53c 2.09 1.82 20.58 20.37 6.30 5.20
a-FeSi2 NM 11.94 12.55 12.38c 2.06 1.72 20.53 20.31
g-FeSi2 C1 NM 12.48 13.14 1.93 1.67 20.41 20.19
Si A4 NM 19.62 20.34 20.01a 0.94 0.87 0.988a 0.00 0.00 0.00 5.34 4.66 4.64a

aReference 37.
bReference 41.
cReference 36.
dReference 43.
eRefrence 4.
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silicides are in close agreement with the GGA results. Qu
generally, compared to the LSD, the GGA leads to a redu
heat of formationDH and stabilizes the FM over the NM
phases. This is most pronounced for Fe3Si where the LSD
predicts an exothermicDH for both the FM and NM phase
whereas with the GGA the formation of a NM Fe3Si com-
pound is an endothermic process. Ferromagnetic order s
lizes the formation of the DO3-type while for NM Fe3Si the
DO3 structure is unstable with respect to tetragonal dis
tion.

As presented in Table III, GGA lattice constants are s
tematically larger than the LSD one and closer to experim
tal data. The relative changes between GGA and LSDV0

results (DV/V) vary from 10.1 to 3.5% going from pure F
to Si.DV/V decreases linearly with increasing Si content b
at a fixed composition does not depend on the type of st
ture. In Fe3Si the LSD approximation underestimate at mo
the Fe-Si nearest-neighbor and second nearest-neighbo
tances, which are of 2.38 and of 2.74 Å, respectively, wh
the experimental values are of 2.45 and 2.83 Å. GGA c
rects completely the LSD interatomic distances predictio

Concerning the bulk modulus, the GGA values are low
with respect to the LSD results andDB/B changes from
252% in Fe to28% in Si. Note, however, that all theB0
values in Table III have been evaluated at the respec
theoreticalV0, which are different for LSD and GGA. Th
agreement with experiment for the GGA bulk modulus
improved for Fe, Fe3Si, and FeSi while it becomes worse fo
Si. The pressure derivative of the bulk modulusB08 ranges
between 3.9 and 4.3 for all studied systems.

FIG. 4. Computed GGA cohesive properties for the Fe-Si co
pounds.~a! Equilibrium bulk modulusB0 and~b! respective forma-
tion energyDH versus composition for stable and unstable str
tures. The bulk-stable structures are connected by a solid line.
e
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e
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LSD cohesive energies are typically overestimated
2.19 eV/atom for Fe and by 0.70 eV/atom for Si. The GG
corrections toEcoh provides therefore excellent agreeme
only for Si. The remaining discrepancy inEcoh with experi-
ment, of about 1.0, 0.7 and 0.5 eV/atom for Fe, Fe3Si, and
FeSi may be overcome by improving the calculation of t
total energy of the Fe atom through the use of orbital dep
dent potentials.34 Finally, this study shows that GGA tota
energy calculations provide the most realistic equilibriu
properties for Fe-Si compounds not only for the bulk sta
but also for the artificialB2 andC1 structures. Therefore, in
the following section we will mainly presentab initio calcu-
lations obtained using USPP and the GGA functional.

B. FeSi monosilicides

1. Structural stability

Figure 5 presents the computed total energy versus
umes curves for theB20, B2, B31, B35, andB1 structures
~listed here in the order of decreasing stability!. At this sto-
ichiometry all studied phases are NM and theB20 structure
is the most stable in agreement with the experimental ph
diagram. The energy difference with respect to theB31 and
theB2 structures is very small, ranging from'0.1 to 0.3 eV
per formula unit. The larger coordination of the Fe and
atoms in theB2 structure with respect toB20 andB31 ex-
plains the variation of the equilibrium volume in sequen
VB2,VB20,VB31. The B31 structure becomes more stab
thanB20 for increased 3d valence-electron composition lik
for the NiSi compound,46 while B2 FeSi under compressiv
strain is stabilized by coherent epitaxy on Si~111!.

-

-

FIG. 5. Total energy curves versus equilibrium volume at
FeSi and FeSi2 composition. The total energies of the bulk stab
structures (B20 FeSi,b- and a-FeSi2) are plotted as solid lines
while the total energy of the unstable compounds~see respective
structure symbol! are plotted using dashed or pointed lines.
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The B20 structure (e-FeSi) is the ground-state structu
and it consists of a simple cubic Bravais lattice with four
and four Si atoms with coordinates (u,u,u), (0.51u,0.5
2u,2u), (2u,0.51u,0.52u), and (0.52u,2u,0.51u),
whereu(Fe)50.1358,u(Si)50.844, and the lattice param
etera54.489 Å.42 The Si atoms in theB20-type lattice are
isolated and bonded to metal atoms only. This structur
very peculiar because foru(Fe)50.150 andu(Si)50.850
each Si~Fe! atoms would have exactly seven Fe~Si! nearest
neighbors.

The computed GGA structural properties ofB20 FeSi are
presented in Table IV. The lattice constanta0 and the inter-
nal relaxed atomic coordinate of Fe and Si atoms@u(X), X
5Fe,Si] compare very well with experimental values42

while the computed bulk modulusB052.09 Mbar, is nearly
a factor two larger than the measured value of 1.3-
Mbar.43 The differenceDB between the bulk modulus com
puted without (B0

0) and with fully atomic relaxation (B0) is
of 0.15 Mbar. Finite temperature and spin-waves effects
not treated in our calculation. These effects may reduce
about 10-20 % the computed elastic constants, and there
we still cannot explain the large difference between the co
puted and the measured bulk modulus ofB20 FeSi. This
number is usually taken without criticism also by more
cent experimental work4 therefore, we find that because
the overall agreement of our calculations for other Fe-Si b
properties, this motivates new measurements of the co
sponding elastic properties.

Mattheiss and Hamann11 have described the Fe and
atomic positions inB20 FeSi in terms of pairing-type distor
tion from the rocksalt (B1) structure. For this type of defor
mation the Bravais lattice is still simple cubic, but the over
point symmetry is tetrahedral. Along this deformation pa
from theB20 to theB1 structure, the internal atomic coo
dinate parameters change continuosly fromu(Fe)50.1358,
u(Si)50.8440 in B20 to u(Fe)50.25 andu(Si)50.75 in

TABLE IV. Comparison between calculated and experimen
structural properties ofe-FeSi. The equilibrium lattice constanta0,
the bulk modulus computed with and without atomic relaxatio
B0 and B0

0, respectively, the internal atomic coordinateu(X), X
5Si,Fe , the transition pressurep, the relative volume changeDV,
and the total energy differenceDE, between the bulk-stableB20
and the unstableB2 structure are computed using two differe
GGA USPP. For the Fe atom the GGA USPPps1 was generated
for the 4s13d7 andps2 for the 3p64s13d7 atomic configurations.

FeSi
USPP Exp.

ps1 ps2

a0 Å 4.463 4.469 4.489a

B0
0 Mbar 2.23 2.24

B0 Mbar 2.09 1.1-1.3b

u(Fe) 0.136 0.136 0.137a

u(Si) 0.841 0.841 0.842a

pB202B2 Mbar 0.13 0.15
DVB202B2 % 4.29 4.35
DEB202B2 eV/f.u. 0.07 0.09

aReference 36.
bReference 43.
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B1, respectively. The corresponding deformation ene
raises from 0.0 to 1.4 eV without any activation barrier a
the equilibrium volume per f.u. increases linearly from 22
to 25.5 Å3. Thus, this large total energy difference preclud
any possible high-temperature stabilization of FeSi into
more symmetricB1 structure.

2. e-FeSi: Electronic structure

B20 FeSi is semiconducting according to both LDA a
GGA calculations. The GGA band results near the Fe
level are plotted along symmetry lines in the simple cu
Brillouin zone in Fig. 6. We have plotted these bands us
the same energy window as used by Mattheiss and H
mann in Fig. 3 of Ref. 11. Our band calculation is based
the GGA ~ps1! equilibrium lattice parameter and atomic in
ternal positions@u(Fe) andu(Si)] which are summarized in
Table IV. The overall band topology for FeSi does n
change by using the GGA exchange-correlation function
and the present bands are in excellent agreement with
LDA LAPW bands of Ref. 11. GGA predicts only slightl
larger gaps but does not change the location of the indi
gap. The GGA calculated minimum gap is indirect (D ind)
and has a magnitude of about 0.15 eV, which is only slig
larger than the LDA value of 0.11 eV.11 In agreement with
LDA band calculations,D ind involves the valence-band
maximum along theGR line and the conduction-band min
mum alongGM . The minimum GGA band direct gap occu
along GM and is of about 0.18 eV, which however is on
0.01 eV smaller than the direct gap atX, DX .

The pressure dependence of the computed indirect
direct gaps at selected high-symmetry points are listed
Table V. The isotropic pressure changes cause the modi
tions of the atom-position internal coordinatesu(Fe) and
u(Si) of about 0.04 and 0.02, respectively. However, the
changes do not influence the magnitude and the locatio
the calculated indirect gapD ind and direct gapDX . At all
studied pressures, the valence band near the Fermi ener
dominated by a rather flat 3d band along theGX direction
while the first conduction band displays a more parabo

l

,

FIG. 6. USPP energy-band structure near the Fermi energy
e-FeSi along symmetry lines in the simple cubic Brillouin zone.
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dispersion along the studied high-symmetry lines. A co
parison of the theoretical band calculations at equilibri
lattice constant with the band topology provided recently
angle-resolved ultraviolet photoemission for bulk FeSi~100!
~Ref. 44! and epitaxial FeSi~111! ~Ref. 45! indicates a good
agreement of the overall feature at room temperature, e
cially for the GR direction.

3. High-pressure B2 structure

The B2 equilibrium volume is smaller by about 4.5 %
than the volume of theB20 ground-state structure. Becau
of the small structural energy difference aB20-B2 phase
transition at a pressure of about 150 kbar is predicted. T
two structures are connected continuously via the rock
structure (B1). FeSi displays a local minimum with theB2
structure and is unstable in theB1 structure.B1 FeSi may
transform into theB2 structure following a Bain path alon
the @111# direction, but also may transform into theB20
structure by relaxing the internal atomic degree of freedom11

The local stability ofB2 FeSi is illustrated with respect t
a tetragonal and trigonal Bain deformations in Fig. 7
three different volumes:V0 , 0.83V0, and 1.23V0, where
V0 is its theoretical equilibrium volume. These transform
tion paths consist in the tetragonal distortions of theB2 lat-
tice along the@001# axis, for the tetragonal deformation, an
along the @111# axis, for the trigonal deformation. Along
these paths, the crystal volume is constrained to be const47

and as shown in Fig. 7 the deformed structure can be par
etrized in terms of thec/a ratio. Along the tetragonal Bain
path, FeSi exhibits only a local minimum for theB2 struc-
ture (c/a51) while along the trigonal path a second loc
minimum is found forc/a53.5. The position of this secon
local minimum changes for different fixed volumes. Alon
the trigonal Bain path the hexagonal geometry is kept fix
while the distances between the different~111! planes
change together with the distance between the atoms in
plane. Along this path, theB2 (c/a51) and theB1 (c/a
52) are the high-symmetry structure and are connected
tinuously.

Even if the total energy of theB2 andB20 structure are
still close, the difference in local coordination of theB2 and

TABLE V. Structural properties and band gaps ofe-FeSi at
three different lattice constantsa. The structural data such as th
internal pressurep, the atomic relaxation energy gainDErel, and the
corresponding atomic coordinateu(X), X5Si,Fe are presented to
gether with the the corresponding indirectD ind and high-symmetry
DX , DG, andDR band gaps. For the indirect gapD ind the direction
in reciprocal space is given in parentheses.

e-FeSi

a Å 4.30 4.45 4.60
p kbar 310 21 2153
DErel meV/f.u. 8.7 0.0 8.5
u(Fe) 0.1398 0.1360 0.1302
u(Si) 0.8425 0.8408 0.8383
D ind(G-R→G-M ) eV 0.147 0.148 0.159
DX eV 0.198 0.196 0.197
DG eV 0.844 0.705 0.590
DR eV 1.340 1.148 0.993
-
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B20 structure is strongly affecting the corresponding den
of states.B2 FeSi is metallic and has a DOS that is bcc li
~see Fig. 8! dominated by a 2 eVnarrow peak of the meta
3d bands while the DOS ofB20 FeSi is more fcc like with-
out a dominating peak and displays a small gap. ForB2 FeSi
the Fermi level falls near a pseudogap of the density of st
at the onset of a sharp peak of Fed states and separates th
occupied bonding states from the empty states. These di
ences in electronic properties ofB20 andB2 FeSi illustrate
how also other related properties of the materials m
change during aB20-B2 structural change.

C. FeSi2 disilicides

1. Structural stability

Figure 5~b! describes the computed total energy curv
versus volume for various stable (b,a) and unstable (g and
defected! crystal structures of FeSi2. Compared to previous
results from a semiempirical tight-binding approach48 quali-
tative agreement on the structural stability hierarchy is
served. The destabilization of theg- with respect to the
b-phase by 0.54 eV/f.u. using GGA~or 0.51 eV using LDA!
compares quite well with about 0.49 eV/f.u. found by sem
empirical methods.48 The structural energy difference be
tween a- and b-phase of 0.04 eV/f.u. predicted by sem
empirical methods48 is, however, underestimated by a fact
of about four when compared to the first-principles result

FIG. 7. Total energy versusc/a ratio at three very different
constant volumes for FeSi and FeSi2 along~a! the tetragonal and~b!
the trigonal deformation path.c/a51 denotes theB2 and CaF2
structure, respectively.
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0.15 eV/f.u. using LDA or 0.18 eV/f.u. using GGA. Thi
comparison reflects a poor transferability of tight-binding p
rameters~fitted using the bands of the cubicB2 FeSi and
g-FeSi2) for the tetragonala-structure, which shows very
strong Si-Si contacts.

The ground-state of FeSi2 is the semiconducting ortho
rhombicb structure, which has been described by Dusau
et al.40 The b structure in its primitive cell contains eigh
formula units for the base-centered structure and devi
from theg-FeSi2 only through small deformation and rota
tions of the cubic cages in the fluorite structure.

The structural properties ofb-FeSi2 using GGA calcula-
tions compare well with the experimental results. The co
puted theoretical GGA lattice parameters of the orthorho
bic cell are a59.901, b57.779, and c57.833 Å and
compare well with the corresponding experimental values
a59.863,b57.791, andc57.833 Å.40 The agreement with
experimental observation for the Fe-Si, Fe-Fe, and Si-Si
tances is also very good. The computed and experime
Fe-Fe, Fe-Si, and Si-Si bond lengths differ at maximum
about 0.02 Å.

When the progressive distortion of the atomic positions
generated by a linear interpolation between the atomic p

FIG. 8. Unit cells and density of states for~a! B2-FeSi and two
defective CsCl-based structures,~b! related to thea-, and~c! iden-
tical with theg-phase.
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tions and cell dimensions of theg andb structures and rep
resented by a configurational parametere ranging from 0 to
1, respectively, the band-gap opening is only produced in
vicinity of the b phase fore.0.8. Along this distortion path
the systems decrease its total energy without passing thro
a barrier, as is expected for a Jahn-Teller-like symme
splitting of bands and is mainly characterized by a reduct
of the corresponding Fe-Fe and Si-Si interatomic distanc
of about 0.8 and 0.1-0.3 Å, respectively. The shortening
the Fe-Fe distance and the deformation of the Si cages
rounding the eight-folded coordinated Fe atoms, pass
from the cubic structure to a solid with two square faces a
four nearly regular trapezoidal faces, give rise to the form
tion of the band gap also for the local electronic DOS of t
Fe atoms. The metallic-semiconductor displacive transit
in FeSi2 is correlated with these Jahn-Teller distortio
which occur at selected sites in different times,20 and involve
locally these eightfold cages of Si atoms with Fe inside.

2. b-FeSi2: Electronic structure

A semiconducting gap of 0.8420.87 eV has been
detected,49 however despite a lot of experimental effort
there is still no agreement about the characteristics and
nature of the band gap inb-FeSi2. The gap properties of the
b-FeSi2 ordered compound have been initially investigat
by Eppenga16 using the augmented spherical wave meth
and Christensen15 who employed the linear muffin-tin orbita
~LMTO! method. Both authors claimed an indirect gap, b
they disagree on the identification of the gap transition a
on the width that is calculated within a range of 0.44 up
0.80 eV. In these first studies15,16 it was also shown that the
calculated gap depends on the ratior of the atomic sphere
radii of Fe and Si. This shows immediately that these me
ods are not reliable for these quantities. A detailed comp
son between gap properties and their relation to the choic
r for the LMTO method is discussed in Ref. 50.

Compared to other first-principle results15–17,51 the
FLAPW and USPP calculations in the vicinity of the ban
gap plotted in Fig. 9 reveal a surprisingly different topolo
of the bands close to the gap. The valence-band edge is
located in the region betweenG andZ (5L) as in Refs. 16
and 51 but at the symmetry pointY of the Brillouin zone of
the orthorhombic centered cell. The indirect nature of
fundamental gap is therefore confirmed but attributed now
a transition with an energy of 0.58 eV betweenY and 0.6
3L. The direct transition with an energy of 0.06 eV high
than the indirect one~0.64 eV! is located atY. By using
GGA, the magnitude of the gaps is increased by 0.04 eV,
they do not affect the topology of the LDA bands shown
Fig. 9. Compared to experimental data the computed di
and indirect gap are 30% too small. This discrepancy
within the range usually observed for density-functional
sults on band-gap energies.

Very recently,52 a pseudopotential study applying GG
was performed resulting in a very similar topology of th
electronic structure at the gap. Similar to our findings
indirect Y-L gap was found. However, the gap sizes
ported by Clarket al.52 are larger, e.g., 0.73 eV~compared to
0.62 eV for our GGA calculation! for the indirect gap. This
difference might be due to the slightly different lattice p
rameters derived for the bulk ground state: our data fora and
b
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are larger~within 1%! whereas the c parameter is smaller
'1% than the corresponding values of Ref. 52.

The disagreement between methods applying sphe
and full potential basis functions on the band topology n
the gap in the vicinity ofY can be understood by an inspe

FIG. 9. Band structure near the Fermi energy forb-FeSi2 along
symmetry lines in the orthorombic-centered Brillouin zone. Co
parison between FLAPW energy-band results~solid lines! and
USPP band structure~dashed lines!.

TABLE VI. Partial charges~%! of the states around the gap
the Y-, 0.63L-, G-, andZ point. The energies are given relative
the Fermi energyEF . The two different rows of data per band giv
results for the two inequivalent Fe and Si atoms. The muffin
radii of Fe and Si atoms arer MT51.11 Å and INT denotes the
interstitial region.

Band Energy Fe Si
State no. @eV# s p d s p d INT

Y 64 0.0 0.1 4.6 2.7 0.3 7.2 3.8 53.9
0.7 6.5 9.2 0.0 7.6 3.4

gap
65 0.644 0.4 0.4 21.1 0.6 1.7 1.8 8.

0.0 0.1 59.4 4.6 1.0 0.6

0.6L 64 20.152 0.0 0.2 25.1 0.3 4.8 1.4 25.
0.1 2.3 34.8 0.1 3.4 2.1

gap
65 0.579 0.0 0.3 47.8 0.1 2.3 0.6 12.

0.0 0.4 32.3 1.3 2.7 0.2

G 64 20.308 0.0 4.6 6.3 0.1 12.2 2.1 29.
0.0 1.7 39.9 0.0 2.1 1.8

gap
65 0.640 0.0 1.2 45.5 0.5 2.6 1.2 14.

0.0 0.2 24.4 2.7 6.4 0.4

Z 64 20.258 0.1 1.4 29.8 0.3 2.7 1.3 19.
0.3 1.9 38.1 0.1 2.5 1.8

gap
65 0.632 0.0 0.3 41.3 1.1 4.1 1.1 14.

0.0 0.7 31.7 0.7 3.8 0.3
al
r

tion of the partial charges of the state atY given in Table VI.
The highest occupation state turns out to be highly delo
ized with 54% of the charge in the interstitial region. Th
delocalizations accounts also for the relatively strong disp
sion of the corresponding band. It is therefore not at all s
prising that this band may be better represented by full
tential basis functions. Additional to the high interstiti
partial charge a pronouncedp character~more thand) is
observed. This is especially important for estimating the f
bidden or allowed character of both, the indirect and dir
across-gap transitions. Since the initial state exhibits con
erablep character and both final states are quite localized
d states, the indirect and direct gap are therefore definitiv
not dipole forbidden. For those states that were considere
initial states for the gap transitions by previous calculatio
i.e.,G, Z, and 0.63L, a comparable high Fed character~see
Table VI! prevented a definitive statement about the allow
character of the gap transitions. This study confirms the
direct nature of the fundamental gap and that the applica
of a full-potential method is necessary to study the ba
structure ofb-FeSi2.

3. a-FeSi2: High-temperature structure

A second stable crystalline phase at the disilicide com
sition is a-FeSi2. This phase is stable only above 920° C,
metallic and its crystal structure type is tetragonal with
atoms per unit cell, and lattice parameters ofa52.690 and
c55.134 Å. Thea phase exist in the composition range 6
to 72.5 at. % silicon. The deviation from the stoichiomet
composition is due to iron vacancies. This structure is ch
acterized by uniplanar iron based layers with Si forming a
jacent pairs, with as peculiar feature the directional bond
of Si atoms induced by the short Si-Si distance. The agr
ment between the computed GGA and experimental lat
parameters is very good, confirming the very small Si
nearest neighbor~NN! distance of 2.33 Å when compared t
the Fe-Fe NN distance of 2.71 Å. Taking into account
possible relaxations thea-structure is higher in energy with
respect to theb-phase by 0.15 eV in the LSD and by 0.19 e
in the GGA.

The structural properties ofa-FeSi2 are presented in
Table II. The calculations lead to similar structural propert
independently from the used functional. Compared to exp
ment the main difference occurs for the internal Si atom
coordinateszi . This disagreement results in an increase
about 0.1 Å of the Si-Si NN distance and is probably co
nected to the presence of Fe vacancies in the experime
sample, which are not considered here. The relaxation ozi
from the experimental value 0.28 to 0.273 lowersEtot of
0.05 eV and is related to the shift of the Fe 3d and Si 3p
DOS of '0.2 eV at lower energy. The Fermi level o
a-FeSi2 is located in a pronounced minimum~see Fig. 3!
which reduces the band structure energy and explains
relative stability with respect to the unstableC1 structure.

4. g-FeSi2 and related structures

The FeSi2 pseudomorphic structures appearing at the
terface to silicon have been interpreted, from a geometr
point of view, asB2 based lattices with random arrang
ments of vacancies on the Fe sublattice,4 because the sym

-
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metry of these phases does not change during the anne
process. Assuming that each vacancy should have the m
mum number of nearest neighbor vacancies compatible
the disilicide stoichiometry leads to the formation of~001!
layers of vacancies. As a consequence the cubic symmet
reduced to a tetragonal one withc52a. After relaxation of
thec lattice parameter and of the silicon atomic positions
a-FeSi2 is formed. On the other hand, theg-FeSi2 emerges
from the requirement that all vacancies should have
maximum number of next-nearest neighbors. In this struc
each Si atom is tetrahedrally coordinated with four Fe ato
and each Fe atom has eight Si nearest neighbors.

Experimentally, these defected cubic phases have b
observed as intermediate precursor phases of the s
b-FeSi2 phases during silicide heteroepitaxy on Si su
strates. The metallica-FeSi2 has been stabilized53 in epitaxi-
ally grown layers at temperatures far below its stability ran
in the bulk phase, whileg-FeSi2 has been formed in very
thin films54,55by annealing 3-7-Å thick Fe films deposited o
Si~111! between 250 and 550 °C.

As for the monosilicides, also for the disilicide series w
C1 structure the rigid band-assumption is nearly fulfilled a
a ‘‘quasigap’’ in the DOS nearEF at the CoSi2 band filling
separates bonding and antibonding states. The bonding p
erties of FeSi2 are understood in terms of hybridization
d-metal andp-silicon states.19 The covalent bonding stabi
lizes theC1 structure for CoSi2 and NiSi2 but is not suffi-
cient for FeSi2 ~Ref. 15! because here the Fermi level
located in a giant peak of Fe states mixed with Sip states
@see Fig. 8~c!#, indicating that theC1 structure is highly
unstable.

The total energy of the tetragonal defected FeSi2(c
52a, zi50.25) and ofg-FeSi2 are shown in Fig. 5~b!. In
agreement with experiment we found that both studied Fe2
defected structures are unfavorable situation as bulk st
tures. By constrainingg-FeSi2 to volumes larger than the
equilibrium volume, a ferromagnetic moment develops on
atoms. For lattice constants of 5.7, 5.6, and 5.5 Å, the
magnetic moment (MFe) are of 0.78, 0.52, and 0.42mB ,
respectively. At the equilibrium lattice constant ofa0
55.4 Å MFe drops to zero. These calculation do not indica
a magnetic stabilization of the fluorite phase, however th
reveal the possibility of obtaining a ferromagnetic Fe sub
tice by stabilizing the fluorite structure at large volume. T
control of the magnetic properties of theg-FeSi2, together
with the properties of defected FeSiB2 compounds are pe
culiar for the design of Fe/FeSi2 or FeSi/Fe3Si multilayers.

g-FeSi2 and the tetragonal defected FeSi2 are also me-
chanical unstable with respect to tetragonal or local defor
tions. The defected tetragonal structure relaxes towards
y
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stable a-FeSi2 while the g-FeSi2 evolve towards the
b-FeSi2. One peculiar feature ofg-FeSi2 is its local stability
along the trigonal Bain deformation as shown in Fig.
However, g-FeSi2 differently from the B2 FeSi shows a
clear instability along the tetragonal Bain path, which
mostly related to the tetragonal instability of the fcc Fe su
lattice. This fact reflects the experimental finding th
g-FeSi2 may be epitaxially stabilized on Si~111! while there
is no evidence of stabilization of theg-FeSi2 on Si~100!
substrate.

IV. CONCLUSION

We studied the cohesive, electronic, and structural pr
erties of several Fe-Si compounds by using GGA and
ultrasoft pseudopotential approach as well as a full poten
all-electron method. For structural properties GGA improv
substantially the agreement with experiment as compare
LDA results. The relative stability of the studied phases
however not affected by the choice of functional. At the 1
and 1:2 composition, the Fe-Si compounds display a v
rich structural phase diagram with several metastable cu
structures which may be stabilized by high pressures or
epitaxial growth. In contrast to theb-FeSi2 and e-FeSi
ground-states bulk phases, which are semiconductors, t
pseudomorphic cubic phases are metallic conductors.
structural transition from the semiconducting to the meta
phases are characterized by changes of the local atomic
ordination as also expressed in the corresponding densit
states. The calculated configurational magnetic effects
Fe3Si and the semiconductive properties ofb-FeSi2 and
e-FeSi compounds and the derived bands indicate the im
tance of using preciseab initio methods, which make no
shape approximation to the one-electron potential.

Finally, our study demonstrates the accuracy of USPP
describing not only the electronic, magnetic, and structu
properties of stable phases but also for the calculation
properties of related unstable structures over a wide pres
range. Based onab initio results for artificial bulk structures
the continuous progress in the field of epitaxial growth ope
the possibility to design new Fe-Si multilayer materials w
very high-crystalline quality and very peculiar optical
magnetic properties.
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