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Experimentally the intermetallic compound FeAl is known to be nonmagnetic, whereas conventional
density functional theory calculations within the local density approximation always yield a ferromag-
netic ground state with a magnetic moment at the Fe site of about 0.7mB. We show that a correlation
correction within the LDA 1 U scheme yields a nonmagnetic ground state for U $ 3.7 eV using two
different implementations. The disappearance of the magnetic ground state occurs since Fe-t2g and Fe-eg

manifolds are affected differently by a common U . For large values of U a magnetic solution reappears
as expected for strong correlation.

DOI: 10.1103/PhysRevLett.87.196401 PACS numbers: 71.15.Mb, 75.20.En
Alloys of iron and aluminum based on B2 FeAl are
found to be most versatile materials. They are at least
25% lighter than steel and form, due to their high alu-
minum content, a protective oxide layer at high tempera-
tures. These alloys are often used as strong, lightweight
structural materials in environments vulnerable to sulfida-
tion, corrosion, or oxidation or as heating elements, uti-
lizing their high electrical resistivity. They are resistant
to oxidation up to about 1500 K, and their hardness can
be increased by 150% through heat treatment. All these
properties make this material of great technological im-
portance. Consequently the scientific interest in this alloy
has been rather high for the last few decades. Many first
principles investigations on the electronic and magnetic
structure have been conducted during the past few years to
provide a microscopic understanding of the chemical bond-
ing, the formation of clusters, surfaces, phase stability, etc.

In this Letter we focus on the ground state properties
of FeAl as determined from first principles calculations of
the electronic structure. The alloy system Fe-Al exhibits
a rich magnetic structure. Increasing the Fe content above
50%, a reentrant spin glass phase appears at temperatures
below 50 K and above 70% ferromagnetism sets in [1].
For Fe concentrations #50%, the alloy is phase separated
paramagnetic. An experimental and theoretical study of
the magnetic order and the defect structure of FexAl12x

around x � 0.5 can be found in Refs. [2] and [3]. For
the stoichiometric composition FeAl an intermetallic com-
pound is formed which crystallizes in the CsCl (B2) struc-
ture and is nonmagnetic.
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In contrast to the nonmagnetic state found experimen-
tally all calculations of the electronic structure of FeAl
within the local spin density approximation (LSDA) for
exchange and correlation always yield a ferromagnetic
ground state. These results were obtained employing
various kinds of band structure codes like the ASW
(augmented spherical wave) [4], the FP-LAPW (full po-
tential linear augmented plane wave) [5], the FP-LMTO
(full potential linear muffin tin orbital) [6], the KKR
(Korringa-Kohn-Rostoker) method [7], or the embedded
cluster model [8]. All these methods yield very similar
results concerning the magnetic moment M at the Fe
site (0.7mB) and the electronic structure, which is dis-
cussed in detail in Ref. [3]. If the system is forced to
be nonmagnetic the Fermi energy, ´F , lies in a peak of
the Fe density of states (DOS) that consists mainly of d
states with t2g symmetry. Because of the large DOS at
´F , the Stoner criterion is fulfilled and thus a magnetic
ground state is more stable than a nonmagnetic one. This
feature appears for both the standard LSDA [9] and,
even more pronounced, for the gradient corrected (GGA)
version [10] of density functional theory (DFT). One
also finds that this magnetic state appears to be quite
stable over a wide volume range since a reduction of the
lattice constant by more than 10% is required to suppress
magnetism. It is known that usually LSDA and even more
so GGA favor the formation of magnetic order. In the
present case, however, the high stability of the magnetic
phase suggests that this deviation from experiment must
be more fundamental and thus goes beyond the usually
© 2001 The American Physical Society 196401-1



VOLUME 87, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 5 NOVEMBER 2001
small LSDA error. From the fact that all investigations
yield the same magnetic ground state an artifact of a
single band structure code can be ruled out. It thus seems
more likely that the approximate treatment of exchange
and correlation by LSDA is the reason for the erroneous
magnetic solution.

Local-density approximation 1 U (LDA 1 U) is a
simple method within the framework of DFT going
beyond LSDA by treating exchange and correlation
differently but only for a chosen set of states, which in
the case of FeAl comprises the 3d orbitals of iron. The
density functional in the framework of LDA 1 U can be
written as

FLDA1U�r, ms , n̂� � FLSDA�r, ms�

1 Eee�n̂� 2 Fdc�n̂� , (1)

where r and ms are the electron and magnetization den-
sity, respectively. n̂ is the occupation number matrix and
Eee is the intra-atomic electron-electron interaction among
the 3d orbitals of Fe in accordance with a multiband Hub-
bard model [11,12]. The “double-counting” term Fdc is an
approximation to the electron-electron interaction (for the
3d orbitals) contained already in FLSDA. In the original
scheme [11] Fdc was chosen such that FLSDA1U reduces
to FLSDA when the orbitals are equally occupied. This
scheme complies with the density functional theory and we
call it LDA 1 UDFT. In a later version [13] the double-
counting term was taken to satisfy an atomiclike limit of
LSDA, which allows us to approximately remove the elec-
tron self-interaction; hence we call it LDA 1 USIC. The
difference between the two versions can clearly be seen
if the population number matrix is diagonal and only the
Hartree term is considered. The potentials V DFT

m,s and VSIC
m,s

which are added to the LSDA potential for the orbital m
are then

V DFT
m,s � U��ns� 2 nm,s�; VSIC

m,s � U� 1
2 2 nm,s� ,

(2)

where �ns� is the average number of electrons in the 3d
orbitals of Fe with spin s and nms is the corresponding
occupation of the mth orbital.

LDA 1 USIC is based on spherical atom results so that
its application in full potential methods it is not well de-
fined. The above potentials are included only inside the
atomic spheres and thus the factor 1�2 in V SIC

m,s is correct
only for an isolated atom whereas in a solid it should be
scaled down, since only part of the orbital is contained
inside the atomic sphere. Both LDA 1 U versions were
compared in a recent paper [14]. In the present work we
also apply both methods as discussed below.

To calculate the electronic and magnetic structure of
FeAl we employed the FP-LAPW method as embodied in the
WIEN97 code [5]. All calculations presented were done for
the experimental lattice constant (5.496 bohrs). The im-
196401-2
plementation of LDA 1 U in the FP-LAPW code follows
the rotationally invariant scheme described by Liechten-
stein et al. [15]. The wave function in the atomic region
was expanded up to l � 10, and the plane-wave cutoff
was chosen to be RMT Kmax � 8 which amounts to about
160 plane waves (depending on k). The nonspherical part
of the potential was expanded into spherical harmonics up
to l � 6. To provide a reliable Brillouin zone integration,
a set of 165 k-points in the irreducible wedge of the Bril-
louin zone was used. For the LSDA part the interpolation
formula given by Perdew and Wang [16] was used. In our
LDA 1 U calculations the U value applied to the Fe-d or-
bitals has been treated as an external parameter. The sec-
ond parameter J, the exchange integral, appearing in the
LDA 1 U formalism [17] was set to the usual Fe value of
0.95 eV and kept fixed. It has been tested that a variation
of J has only a minor effect on the electronic structure.

Figure 1 shows the DOS of non-spin-polarized calcula-
tions with U � 0 and U � 5 eV within the LDA 1 UDFT

scheme. For U � 0 (lower panel in Fig. 1) the resulting
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FIG. 1. Density of states (DOS) for U � 5 eV (upper panel)
and U � 0 eV (lower panel) for FeAl and the decomposition
into the Fe-eg and Fe-t2g manifolds for an LDA 1 UDFT cal-
culation in the nonmagnetic state. The horizontal dashed line
marks the critical value for the DOS at ´F above which the
Stoner criterion (1�IFe) would be fulfilled.
196401-2



VOLUME 87, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 5 NOVEMBER 2001
electronic structure is equivalent to a bare LDA calcula-
tion and resembles the situation described earlier [3]. The
Fermi energy ´F lies right in a peak of the Fe d-DOS,
which is large enough to fulfill the Stoner criterion. The
Fe d-DOS is decomposed into the two symmetry compo-
nents, namely, the eg states, which mainly describe the
Fe-Fe interaction, and the t2g states, which form a “non-
bonding” state just below ´F and which are entangled in
the Fe-Al interaction at energies between 23 and 21 eV.
The upper panel in Fig. 1 shows the DOS as calculated
from LDA 1 UDFT for U � 5 eV. The stronger elec-
tron correlation leads to changes in the DOS which can
be attributed to a redistribution of the respective spectral
weights. The main effect is a lowering of the t2g with
respect to the eg states. As a consequence the energy
difference between the Fe-t2g and Al-p states becomes
smaller, which results in an increased overlap. Simulta-
neously ´F is pushed towards the “gap” between the oc-
cupied Fe-t2g and the unoccupied Fe-eg states so that the
DOS at ´F becomes smaller and too low for the Stoner
criterion to be fulfilled. This happens for U � 3.7 eV
where the DOS at ´F drops below the critical value of
1.15 states�spin�eV. Thus a nonmagnetic state is found for
both the LDA 1 UDFT and the LDA 1 USIC. Although,
at first sight, U $ 3.7 eV seems to be large for a metal-
lic system, the resulting energy shifts are small as can be
seen from Fig. 1. This happens due to the strong screening
of U by the conduction electrons. It is known that rather
large U values in an all electron treatment are equivalent
to much smaller U values in a d-band only tight-binding
model.

To our knowledge FeAl is the first case in which the
application of LDA 1 U leads to a nonmagnetic ground
state when LDA gives a magnetic ground state, whereas it
is the other way around in cases studied so far.

Figure 2 shows the difference in the total energy be-
tween the nonmagnetic (by constraining M � 0) and the
ferromagnetic case DE � Enm 2 Efm and the respective
Fe magnetic moments as a function of U with the fixed
value of J given above. As a general feature for U � 0
a ferromagnetic ground state is obtained and the non-
magnetic state is unstable. Upon increasing U the fer-
romagnetic state turns metastable and the nonmagnetic
state M � 0 becomes the stable solution. For the LDA 1

UDFT scheme (lower panel) with U $ 3.7 eV the nonmag-
netic solution becomes the stable one. For U 	 5 eV the
metastable ferromagnetic solution disappears completely;
only a nonmagnetic ground state exists. Increasing U fur-
ther again leads to a ferromagnetic solution which is lower
in energy and exhibits a slightly larger magnetic moment
than in the low U range.

Applying the LDA 1 USIC scheme (upper panel) yields
very similar results in the low U range also giving a non-
magnetic solution for U $ 4 eV. However, starting at
about U $ 3 eV an additional high moment state with
a magnetic moment .2mB appears. The respective total
196401-3
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FIG. 2. Difference in the total energies between the nonmag-
netic and the ferromagnetic state and the magnetic moment as
a function of U . Lower panel: results for the LDA 1 UDFT

scheme; upper panel: results for the LDA 1 USIC scheme. Full
symbols denote DE; open symbols denote the magnetic mo-
ment. For LDA 1 USIC (upper panel) a low-moment (squares)
and a high-moment (spheres) state exist.

energy of this state is below the nonmagnetic solution and
drops sharply for U $ 5.5 eV. The simultaneous exis-
tence of two total energy minima is a well known property
of some materials, such as fcc Fe, and has been studied
extensively earlier [18]. No such feature could be found
for the LDA 1 UDFT scheme.

Within the current understanding of the LDA 1 U
scheme a magnetic solution will appear for large values
of U. The striking discrepancy between the two schemes
in the range for U . 4 eV raises the question about the
physical relevance of these high moment states which
could be an artifact in the large U limit.

The fact that U acts differently on the Fe-eg and Fe-t2g

manifolds is reflected in the magnetic moments. In both
LDA 1 U schemes the magnetic moment comes predomi-
nantly from the t2g electrons for small values of U. For
large U, however, LDA 1 USIC and LDA 1 UDFT show
a different behavior. In the latter case the moment changes
abruptly to eg character. For LDA 1 USIC the magnetic
moment in the high-moment state at first is about equally
composed of eg and t2g contributions but for U * 5 eV
it originates mainly from the t2g electrons. This com-
pletely different behavior in the large U regime is also the
reason for the observed strong variation in the DE�U�
behavior found for LDA 1 USIC and LDA 1 UDFT and
196401-3
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comes from the different treatment described by Eq. (2).
For V DFT the deviation from the average occupation num-
ber is essential, whereas for V SIC the deviation from half
filling is the key quantity.

Apart from describing a nonmagnetic ground state for
finite values of U by LDA 1 UDFT, our results pose the
following question: Why should an ordinary metallic
alloy such as FeAl be ill described by conventional LDA
schemes which work so successfully for a large number
of similar metallic systems? The answer is most proba-
bly buried in the peculiar electronic structure of this
compound. The crystal field splitting almost completely
separates the Fe-d states into their eg and t2g components.
The eg electrons form weak s bonds between neighboring
Fe atoms but over a relatively large distance of one lattice
constant. Consequently the resulting bands are flat and
almost atomiclike. Parts of the t2g electrons are involved
in the interaction with the Al-p states. Because of the
energetic difference between the Al-p and the Fe-t2g states
this interaction is also weak. Again the band dispersion is
small and atomiclike states are found. It is this atomiclike
character of the narrow Fe d-bands which requires an im-
proved correlation treatment as provided by the LDA 1 U
scheme. However, the fact which makes FeAl so different
from the usual LDA 1 U applications is that for small
values of U the Fe-Al interaction increases which leads to
a broadening of the respective bands until a nonmagnetic
ground state is formed. The effect of U is of the same
order of magnitude as the crystal field splitting according
to eg and t2g. Only for large U values magnetism comes
back in agreement with the physical expectation. It should
be pointed out that the reason for this result is not stronger
correlation but rather a different, and presumably better,
treatment of correlation which causes the disappearance
of magnetism.

In conclusion, we have found that for FeAl an initially
incorrectly predicted magnetic ground state by standard
LSDA calculations disappears upon applying the LDA 1

U potential. Within the LDA 1 U scheme we found a
range of U values for which a stable nonmagnetic solution
exists in agreement with experiment. This result is highly
unusual since the introduction of strong atomiclike elec-
tron correlation normally favors the formation of magnetic
order.
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