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Electronic structure of substoichiometric Fe-Al intermetallics
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The formation energy, nature of bonding, electron density of states, and magnetic properties of Fe12xAl x

intermetallics have been calculated in the concentration range 0<x<0.5 using the tight-binding linearized
muffin-tin orbital method and a super unit cell containing 16 atoms. The various concentration ranges are
simulated by successively replacing Fe atoms by Al atoms and studying the electronic structure within the
density-functional theory and generalized gradient approximation for exchange and correlation. The stability of
the Fe12xAl x alloys increases monotonically with increasing Al concentration, while the magnetic moment
variation reveals exactly the opposite behavior. Stoichiometric FeAl is found to exhibit two nearly degenerate
magnetic structures: a nonmagnetic state with zero moment on Fe and a ferromagnetic state with a moment of
0.75mB per Fe atom. Fe3Al, on the other hand, is ferromagnetic with a calculated moment of 2.45mB at the
Fe-I site and 1.95mB at the Fe-II site. The coupling between Fe and Al atoms is antiferromagnetic, although the
moment at the Al site is much smaller (20.17mB) than that at the Fe sites. The bonding between Fe and Al
atoms is primarily due to the hybridization between the 3d electrons of the former and thespelectrons of the
latter. The bonding has a strong local character in that the coupling is between the nearest neighbor atoms. This
is further verified by a calculation using small clusters as models of the bulk structure. The density of states at
the Fermi energy is dominated by contributions from the Fe 3d state although its variation with Al is modu-
lated by subtle interaction with Al 3p electrons. The total densities of states at the Fermi energy of Fe12xAl x

alloys show the same variation as the electrical resistivity, suggesting that the increase and then decrease in
resistivity with Al concentration with a peak at 33% Al is purely of electronic origin.

DOI: 10.1103/PhysRevB.66.184203 PACS number~s!: 71.15.Mb, 71.20.2b, 75.50.Bb
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I. INTRODUCTION

Transition metal~TM! aluminides are a well-known clas
of structural intermetallics that possesses a unique comb
tion of several desirable properties such as a high mel
point, oxidation and corrosion resistance, being relativ
lightweight, and possessing possible room-temperature
tility. In particular, nickel and iron aluminides, in spite o
their structural similarity, display a wide range of electron
mechanical, transport, and magnetic properties.1–3 All these
properties are basically dictated by the interactions betw
the Al-p and TM-d bands. The subtle changes in thep-d
hybridization brought about by a variation in Al concentr
tion affect the chemical bonding and phase stability in t
family of intermetallic alloys. With increasing Al concentra
tions, charge transfer from Al to TM sites increases, result
in a significant ionic contribution to otherwise metallic bon
ing. This is in contrast with the early 3d TM aluminides,
where TM-TM directional bonding is the dominant fact
governing their structural stability. For example, theb phase
of Fe, Co, and Ni aluminides, that crystallize in aB2 ~CsCl!
structure, persists over a broad range~34–52 at. % Al for
FeAl, 45 to 58 at. % Al for CoAl, and 40–55 at. % Al fo
NiAl ! of composition with very little variation in the lattice
constant.4–6 On going from NiAl to FeAl in this family of
isostructural stoichiometric compounds, Caskeyet al.4 had
reported increases in~a! the electronic heat capacity by
factor of 4.3,~b! the Pauli spin susceptibility by a factor o
48, ~c! the electrical resistivity by a factor of 10.2~5.8! at 4.2
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K ~300 K!, and~d! the thermopower by a factor of 3.5~2.9!
at 4.2 K ~300 K!, along with a change in sign. These obse
vations can be correlated with the fact that for FeAl the el
tronic density of states~DOS! at the Fermi leveln(EF) is a
factor of ;4 higher than that for NiAl,7 and there is an in-
creased electronic scattering rate as one goes deeper int
d band. This is also consistent with Mott’s simple two-ba
s-d model for TM’s, according to which thed band is a trap
with a high DOS, into which thes electrons may be scattere
and lost from the electrical current.8

The structural phase diagram of Fe-Al system9,10 is rather
complex. In the Fe-rich side, the two ordered pha
B2:FeAl and DO3:Fe3Al are separated by two-phase regio
a1B2 anda1DO3, a being the disordered phase. The
are two lines of second order transitions meeting at a tric
cal point. The presence of magnetic ordering makes the s
ation even more complicated.11 The magnetic phase
diagram12,13 shows paramagnetic, ferromagnetic and sp
glass regions, which meet at a multicritical point near
;30% Al concentration. Fe12xAl x solid solutions are ferro-
magnetic in the concentration range 0<x,0.2, and the mean
magnetic moment~per atom! decreases with Al concentra
tion as per~roughly! the dilution law M̄5(12x)MFe. Or-
dered Fe3Al is also ferromagnetic withM̄51.4mB ,14 which
is less than the dilution law prediction (;1.65mB). The
magnetic moments per Fe atom are found to be appr
mately independent of Al content.5,11 For x>0.3, ferromag-
netic order apparently starts disappearing due to a comp
©2002 The American Physical Society03-1
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tion between nearest-neighbor Fe-Fe ferromagnetic exch
and an indirect Fe-Al-Fe antiferromagnetic superexchang13

Although perfectly ordered FeAl is known to be nonma
netic down to 1 K,4 disordered~cold-worked! FeAl has been
reported to exhibit a magnetic moment of 0.65mB .5 Interest-
ingly almost allab initio electronic structure calculations i
ordered FeAl reveal a magnetic moment of;0.7mB .7,15This
controversy, present only in FeAl~but not in isostructural
CoAl and NiAl! led to a number of conjectures regarding t
role of various point defects and disorder in FeAl in a
around stoichiometric compositions. Various unique prop
ties of FeAl, e.g., its ductility, bond strength, and transp
and magnetic properties are all rather sensitive to the p
ence of intrinsic and extrinsic defects.16–18 Because of the
presence of intrinsic disorder in these systems even at e
stoichiometry, Fermi surface measurements like de Ha
van Alphen or cyclotron resonance are ruled out. Howe
extensive experimental measurements have been carrie
on heat capacity, electron momentum density, optical, tra
port, and magnetic properties, especially on the two orde
phases viz.B2-structured FeAl and DO3-structured Fe3Al. It
is interesting to see how the cohesive, electronic, transp
and magnetic properties change with Al concentration in
ing from Fe3Al to FeAl.

Recently Lilly et al.19 observed a monotonic increase
the electrical resistivityrel of Fe-Al alloy from 0 at. %~pure
Fe! to ;33 at. % Al, after which there is a rather steep d
crease with a further increase in Al concentration. On
proaching a 50:50 concentration from the Fe-rich side
similar monotonic decrease inrel(x) was earlier reported4

for FeAl, while in the case of isostructural NiAl and CoA
there was a reversal of slope atx50.5. Assuming that the
underlying crystal structure remains unchanged in this en
range of composition, the authors of Ref. 19 gave a qua
tive explanation of this anomaly based on the phenome
logical s-sands-d scattering theory of Mott and Jones20 for
AB alloys. In FeAl alloys, the Al-3s and Fe-3d orbitals lie
quite close in energy, while Al-3p orbitals lie at higher en-
ergy. With increasing Al concentration, one would expe
more and more charge to be transferred from Al-3p to
Fe-3d until the latter is completely filled. The critical con
centrationxc at which thed band can be filled is estimated21

to be around 0.4, assuming a rigid band model where
donates three electrons to the Fe 3d band. Recall that the
peak in the experimental resistivity occurs atx;0.33.

Reddy and co-workers21 attempted to understand th
change in the electronic structure of iron aluminides by us
a finite-size ~15-atom! cluster model of Fe152nAln (n
50 – 7) and performing density-functional calculation
While the electron density of states calculated using the c
ter model was consistent with the above charge-tran
model, it failed to bring out the band effects that are reflec
in the hybridization strength, solid solution, and long-ran
behavior in a realistic binary alloy. In addition, a small clu
ter used to model the bulk has the inherent difficulty th
most of the atoms belong to the surface. Several band s
ture calculations have been performed on Fe-Al alloy s
tems to investigate their ground- as well as excited-s
properties.7,22–31 However, no attempts have been made
18420
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calculate the concentration dependence of the band struc
of these intermetallics far away from stoichiometry.

Here we have attempted a systematic theoretical inve
gation of the electronic, magnetic and cohesive propertie
Fe12xAl x alloys for 0<x<0.5 using first-principles density
functional calculations with nonlocal gradient correctio
The local bonding character has been further explored
using a real-space cluster model. In Sec. II we describe
theoretical procedure. The results are discussed in Sec. I
summary of our conclusions is given in Sec. IV.

II. COMPUTATION

A theoretical understanding of the electronic structure a
energetics of Fe12xAl x alloys as an Fe atom is replaced by
Al atom using band-structure methodology requires the c
struction of a super unit cell that includes the Al defec
Ideally this supercell should be large enough that the in
action between the ‘‘defects’’ is minimized. Second, as o
increases the defect concentration, it is also necessar
maintain the same supercell so that no additional errors
introduced due to different supercell sizes corresponding
different defect concentrations. Since the computing cost
creases substantially with the size of the supercell, a com
mise has to be reached between accuracy and efficie
Therefore, we first discuss the construction of the super
that will enable us to calculate the band structure, density
states, and cohesive energies of Fe12xAl x alloys for 0<x
<0.5. We then briefly outline the salient features of our s
percell band structure calculations using the lineariz
muffin-tin orbital ~LMTO! method.32 Finally we discuss a
cluster model that enables us to probe the local bonding c
acter between Fe and Al atoms in real space that can
compared with the information gathered from band struct
calculation.

A. Construction of the supercell

The DO3 structure of Fe3Al is shown in Fig. 1. Here each
Al atom has eight nearest neighbor~n.n.! Fe atoms~type I!,
six second n.n. Fe atoms~type II!, and 12 third n.n. Al atoms
By replacing all the type-II Fe atoms by Al one obtains t
B2 phase of FeAl, while by replacing the Al atoms with F
one retrieves the bcc Fe structure. Therefore, in our inve
gation, we have used a 16-atom DO3 cage in which we have
selectively replaced the Fe sites by Al sites, and vice ve
and thereby generated super cells that model substoichio
ric Fe12xAl x intermetallic alloys for different values of con
centrationx(0<x<0.5). In Table I we list the Fe sites re
placed by Al for each concentrationx.

It is to be noted that all the supercells corresponding
the compositions Fe16Al0 , Fe15Al1 , Fe13Al3 , Fe12Al4 ,
Fe11Al5 , Fe9Al7 , and Fe8Al8 are chosen to be of thesame
size and symmetry~cubic!, so that systematic errors can b
eliminated. Only site substitutions have been changed
simulate various off-stoichiometric compositions, but th
have not been randomized unlike in a truly disorder
alloy.33,34 Note that the earlier supercell calculations25,31 per-
formed on off-stoichiometric Fe5Al3 , Fe9Al7 , etc. alloys de-
3-2



e
a

nd
he
m

e
is
o

he
v

rk
istic
-
y
s’’
ic

be
and

e-
-
th
-
.
ing
nd it
ergy
the
ate

uire

res
ions
rgy

w
he

for
ace

its

m-
ia a

nd

ELECTRONIC STRUCTURE OF SUBSTOICHIOMETRIC . . . PHYSICAL REVIEW B 66, 184203 ~2002!
ployed supercells whose symmetry and cell distance w
varied. The present model allows us to perform and comp
self-consistent total-energy calculations ink space under
identical conditions, e.g., Brillouin-zone integration a
other convergence criteria, as discussed in Sec. II B. Furt
more, in view of the fact that the experimental lattice para
eters of Fe12xAl x alloys vary marginally, from 2.87 Å forx
50 to 2.92 Å forx50.5,5 we have assumed for the lattic
constant a value of 2.89 Å in all our calculations. This
consistent with the experimental lattice constant
DO3:Fe3Al structure.11 Although, strictly speaking, one
would perform energy-volume minimization to estimate t
equilibrium lattice constants for each composition; we ha
purposely avoided this in our present calculations.

FIG. 1. ~Color! Geometrical model of DO3 structured Fe3Al. a
andd are Al sites,b is an Fe-I site, whilec ande are Fe-II sites.ab,
ac, ad, and ae are, respectively, the first-, second-, third-, a
fourth-nearest-neighbor distances.
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B. Band structure

All the band-structure calculations reported in this wo
have been performed using self-consistent scalar relativ
tight-binding ~TB!-LMTO method in the atomic sphere ap
proximation ~ASA!,35,36 based on density-functional theor
~DFT!. We have also incorporated ‘‘combined correction
~CC! terms that account for the non-sphericity of the atom
Wigner-Seitz-type cells into which the lattice cells can
partitioned. In this approach one uses a minimal basis set
it involves an approximate~overlapping sphere! representa-
tion of the potential in the interstitial region. The on
electron potential entering the Schro¨dinger equation is a su
perposition of overlapping spherical potential wells wi
positionR and radiiSR , plus a kinetic-energy error propor
tional to the fourth power of the relative sphere overlap32

The ASA, in addition, forces the charge density enter
Poisson’s equation inside the spheres to be spherical, a
neglects the charge outside the spheres. The Coulomb en
is calculated for a spheridized charge density, and hence
total ground-state energy is not accurate enough to estim
structural energy differences or frozen phonons that req
symmetry lowering displacements of atoms.36 However, the
ASA1CC method has proven extremely useful for structu
where a close packing of spheres at high-symmetry posit
is possible. This is because of the fact that the kinetic-ene
error of the ASA1CC method is negligible for a slightly
overlapping muffin-tin potential. One needs to know ho
one can fix the sphere radii for Al and Fe atoms in t
present case of a DO3 caged Fe12xAl x supercell. We use the
so-called Hartree potential plot prescription.37 Basically we
plot only the Hartree part of the neutral atom potentials
Fe and Al atoms in their respective positions, and then tr
the maxima~or saddle-points in three dimensions!. For a
given atom, the distance to the closest maximum from
center is taken to be its touching sphere radius~since it usu-
ally touches the sphere of the neighboring atoms!. Subse-
quently the ASA radii were obtained by inflating these ato
centered touching spheres until they ensure space filling v
permissible overlap, which is defined as

wRR851/d@sR1sR82d#3100 whered5ur2R8u
TABLE I. Supercells for stochiometric and off-stoichiometric Fe12xAl x alloys. Sites~a!–~e! are as given
in Fig. 1.

Alloys
Al conc.

~%!

Site occupancy of Al for each concentration studied

Corner
site ~a!
~0,0,0!

Small cube
center site~b!
~1/4,1/4,1/4!

Edge-center
site ~c!

~1/2,0,0!

Face-center
site ~d!

~1/2,1/2,0!

Body-center
site ~e!

~1/2,1/2,1/2!

Fe16Al0 0.0 Fe Fe1 Fe2 Fe2 Fe2

Fe15Al1 6.25 Al Fe1 Fe3 Fe2 Fe4

Fe13Al3 18.75 Fe Fe1 Fe3 Al Fe4

Fe12Al4 25.0 Al Fe1 Fe3 Al1 Fe4

Fe11Al5 31.25 Al Fe1 Fe3 Al1 Al2

Fe9Al7 43.75 Al Fe1 Al2 Al1 Fe4

Fe8Al8 50.0 Al Fe1 Al2 Al1 Al3
3-3
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TABLE II. Potential parameters forB2 FeAl ordered intermetallic.

Al Fe

s p d s P d

Ev ~Ry! 20.4522 20.2131 20.1216 20.3935 20.2407 20.0692
C ~Ry! 20.4901 0.3770 1.5758 20.1743 0.8449 0.0097
la
l
i

f t
s

e
0
t

e

ty
os
e

ra
al

s
f

-
th
id

ec
iv
ie

C
-
e
u

h-
n
e

he
s
su

po
ag
e

in
lo-
-

s
it

e

y,

‘‘in-

er-
and
n to
ve

.

For the ASA to work in a reasonable fashion, this over
value should not increase beyond 15–18 % between rea
oms. This entire technical procedure for fixing the atom
sphere radii has been automated in the latest version o
Stuttgart TB-LMTO code,35 which in the present case yield
different radius values for Fe-I~b site in Fig. 1! and Fe-II~c
ande sites in Fig. 1! which see different environments. Th
resulting radii for Fe-I, Fe-II, and Al spheres are 2.67 2.7
and 2.70 a.u., respectively. The Fe-I spheres occupying
small cube centers~tetrahedral positions! turn out to be
slightly ~;1%! smaller. It is to be noted that unlike in th
case of La2 and CeI2 ~in Ref. 36, which are Ti2Cu interme-
tallic structure!, here we do not need to introduce any emp
spheres in the DO3 structure, which are reasonably ‘‘cl
packed.’’ Also it is to be noted that in all our supercells, w
have ensured to use the same average Wigner-Seitz
~2.688 a.u.! and the same relative radii of the individu
spheres, so that the systematic errors get cancelled.

It is well known38 that the reliability of local spin density
~LSD! approximation to the DFT is due to its first-principle
character and because it satisfies the constraints
exchange-correlation~XC! hole exactly, resulting in the cor
rect mapping of the ground-state many-body effects from
uniform electron gas to real atoms, molecules, and sol
However, for many real systems such as 3d transition met-
als, it has been found that the so-called ‘‘gradient corr
tions’’ improve the LSD results for the ground-state cohes
and magnetic properties, provided the generalized grad
approximation~GGA! functional also obeys the exact X
hole constraints. Bagnoet al.39 compared the effects of dif
ferent local as well as nonlocal XC potentials, and perform
a case study on Fe whose correct ferromagnetic bcc gro
state comes out only when Langareth-Mehl-Hu40 or
Perdew-Wang41 nonlocal functional are used. Recently Lec
ermannet al.42 compared LSDA and GGA calculations o
stoichiometric Fe3Al and discussed the inadequacy of som
of the commonly used GGA functionals in predicting t
correct ground state. Although these authors themselve
marked on the apparent disagreement of some of their re
with the earlier work by Watson and Weinert,29 this brings
out the subtlety in using different exchange-correlation
tentials for a coherent description of the electronic and m
netic properties of this family of transition-metal aluminid
system. In the present work, we have used the orig
Perdew-Wang formulation which is a first-principles non
cal or rather ‘‘semilocal’’ functional~see Ref. 43 for a de
tailed derivation and discussion! that is easy to implement.

For all the supercells corresponding to different compo
tions, we have performed spin-polarized calculations w
minimal basis set consisting ofs, p, andd orbitals (l 52) for
18420
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both Fe and Al and using the downfolding procedure.44 The
typical values of theEv andC parameters36 for B2:FeAl are
given in Table II. From theC parameters, which denote th
center of gravity of thel band, it is seen that Al-d band is
lying very high in energy~more than a Rydberg!; still it has
finite hybridization in the aluminide bands. Accordingl
while the Al-3s and 3p and Fe-3d and 4s orbitals have been
included as ‘‘low’’ orbitals~occupied!, the Al-d orbitals have
also not been thrown away. These have been treated as
termediate’’ orbitals and have been downfolded.37 This
downfolding procedure is especially useful for large sup
cells, as it helps in reducing the size of the secular matrix
avoids any ghost bands. The core orbitals are kept froze
their isolated atomic form. No lattice relaxation effects ha

FIG. 2. ~a! Total ~diamond! and Al-projected~cross! densities of
states and~b! band structures ofB2:FeAl in the paramagnetic state
3-4
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FIG. 3. ~a! Densities of states and~b! band structures of DO3 :Fe3Al for up ~↑! and down~↓! spins.
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been taken into account. Brillouin-zone~BZ! integration has
been performed using the tetrahedron method in its la
implementation,45 which yields proper weighting and cor
rects errors due to linear approximation of bands inside e
tetrahedron. We have used a~10, 10, 10! k mesh in all our
supercell calculations, which correspond to 56k points in the
irreducible wedge of the simple cubic BZ~i.e., 1

48th of the
reciprocal primitive cell!. All calculations are done semirela
tivistically, i.e., without taking into consideration spin-orb
interactions which are not significant for 3d transition-metal
aluminides. In order to accelerate convergence of our ch
self-consistent supercell calculations we use the modi
Broyden mixing scheme.46 However, when we come close t
self-consistency we quite often have to take recourse to
ear mixing with a very small mixing parameter, in order
take care of the small intersphere charge fluctuations.

In order to understand the nature of bonding in these a
systems, the so-called ‘‘fat bands’’37 are very useful. The fa
bands are nothing but the same band structure projected
different site-orbitals, such as Al-pz or Fe-t2g or Fe-eg or-
bitals. Here each band is allocated a width proportional to
~sum of the! weight~s! of the corresponding orthonormal o
bital~s!. This is particularly useful to pinpoint the charact
of the bands that cross the Fermi level, which essenti
dictate the bonding, transport, and other properties.

C. Cluster calculation

In order to augment our understanding of the nature
bonding between Fe and Al derived from the study of
bands, we have performed cluster calculations for FeAl
18420
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Fe3Al using the molecular orbital approach. Since these
real space calculations, an analysis of the highest occu
molecular orbitals~HOMO’s! can illustrate the nature of th
bonding between nearest-neighbor atoms. We have mod
the B2 phase of FeAl and the DO3 phase of Fe3Al with the
simplest possible cluster geometries that retain only the n
est neighbor Fe-Al interactions. Both are nine-atom clust
in bcc geometry: For FeAl we consider eight Al atoms occ
pying vertices and one Fe atom in the center, while for Fe3Al
we consider four Al and four Fe atoms occupying altern
vertices and one Fe atom in the body center. In each case
length of the cube edge was fixed at the lattice constan
the corresponding bulk material. The calculations were p
formed using density-functional theory with generalized g
dient approximation as prescribed by Becke, Perdew,
Wang~BPW91!.43,47The molecular orbitals were represent
by linear combinations of atomic orbitals formed out of
double zeta quality numerical basis augmented by the a
tion of polarization functions. Frozen core approximati
was used with this basis set. Spin-polarized calculations w
performed using theDMOL software with the spin optimiza
tion done through theaufbauprinciple. This computationa
method has already proved to be effective in providing
qualitative understanding of the electronic structure of b
systems.48

III. RESULTS

A. Electronic structure of Fe, Al, FeAl, and Fe3Al

In order to establish the reliability of our computation
procedure, we first perform self-consistent spin-polariz
3-5
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total-energy band calculations for pure bcc-Fe, fcc-
B2:FeAl, and DO3:Fe3Al using the 16-atom supercell an
their respective experimental lattice constants. For fcc-Al
see the typical parabolic DOS with a high Fermi-level st
density characteristic of the free-electron-like behavior a
nearly spherical Fermi surface, while for Fe, we find t
eg-t2g splitting with Fermi level falling in the ‘‘pseudogap,
characteristic of a transition metal. The calculated magn
moments of Fe for the experimental Fe lattice constant~2.87
Å! and for the experimental Fe3Al ~5.78 Å! lattice constant
are found to be 2.39mB and 2.48mB respectively. It is to be
noted that these values are slightly higher than those ca
lated using the LSD approximations, mainly due to the f
that the nonlocal corrections favor larger magnetic polari
tion. On inflating the Fe lattice constant, its magnetic m
ment increases, but the Fermi-level state density decre
because of the slight shifting of the Fermi level on the falli
edge of the bonding peak in the DOS.

For the bulk FeAl and Fe3Al calculations, we have use
286 and 413 nonequivalentk points, respectively, in the irre
ducible BZ, and ensuredk mesh convergence. The DOS an
band structures of FeAl and Fe3Al are shown in Figs. 2 and
3 for the energy range of610 eV with respect to Fermi leve
which is chosen to be zero all throughout this work. T
normal bands of bulk FeAl or Fe3Al are plotted along the
high symmetry directions of the cubic BZG→X→W→L
→K→G. The Fermi level lies at the steeply falling edge
the bonding peak in the density of states. The relative c
tribution from Al sublattice is found to be rather small. Fi
ures 3~a! and ~b! show the energy bands and DOS’s f
spin-up and -down electrons of Fe3Al. These results match
with the published theoretical calculations.7 Our calculated
DOS’s of FeAl and Fe3Al also compare well with the experi
mental photoelectron spectra. In particular, the Fermi le
state densities that dictate most of the transport properties
in good agreement. Charge transfer in a metallic system
poorly defined quantity due to the inherent ambiguity in p
titioning of charge especially within the ASA. Nevertheles
one can adapt some consistently defined intersphere ch
transfer, for example, the incremental addition of one cha
while going across a series ofB2 structured transition meta
aluminides having the same sphere radii.7,49 Using a similar
prescription in the present case, we have estimated
charge transfer from Al to Fe to be;0.2 electrons in FeAl,
which is small compared to those in other Fe-rich allo
thereby indicating a higher stability for theB2 phase.

Table III summarizes the results on cohesive and e

TABLE III. Calculated bulk values for ordered Fe-Al interme
tallics.

Quantity B2: FeAl DO3 : Fe3Al

Lattice Constant~a.u.! 5.46 10.92
Total energy~Ry! 23032.9859 28126.3336

Formation energy~eV! 1.63 0.87
n(EF) states/cell/eV 2.95 16.20

Magnetic moment (mB)
per Fe atom

0.75 2.06
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tronic properties ofB2:FeAl and DO3-Fe3Al, which are
used as references for our subsequent supercell calcula
for different Al compositions. The ground-state total energ
of bcc-Fe and fcc-Al, i.e.,Etotal(Fe) andEtotal(Al), have been
used in conjunction with the corresponding values for
orderedB2 and DO3 phases, to calculate the formation e
ergies of the intermetallics at various Al composition
namely,

Eform~Fe12xAl x!5Etotal~Fe12xAl x!2@~12x!Etotal~Fe!

1xEtotal~Al !#.

The formation energies, magnetic moments and Fer
level state densities may be compared with other calculat
reported in the literature.18,29 For example, our calculated
magnetic moments are 2.45mB for the Fe-I site and 1.95mB
for the Fe-II site, while the corresponding values obtained
Watson and Weinert29 are 2.21mB and 1.59mB , respectively.
They also estimated the formation energyDH for FeAl to be
almost twice that of Fe3Al, which is in agreement with the
factor of 2 higher value for FeAl formation energy that w
obtain ~see Table II!. However, such an agreement turns o
to be rather fortuitous, since our absolute values for the
mation energies are very different from those of Watson a
Weinert. This may be due to several factors, e.g., Watson
Wienert performed full potential calculations using the loc

FIG. 4. Projected ‘‘fat bands’’ ofB2:FeAl projected~a! Fe-t2g ,
~b! Fe-eg , and~c! Al- p.
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FIG. 5. ~Color! HOMO, HOMO-1, and
HOMO-2 orbitals ofB2:FeAl.
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spin-density approximation, while ours is done with the AS
and includes gradient correction; this leads to different e
bars in the atomic calculations. Furthermore, they perform
energy minimization to obtain the equilibrium lattice co
stant for each structure, whereas we have purposely kep
lattice constant fixed ~at the experimental value fo
DO3-structured Fe3Al) for reasons mentioned in Sec. II A.

For B2-FeAl we have shown~Fig. 4! the fat bands cor-
responding to Fe-t2g , Fe-eg , and Al-p orbitals. It is clear
that the bands crossing the Fermi level are predomina
Fe-t2g , while Fe-eg bands are just above or below~and
sometime touching! the Fermi level. The Al-p bands, on the
other hand, make small contribution, although they do
18420
r
d
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-

bridize with the Fe-t2g bands. These results are also reflec
in our cluster calculation performed on a nine-atom Fe8Al
cluster~with only nearest neighbor Fe-Al interaction! in bcc
geometry. In Fig. 5 we plot thep- andd-lobes of the highest
occupied molecular orbital and also those corresponding
HOMO-1 and HOMO-2 orbitals. Note that the bonding b
tween Al-p and Fe-d orbitals are evident from larget2g lobes
of the central Fe atom pointing toward thep lobes of the
corner Al atoms. In the case of DO3:Fe3Al the bands are
more complicated because of the existence of two differ
types of Fe~types I and II!, and correspondingly there ar
more number of Fe-Al bonds. The bands around the Fe
level are predominantly Fe-eg bands. Figure 6 shows theeg
3-7
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bands corresponding to Fe-I and Fe-II atoms, the former~i.e.,
the n.n. Fe atoms! making a larger contribution as expecte
The Al-p contribution, on the other hand, is negligible~not
shown in Fig. 6!. The cluster calculations performed on th
nine-atom cluster~representing the smallest possible clus
for the DO3:Fe3Al structure as discussed in Sec. II C! shows
the essential bonding nature for the HOMO and the two
bitals below the HOMO. The results are given in Fig. 7. T
p orbitals of the Al atoms interact with thed lobes of the Fe
atom at the center of the cube, while thed orbitals of the
cube corners do not participate as much.

B. Electronic structure of Fe1ÀxAl x

The salient features of the electronic structure of the s
stoichiometric Fe12xAl x alloys emerge from their total, a
well as site-projected DOS, shown in Fig. 8. First of all, t
DOS’s of Fe16Al0 , Fe12Al4 , and Fe8Al8 supercells, which
correspond to stoichiometric compositions, match almost
actly with those of bulk Fe, Fe3Al, and FeAl, respectively,
thereby suggesting the size convergence of thek mesh used
in our supercells. Comparing the DOS’s of the various
percells in Fig. 8, we observe the following.~a! The DOS at
and near Fermi level are governed mainly by Fe.~b! The
Fermi level falls in the pseudogap between the bonding
antibonding peaks.~c! As the Al concentration increases, th
bonding peak has a tendency to comes closer to the F
level. ~d! The exact location of the Fermi level, i.e., wheth
it lies on a peak or a valley, or a falling edge within the bro
pseudogap crucially depends on the strength of hydridiza
between Al-p and Fe-d, and the charge transfer from Al to F
at that particular concentration. It should be pointed out t
these features agree qualitatively with the conclusi
reached in in Ref. 21 using a cluster model for the s
stoichiometric aluminides. Quantitative estimates of the to
DOS atEF , n(EF), and its contributions from the Fe and A
sublattices, are given in Table IV. The formation energies
Fe12xAl x alloys as the Al concentration increases are a
listed in Table IV. Note that the formation energy calculat
using Eq.~1! is found to increase with increasing Al conce
tration.

We now attempt to interpret the observed anomaly
electrical resistivityrel of Fe-rich Fe12xAl x alloys, based on
the results of our electronic structure calculation. The th
retical foundation of the transport properties of metals a
alloys, and in particular their electrical resistivities have be
extensively dealt with in the literature.50,51 The electrical re-
sistivity of a metallicAxB12x alloy depends on various fac
tors, as summarized below. First it depends on the type
scattering centers, i.e., whether it is a simple metal cha
terized by ansp-band or a transition metal governed main
by thed band. Second,rel depends on the atomic fraction o
the impurityx, namely,

rel~x!5mvFxt/e2,

wheret is the scattering cross section andvF is the Fermi
velocity. This simple formula, which suggests that the res
tivity is proportional to the Fermi velocity, is strictly tru
only for a simple monovalent metal. But for transition me
18420
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als, the behavior becomes more complex, as it is not c
how to count the relatively localizedd electrons that are nea
the Fermi surface. Third,rel depends on whether the alloy
ordered or disordered. The residual resistivity for a perfec
ordered phase is zero, since the regular lattice structure
alters the dynamical properties of electrons and does
cause them to be scattered incoherently.50 In the case of tran-
sition metals, one can divide electrons into two groups; ths
band, with free-electron-like behavior and a nearly spher
Fermi surface~FS!; and thed band, with a lower Fermi ve-
locity (nd!ns) and a complicated FS topology. Since th
areasAs(Ad) of the FS corresponding to thes band~d band!
are comparable, the productndAd is negligible compared to
nsAs , implying that most current is actually carried by thes
electrons.50 The contribution to the electrical resistivity from
the s-d scattering of electrons by phonons turns out to
greater than thes-sscattering by a factor that is roughly th
ratio of the DOS in thes andd bands. The simplistic argu
ment put forth by Mott8 to explain the relatively high resis
tivity of the TM’s was as follows: The localizedd band can
be looked upon as a trap with a high DOS, into which t
itinerants electrons may be scattered and lost from the el
tric current. For Ag-Pd alloys, the electrical resistivity w
found to increase to;36 at. % Ag and then drop down
steeply to;50 at. %, after which it goes down with a less
gradient till it reaches a low value for Ag.52 Here the
monovalent Ag goes on donating its conduction electrons
the unfilledd band of Pd. But at a certain composition~;36
at. %! the conduction electrons of Ag are no longer sufficie
to fill the holes which results in the observed asymme
peak. This behavior is reminiscent of the resistivity anom
observed in our present case.

FIG. 6. Fat bands of DO3Fe3Al projected ontoeg bands of~a!
Fe-I and~b! Fe-II.
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FIG. 7. ~Color! HOMO, HOMO-1, and
HOMO-2 orbitals of DO3 :Fe3Al.
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In the present case of FeAl alloys, since one compon
~p electrons of Al! is more free-electron-like while the othe
~d electrons of Fe! are more localized, it is difficult to sepa
rate out their respective contributions torel . Accordingly,
there is interesting, albeit complicated, interplay between
relatively narrow Fed band ~i.e., low vF) and broad Alsp
band~i.e., highvF). However, what we have tried to unde
score here is the similarity betweenn(EF) andrel as a func-
tion of x. In fact, we have separatedn(EF) into nFe(EF) and
nAl(EF), which are plotted in Fig. 9, so that thes-sands-d
scattering contributions torel can be seen. As expected, th
Fe contribution is an order of magnitude larger than the
contribution on the Fermi-level state densities. It is intere
ing to see that both these curves peak atx50.31 and this is
18420
nt

e

l
t-

approximately where the resistivity peak is also observ
experimentally by Lilly et al.19 It is to be noted that the
y-scales of these two DOS plots are quite different.

C. Magnetic properties of Fe1ÀxAl x

Finally, we come to the magnetic properties of this fam
of Fe12xAl x intermetallic alloys. The total magnetic mome
M tot ~Table V! reduces with increasing Al concentratio
which is expected as a result of quenching of Fe moment
to overlap with electrons of the Al atoms. For low Al con
centration ~<20 at. %!, the average magnetic momentM̄
5M tot/16 approximately obeys the dilution law. As me
tioned in Sec. I, the average magnetic moment in c
3-9
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worked disordered Fe-rich Fe-Al alloys up to 50% conce
tration had been measured.5 The values continuously de
crease with Al concentration, starting with 2.2mB per atom in
pure Fe and going to 0.32mB per atom at a 50:50 concentra
tion. Assuming a linear dependence, this corresponds

slope dM̄/dc523.8mB , while our calculated slope~Fig.
10! is ;24mB . The reader should, however, be caution
that the experiment was carried out on disordered sys
where defects also could play a role. Our calculations, ba
on supercell geometry, correspond to an ordered sys

FIG. 8. Fe- and Al-projected DOS’s of Fe12xAl x supercells.
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Nevertheless the agreement between our calculation and
periment is worth noting.

Our calculated magnetic moment for Fe3Al is 2.06mB per
Fe atom~taking into account the fact that there are two ato
of Fe-II type, one atom of Fe-I type, and the moment at

FIG. 9. ~a! The experimental resistivity curve~Ref. 16! for
Fe12xAl x alloys as a function of Al concentration (0<x<0.5). Our
calculated Fermi-level state densities as functions ofx for ~b! total
and ~c! Al sites.

TABLE IV. Energy of formation and electronic DOS atEF for
various Fe12xAl x alloys. Here ‘‘cell’’ designates 1/16th of the su
percell.

Alloys
Fe12xAl x

Formation
energy
~eV!

n(EF) ~states per eV per ‘‘cell’’!

Total Al Fe Fe-d Fe-sp

Fe16Al0 0.00 16.75 0.0 16.75 16.4 0.3
Fe15Al1 21.068 9.4 0.2 9.2 8.0 1.2
Fe13Al3 22.616 13.2 0.6 12.6 11.5 1.1
Fe12Al4 23.484 13.5 0.7 12.8 11.7 1.1
Fe11Al5 23.653 21.2 1.4 19.8 18.4 1.4
Fe9Al7 24.786 18.8 1.2 17.6 16.7 0.9
Fe8Al8 25.721 16.6 1.5 15.1 14.5 0.6
3-10
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TABLE V. Local magnetic moments at individual Fe and Al sites in Fe12xAl x super cells.

Alloys

Total
magnetic
moment

(mB)

Site occupancy

Corner
~a!

~0,0,0!

SC-cent
~b!

~1/4,1/4,1/4!

Edge-cent
~c!

~1/2,0,0!

Face-cent
~d!

~1/2,1/2,0!

Body-cent
~e!

~1/2,1/2,1/2!

Fe16Al0 Fe Fe Fe2 Fe2 Fe2

39.52 2.46 2.47 2.48 2.48 2.48
Fe15Al1 Al Fe1 Fe3 Fe2 Fe4

36.55 20.21 2.42 2.42 2.53 2.51
Fe13Al3 Fe Fe1 Fe3 Al Fe4

29.13 2.63 2.16 2.47 20.18 2.35
Fe12Al4 Al Fe1 Fe3 Al1 Fe4

24.74 20.17 1.95 2.45 20.17 2.46
Fe11Al5 Al Fe1 Fe3 Al1 Al2

20.53 20.16 1.70 2.54 20.13 20.15
Fe9Al7 Al Fe1 Al2 Al1 Fe4

10.26 20.06 1.02 20.09 20.09 2.66
Fe8Al8 Al Fe1 Al2 Al1 Al3

5.98 20.05 0.80 20.05 20.05 20.05
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site is20.17mB), which is in reasonable agreement with t
experimental values of 1.8mB .11 All the supercell calcula-
tions were carried out using an Fe3Al lattice constant which
is in between that of pure Fe and B2:FeAl. Thus for pure
we obtain magnetic moment of 2.48mB , whereas on using an
experimental lattice constant, the magnetic moment co
out to be 2.39mB . Although experimentally no magnetic mo
ment has been found for the well-annealedB2 phase of
FeAl, our calculation shows a net magnetic moment
0.75mB per Fe atom, and this latter value matches what w
yielded by other local-density calculations.7,29 This discrep-
ancy between theory and experiment is rather intrigui
However, it should be pointed out that the ferromagne
ground state turns out to be only;2 mRy below the para-
magnetic one. In view of the;mRy accuracy of our TB-
LMTO-ASA total-energy calculation, this difference is rath
small. We are therefore inclined to believe that the two sta
are nearly degenerate, and a very small perturbation
cause a switch over from the ferromagnetic to paramagn
state, or vice versa. Experimentally also it has been found~as
discussed in Sec. I! that the presence of small disorder lea
to completely different results. Table V also shows the c
centration variation of the local magnetic moments on
individual Fe sites and Al sites in the supercells. Among
Fe sites, the tetrahedral~small-cube center! site always has
the minimum moment, while the other Fe sites have hig
~but of the same sign! magnetic moments, depending on
number of Al neighbors. The Al atoms are also found
carry very small ~induced! magnetic moments of up to
;0.2mB but of opposite sign. This antiferromagnetic co
pling between Fe and Al atoms was also found from clus
calculations.21 The intersphere charge transfer from Al to F
is found to be at a minimum for Fe8Al8 , which explains the
stability of theB2 phase and the concomitant small magne
moment.
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IV. CONCLUSIONS

We have performed first-principles density-functional c
culations on substoichiometric Fe12xAl x alloys using a su-
percell geometry and a linearized muffin-tin orbital metho
The variation in formation energy and electronic and ma
netic properties as a function of Al concentration was cal
lated. The results, based on density-functional theory and
generalized gradient approximation for exchange and co
lation, agree well with existing calculations and experime
on stoichiometric Fe3Al and FeAl, as well as pure Fe and A
crystals. This agreement validates the choice of our com
tational procedure. With increasing Al concentration, t
magnetic moment decreases due to loss of Fe-d charge.
While at a 75:25 concentration, Fe3Al is clearly ferromag-
netic with a magnetic moment of;2mB per Fe atom; at a
50:50 concentration stoichiometric FeAl exists in two nea
degenerate states—a nonmagnetic state which is only 2
higher in energy than the ferromagnetic state. The bond
between Fe and Al atoms is dominated by nearest-neigh

FIG. 10. Average magnetic moments of Fe12xAl x supercells as
functions of concentrationx.
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interaction including hybridization of Fe 3d with Al 3 p
states. As the Al concentration increases, the antibondingp-d
hybridization increases and so does the total density of st
at the Fermi energy, which peaks aroundx'0.33 and then
decreases. This behavior is very similar to the concentra
dependence of electrical resistivity in Fe12xAl x suggesting
that the resistivity anomaly has an electronic origin. The
results are consistent with model calculations where ato
clusters are used as model of the bulk. It is also instructiv
note that in our model supercell calculations, while the nu
ber of Fe-Al bonds increases monotonically from Fe16Al0 to
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