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The binary Fe-Cr alloy is a system with a miscibility gap. The decomposition occurs either via the nucle-
ation and growth mechanism or as spinodal decomposition, depending on the Cr content. However, at low
chromium concentrations the alloys are anomalously stable. This is shown to be true only for the ferromagnetic
body centered cubic �bcc� phase. The stability stems from the negative mixing enthalpy at low concentrations
of chromium. We show that the effect has an electronic origin, that is, it is directly related to variations of the
electronic structure in the alloy with concentration. We also demonstrate that the variation in the state density
of the majority channel at the Fermi level in the concentration interval below 20 at. % Cr indicates increasing
tendency of the system towards the spinodal decomposition in the system. Moreover, in the equimolar con-
centration region, significant deviations of the spin up band from its canonical shape are observed, which
destabilize the bcc phase.
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I. INTRODUCTION

The binary body centered cubic �bcc� Fe-Cr alloy is the
base of many important industrial steels, especially in the
nuclear industry. A moderate amount of Cr, up to 10%, has
proven to be most beneficial when it comes to the ductile to
brittle transition temperature1 as well as corrosion resistance
and resistance to neutron radiation induced swelling.2–4 The
equilibrium phase diagram for the Fe-Cr system5 indicates
the presence of the miscibility gap for the alloy concentra-
tions above 10 at. % Cr at room temperature where a Cr-rich
bcc ��-phase with up to 85 at. % Cr is precipitated. Previous
studies6–9 also demonstrated that there was a tendency to-
wards clustering in bcc alloys with 10–85 at. % Cr. For
lower concentrations of Cr the alloy is fully miscible, and
moreover, diffuse-neutron-scattering experiments show a
dramatic change of the ordering tendency towards the short-
range order for these alloys.6

The anomalous stability of the bcc Fe-Cr alloys at low
chromium concentrations can in fact be predicted from the
band filling arguments. Indeed, it was demonstrated earlier10

that ordered phases ought to be expected for alloys of tran-
sition metals with half-filled bands whereas phase separation
would occur in alloys of transition metals with almost filled
or almost empty bands, with a crossover point in the region
of electron concentrations of interest. Similar conclusion was
obtained in model calculations based on the generalized per-
turbation method �GPM�.11,12 Of course, the situation is com-
plicated by the presence of the magnetism. But using the
GPM model Hennion13 has demonstrated that, indeed, the
effective interatomic potential between the nearest neighbors
varies with concentration in ferromagnetic bcc Fe-Cr alloys,
and even changes sign at around 25 at. % Cr. Thus, mixing
should decrease the total energy of dilute Fe-based alloys,
while the clustering should be energetically preferable at
higher Cr concentrations. From these simple arguments one
can also expect that the mixing energy for bcc Fe-Cr changes

sign as a function of alloy composition making low-Cr steels
particularly stable.

However, earlier first-principles calculations14 did not ob-
serve this effect. Also, the experimental mixing enthalpy in
this system is positive everywhere, and exhibits regular solid
solution behavior.5 In a recent study of thermodynamic prop-
erties of Fe-Cr alloys, Olsson et al.15 solved the problem.
The authors demonstrated that the regular solid solution be-
havior is characteristic for the paramagnetic bcc Fe-Cr alloys
simulated in Ref. 15 by the disordered local moment
model.16 At the same time, the mixing energy for ferromag-
netic bcc alloys changes sign at about 10 at. % Cr, and the
negative sign is predicted for the dilute Fe-based alloys. The
failure of the earlier ferromagnetic calculations14 to resolve
the effect can most probably be attributed to the use of the
supercells with high Cr concentrations to model the disorder
effects, a suggestion which is confirmed by the resent studies
of Jiang et al.17

In this work, two different approaches have been used in
order to calculate the variation of the mixing enthalpy in
Fe-Cr alloys. Firstly, we used the effective medium approach
represented by the exact muffin-tin orbitals theory within the
coherent potential approximation �EMTO-CPA�.18 The same
method was used in Ref. 15. Secondly, we employed the
supercell approach and the projector augmented wave �PAW�
method19 implemented in the Vienna ab initio simulation
package �VASP�.20–22 Both techniques predict similar behav-
ior of the mixing enthalpy with well-defined minimum for
Fe-rich alloys, if somewhat different in strength. We also
present a detailed analysis of the electronic structure of bcc
Fe-Cr alloys, and show that the stability of alloys with low
Cr concentration has an electronic origin.

II. METHODOLOGICAL BACKGROUND

The calculations were performed in the framework of
density functional theory �DFT�.23 In this study the general-

PHYSICAL REVIEW B 73, 104416 �2006�

1098-0121/2006/73�10�/104416�8�/$23.00 ©2006 The American Physical Society104416-1

http://dx.doi.org/10.1103/PhysRevB.73.104416


ized gradient approximation �GGA�24 for the one-electron
potential and the total energy was used as it is known that the
local density approximation predicts the wrong ground state
for iron.

A. Effective medium approach

The wave functions were expanded using a basis set of
exact muffin-tin orbitals.25–27 The Green’s function technique
was used in two steps in order to solve the one-electron
problem.28 First the iteration towards self-consistency was
performed with overlapping potential spheres that cover the
entire space. Then this approximation was corrected for by
using the full charge density method.29 The reliability of this
combined technique is justified by the variational properties
of the total energy functional. The accuracy has also been
demonstrated in practice.29

Substitutional disorder was treated using the coherent po-
tential approximation �CPA�18,30–32 which provides reliable
electronic structure and total energies for completely random
alloys,33,34 especially in the case of alloys where the constitu-
ents are of similar size. The method is based on a single-site
approximation and has the advantage of speed and full flex-
ibility of choice in alloy composition. The Fe-Cr system has
previously been studied using the CPA by Turchi et al.12 in
the nonmagnetic case, as well as by Kulikov and
Demangeat35 in the ferromagnetic �FM� case. Akai and
Dederichs16 showed that there is a strong influence of mag-
netism in Fe-Cr, especially in the difference between a fer-
romagnetic alloy and an alloy where the magnetic moments
randomly point “up” or “down,” the so-called disordered lo-
cal moments �DLM� model. It simulates the fully random
paramagnetic �PM� Fe-Cr alloy, which can be written as a
quaternary alloy �Fe↑ -Fe↓ �1−c�Cr↑ -Cr↓ �c within this ap-
proximation.

A basis set of s, p, d, and f orbitals was used. Special
attention was devoted to the region of low chromium con-
centration. The equations of state were calculated with a con-
centration increment of 1% between 0% and 10 at. % Cr and
with an increment of 5% for the remaining compositions.
1240 k points in the irreducible part of the Brillouin zone
were used and the self-consistent calculations were con-
verged to the order of 10−5 eV. The calculations were spin-
polarized, and we considered either ferromagnetic or DLM
spin configurations. In our EMTO-CPA calculations the vol-
ume of the underlying bcc lattice was relaxed, but local ionic
displacements off the sites of the bcc lattice were not taken
into account.

B. Supercell method

The projector augmented wave �PAW� method19 imple-
mented in the Vienna ab initio simulation package
�VASP�20–22 was used in order to study supercells. The PAW
method is a full potential method which Jiang et al.17 used in
a study of the Fe-Cr system using special quasirandom struc-
tures �SQS� with 16 atoms. A study of the magnetic moments
of Cr atoms in ferromagnetic Fe-Cr alloys with this tech-
nique has also been done by Mirzoev et al.36 Hafner et al.37

studied the magnetic ground state of Cr by means of the

VASP implementation of the PAW method. The method al-
lows us to take the local effects into account but is limited in
compositional flexibility.

The calculations within the PAW-SQS scheme were spin-
polarized and fully relaxed using both ionic and volume re-
laxations. Sampling of the 27 k points was done according to
the algorithm of Monkhorst and Pack.38 It has previously
been shown that the energies are well converged with respect
to k points in similar cases.39,40 The substitutional disorder
was treated by creating special quasirandom structures,41

which are supercells at the bcc underlying lattice. In this
work we constructed several 128-atom SQS using the tech-
nique developed by Simak.42 The large number of atoms is
required in order to minimize the short-range order param-
eters for the lower concentrations and was used consistently
for all calculations. SQS with 3.125, 6.25, 12.5, 25, 50, 75,
and 96.875 at. % Cr were constructed.

III. EXPERIMENTAL BACKGROUND: PHASES AND
MAGNETISM

From the phase diagram5 of the Fe-Cr alloy we know that
iron has three solid phases under normal pressure: bcc ���,
fcc ���, and bcc ��� in the order of increasing temperature.
The �-Fe is ferromagnetic �FM-�� or paramagnetic �PM-
��, depending on the temperature, the high-temperature �-
Fe is paramagnetic, though it is supposed to be antiferromag-
netic at T=0 K. In the alloy two more interesting solid
phases occur: the paramagnetic �� phase and the structurally
complex � phase. The �� phase coexists with the � in the
concentration range of about 10–85% Cr below 475 °C. ��
is a chromium-rich phase which appears either in nucleation
�for around 10 at. % Cr� or spinodal decomposition �above
about 20 at. % Cr�. The � phase appears around equimolar
concentrations and is a tetrahedral close-packed structure
with 30 atoms distributed on five special positions of space
group 136 �D4h

14, P42/mnm�. Recently, Korzhavyi et al.43 car-
ried out a study of site occupancy and stability of the �
phase, and analyzed it in great detail. We therefore will not
further discuss the � phase in this work. Also, we note that
the magnetic structure is rather complex for Cr and Cr-rich
alloys,44,45 and the total energy of pure Cr is lowered by a
magnetic contribution, estimated to be between 7 and
46 meV.17,37 However, the Néel temperature for Cr is rela-
tively low, 311 K, and therefore it is appropriate to treat Cr
as nonmagnetic at temperatures of interest for steel applica-
tions in the power industry.

IV. RESULTS AND DISCUSSION

A. Lattice parameters and local lattice relaxations

We first investigate the concentration dependence of the
lattice parameter for bcc Fe-Cr alloys, as well as the magni-
tude of the local displacement of ions off the sites of the
average underlaying bcc lattice. Figure 1 displays the calcu-
lated lattice parameters for FM and DLM Fe-Cr alloys, as
well as the measurements in the ferromagnetic bcc phase
from the literature.46 The measured ferromagnetic lattice pa-
rameter exhibits a small deviation from linearity, which is
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strongest in the region of low chromium content. Both the
ferromagnetic CPA and the SQS calculations exhibit the
same variation, although somewhat exaggerated. At 10 at. %
Cr, both methods predict a local maximum in the lattice pa-
rameter of the ferromagnetic phase, with values close to the
corresponding value for pure Cr. The lattice parameters pre-
dicted by the EMTO-CPA and PAW-SQS methods differ by
an almost constant 0.01 Å for all concentrations. It thus
seems to be a difference purely related to the EMTO and
PAW formalisms and not to the method of representing dis-
order. For comparison we also show the results of the DLM
calculations, which exhibit a small deviation from linearity
in the opposite direction, as compared to the ferromagnetic
calculations. In general, we find the agreement between
theory and experiment satisfactory. The theoretical lattice pa-
rameters are slightly underestimated, by less than 1%, which
is typical accuracy for GGA calculations. Thus, in our simu-
lations of the mixing energy we can safely use theoretical
lattice parameters.

Note that the data presented in Fig. 1 show the lattice
parameter for the average bcc lattice. At the same time, the
individual bond lengths can vary due to the effect of the local
lattice relaxations. As a matter of fact, Jiang et al.17 observed
remarkable dispersion of the static ionic displacements in
Fe-Cr alloys, even though the alloy components are almost
perfectly size matched.47 However, the results are obtained
for relatively small SQS. Here we would like to point out
that the convergence of the results as a function of the SQS
size can depend on the physical property studied with these
SQS.48 For example, the total energy usually converges rela-
tively fast, and small SQS are often sufficient for its accurate
estimate. On the other hand, the density of states calculated
with small SQS sometimes exhibit quite a sharp peak
structure49,50 that disappears with increasing supercell size.33

Here we check conclusions made in Ref. 17 by calculating
individual bond lengths in 128-atom SQS by PAW-VASP.
Also, it is important to estimate the contribution to the alloy
energetics due to local lattice relaxations.

In agreement with Jiang et al.,17 we find that local lattice
relaxations are indeed significant in magnitude. Figure 2 dis-
plays the scattering of the pair bond lengths for Fe-Fe, Fe-Cr,
and Cr-Cr pairs for alloys with different compositions. The
pair bond lengths diverge maximally 4% from the alloy
mean value. Although the local relaxations are significant,
the calculated mixing energy, which is discussed in detail
below, does not change by more than 8% at equimolar con-
centration as compared to the unrelaxed case. However, local
relaxations are crucial for the PAW calculations since they do
give rise to the negative mixing enthalpy for alloys with low
Cr concentration. Still, in absolute values the difference is of
the order of 5 meV in this concentration interval. Therefore,
we conclude that the neglect of the local lattice relaxations in
the EMTO-CPA calculations for random Fe-Cr alloy is fully
justified.

B. Mixing enthalpy

The mixing enthalpy H of an alloy with x parts Cr is
defined as

H�Fe1−xCrx� = E�Fe1−xCrx� − �1 − x�EFe
st − xECr

st , �1�

where all total energies E are calculated at corresponding
equilibrium volumes, and the two last terms represent the

FIG. 1. �Color online� Lattice parameters of the bcc Fe-Cr alloys
as a function of Cr concentration. EMTO-CPA data for the ferro-
magnetic phase �FM, solid line� and disordered local moment phase
�DLM, dashed line� as well as PAW-SQS data for the ferromagnetic
alloys �diamonds� are presented. The measured ferromagnetic data
�circles� are taken from Ref. 46.

FIG. 2. �Color online� Pair bond lengths for 128-atom SQS su-
percells in fully relaxed PAW calculations with alloy concentrations
ranging from 3.185–96.875 at. % Cr. The top panel displays the
individual bond lengths between Fe-Fe pairs �diamonds� and the
mean Fe-Fe bond length �squares� for the given concentrations. The
middle panel displays the individual bond lengths between Fe-Cr
pairs �circles� and the mean Fe-Cr bond length �squares� for the
given concentrations. The bottom panel displays the individual
bond lengths between Cr-Cr pairs �triangles� and the mean Cr-Cr
bond length �squares� for the given concentrations. The concentra-
tion dependence of the mean alloy bond length is indicated in all
panels as a dashed line.
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energies of the standard states for pure Fe and Cr, respec-
tively.

The experimental information for the mixing enthalpy of
random bcc Fe-Cr alloys is available only at high tempera-
ture �T=1600 K�,51 where the alloys are paramagnetic. In
order to simulate the effect of magnetic disorder we calcu-
lated E�Fe1−xCrx� using the EMTO-CPA technique and the
DLM model. As standard states we have chosen DLM bcc Fe
and nonmagnetic bcc Cr. Our results are shown in Fig. 3�a�.
Note that the DLM mixing enthalpy, which in Fig. 3�a� is
compared to measured data,51 agrees well with the experi-
ment and does not exhibit any nonmonotonous variation.

The calculated mixing enthalpy of the ferromagnetic
Fe-Cr alloy is shown in Fig. 3�b�. As standard states we used
FM bcc Fe and nonmagnetic bcc Cr. Here we would like to
mention once again that the validity of the Cr-rich side of our
curve is somewhat more questionable than the Fe-rich side
since the reference state is paramagnetic Cr rather than the
incommensurate magnetic spin-density wave state that is the
true ground state for Cr.44,45 Note, that to this day, density
functional theory fails to correctly predict the ground state
for Cr.37,52 However, as was mentioned earlier in Sec. III, we
believe that our model is appropriate for the temperatures of

interest for steel applications in the power industry because
of the low Néel temperature of Cr.

In Fig. 3�b� one can clearly see that the mixing enthalpy
of ferromagnetic bcc Fe-Cr alloys has a well-defined mini-
mum for low concentrations of Cr. Although the depth and
width of the minimum differs for PAW-SQS and EMTO-CPA
calculations, the trend is clearly similar in both the supercell
and the effective medium simulations. The negative sign of
H clearly indicates the ordering tendency in the system that
stabilizes the alloys against the phase separation that occurs
at higher Cr concentrations, and explains the anomalous sta-
bility of Fe-Cr observed on the iron side of the alloy phase
diagram.

C. Electronic structure and the phase stability

In order to explain the variation of the mixing enthalpy of
the ferromagnetic bcc Fe-Cr alloys as a function of concen-
tration we study their electronic density of states �DOS�. Be-
cause of the good qualitative agreement between the EMTO-
CPA and PAW-SQS results for the mixing enthalpies seen in
Fig. 3�b�, we calculate the DOS using the numerically more
efficient EMTO-CPA method. The electronic structure of
random Fe-Cr alloys has been studied earlier within the CPA
by Kulikov and Demangeat35 and with the augmented space
recursion method by Ghosh et al.,53 but with the aim to un-
derstand the magnetic properties of the alloys. Here we will
concentrate on the phase stability aspects of the problem.

In Fig. 4 the density of states for bcc ferromagnetic Fe-Cr
alloys is plotted. The DOS curves are plotted with an incre-
ment of 2% from pure iron to the Fe0.90Cr0.10 disordered
alloy and then with an increment of 10% up to pure chro-
mium. Starting with pure Fe and pure Cr, we see that their
DOS has canonical shapes characteristic for the bcc transi-
tion metals with two well-defined regions corresponding to
the bonding �low energy peaks� and antibonding �high en-
ergy peaks� states separated by a pseudogap. The pseudogap
minima in both spin channels are indicated with dashed lines
in Fig. 4. For Cr, the bonding states are almost completely
filled while the antibonding states are empty for both spin
channels, which explains the very high stability of bcc Cr.
For Fe, the majority spin channel is almost fully saturated,
and therefore it contributes very little to the cohesion of the
crystal. But for the minority spin band the situation is very
similar to Cr, with filled bonding and empty antibonding
states. Thus, bcc Fe is also quite stable. Upon alloying of Fe
with Cr both the electron concentration and magnetic mo-
ment �see Fig. 5� decrease. The most energetically favorable
way for the Fe-Cr system to achieve this is, according to our
first-principles calculations, to keep the Fermi energy pinned
by the pseudogap of the minority spin band �see dashed line
in Fig. 4� while depopulating the antibonding states of the
majority spin band.

In fact, it is clearly seen in Fig. 4 that almost all the
variation of the DOS appear in the spin-up band. For alloys
with high ��10% � concentration of Cr, the majority spin
states are gradually forced through the Fermi level. However,
because of the high peak of the spin-up DOS that has to pass
the Fermi level, the energetics of the transition is unfavor-

FIG. 3. �Color online� �a� Concentration dependence of the mix-
ing enthalpy of disordered DLM bcc Fe-Cr alloys from 0–100% Cr,
as predicted by the EMTO-CPA method �dotted line�, in comparison
to measurements for the paramagnetic alloys51 �circles�. �b� Con-
centration dependences of the mixing enthalpy for disordered FM
bcc Fe-Cr alloys from 0–100% Cr, as predicted by the EMTO-CPA
�solid line� and PAW-SQS �diamonds� methods. Inset in �b� is a
blow up of the Fe-rich region with 0–14 at. % Cr to better show the
predicted change in sign of the mixing enthalpy in the FM alloys.
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able, leading to the positive sign of the mixing enthalpy for
most of the alloy concentrations. The energy cost of this
electronic transition is illuminated by the fact that as it takes
place the structure of the spin-up DOS curve loses its canoni-
cal shape, and around equiatomic composition the band is
almost completely smeared out. Though the electron occu-
pancy at the Fermi level remains at a more or less constant
value, the value itself is relatively high, and may provide an
opportunity for another structure, such as the mixture of the
� and �� phases or the � phase, to compete with the single-
phase bcc solid solution.

However, at Cr concentrations below 10 at. % the situa-
tion is somewhat different. In Fig. 4 it is clearly seen that the
band deformation effect is present also in dilute alloys. In-
deed, the antibonding spin-up states are depopulated, and the
mechanism of this depopulation is associated with a transfer
of the spectral weight from the states just below the Fermi
energy to the states about 1 eV above EF, giving rise to a
formation of a peak which at even higher concentrations is
developing into the antibonding peak of pure Cr. At the same
time, the behavior of the remaining part of the majority spin
band in Fe-rich alloys with very small Cr concentration is
still quite stiff, as shown in Fig. 4, and in more details in Fig.
6. The most pronounced modification of the band structure is
associated with a shift of the tall antibonding peak towards
the more negative energies with respect to the Fermi energy
�see Fig. 4�. Such a shift should decrease the one-electron
energy of the system. As a matter of fact, the situation is
similar to what was discussed by Jones55,56 who showed that

a relative stability of an alloy phase is enhanced if its density
of states curve involves a large peak and a subsequently rap-
idly declining slope. Also, one can notice that in the same
interval of concentrations, the Fermi level in the spin-down
channel �see dashed line in Fig. 4� is progressing through the
pseudogap minimum. While the latter effect is smaller than
the former, both are energetically favorable, and compete
with the energy lost due to the band deformation. According
to our total energy calculations, the net effect is the energy
gain in random alloys, which leads to the anomalous stability
of the bcc Fe-Cr alloys at low concentrations of chromium.

D. Electronic structure and the spinodal decomposition

Above about 20 at. % Cr the �� Cr-rich phase appears via
the spinodal decomposition of the bcc solid solution, that is,
it appears spontaneously and without any energy barrier. In
general, the mode of a structural decomposition is deter-
mined by the curvature of the free energy, G=H−TS. For
positive curvatures any segregation occurs as nucleation and
growth, while for negative curvatures the segregation is spin-
odal, forming interconnected Cr rich regions in the bulk.

Considering T=0 K, and in the simplest formulation of
the rigid band model, the band structure contribution Hbs to
the second derivative of the mixing enthalpy d2Hbs /dc2 is
inversely proportional to the DOS at the Fermi level55,57–59

FIG. 4. �Color online� Average total density of states for the FM
Fe-Cr alloy from 0–100% Cr, as predicted by the EMTO-CPA
method. The spin-up states are displayed above the abscissa and the
spin-down states below. The DOS are shifted along the ordinate
axis proportionally to their Cr content. The pseudogap minima in
both the spin-up and spin-down channels are traced by dashed lines.
The vertical line marks the Fermi energy.

FIG. 5. �Color online� Concentration dependences of the net and
local magnetic moments in Fe-Cr system. EMTO-CPA predictions
of the total net magnetic moments for the FM samples �solid line�,
as well as average local Fe �dashed line� and Cr �dashed-dotted
line� moments in the FM state are shown. Average DLM moments
at Fe atoms are given by the dotted line. Results of the PAW-SQS
calculations of the total net moments �diamonds�, average local Fe
�triangles ��, and average local Cr moments �triangles �� for the
FM supercells are also shown in the figure. The measured �Ref. 54�
net FM moment �squares� is included for comparison.
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d2Hbs

dc2 =
�ZCr − ZFe�2

n��F�
, �2�

where ZFe and ZCr are the valence numbers of the alloy com-
ponents. Of course, the sign of this derivative is always posi-
tive within the rigid band model, so the spinodal decompo-
sition would never occur. Thus, the sign change of the
second derivative of the mixing enthalpy, obtained in our
first-principles calculations �see Fig. 7� is associated with
deviations of the electronic structure in Fe-Cr system from
the rigid band behavior, as was discussed in the previous
section. At the same time, a correlation between d2Hbs /dc2

and the DOS at the Fermi level, which follows from Eq. �2�
is observed in other systems with the spinodal decompo-
sition.57,58 Thus, an upturn on the concentration dependence
of the DOS at EF �see Figs. 6 and 7� indicates an increasing
tendency of the system towards the spinodal decomposition.

The DOS at the Fermi level and the second derivative of
the mixing enthalpy are plotted against the Cr concentration
in Fig. 7. Similar to Refs. 57 and 58, one can clearly see the
anticorrelation in the behavior of the DOS and d2Hbs /dc2. In
its own turn, this means that the spinodal decomposition in
Fe-Cr system has an electronic origin, namely it is directly
related to variations of the electronic structure in the alloy
with concentration. Moreover, it is determined by the major-
ity spin electrons. Indeed, variations of the minority spin
DOS at the Fermi level are rather uniform for all concentra-
tions. Note that the second derivative of the mixing enthalpy
changes sign at 16 at. % Cr. Neglecting the concentration
dependence of vibrational and magnetic entropy, the pre-
dicted limit for spinodal decomposition is at this concentra-
tion, which is in excellent agreement with recent Mössbauer
spectroscopy measurements.60

E. Electronic structure of alloys with local moment disorder

The DOS for the DLM Fe-Cr alloys are presented in Fig.
8. Since both spin states are identical, only one of them is

FIG. 6. �Color online� Density of states for
the spin up channel for alloys with concentrations
ranging from 0–15 at. % Cr. The vertical line
marks the Fermi level, and the horizontal dashed
line indicates the DOS at the Fermi energy for the
corresponding alloy concentration.

FIG. 7. �Color online� Top panel: The concentration dependence
of the density of states at the Fermi level n��F�. Total DOS is
indicated with a solid line, while the contributions from spin-up and
spin-down channels are given by dotted and dashed lines, respec-
tively. Bottom panel: The concentration dependence of the curva-
ture of the mixing enthalpy.

FIG. 8. �Color online� Average total density of states for the
DLM Fe-Cr alloy from 0–100% Cr, as predicted by the EMTO-CPA
method. Notations are the same as in Fig. 4.
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plotted. For the iron rich alloys, the Fermi level cuts through
the minority band, giving rise to a higher energy in compari-
son to the FM case where the number of occupied states at
the Fermi level is small. As the electron occupancy is de-
creased, the pseudogap comes closer to the Fermi level and
the differences between the DLM alloys and the FM alloys
decrease, as can be seen in Figs. 3 and 1.

As seen in the figures above, magnetism is very important
in order to understand the properties of the alloy. The total
and local magnetic moments calculated by EMTO-CPA and
PAW-SQS are plotted in Fig. 5. No significant difference in
the alloy moments is found between the predictions of the
EMTO-CPA and the PAW-SQS methods and theory agrees
well with experiment.54 The local iron moment in the DLM
alloy �EMTO-CPA calculations� is slightly lower than the
ferromagnetic moment for pure iron and decreases slowly
with increasing Cr concentration, until rapid quenching starts
at 90 at. % Cr. The local iron moment in the FM alloy has a
slight maxima at 6 at. % Cr after which it decreases slowly
and finally vanishes for 97 at. % Cr. The local chromium
moment in the FM alloy is on average antiparallel to the
direction of the net magnetization in the low-Cr region and
up to the equimolar composition. At higher Cr concentration
the average moment on Cr is very close to zero.

It is interesting to point out that the shape of the DOS for
Fe-rich alloys in the DLM state is quite similar to the canoni-
cal d-band shape for the more close packed fcc lattice. As a
matter of fact, this may explain the big energy difference
between the FM and the DLM state in the bcc Fe and Fe-rich
alloys, which is of the same order as the energy difference
between the FM bcc Fe and the low-spin FM fcc Fe.15 Be-
cause the net magnetic moment rapidly decreases with in-
creasing Cr concentration, the similarity between the DLM
and fcc DOS becomes less pronounced, and the energy of the
DLM state approaches that of the FM state, while the fcc-bcc
energy difference increases.

V. CONCLUSIONS

The ferromagnetic bcc Fe-Cr alloy exhibits an anomalous
stability for compositions around 6–9 at. % Cr. The stability

is apparent in the mixing enthalpy, which is negative in this
region but not for alloys of higher chromium content. The
variation of the mixing enthalpy is consistently predicted by
two different density functional theory methods, EMTO-CPA
and PAW-SQS. The density of states at low Cr concentra-
tions show that the states at the back slope of the antibonding
peak in the spin-up channel near the Fermi level are depopu-
lated for these compositions, while the rest of the DOS
mostly retain their canonical shapes.

For more concentrated alloys the canonical shape of the
band structure for the ferromagnetic density of states in the
spin-up channel is smeared out as the antibonding peak is
forced through the Fermi level. This is energetically unfavor-
able, as indicated by the positive sign of the mixing energy,
and may catalyze the change of the crystal structure and a
phase transition.

Furthermore, the large variation in the concentration de-
pendence of the spin-up density of states at the Fermi level is
consistently causing an inverse variation in the curvature of
the mixing enthalpy, leading to a prediction of the limit for
spinodal decomposition at 16 at. % Cr, in excellent agree-
ment with experiments.

In the case of the paramagnetic alloy, which is modeled
by the disordered local moments model, the behavior of the
DOS is very different, and the calculated mixing enthalpy is
positive for all Cr concentrations, in good agreement with
experiments. For DLM alloys with high iron content, the
electron occupancy at the Fermi level is higher than that of a
ferromagnetic alloy and consequently the energy for the
DLM alloy is higher.
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