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Cr segregation at the Fe-Cr surface: A first-principles GGA investigation
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The segregation of Cr at the Fe-Cr alloy surface is essential in the formation of a thin, corrosion-resistant
oxide film. Recent angle-resolved x-ray photoelectron spectroscopy measurements indicated Cr segregation at
a high temperature in vacuum. However, two independentab initio density functional theory calculations
within the local density approximation~LDA ! suggested no segregation. We have calculated the segregation
energy for Cr at the Fe-Cr~001! surface using the all-electron full-potential linearized augmented plane wave
method within the generalized gradient approximation~GGA!. Our GGA results support the previous LDA
investigations. The disagreement between experiment and theory remains unresolved.
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The oxidation of Fe-Cr alloys and stainless steels
been under intensive investigation for both dry (O2) and
aqueous environments as the thin, Cr-enriched oxides film
far more corrosion resistant than the otherwise Fe oxides1 In
a dry environment, it is well established that the composit
and also the structure of the oxides film change with the h
treatment and the oxygen partial pressure.1 It has been
known for decades that the Cr concentration in this thin fi
is higher than that in the bulk due to the higher reactivity
Cr with oxygen than Fe.2,3,4 The stable oxides on an Fe-C
alloy surface should be those of Cr, provided that the sup
of oxygen from the gas phase is not sufficient, or, equa
put, the supply of Cr from the alloy is sufficient. As a matt
of fact, various experimental works have shown that a l
oxygen partial pressure favors the formation of a chromiu
rich oxide film on stainless steels.5,6,7 Due to the insufficient
supply of Cr at temperatures below 600 °C, steels tend
form an unprotective Fe-rich oxide film.8

Since the kinetics during the initial oxidization of Fe-C
alloys depends on the composition and structure of not o
the oxide films but also the substrate underneath, it is
much importance as well to have a detailed knowledge of
Cr concentration profile in the Fe-Cr surface prior to t
oxidation. By x-ray photoelectron spectroscopy~XPS!, Lince
et al.9 studied the interaction of oxygen with th
Fe0.84Cr0.16(001) surface. They found that the Cr percenta
at the surface of this alloy prior to the exposure of oxyg
depends on annealing conditions, indicating a tempera
dependence of the Cr segregation. A more recent an
resolved XPS~AR-XPS! investigation on high purity Fe-C
alloy by Suzukiet al.10 also demonstrated that Cr segrega
to the surface of high-purity Fe-13.5% and -24.9% Cr allo
at high temperature in ultrahigh vacuum. They estimated
segregation zone to be less than 10 Å thick and the m
concentration of Cr in this segregation zone a few times
high as in the bulk. However, the surface orientation in R
10 is not specified and the picture of Cr distribution near
surface is not clear. Based on the pair bonding arguments11 it
is tempting to attribute the driving force for Cr segregation
the observed smaller surface energy of Cr compared w
Fe.12,13

In the dilute limit for Cr in Fe, however, two recent inde
pendentab initio investigations suggest that the Cr segre
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tion is unlikely to occur. Nonaset al.14 calculated the ener
getics of 3d impurities in the Fe~001! surface by using full-
potential Korringa-Kohn-Rostoker ~FP-KKR! Green’s
function method within the local density approximatio
~LDA !. Their results show that Cr has a slightly negati
segregation energy (20.05 eV) at zero temperature. This e
ergy, however, is too small to overcome the entropy term
a practical environment~room and higher temperature!. In a
systematic study of surface segregation energies of si
transition metal impurities in transition metal hosts
Green’s-function linear-muffin-tin-orbital~LMTO! calcula-
tions, Rubanet al.15 found that the segregation energy of C
in Fe~001! is positive (10.2 eV), i.e., Cr does not tend t
segregate. Together, experimental and theoretical works
gest that Cr segregates to the Fe-Cr alloy surface at mode
bulk concentrations such as those of stainless steel, but n
the dilute limit. However, since Cr and Fe atoms have eq
sizes and their alloys form solid solutions, very similar to t
Ni-Cu systems,16 it is not unreasonable to expect that th
occurrence of Cr segregation should not depend on the
concentration. Hence, there seems to be a contradiction
tween experiment and theory, although they studied differ
Cr concentrations.

On the other hand, the quantitative discrepancy betw
the FP-KKR and LMTO calculations poses some uncertai
in the conclusion on Cr segregation in the dilute cases
Ref. 15, the authors attributed this discrepancy to the ato
sphere approximation~ASA! in their approach. We note
nevertheless, in Ref. 14, that a full charge density includ
all nonspherical terms was only evaluated and used in
calculation of the total energies, whereas the atomic po
tials and potentials in the vacuum region used to solve
Kohn-Sham equation were still approximated by spheri
potentials. Moreover, both calculations were perform
within the LDA, which is known to yield a poor descriptio
of the ground state of Fe~Ref. 17! and Cr.18 It therefore
appears still desirable to carry out a full potential generaliz
gradient approximation~GGA! investigation on the issue o
Cr segregation at low bulk concentrations. Meanwhile,
equal theoretical significance is the Cr segregation beha
in the high concentration limit, which is identical to the iss
of Fe segregation in the dilute limit. If Fe segregates to
Fe-Cr alloy surface in the dilute Fe limit, the Fe percenta
©2003 The American Physical Society02-1
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in the surface would be of a finite magnitude and a subst
with Fe could help stabilize Cr3O4 ,19 which does not form
on pure Cr surfaces.20,21,22

With these motivations, we carried out anab initio study
on the Cr segregation in the Fe-Cr surface at both low
high concentration limits. Our calculations were perform
by using the all-electron full-potential linearized augmen
plane wave~FLAPW! method.23 The code we employed wa
the implementation ofWIEN97~Ref. 24!; and the GGA func-
tional was that of Perdew, Burke, and Ernzerhof.25 The
FLAPW method is one of the most precise electronic ba
structure methods, in which no shape approximations
made to the charge densities, potentials, and matrix elem
In a numerical implementation of any algorithm, one alwa
has to replace infinite series and continuous integrations
finite sums, which leads to numerical errors. A very imp
tant aspect of the FLAPW method for solving the Koh
Sham equations is the absence of uncontrolled nume
parameters.

The surface segregation energy is defined as the en
difference of a solute atom in the alloy surface and in
bulk. The Fe-Cr~001! free surfaces were simulated by r
peated seven-layer slabs separated inz direction by a
vacuum region of 20 a.u. For Cr~Fe! segregation in Fe~Cr!,
one Fe~Cr! atom in the outermost surface layer was replac
by a Cr ~Fe! atom on each side of the slab. An inhere
approximation in the slab model is its finite thickness. T
choice of an appropriate thickness depends on the chem
or physical properties of interest and also on the spec
system under investigation. It is known that for transiti
metals, a slab thickness of 10 Å is usually sufficient to obt
bulklike properties in the center of the slab and conseque
true surface phenomena at the slab/vacuum interfa
which, in the present work, means an eight-layer slab. O
test calculations on five-, seven-, and nine-layer clean
slabs show that a seven-layer slab is thick enough to m
mize the interaction between the top and bottom surfaces
hence gives a reliable surface energy.

For different Cr concentrations in the Fe-Cr surface,
have performed calculations on four cases, namely, 131,
c(232), 232, andc(434). The unit cell has five, 12, 26
and 54 Fe atoms and two Cr atoms, respectively. Since w
we have studied were actually ordered, rather than rand
alloys, the ordering effect was neglected and only the res
on the dilute limit have a clear physical meaning. The res
on concentrated alloys, however, demonstrate how the in
actions between solute atoms vary with their interatomic d
tances. The two-dimendional lattice constant, 5.44 a.u.,
taken from our GGA bulk calculation on bcc Fe while th
vertical atomic positions were determined by atomic fo
calculations. An energy cutoff of 14.5 Ry was employed
the augmented plane-wave basis to describe the wave f
tions in the interstitial region, and a 100-Ry cutoff was us
for the star functions depicting the charge density and po
tial. The muffin-tin radius for Fe and Cr atoms was chosen
2.1 a.u. Within the muffin-tin spheres, lattice harmonics w
an angular momentuml up to 8 were adopted to expand th
charge density, potential, and wave functions. Converge
is assumed when the average root-mean-square differe
23340
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between the input and output charge and spin densities
less than 131024e/(a.u.)3. The equilibrium atomic posi-
tions were determined according to the calculated ato
forces to be less than 0.003 Ry/a.u.. This tolerance resul
an error to the atomic position of about 0.02 a.u., wh
results in a total energy error of about 0.02 eV.26 The recip-
rocal space meshes of 1331331, 93931, 63631, and
43431 were used for the (131), c(232), (232), and
c(434) unit cells, respectively. Carefulk-mesh tests on the
(131) andc(232) systems show that the total energy err
bar is within 0.01 eV.

With respect to bulk Cr, the solution energy of a Cr ato
in an ordered Fe-Cr surface alloy is

Esol~Cr!5~1/2!Eslab~Cr on surface!1Ebulk~Fe!2Ebulk~Cr!

2~1/2!Eslab~clean Fe surface!.

For each Cr concentration, we considered both ferromagn
~FM! and antiferromagnetic~AFM! coupling between Fe and
Cr, and we find that AFM is always lower in total energy a
therefore more stable than FM coupling, in agreement w
previous experimental27 and theoretical results.28,29 Table I
shows the calculatedEsol(Cr) for different Cr concentrations
It is seen that the interaction between Cr atoms decre
rapidly with the increasing Cr-Cr distance, and in a 232
configuration (dCr-Cr510.88 a.u.), the Cr-Cr interaction be
comes practically negligible.

For bulk alloys Fe12xCrx , total energy calculations wer
performed for various Cr concentrations. The supercells c
tain two (a3a3a), four (2a3a3a), 16 (2a32a32a),
and 32 (4a32a32a) atoms were employed, in which on
Fe was replaced by one Cr, representing Cr concentration
50%, 25%, 6.25%, and 3.125%, respectively. Again, the
tice constanta was taken as that of the bulk Fe, in obse
vance of the small lattice mismatch between Fe~5.44 a.u.!
and Cr~5.39 a.u.!. Internal freedoms were optimized accor
ing to the calculated atomic forces. Table II lists the calc
latedEsol(Cr), which is defined as

TABLE I. The solution energy of Cr~in reference to bulk Cr!
and the Cr-Cr nearest-neighbor distance~in scale of lattice constan
a) in ordered Fe-Cr surface alloys. For explanation of Cr config
ration, see text.

Cr config. 131 c(232) 232 c(434)
dCr-Cr a A2a 2a 2A2a
Esol(Cr) ~eV! 10.31 10.04 20.11 20.15

TABLE II. The solution energy of Cr~in reference to bulk Cr!
and the Cr-Cr nearest-neighbor distance~in scale of lattice constan
a) in the ordered Fe12xCrx alloys.

x 50% 25% 6.25% 3.125%
dCr-Cr a a 2a 2a
Esol(Cr) ~eV! 10.41 10.24 20.10 20.12
2-2
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Esol~Cr!5Ebulk~Cr in Fe!2Ebulk~Fe!3~12x!/x

2Ebulk~Cr!.

We see that whenx<6.25% (dCr-Cr>10.88 a.u.) the in-
teraction between solute atoms is negligible and there
Esol(Cr) can be taken as the solution energy of Cr as
isolated impurity in bulk Fe.

A quick comparison of surface and bulk situations tells
that in the dilute limit, the solution energy of Cr is slight
lower (20.03 eV) in the surface of Fe than in the bulk F
suggesting an occurrence of Cr segregation at extremely
temperature. This result confirms the previous FP-KK
work.12 In a realistic environment at the room and abo
temperature, however, the entropy term must be taken
account. The contribution to the segregation energy from
decrease of the entropy during segregation is30

DES5kT3 ln@Cs~12Cb!/Cb~12Cs!#,

where Cs and Cb represent the surface and bulk concent
tions of Cr. If we take Cb as 6.25% and Cs as 25%~corre-
sponding to the 232 case studied here!, then DES'2kT,
i.e., ;0.06 eV at 300 K and;0.20 eV at 1000 K. This
means that in a realistic environment, the entropy decre
will overcompensate the bonding energy increase during
regation and therefore the segregation will not occur.

In the study of Fe segregation in Cr, the two-dimensio
lattice constant of the surface system, 5.39 a.u., was ta
from our GGA bulk calculation on bcc Cr and the vertic
atomic positions were also determined by atomic force c
culations. Based on the knowledge of convergence from
c
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in-Fe systems, we calculated only 232 configuration. The
solution energy of an Fe atom~in reference to bulk Fe! in an
ordered surface Fe-Cr alloy in dilute Fe case is20.15 eV
~Table III!. To obtainEsol(Fe) in bulk Cr, we calculated the
total energy of a dilute Fe-Cr alloy, Fe6•25%Cr93.75%, with a
Fe1Cr15 (2a32a32a) supercell. The lattice constanta was
again taken as that of the bulk Cr. The calculatedEsol(Fe) in
bulk Cr is 10.46 eV~Table III!. Hence, the segregation en
ergy of Fe is20.61 eV, indicating that at low concentratio
limit, Fe does segregate to the alloy surface, in agreem
with Rubanet al.’s result.13 The segregation of Fe toward th
Cr surface can be readily understood from a recent fi
principles result showing that the surface energy of Fe
substantially lower than that of Cr for a~100! surface.31 Our
calculations therefore indicate that at a high concentra
limit, Cr will not segregate to the Fe-Cr~001! surface.

To conclude, we have shown by highly preciseab initio
DFT-GGA investigations that at both low and high conce
tration limits Cr will not segregate to the Fe-Cr~001! surface,
confirming the previous DFT-LDA results. In view of th
overwhelming success of DFT in surface science, this d
agreement between experiment and theory is rather puzz
Further experimental scrutiny is thus called for.

TABLE III. The solution energy of Fe~in reference to bulk Fe!
and the Fe-Fe nearest-neighbor distance~in scale of lattice constan
a) in Cr bulk and Cr~001! surface.

Fe in Fe6.25%Cr93.75% (232) Cr~001!
dFe-Fe 2a 2a
Esol(Fe) ~eV! 10.46 20.15
ys.
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