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Magnetic order and defect structure of FexAl12x alloys around x50.5:
An experimental and theoretical study
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High-field 57Fe Mössbauer investigations up to 13.5 T on a series of FexAl12x alloys aroundx50.5 and
magnetic measurements on a 51.8% sample are performed between 4.2 and 295 K. The experimental results
are complemented with augmented spherical-wave~ASW! and linear augmented plane-wave~LAPW! band
structure as well as thermodynamic model calculations. For ideally ordered FeAl (B2 structure! both types of
band-structure calculations yieldmFe50.71mB . The ferromagnetic ground state is 0.7 mRy per formula unit
below the nonmagnetic state. In experiment it was found that only approximately 25% of the Fe atoms carry
a magnetic moment. This discrepancy can be explained if noncollinear spin ordering is allowed and a high
density of defects is taken into account, which is typical for real alloys and destroys translational periodicity.
Experimentally magnetic moments are only observed for Fe antistructure atoms and their eight Fe neighbors.
This nine-atom cluster has a mean moment of 0.4mB per atom, which is in fair agreement with the results from
supercell~16 and 54 atoms! calculations (0.6mB). For the Mössbauer analysis four subspectra are used, which
are allocated to~i! Fe in the completely orderedB2 structure,~ii ! Fe antistructure atoms, and~iii ! their nearest
Fe neighbors, as well as~iv! Fe atoms around a vacancy in the Fe sublattice. This analysis allows us to obtain
simultaneously the concentration of both the Fe vacancies and the Fe antistructure atoms. The derived tem-
perature dependence for both defect types corresponds well with thermodynamic model calculations, which
account for all possible kinds of point defects.
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I. INTRODUCTION

Because of their simple crystal structure and high t
dency to form ordered alloys, iron aluminides around 50
Fe represent an ideal substance to study the influenc
atomic order on the magnetic properties. The number
local arrangement of defects created by different heat tr
ments directly influence the mechanical properties.1–4 There-
fore many investigations on these technologically import
alloys are reported in literature. The precise concentrati
of the different defects are, however, not well known. F
thermore band-structure calculations for ordered alloys w
equiatomic composition obtained a magnetic ground st
whereas most of the experimental investigations point t
vanishing Fe moment.

To contribute to a better understanding of the magn
behavior and the characteristic defect structure we repo
the present paper on detailed high-field Mo¨ssbauer investiga
tions up to 13.5 T on a series of FexAl12x alloys aroundx
50.5. The extremely local character of this method and
advantage that no additional probe atom must be diffu
into the material, offers a unique possibility to study effe
on the electronic structure caused by antistructure atom
PRB 580163-1829/98/58~22!/14922~12!/$15.00
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vacancies. A 51.8% Fe alloy, heat treated at 700 °C to ob
thermal equilibrium, was selected for a magnetic investi
tion to allow a comparison with those reported in the lite
ture. The experimental results are combined with augmen
spherical-wave~ASW! and linear augmented plane-wav
~LAPW! band structure as well as thermodynamic calcu
tions.

The ideal crystal structure of the alloys investigated isB2
~CsCl!, which consists of two interpenetrating simple cub
lattices occupied by Fe and Al, respectively~Fig. 1!. Inter-
stitial atoms are energetically unfavorable and thus there
four possible point defects, namely, vacancies or antistr
ture atoms on both sublattices. On the Fe-rich side of
phase diagram it was shown~e.g., Ref. 5! that only three are
predominately formed: Fe atoms substituting Al~Fe anti-
structure, Fe AS!, vacancies on the Fe sublattice~Fe va-
cancy!, and to a very small extent vacancies on the Al su
lattice. The number of Al atoms on Fe sites~Al antistructure,
Al AS! is generally found to be negligible in this part of th
phase diagram. Given, that at the equiatomic composition
number of vacancies present must be equal on both su
tices, an Fe AS atom can only occur, if an Fe atom fills
Al vacancy, leaving behind an additional vacancy on the
14 922 ©1998 The American Physical Society



r
,
ig
af
Ko
e
er
K

-

vi

a

a

s-

o-
ad-

den-

r of
te
lcu-

Fe
c
l
tic

ear
s.

cal
nd-
een
e

ays

ctive

ms
ation

nd
s,
to
lit-

n

on
air-
-
e-
he
ex-

is

med

-
de-
ose

on
.

.
io

PRB 58 14 923MAGNETIC ORDER AND DEFECT STRUCTURE OF . . .
sublattice. Defects of this type are called triple defects6 and
are often assumed to be characteristic for FeAl alloys~e.g.,
Ref. 1!.

It was reported that around Fe0.5Al0.5 the measured57Fe
Mössbauer spectrum consists of only one single line7 and
that up to applied fields of 8.5 T the hyperfine field (Bhf) at
4.2 K was equal to the external one.8 Recent investigations
with well defined samples,9,10 did not confirm these earlie
results but rather showed a considerable line broadening
dependent of the heat treatment. Lots of magnetic invest
tions have already been performed on samples obtained
a variety of heat treatments: In the extensive studies of¨-
ster and co-workers11 the Curie-Weiss contribution of th
susceptibility, corrected by a temperature independent t
x0 ~extrapolated from the temperature region 300–650!
leads to Weiss temperatures~u! around zero. Domke and
Thomas12 obtained from the extrapolation of the low
temperature data au value between 0 and22 K. Höhl13

reported for this quantity a linear decrease withx, starting
from 240 K for x50.5. Parthasaranti and Beck14 fitted their
magnetic measurements by a superposition of two Lange
type functions and ended up with a moment of 2.2mB for Fe
embedded in the Al sublattice and 29.8mB summed up over
the Fe atoms in the surrounding shells. Caskey, Franz,
Sellmyer15 concluded from their own measurements and
critical examination of available data from the literature th

FIG. 1. ~a! Schematic representation of the undistortedB2
structure~Al atoms, larger spheres!. ~b! Inclusion of an Fe vacancy
~c! Environment for an Fe AS atom. The arrows mark the relaxat
of the atomic positions obtained from the LAPW calculations.
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completely ordered FeAl is nonmagnetic down to 1 K. A
suming, however, a nine atom cluster~Fe AS and the eight
surrounding atoms! the Fe AS atoms possess a localized m
ment which polarize these eight surrounding Fe atoms le
ing to an overall moment of 7.8mB for the cluster.

General agreement exists for the band structures and
sity of states~DOS! derived by different techniques.16–20

Some hybridization between the Als,p bands and the Fed
bands is reported, leading to a partly covalent characte
the bond.21 The charge transfer from the Al to the Fe si
depends on the definition and thus on the method of ca
lation and ranges from 0.27~Ref. 22! to less than 0.09~Ref.
23! electrons. In contrast to the experiments, however, an
moment of 0.55 to 0.7mB is found in the ordered equiatomi
compounds.19,22,24The corresponding minimum in the tota
energy curve is only 0.7 mRy below that of the paramagne
state, for which the Fe moment is zero.19,22 Antistructure
atoms were taken into account by scalar relativistic lin
muffin-tin orbital calculations assuming ordered supercell24

They lead to an overlap between thed orbitals of Fe AS and
the eight surrounding atoms resulting in changes of the lo
DOS as compared to the ordered equiatomic alloy. Depe
ing on the size of the chosen supercell, moments betw
4.88 and 7.77mB /cluster are obtained for the surrounding F
atoms, whereas the moment of the Fe AS atom itself st
roughly constant at 2.5mB .

Comparing a variety of experimental results Ko¨ster and
co-workers11 proposed a separation of theB2 homogeneity
range into two phases. Structural changes at the respe
temperatures were, however, not observed. Frantz25 con-
cluded that a support of the annealing out of Fe AS ato
starts at the suggested phase boundary due to the form
of vacancies on both sublattices. Using formeff /Fe the values
deduced from the measurements of Ko¨ster and co-workers11

(4.0– 4.6mB) as well as those reported by Domke a
Thomas12 (5.0– 5.6mB) he obtained Fe AS concentration
which, assuming the validity of a triple defect model, led
vacancy concentrations higher than those reported in the
erature, whereas withmeff/Fe57.8mB ~Ref. 15! agreement
was obtained. Vacancies on both sublattices~but in the near-
est neighborhood! were proposed to explain the diffusio
process of Fe at elevated temperatures.10,26

Calculations of the point defect concentrations based
statistical thermodynamic models of nearest-neighbor p
wise interactions6,27,28,29provide useful insight into the equi
librium conditions. Although at low temperatures a triple d
fect structure follows as the most likely one, inclusion of t
Al vacancies improves the overall agreement between
periment and theory.30

In contrast to the thermodynamic approach, which
based on isolated defects, first-principle calculations31 as-
sume a vacancy clustering. These calculations are perfor
within density-functional theory~employing the local spin-
density approximation! using a supercell. Although the di
mensions of the supercells are small these calculations
duce defect concentrations that are much lower than th
observed in experiments.31,32 Recent investigations forT
50 K based on a semiempirical method33 suggest a phase
transition atx;0.48 and found a tendency for agglomerati
of the Fe atoms at the Fe-rich side of the phase diagram

n
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TABLE I. Iron concentration and quenching temperatures as well as center shift~CS relative to the
57CoRh source at 4.2 K! quadrupole splitting (eQVzz/4) and internal field@Bint(T)# at 4.2 K measured a
57Fe embedded in distinct environments of the investigated samples.~Standard deviation of the Mo¨ssbauer
data:60.016 mm/s!.

Sample

Fe
concentration

~at. %!

Quenching
temperature

~°C!

In ordered
B2

CS 1
~mm/s!

Neighbors of Fe
vacancy

Corner atoms
around Fe AS Fe AS atom

CS 2
~mm/s!

eQVzz/4
~mm/s!

CS 3
~mm/s!

Bint at
13.5 T

CS 4c

~mm/s!
Bint at
13.5 T

1 51.860.2a 700 0.180 0.170 20.14 0.144 22.80 0.144 26.0
2 52.260.3b 700 0.180 0.180 20.14 0.155 22.80 0.155 26.0
3 50.660.2a 800 0.175 0.170 20.14 0.135 23.00 0.135 25.5
4 52.560.3b appr. 850 0.160 0.150 20.15 0.150 22.80 0.150 26.2
5 51.060.2a 1000 0.185 0.170 20.12 0.144 23.10 0.144 25.5
6 51.060.2a appr. 1200 0.185 0.170 20.09 0.144 23.15 0.144 26.0
7 50.660.2a appr. 1200 0.185 0.180 20.09 0.144 22.90 0.144 25.0

aDetermined by wet chemical analysis.
bDetermined by microprobe analysis.
cConstrained to CS 3.
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The paper is organized as follows: Sections II and III d
with experimental details and describe the theoretical m
ods. Section IV gives the results and discussion, and Se
contains a brief summary with concluding remarks.

II. EXPERIMENTAL DETAILS

Two types of samples were investigated. One single c
tal was prepared by the Czochralski method and cut perp
dicular to the@111# direction. Its final composition was de
termined by microprobe analysis~Table I!. All other samples
were prepared by melt spinning. X-ray investigations co
firmed them to be well crystallized and of single phaseB2
structure. At distinct temperatures extended heat treatm
followed by different cooling procedures were applied
freeze the defect structure formed at a certain temperatur
addition, two as cast~melt spun! samples were included in
the present investigations since we expect that a larger n
ber of vacancies will be retained in these specimens.
different quenching temperatures and final chemical com
sition determined by wet chemistry or microprobe analy
are summarized in Table I. Details of the sample prepara
and heat treatments are given in Ref. 9.

57Fe Mössbauer spectra were recorded in transmission
ometry in the temperature interval between 4.2 and 295 K
addition measurements in external fields (Ba) up to 13.5 T
were performed at 4.2 K. The fields were produced by
perconducting coils and controlled with a Hall probe. T
accuracy of the field was60.01 T, with a homogeneity o
0.1% over a cylinder with a height of 2 mm and a diame
of 15 mm. The source was situated in a field-compensa
area~residual field less than 0.1 T!. The direction of the field
was parallel to theg-ray direction.a-Fe foils were used for
both experiments as velocity standards. All center shift~CS!
values reported are given relative to the57CoRh source at
4.2 K.

The spectra recorded at different temperatures and e
nal fields were simultaneously analyzed by solving the co
plete Hamiltonian with magnetic and quadrupole splitting
l
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the fast relaxation limit within the thin absorbe
approximation.34 The finite thickness of the absorbers~espe-
cially for the thinned single crystal! was taken into accoun
using the correction formula of Mo”rup and Both.35 Accord-
ing to the used model the number of subspectra was k
constant and the quadrupole splitting as well as the full wi
at half-maximum~FWHM! of the different subspectra wer
assumed to be temperature independent. The CS was
posed to follow the usual second-order Doppler shift. T
difference of the individual CS values was constrained to
constant. For the polycrystalline samples the different ori
tations of the main axis of the electric-field gradient~EFG!
tensor with respect to theg-ray direction were taken into
account by a proper randomization procedure. In all fits
asymmetry parameter~h! was set to zero.

Bulk magnetic measurements in external fields up to 7
were performed on sample 1~Table I! with a vibrating
sample magnetometer in the temperature interval 4.2 to
K. Ni was used for the calibration of the magnetization. T
uncertainties are61% for the magnetization and60.25 and
60.5 K for the temperature at low and high temperatur
respectively.

III. THEORETICAL CALCULATIONS

To support the experimental investigations concerning
magnetic behavior we performed calculations of the el
tronic properties of ordered FeAl (B2), and Fe-Al supercells
with 16 (23232), 32 (43434 with defects in fcc geom-
etry! and 54 (33333) atoms, simulating various defec
structures. In addition calculations for possible no
collinear-spin ordering for FeAl (B2) and for the 16-atom
supercell containing a nine-Fe-atom cluster were carried
These calculations employed the LAPW~Ref. 36! and the
ASW ~Ref. 37! method. In particular 408k points for theB2
structure and 30k points for the 54-atom supercell in th
irreducible wedge of the first Brillouin zone were used. F
the non-collinear-spin calculations that require very high
curacy, about 1800k points were sufficient to ensure a
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PRB 58 14 925MAGNETIC ORDER AND DEFECT STRUCTURE OF . . .
accuracy of the total energy better than 0.1 mRy. For
calculations the local-spin-density approximation~LSDA!
for exchange and correlation was applied, but we chec
also the generalized gradient approximation~GGA! ~Ref. 38!
and found very similar results. It should be noted that ess
tially the same results were obtained for both, the LAPW a
the ASW method, where LAPW is a full-potential schem
~without any shape approximation on potential or cha
density! but ASW uses the atomic sphere approximat
~spherical average inside overlapping atomic spher!.
Therefore the ASW method is much faster but can be u
with confidence for the time-consuming supercell calcu
tions including non-collinear-spin ordering~for details see
Ref. 39!, whereas the LAPW method was used to determ
the EFG’s at the Fe sites~where non-spherical charge
density components are important! and the relaxation of at
oms near vacancies or antisite atoms~where the calculation
of forces at the nuclei are necessary!.

The temperature dependence of the defect concentra
was estimated by a statistical-thermodynamic model forB2
phases based on the grand canonical ensemble recently
sented by Krachler and Ipser.40 This allows ~in contrast to
the model by Chang and Neumann5! to simultaneously trea
isolated vacancies and antistructure atoms on both sublat
and concomitantly simplifies some of the mathematics u
in earlier approaches.30,41 The present experimental resul
yield for each sample with a defined composition and te
perature the two different defect concentrations~Fe vacan-
cies and Fe AS atoms! and thus allow an ideal test for thes
model equations~see the Appendix!. The model parameter
are the point defect concentrations in the exactly stoich
metric alloy at a certain temperature.

IV. RESULTS AND DISCUSSION

A. Energy band-structure calculations

The band-structure calculation for FeAl in the CsCl (B2)
structure leads to a magnetic ground state in which the
atoms possess a magnetic moment of 0.71mB . A compres-
sion of the volume by more than 12.5% would lead to
breakdown of the magnetic moment. This occurs for bo
LAPW and ASW calculations, and is in perfect agreem
with earlier investigations using various other band-struct
methods as well as different approximations for the
change and correlation potential~see discussion above!. Due
to the large volume reduction required to suppress magn
order it can be concluded that this discrepancy to pres
experimental data isnot just a small shortcoming of the
LSDA, but a major problem, either for theory or experime
Our ASW calculations find the magnetic state by about 0
mRy/formula unit~FU! lower in energy than the nonmag
netic state in perfect agreement with previous results.19 Thus
it remains fairly unclear why the experimental investigatio
yield a nonmagnetic ground state for the ideal orderedB2
structure.

A possible explanation for the discrepancy betwe
theory and experiment can be found from the DOS~Fig. 2!
and the respective charge densities~Fig. 3!, which show a
rather unusually small nearest-neighbor~nn! Fe-Al, but a
rather large next-nearest-neighbor~nnn! Fe-Fe interaction.
The Fe-eg orbitals point to the nnn Fe and appear to
ll
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broadened by the Fe-Fe interaction. Although the Fe-Fe
tance is relatively large, theseeg states are split into a bond
ing and an antibonding part, where the latter is located
eV above the Fermi energy (EF). In Fig. 3~a! the more lo-
calized 3d electrons pointing towards the next Fe are visib
but covalent Fe-Al contributions are hardly detectable.
the other hand the antibonding character with~almost! zero
density between the atoms is evident@Fig. 3~c!#. The major
peak in the DOS stems from Fe-t2g states. These orbital
point towards the nn Al atoms, but despite the short bo
length between Fe and Al only weak bonds are formed@Fig.
3~b!# and thus these states have a rather small energy dis
sion. The DOS atEF stems from these states and causes
Stoner criterion to be fulfilled so that the system sponta
ously becomes ferromagnetically ordered. Due to the la
energy separation between the antibondingeg ~which can
carry two electrons! and the~nonbonding! t2g states thed
band can effectively accommodate only eight electrons. T
spin-up t2g band is filled so that Fe in FeAl behaves rath
like Ni ~with its almost filledd band!. This similarity ex-
plains the unusual moment of about 0.7mB . If one decom-
poses the magnetic moment into its symmetry depend
contributions one finds that the major part of the magne
moment originates from thet2g electrons (0.56mB) while the
eg electrons add only 0.12mB . Since theset2g orbitals show
a rather weak interaction with those of the neighboring
oms, any periodic substitution of neighboring atoms w
have a minor effect on the magnetic moment. This conj
ture was proven by~54-atom! supercell calculations in which
the local environment of the central Fe atom was vari
Only if an Fe atom is surrounded by two shells of Al atom
it looses its magnetic moment. This result is also in agr
ment with the work by Guenzburger and Ellis,42 who studied
the magnetic state of Fe impurities in an FeAl42 embedded
cluster. The stability of the Fe moment with respect to var
tions in the nn environment is also found when a nine-at
Fe cluster in the center of the supercell is assumed even i
magnetic moments of the first neighboring shell change
the next ~undisturbed! nn Fe shell, however, the magnet
moments are back to the 0.7mB that appear in the FeAl (B2)
configuration.

Calculations for non-collinear-spin ordering were pe
formed to study the dependence of the total energy on

FIG. 2. Total and symmetry decomposed Fe DOS in FeAl (B2)
obtained from ASW calculations.
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formation of a spin spiral in various directions of the Br
louin zone.39,43 The energy minimum is found for ferromag
netic spin alignment (q50) whereq is the spin-spiral propa
gation vector@Fig. 4 ~left!#. A rather strong dependence o
the total energyE on q is found and wheneverE(q) exceeds
approximately 1.2 mRy/FU the magnetic moments disapp
and the system prefers to become nonmagnetic. Fitting
results to a Heisenberg model the spin-wave stiffness c
stant becomes very small (10.2 meV Å2) leading to a
roughly estimated Curie temperature of only 11 K. The a
plication of a Heisenberg model, which is valid for system
with localized spins, seems justified, since the magnetic
ments hardly change their value during the variation of
spin-spiralq vector.

B. Magnetic properties

Experimentally, we found that for sample 1~Table I!
above 30 K the temperature dependence of the susceptib

FIG. 3. Spin-up charge densities of FeAl (B2) in the ~110!
plane for~a! states from 4 to 1.75 eV belowEF ~the bondingeg-like
states!, ~b! from 1.75 eV belowEF to EF ~the t2g band! and ~c!
from EF to 2.4 eV aboveEF ~the antibondingeg band!. The labels
give the density in 0.01e/Å 3.
ar
he
n-

-
s
o-
e

ity

derived from the magnetization measured at 6.62 T follo
an extended Curie-Weiss behavior,

x5x01
C

T2Q
~1!

~Fig. 5! with C59.6331024 g21 cm3 K, x051.1
31025 g21 cm3, and Q51.8 K. These values are in com
plete agreement with those reported in literature for samp
with comparable composition and heat treatment~e.g., C
59.931024 g21 cm3 K, x051.1231025 g21 cm3, and Q
521.3 K by Domke and Thomas12!. The Mössbauer result,
discussed below, shows, however, that for this sample o
25% of the Fe atoms (xMB) carry a magnetic moment. Usin
this concentration one obtains an effective moment:

meff52.83ACMA

xMB
51.13mB ~2!

MA is the atomic mass. By means of

meff5Am~m12! ~3!

FIG. 4. Total energy for different spin-spiral vector directions
ideally ordered FeAl~left! and for a Fe9Al7 supercell~right!.

FIG. 5. Curie-Weiss contribution of the susceptibility for samp
1. The measurement was performed at 6.62 T. Inserts: magne
tion of sample 1 at various temperatures. Field dependence ofBint

5uBhf2Bau obtained from the Mo¨ssbauer spectra of the single cry
tal ~. Fe AS,j corner atoms around Fe AS!.
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PRB 58 14 927MAGNETIC ORDER AND DEFECT STRUCTURE OF . . .
one ends up with an averaged moment of 0.51mB for the
atoms in the nine-atom cluster.

Assuming a Langevin-type behavior at 4.2 K,

M5x0H1NmLS mH

kBTD , ~4!

the experimental data can be fitted withN51.54
31020 g21, m53.43mB , x051.3731025 g21 cm3 ~upper
inset Fig. 5!. Taking into account that the moment resu
from nine Fe atoms one obtains a mean moment of 0.38mB
per Fe atom, equivalent to an average effective momen
0.95mB . From the resulting value ofN one gets by this fit-
ting procedure a concentration of 19.12% of magnetic
atoms. The resulting value for the Fe moment is in go
agreement with that of the high-temperature extended Cu
Weiss fit, in which for the concentration of the magne
atoms the Mo¨ssbauer results are used.

This Langevin-type fit holds also for the measurement
T525 and 52 K with constant saturation magnetization
Nm51.331021mB g21. At 218 K the measured field depen
dence of the magnetization leads tomeff50.97mB , which is
fairly close to the one obtained from the Curie-Weiss
where the Mo¨ssbauer result was used. In this case from
value of N follows that 19.14% of the Fe atoms carry
moment, which is in reasonably close agreement with
concentration of 25% decuced from Mo¨ssbauer measure
ments. Thus experimentally consistent results are obtaine
it is assumed that the measured moment results exclus
from the nine-atom Fe cluster.

To check for the magnetic properties of this cluster
performed band-structure calculations both for a smaller
percell with 16 atoms providing an effective composition
Fe9Al7 and for the 54-atom supercell where one Fe from
corner site was exchanged with the Al atom in the cente
the unit cell thus keeping the nominal concentration
Fe27Al27 intact. Both calculations yield basically the sam
result. The magnetic moment at the central Fe atom is
creased to about 1.7mB whereas the moment of the surroun
ing eight Fe atoms is slightly reduced to 0.5mB . This yields
an average moment of 0.63mB , which is comfortably close
to the experimentally obtained 0.51mB and the value pro-
posed by Caskey, Franz, and Sellmyer15 for the respective
nine-atom cluster of 0.87mB .

C. Deconvolution of Mössbauer spectra

All recorded 57Fe Mössbauer spectra could be analyz
with at least three subspectra:~i! a single unsplit line,~ii ! one
spectrum with a quadrupole splitting, and~iii ! one that ex-
hibits magnetic hyperfine splitting (Bhf) at 4.2 K ~lower
spectrum Fig. 6!. These three subspectra can be attributed
distinct local environments of a57Fe probe atom, if one sup
poses that the above-mentioned defects, characteristic fo
FeAl alloys, are randomly distributed9 and takes into accoun
nearest-neighbor exchange interactions only.

The unsplit line indicates vanishing quadrupole splittin
The CS value is the largest of all three subspectra. In
ideal B2 structure the EFG is zero because of symme
reasons. Ignoring the formation of Al AS atoms Fe is s
rounded by the largest number of Al atoms@Fig. 1~a!#. Thus
of
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this spectrum can be allocated to Fe situated in an un
tortedB2 environment. A vacancy in the Fe sublattice lea
to a local distortion of the eight surrounding cubes@Fig.
1~b!#, causing an EFG. This is valid for the second subsp
trum. The quadrupole splitting does not depend on temp
ture and is roughly the same within experimental accur
for all investigated samples~Table I!. An Fe AS atom is
surrounded by eight nearest Fe neighbors as in bcc iron@Fig.
1~c!#. In the zero-field measurements only for the third su
spectrum a hyperfine field is observed. The measured hy
fine field in the in-field experiments is always smaller th
the applied one, and the CS value is the smallest~Table I!.
Therefore this should be the environment with the larg
number of Fe neighbors. Consequently the CS values m
be similar to those obtained fora-Fe, whereas for the Al-rich
environment as found in the undistortedB2 structure a larger
value for CS is expected from experiments, where Fe is e
bedded in various matrices@e.g., Ref. 44#. We conjecture
that this third subspectrum can be allocated to the Fe AS
the eight surrounding Fe atoms.

The remaining discrepancy between the measured and
ted spectrum and the recorded differences in moment for
central and the eight neighbor atoms24 as well as the results
of our supercell calculations encouraged us to subdivide
third subspectrum into two components representing the c
tral atom~Fe AS! and the other eight surrounding Fe atom
respectively. Thus the relative intensity ratio of these t
subspectra was constrained to 1:8. The hyperfine splittin
according to the proposed large differences in moment q
different. This subdivision improves the final agreement~ar-
rows, upper spectrum Fig. 6!. A different analysis of spectra
recorded at room temperature was performed by Collins
Peng45 based on a local environment model and taking in

FIG. 6. 57Fe Mössbauer spectra for sample 1 recorded at 4.2
and 13.5 T fitted with three subspectra@Fe in ideally orderedB2
~dashed line!, Fe around a Fe vacancy~dotted line!, and Fe AS and
corner atoms around Fe AS~dash-dotted line!; lower spectrum# and
with four subspectra@Fe in ideally orderedB2 ~dashed line!, Fe
around a Fe vacancy~dotted line!, corner atoms around Fe AS
~dash-dotted line!, and Fe AS~dash-dot-dot line!; upper spectrum#.
The arrows indicate the contribution of the Fe AS atom.
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account only monopol interactions, but ended up with def
concentrations two times larger than those obtained fr
x-ray measurements.4

Although the fits at 4.2 K with and without applied fiel
and at room temperature are self-consistent, they are
unique with respect to the relative intensity caused by
eight neighbors of the Fe AS atom~Figs. 1 and 6!. For the
relative intensity of the remaining two subspectra uncerta
ties exist, which are due to the low resolution obtained
zero-field experiments. The sign of the principal axis of t
EFG tensor was taken from the single-crystal measurem
in an applied field~see discussion below!. The FWHM val-
ues are either the same~sample 3! or slightly higher (max
115%! for the crystal~sample 4! because of the larger thick
ness! than those obtained for thea-Fe calibration spectrum

A precise determination of the disappearance of the
perfine splitting of subspectrum 3 and 4 from the zero-fi
measurements was not possible. Above 50 K the sa
FWHM values were obtained as at room temperature. Be
50 K the FWHM values get slightly larger but still rema
within an experimentally tolerable range for a single uns
line. A significant increase is observed between 20 and 1
and at 10 K the broadening caused by the hyperfine split
is clearly visible~Fig. 7!.

Above 1.5 T all spectra are fully polarized at 4.2 K. The
is no intensity present at theDm50 transitions. Therefore
internal fields acting at the57Fe nucleus can be calculate
according toBint5uBhf2Bau. For both the central Fe AS
atom and the eight atoms at the corners of the surroun
cubeBint was found to increase withBa ~lower inset, Fig. 5!.
The slopes for the two sites are slightly different. The valu

FIG. 7. 57Fe Mössbauer spectra recorded at different tempe
tures without external field for sample 1@Fe in ideally orderedB2
~dashed line!, Fe around a Fe vacancy~dotted line!, corner atoms
around Fe AS~dash-dotted line!, and Fe AS~dash-dot-dot line!#.
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extrapolated to vanishingBa are in complete agreement wit
those determined from the zero-field measurements~2.0, 5.5
T! at the same temperature.

For the nine-atom Fe cluster embedded in the 16-a
supercell a non-collinear-spin order was allowed similar
the orderedB2 structure discussed above. The resulti
ground state is not ferromagnetic but forms a spin he
along the @001# direction with a propagation vector o
@000.4#2p/a, wherea is the lattice constant of the superce
@Fig. 4 ~right!#. In terms of the angles between Fe atoms
adjacent planes along the@001# direction that means tha
from plane to plane the spin direction is rotated by about 3
This new magnetic state is 0.1 mRy/atom more stable t
the ferromagnetic solution. It is surprising to see that also
a propagation along the@111# direction such a minimum is
found that, however, is slightly less stable than the one
cussed above.

Due to the small stabilization energy we can readily
sume that in an applied field of a few T the spin will alrea
be aligned and forced into the ferromagnetic ground state
that this noncollinear ground state will only be detectable
very small external fields. Furthermore it should be no
that our calculation assumes an infinite crystal with an
disturbed periodic array of supercells. The spin helix ha
wavelength of about five lattice constants and thus requ
to form at least an undisturbed ensemble of about 2000
oms. Since the concentration of defects is of the order o
few percent they could easily suppress the formation of s
a long-range interaction.

D. Quadrupole splitting

For the single crystal, which was mounted in the expe
mental setup in such a way, that the@111# direction coin-
cided with theg-ray direction~maximal deviations62°!, the
only fits consistent with the room-temperature measurem
and the in-field experiments at 4.2 K gave an angleb of 75°
between theg-ray direction and principal axis of the EFG
tensor (Vzz) for the Fe vacancy environment. The sign ofVzz
is negative ~Table I!. The angle between@111# ~and all
equivalent directions! and theg-ray direction@111# is 70.5°.
This is within the experimental accuracy~precision of both
cutting perpendicular to@111# and orientation of the surfac
with respect to theg-ray direction! close to 75°. Thus experi
mentally a mean EFG tensor for the 26 atoms of the eigh
cubes surrounding the vacancy oriented with the main a
along the body diagonals can be proposed. Because o
used radiation, no information about the two other comp
nents of the EFG tensor is available from the present exp
ments. The obtained value of the quadrupole splitting
close to the one reported for a similar environment of Fe
CoGa alloys.46 For an Fe AS atom symmetry consideratio
exclude the presence of an EFG, however, for the eight
rounding atoms an EFG should lead to a quadrupole inte
tion. The spectral area of the former component is too l
for a precise determination. For the latter no improvemen
the fits were obtained if this interaction was taken into a
count, but we can exclude a large quadrupole splitting.

We have performed extensive EFG calculations using
LAPW method for Fe atoms around an Fe vacancy us
supercells with 16, 32, and 54 atoms, both with and with
spin polarization, and allowing for a full relaxation of a
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atomic positions. The results are summarized in Table
and III. It is striking that even for the relatively large supe
cells no convergence of the EFG with respect to super
size has been found. Instead, the EFG’s depend strongl
the cell size and the ordering of the Fe vacancies. In
smallest cell, the nearest Fe atoms (Fe@100#) sit between two
vacancies and a strong negative EFG pointing towards
vacancies is found. However, in the 32-atom supercell
vacancies are ordered fcc-like~nearest vacancies in@110#
direction! and the Fe@100#-EFG changes sign and is muc
smaller, while the Fe@110# atom, which is now located be
tween two vacancies, has a large positive EFG with largh
pointing towards the vacancy. The differences between s
polarized and non-spin-polarized results are small. In
largest supercell the Fe vacancies are already separate
three lattice parameters, but the EFG’s have changed a
considerably. Furthermore it must be noted, that even
largest EFG on Fe@110# is almost a factor of 3 smaller than th
experimentally observed splitting. Thus with the present
percell sizes we cannot come to decisive conclusions
plaining the experimental EFG.

The calculated EFG’s are very sensitive to lattice rel
ations and thus in all supercells we optimized the atom
positions. We find a small~about 1% of the undistorted dis
tance! outward relaxation of the nearest-neighbor Al ato
but a significantly larger~1.7–3.5 %! one of the neares
Fe@100# atoms~also away from the vacancy!. This is partly in
contrast to other calculations, which yield even the oppo
direction for Al ~Ref. 31! or only a negligible small relax-
ation for both sites,32 but it is consistent with the explanatio
of the DOS, which shows a particular strong Fe-Fe nnn
teraction~see Sec. IV A!. Note, that in the 54-atom cell sig
nificant relaxations even for the third and fourth shell of
and Al atoms around the vacancy are found indicating t
larger supercells are necessary.

We have also investigated 16- and 32-atom superc
simulating an Fe-antisite defect. The resulting EFG for
Fe AS atom is zero by symmetry and for the nearest ne

TABLE II. EFG’s @eQVzz/4 in mm/s usingQ(57Fe)50.16 b
~Ref. 53!# on Fe atoms around an Fe vacancy in various superc
determined by means of non-spin-polarized~n! and spin-polarized
~sp! LAPW calculations.

n-Fe7Al8 n-Fe15Al16 n-Fe26Al27 sp-Fe15Al16

Fe@100# 20.079 10.037 10.009 20.022
Fe@110# 20.047 10.101 20.050 10.111
Fe@111# 20.002

TABLE III. Relaxations of neighboring atoms~in %, a negative
sign means relaxation towards the vacancy! around an Fe vacanc
in various supercells following fromn andsp LAPW calculations.

n-Fe7Al8 n-Fe15Al16 n-Fe26Al27 sp-Fe15Al16

Al @111# 11.3 11.3 10.8 10.8
Fe@100# 11.7 13.8 12.8
Fe@110# 21.2
Fe@111# 11.0
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bors Fe@111# it is small ~10.023 mm/s! in agreement with
experimental findings. The Fe@111# atoms relax towards the F
AS by about 3% in agreement with Ref. 32 but in disagre
ment with Ref. 31.

E. Defect concentrations

As mentioned above the relative intensity of an individu
subspectrum used in the analysis of the Mo¨ssbauer spectra i
a direct measure of the number of Fe atoms incorporate
distinct environments. This is valid if one assumes that
Lamb-Mössbauer factors do not depend on these envir
ments, which is quite reasonable for a metal. Thus the in
sity of the single line spectrum represents the amount
undistortedB2 structure@Fig. 1~a!#. A single Fe vacancy
distorts thesp configuration of the eight surrounding A
neighbors leading to both a change of their position an
redistribution of the bonding charge densities to their
neighbor atoms@Fig. 1~b!#. Therefore at least eight neighbo
ing lattice cells~6, 12, and 8 atoms in@100#, @110#, and@111#
and equivalent directions, respectively! are influenced. This
distortion leads to the EFG at the Fe nucleus, observed in
second subspectrum. To estimate the value for the con
tration of vacancies in the Fe sublattice the intensity of t
subspectrum should be divided by 26. The magnetically
perfine split subspectrum with the small intensity is alloca
to the Fe AS atoms. The eight Fe atoms surrounding the
AS atom@Fig. 1~c!, Table I# contribute to the intensity of the
second magnetically hyperfine split spectrum@Fig. 1~c!#.
Since the agreement between measured and fitted spec
excellent, a further increase in the number of subspectr
not needed. The presence of Al AS atoms and Al vacan
cannot be excluded, their concentration, however, mus
below the experimental resolution of the present Mo¨ssbauer
measurements. It should be mentioned that in the pre
investigation all measurements are performed at low te
peratures, where diffusion processes are extremely low. T
the defect structure frozen in by the quenching process
be expected to be unaltered during the measuring time.

The Fe AS and vacancy concentrations are obtai
within the present model for samples, which are quenc
from various temperatures, and are compared in Fig. 8 w
those reported in the literature. Since for the single crys
the cooling rate was not precisely determined, the quench
temperature is marked by an interval in this figure. For
two samples 6 and 7 in Table I measured after melt spinn
without any heat treatment both the temperature and
cooling rate can only be roughly estimated. The possi
range for the quenching temperature of these samples is
indicated. The agreement of the temperature dependenc
the Fe AS concentration with the zero-field Mo¨ssbauer mea-
surements performed at high temperature10 is satisfactory.
Generally the values based on magnetic measurements47 are
higher. In contrast to the present Mo¨ssbauer experiments
precise subdivision into the contribution resulting from ce
ter and corner atoms is not possible. Thus the obtained
AS concentrations are extremely dependent on the cho
mean cluster moment, which differs in the literature rough
by a factor of 2.11,12,15,25

The obtained low vacancy concentrations for the as c
melt spun samples are in agreement with investigations

lls
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other quenched and splat cooled samples for which the
dered atomic arrangement was found over the entire rang
stability @Ref. 48 and references cited therein#. However, it
must be kept in mind that FWHM values, as observed in
present experiments, can only appear if the hyperfine par
eters for a certain surrounding of the57Fe probe atom remain
unchanged. A large spread in these parameters~e.g., due to
an increasing number of defects of quite different typ!
causes line broadening and increases the difficulty to s
rate these contributions from the background. Thus
tremely irregularly arranged aggregates of defects may
be resolved in the present experiments. The agreemen
tween our vacancy concentrations and the ones determ
by other measuring techniques~x-ray and density,4,48

dilatometry49,50! is, however, again satisfactory~Fig. 8!.
Based on the assumption that only triple defects

present, Chang and Neumann5 used a statistical-
thermodynamic approach to derive equations for the conc
tration of vacancies and Fe AS atoms as a function of co
position,

D5
z3~11a2a22a3!2a3~11z2z22z3!

2z2~11a2a22a3!
, ~5!

FIG. 8. Comparison of the deduced~a! Fe AS concentration~d!
with those reported by Krachleret al. ~Ref. 30! ~h!, Haberkern
~Ref. 47! ~s!, Vogl and Sepiol~Ref. 10! ~n!, and Frantz~Ref. 25!
~,! and ~b! vacancy concentration~d!, with those reported by Ho
and Dod~Ref. 50!. @x50.49 ~n!, 0.50 ~,!, 0.515 ~L!, and 0.53
~3!# and Paris and Lesbats~Ref. 48! @x50.49 ~h!, quenched from
the shown temperature and measured at 425 °C, and~s! measured
at the indicated temperature#. The figures represent the Fe conce
tration @in ~b! only those necessary to distinguish the samples
repeated#. The bars indicate the reasonable range of quenching
peratures for those three samples for which this temperature c
not be directly measured.
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whereD defines the deviation from stoichiometry in terms
the mole fraction (D5xAl20.5), z is the vacancy concentra
tion at D, anda is the disorder parameter~vacancy concen-
tration at the exact stoichiometric compositionD50!. The
temperature dependence ofa was derived by these authors a

a5
1

22/3 expF2
Q

RTG , ~6!

whereQ contains different enthalpy terms. Based on expe
mental data for the thermodynamic activity of aluminium
mainly by Eldridge and Komarek,51 they determineda52
31022 for a temperature of 900 °C~Fig. 9!; this leads ac-
cording to Eq.~6! to Q/R54050 K ~dotted line in Fig. 10!.
The results of the present experiments indicate that the t
perature dependence of the defect concentrations~Fe vacan-
cies and Fe AS atoms! is probably less pronounced. Increa
ing the value ofQ/R to 5000 K would improve the situation
~cf. Fig. 10!, however, it would at the same time have
serious influence on the agreement between experime
aluminium activities and the resulting statistica
thermodynamic model curves especially on the Al-rich s
~Fig. 9!.

Earlier it had already been argued by Krachler, Ipser, a
Komarek41 that all four possible defects~vacancies and anti
structure atoms on both sublattices! must be present inB2
phases, even if in many instances two of them exist in m
higher concentrations than the other two~‘‘triple defect’’ and
‘‘antistructure defect’’B2 phases5!. Especially in the case o
the FexAl12x phase it turned out that the assumption of trip
defects alone is not sufficient.

Optimizing the parameter set@see Eqs.~A11!# for the
thermodynamic calculation with respect to the present
perimental results yields for a temperature of 900 °C:A
50.0074,B50.0001,C50.0168. The corresponding activ
ity curve is shown in Fig. 9 with a value of lnaAl,0522.9
~where aAl,0 , the aluminium activity at the exact stoichio
metric composition, is an additional parameter!. It can be
seen that both model curves describe the experimental a
ity data more or less equally well.

re
-

ld

FIG. 9. Comparison of the concentration dependence of the
tivity ~j! measured by Eldrige and Komarek~Ref. 51! with those
calculated usingQ/R54050 K and lnaAl,0523.0 after Chang and
Neumann~Ref. 5! ~dotted line! and adaptedQ/R55000 K from the
present Mo¨ssbauer measurements with lnaAl,0523.0 ~dashed line!,
as well as from thermodynamic calculations taking into account
vacancies with lnaAl,0522.9 ~solid line!.
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Assuming that the sample compositions are correct wit
the error interval given in Table I, some of the existing d
crepancies in Fig. 10 can be explained by uncertainties in
temperatures due to quenching problems: for example, in
samples 5~1000 °C!, 6, and 7~1200 °C!, where the calcu-
lated defect concentrations are considerably higher than
experimental ones, it is quite possible that the true equi
rium temperature should be 100–200 °C lower. Assum
for samples 6 and 7 that the equilibrium was frozen in
about 1000 °C instead of 1200 °C would result in a mu
better agreement. Such a failure to quench in the thermo
namic equilibrium atT>1000 °C seems not to be unusua
In this respect it is not surprising that better agreemen
observed for the samples, which had been quenched f
T<850 °C. On the other hand it is somewhat difficult
explain the differences for samples 1 and 2. For these
interesting to note that the experimental Fe vacancy con
trations are too high whereas the Fe AS atom concentrat
are too low compared with the calculated values. Nevert
less the agreement between the thermodynamic model
the microscopic picture used to explain the Mo¨ssbauer ex-
periments is surprisingly good.

V. CONCLUSION

In agreement with band-structure calculations already
ported in literature both the ASW and the LAPW calcu

FIG. 10. Comparison of the measured temperature depend
of ~a! the Fe AS and~b! Fe vacancy concentration~d! with ther-
modynamic model predictions based on triple defects usingQ/R
54050 K after Chang and Neumann~Ref. 5! ~dotted line!, and
Q/R55000 K adapted to fit best to the present experiments~dashed
line!, as well as calculations allowing Al vacancies in additi
~solid line!. All three calculations were performed for 50, 51, a
52% Fe as indicated. For details see text.
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tions performed within this study lead also to a magne
ground state for the idealB2 structure. The resulting Fe mo
ment of 0.71mB remains stable for volume contractions b
low 12.5%, as long as the local environment up to t
second-neighbor shell is not built up by Al only. The m
ment is caused by the large energy separation of the a
bondingeg states and the nonbondingt2g states. The latter
are responsible for the high DOS at the Fermi energy. T
ground state is, however, only 0.7 mRy/FU below the pa
magnetic state.

The discrepancy to the experiment, where, by high-fi
Mössbauer spectroscopy, it was found that~depending on
concentration and heat treatment! only approximately 25%
of the Fe atoms carry a magnetic moment whereas all ot
remain nonmagnetic, could be explained by means of ca
lations allowing non-collinear-spin ordering. Although th
energy minimum appears again for ferromagnetic alignme
a strong dependence of the total energy on the spin-sp
propagation vector and a disappearance of the magnetic
ments at energies above 1.2 mRy/FU is found. Thus
analysis of these band structure calculations allows to c
clude that long-range magnetic order is not very stable e
in an idealB2 FeAl. The high density of defects that is foun
in real systems destroys the atomic periodicity and this l
of periodicity can cause a diminishing of the Fe moment

Using the concentration of the magnetic Fe atoms deri
from high-field Mössbauer spectroscopy, the fit of the tem
perature dependence of the susceptibility to an exten
Curie-Weiss law leads to an averaged moment of 0.51mB .
Assuming that the measured moment is caused by an Fe
atom and the eight Fe nn atoms, one ends up with a m
moment per atom of this cluster of 0.38mB and an overall
concentration of 19% of magnetic atoms, if a Langevin-ty
behavior is proposed at 4.2 K for the field dependence of
magnetization. Supercell calculations~with both a 16- and a
54-atom supercell! yield 1.7mB for the central Fe AS atom
and 0.5mB for the eight corner atoms resulting in an avera
moment of 0.63mB for the cluster.

This good agreement between the two experiments
the supercell calculations strongly supports the microsco
model used to allocate the four subspectra in the Mo¨ssbauer
analysis to distinct Fe environments. Two of these subspe
are due to Fe AS atoms and the eight surrounding atom
the corners. The in-field Mo¨ssbauer measurements indica
that these atoms have a magnetic moment. The third s
spectrum, which remains a single line even at 4.2 K and
Bint50 T in an applied field of 13.5 T represents the amou
of undistortedB2 structure. The fourth, exhibiting a quadru
pole but no magnetic hyperfine splitting, is allocated to
atoms surrounding a vacancy in the Fe sublattice.Vzz of
this mean EFG points in the direction of the body diagon
and has a negative sign. Unfortunately this microscop
picture could not be supported by the present LAPW cal
lations, which may suffer from too small supercells, but a
from some deficiencies of the LSDA, which lead to ferr
magnetic order in contrast to experiment and which may a
influence the charge distribution and thus the EFG. For
eight corner atoms around the Fe AS atom a quadrup
splitting could exist, which, however, is not observed in t
experiment. The calculated value for thisVzz is smaller than
the one obtained for the Fe atoms surrounding a vacancy
might thus be beyond the experimental resolutio
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The great advantage of the performed Mo¨ssbauer experi-
ments is that simultaneously the concentration of both the
vacancies and the Fe AS atoms is obtained from the inte
ties of the subspectra restricting the analysis to nn inte
tions. This restriction does not seem to be crucial, si
ASW calculations yield an attenuation of the influence
any defect on the value of the moment within short spa
distances, if the periodic arrangement of the atoms in aB2
structure is kept unchanged in the surrounding shells.
subspectra due to Fe AS contributions are fully resolved,
therefore one does not need to precisely know the clu
moment, which is in contrast to the determination of the
AS concentrations based on bulk magnetic measureme
The agreement of the derived vacancy concentration with
one reported in the literature is satisfactory. The tempera
dependence of both, the Fe AS and the vacancy conce
tion agrees well with thermodynamic model calculations
lowing vacancies on both lattice sites and is less pronoun
than that reported for pure triple defects. It should be stres
that both the microscopic model~proposed to calculate th
defect concentrations from the Mo¨ssbauer subspectra asso
ated with certain environments! and the thermodynamic ca
culations are based on the assumption that the defects
isolated. Concerning these model calculations, it seems t
of increasing importance to consider all possible kinds
point defects. Finally it must be mentioned that the evolv
microscopic model not only works to explain the magne
measurements, but is also capable of explaining reason
well thermodynamic results like the activity.

ACKNOWLEDGMENTS

This work is partly supported by the Austrian FW
~Project No. S5604 and S5601! and the Jubila¨umsfonds of
e
si-
c-
e
f
l

e
d

er
e
ts.
e

re
ra-
-
ed
ed

are
be
f
d

bly

the Austrian National Bank~Project No. 5736!.

APPENDIX

The calculations of the defect concentrations within t
statistical-thermodynamic model are based on a mean-
approximation similar to that used by Chang and Neuman5

Implementation of the Wagner-Schottky approach52 makes
the calculations less complicated, since the following par
derivatives of the internal energy are assumed to be c
stants:

S ]U

]NA
bD

mA ,mB ,Ng,T,N
B
a ,N

V
b ,N

V
a

5C1 , ~A1!

S ]U

]NB
aD

mA ,mB ,Ng,T,N
A
b ,N

V
b ,N

V
a

5C2 , ~A2!

S ]U

]NV
aD

mA ,mB ,Ng,T,N
A
b ,N

B
a ,N

V
b

5C3 , ~A3!

S ]U

]NV
bD

mA ,mB ,Ng,T,N
A
b ,N

B
a ,N

V
a

5C4 , ~A4!

where mA and mB are the chemical potentials of the tw
componentsA andB ~Fe and Al!, Ng is the total number of
lattice sites,NA

b andNB
a are the numbers of antistructure a

oms on the two sublattices,NV
b and NV

a are the numbers o
vacancies on the two sublattices.

The model calculations yield the distribution of atoms a
vacancies on the two sublattices:
NA
a

Ng 5

1

2
exp~C3NL /RT!

exp~2mA /RT!1exp~C3NL /RT!1exp~mB /RT2C2NL /RT1C3NL /RT2mA /RT!
, ~A5!

NB
a

Ng 5

1

2
exp~mB /RT2C2NL /RT1C3NL /RT2mA /RT!

exp~2mA /RT!1exp~C3NL /RT!1exp~mB /RT2C2NL /RT1C3NL /RT2mA /RT!
, ~A6!

NV
a

Ng 5

1

2
exp~2mA /RT!

exp~2mA /RT!1exp~C3NL /RT!1exp~mB /RT2C2NL /RT1C3NL /RT2mA /RT!
, ~A7!

NA
b

Ng 5

1

2
exp~mA /RT2C1NL /RT1C4NL /RT2mB /RT!

exp~2mB /RT!1exp~C4NL /RT!1exp~mA /RT2C1NL /RT1C4NL /RT2mB /RT!
, ~A8!

NB
b

Ng 5

1

2
exp~C4NL /RT!

exp~2mB /RT!1exp~C4NL /RT!1exp~mA /RT2C1NL /RT1C4NL /RT2mB /RT!
, ~A9!
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NV
b

Ng 5

1

2
exp~2mB /RT!

exp~2mB /RT!1exp~C4NL /RT!1exp~mA/RT2C1NL /RT1C4NL /RT2mB /RT!
, ~A10!

whereNL is Avogadro’s constant.
Our model parameters are the point defect concentrations in the exactly stoichiometric alloy at the temperatureT:

a5S NA
b

NgD
stoich

, b5S NB
a

NgD
stoich

, c5S NV
a1NV

b

Ng D
stoich

~A11!
.

,

B

em

,

g

-

.

llis

et-

.
ut.

-
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