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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 independdninitio density functional theory calculations
within the local density approximatiofi DA) suggested no segregation. We have calculated the segregation
energy for Cr at the Fe-@01) surface using the all-electron full-potential linearized augmented plane wave
method within the generalized gradient approximati@GA). 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 hasion is unlikely to occur. Nonast al* calculated the ener-
been under intensive investigation for both dry,JGnd getics of 3 impurities in the FE01) surface by using full-
aqueous environments as the thin, Cr-enriched oxides film ipotential Korringa-Kohn-Rostoker (FP-KKR)  Green’s
far more corrosion resistant than the otherwise Fe oxXides. function method within the local density approximation
a dry environment, it is well established that the compositionfLDA). Their results show that Cr has a slightly negative
and also the structure of the oxides film change with the heagegregation energy-0.05 eV) at zero temperature. This en-
treatment and the oxygen partial pressur. has been ergy, however, is too small to overcome the entropy term in
known for decades that the Cr concentration in this thin filma practical environmernitoom and higher temperatyrén a
is higher than that in the bulk due to the higher reactivity ofsystematic study of surface segregation energies of single
Cr with oxygen than F&3# The stable oxides on an Fe-Cr transition metal impurities in transition metal hosts by
alloy surface should be those of Cr, provided that the supplyareen’s-function linear-muffin-tin-orbitalLMTO) calcula-
of oxygen from the gas phase is not sufficient, or, equallytions, Rubaret al® found that the segregation energy of Cr
put, the supply of Cr from the alloy is sufficient. As a matterin Fg001) is positive (+0.2 eV), i.e., Cr does not tend to
of fact, various experimental works have shown that a lowsegregate. Together, experimental and theoretical works sug-
oxygen partial pressure favors the formation of a chromiumgest that Cr segregates to the Fe-Cr alloy surface at moderate
rich oxide film on stainless steel$:” Due to the insufficient  bulk concentrations such as those of stainless steel, but not in
supply of Cr at temperatures below 600 °C, steels tend tdhe dilute limit. However, since Cr and Fe atoms have equal
form an unprotective Fe-rich oxide filfh. sizes and their alloys form solid solutions, very similar to the

Since the kinetics during the initial oxidization of Fe-Cr Ni-Cu systems? it is not unreasonable to expect that the
alloys depends on the composition and structure of not onlpccurrence of Cr segregation should not depend on the bulk
the oxide films but also the substrate underneath, it is o€oncentration. Hence, there seems to be a contradiction be-
much importance as well to have a detailed knowledge of théween experiment and theory, although they studied different
Cr concentration profile in the Fe-Cr surface prior to theCr concentrations.
oxidation. By x-ray photoelectron spectroscapyPS), Lince On the other hand, the quantitative discrepancy between
etal’ studied the interaction of oxygen with the the FP-KKR and LMTO calculations poses some uncertainty
Fe) /L1 14(001) surface. They found that the Cr percentagen the conclusion on Cr segregation in the dilute cases. In
at the surface of this alloy prior to the exposure of oxygenRef. 15, the authors attributed this discrepancy to the atomic
depends on annealing conditions, indicating a temperaturgphere approximatiotASA) in their approach. We note,
dependence of the Cr segregation. A more recent angleievertheless, in Ref. 14, that a full charge density including
resolved XPSAR-XPS) investigation on high purity Fe-Cr all nonspherical terms was only evaluated and used in the
alloy by Suzukiet al° also demonstrated that Cr segregatescalculation of the total energies, whereas the atomic poten-
to the surface of high-purity Fe-13.5% and -24.9% Cr alloystials and potentials in the vacuum region used to solve the
at high temperature in ultrahigh vacuum. They estimated th&ohn-Sham equation were still approximated by spherical
segregation zone to be less than 10 A thick and the meapotentials. Moreover, both calculations were performed
concentration of Cr in this segregation zone a few times asvithin the LDA, which is known to yield a poor description
high as in the bulk. However, the surface orientation in Refof the ground state of FéRef. 17 and Cr® It therefore
10 is not specified and the picture of Cr distribution near theappears still desirable to carry out a full potential generalized
surface is not clear. Based on the pair bonding argurtéiits, gradient approximatioGGA) investigation on the issue of
is tempting to attribute the driving force for Cr segregation toCr segregation at low bulk concentrations. Meanwhile, of
the observed smaller surface energy of Cr compared witlequal theoretical significance is the Cr segregation behavior
Fel213 in the high concentration limit, which is identical to the issue

In the dilute limit for Cr in Fe, however, two recent inde- of Fe segregation in the dilute limit. If Fe segregates to the
pendentab initio investigations suggest that the Cr segrega+e-Cr alloy surface in the dilute Fe limit, the Fe percentage
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in the surface would be of a finite magnitude and a substrate TABLE I. The solution energy of Cfin reference to bulk Gr

with Fe could help stabilize (;@4,19 which does not form and the Cr-Cr nearest-neighbor distafiicescale of lattice constant

on pure Cr surface®:?%?? a) in ordered Fe-Cr surface alloys. For explanation of Cr configu-
With these motivations, we carried out ab initio study ~ "aton. see text.

on the Cr segregation in the Fe-Cr surface at both low an%

: ORI . ig. X X
high concentration limits. Our calculations were performed r config bl c(2x2) 2x2 c(4x4)
by using the all-electron full-potential linearized augmenteddcr'cr a /2a 2a 22a
Eo(Cr) (eV) +0.31 +0.04 -0.11 -0.15

plane wavgFLAPW) method?® The code we employed was

the implementation oWIEN97(Ref. 24; and the GGA func-

tional was that of Perdew, Burke, and ErnzerfiofThe _ ] .

FLAPW method is one of the most precise electronic bandPetween the input and output charge and spin densities are

structure methods, in which no shape approximations arless than 1(10*4e/'(a.u.)3. The equilibrium atomic posi-

made to the charge densities, potentials, and matrix elemenf4ons were determined according to the calculated atomic

In a numerical implementation of any algorithm, one a|WaySf0rces to be less than_0.003_ Ry/a.u.. This tolerance resul_ts in

has to replace infinite series and continuous integrations b§n €rror to the atomic position of about 0.02 a.u., which

finite sums, which leads to numerical errors. A very impor-esults in a total energy error of about 0.02%8\The recip-

tant aspect of the FLAPW method for solving the Kohn-focal space meshes of ¥33x1, 9x9X1, 6X6x1, and

Sham equations is the absence of uncontrolled numeric&X4X1 were used for the (1), c(2x2), (2x2), and

parameters. c(4x4) unit cells, respectively. Careflébmesh tests on the
The surface segregation energy is defined as the enerdy < 1) andc(2x2) systems show that the total energy error

difference of a solute atom in the alloy surface and in thedar is within 0.01 eV.

bulk. The Fe-C{001) free surfaces were simulated by re- ~ With respect to bulk Cr, the solution energy of a Cr atom

peated seven-layer slabs separatedzirdirection by a in an ordered Fe-Cr surface alloy is

vacuum region of 20 a.u. For CFe) segregation in FECr),

one Fe(Cr) atom in the outermost surface layer was replaced

by a ?Z(r (I):e) atom on each side of the sl)e:b. An inhizrent Esol Cn=(1/2)Egaf Cr on surface+ Ep i Fe) — Epu( Cr)

approximation in the_slab model is its finite thickness. The —(1/2)Egyfclean Fe surfage

choice of an appropriate thickness depends on the chemical

or physical properties of interest and also on the specific

system under investigation. It is known that for transitionFor each Cr concentration, we considered both ferromagnetic

metals, a slab thickness of 10 A is usually sufficient to obtair(FM) and antiferromagneti(AFM) coupling between Fe and

bulklike properties in the center of the slab and consequentl{r, and we find that AFM is always lower in total energy and

true surface phenomena at the slab/vacuum interface)erefore more stable than FM coupling, in agreement with

which, in the present work, means an eight-layer slab. Ouprevious experiment&l and theoretical resulfé:*® Table |

test calculations on five-, seven-, and nine-layer clean F&hows the calculateB,,(Cr) for different Cr concentrations.

slabs show that a seven-layer slab is thick enough to minilt is seen that the interaction between Cr atoms decreases

mize the interaction between the top and bottom surfaces arf@pidly with the increasing Cr-Cr distance, and in x2

hence gives a reliable surface energy. configuration {l..c,=10.88 a.u.), the Cr-Cr interaction be-
For different Cr concentrations in the Fe-Cr surface, wecomes practically negligible.
have performed calculations on four cases, namely11 For bulk alloys Fe_,Cr,, total energy calculations were

c(2x2), 2x2, andc(4%4). The unit cell has five, 12, 26, performed for various Cr concentrations. The supercells con-
and 54 Fe atoms and two Cr atoms, respectively. Since whé&in two (@xaxa), four (2axaxa), 16 (2ax2ax2a),

we have studied were actually ordered, rather than randomnd 32 (4X2aXx2a) atoms were employed, in which one
alloys, the ordering effect was neglected and only the resultse was replaced by one Cr, representing Cr concentrations of
on the dilute limit have a clear physical meaning. The result$0%, 25%, 6.25%, and 3.125%, respectively. Again, the lat-
on concentrated alloys, however, demonstrate how the intetice constanta was taken as that of the bulk Fe, in obser-
actions between solute atoms vary with their interatomic disvance of the small lattice mismatch between (bet4 a.u)
tances. The two-dimendional lattice constant, 5.44 a.u., waand Cr(5.39 a.u). Internal freedoms were optimized accord-
taken from our GGA bulk calculation on bcc Fe while the ing to the calculated atomic forces. Table Il lists the calcu-
vertical atomic positions were determined by atomic forcelated Eq,(Cr), which is defined as

calculations. An energy cutoff of 14.5 Ry was employed for

the augmented plane-wave basis to describe the wave func- TABLE I1. The solution energy of Cfin reference to bulk Qr
tions in the interstitial region, and a 100-Ry cutoff was usedand the Cr-Cr nearest-neighbor distaicescale of lattice constant

for the star functions depicting the charge density and poteng) in the ordered Fe ,Cr, alloys.

tial. The muffin-tin radius for Fe and Cr atoms was chosen as

2.1 a.u. Within the muffin-tin spheres, lattice harmonics withx 50% 25% 6.25% 3.125%
an angular momenturinup to 8 were adopted to expand the d, ., a a 2a 2a
charge density, potential, and wave functions. Convergencg_(cr) (eV) +0.41 +0.24 ~0.10 ~0.12

is assumed when the average root-mean-square differences
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Eeo CN=Epu(Cr in F& — Epy(Fe) X (1—X)/x TABLE lll. The solution energy of F¢in reference to bulk Pe
and the Fe-Fe nearest-neighbor distaficescale of lattice constant
—Epuk(Ch). a) in Cr bulk and C(002) surface.
We see that wher<6.25% (dc..c=10.88 a.u.) the in- Fein F& 250Crlo3 750 (2x2) Cr00Y
teraction between solute atoms is negligible and thereforége.re 2a 2a
E..(Cr) can be taken as the solution energy of Cr as arkg,(Fe) (eV) +0.46 -0.15

isolated impurity in bulk Fe.
A quick comparison of surface and bulk situations tells us ) )
that in the dilute limit, the solution energy of Cr is slightly in-Fe systems, we calculated only<2 configuration. The
lower (—0.03 eV) in the surface of Fe than in the bulk Fe, Solution energy of an Fe atofm reference to bulk Fen an
suggesting an occurrence of Cr segregation at extremely logrdered surface Fe-Cr alloy in dilute Fe case-i6.15 eV
temperature. This result confirms the previous FP-KKR(Table lll). To obtainEs,(Fe) in bulk Cr, we calculated the
work 2 In a realistic environment at the room and abovetotal energy of a dilute Fe-Cr alloy, F@s5yCros 750, With &
temperature, however, the entropy term must be taken int6€Cris (2aX2ax2a) supercell. The lattice constaatwas
account. The contribution to the segregation energy from th@gain taken as that of the bulk Cr. The calculagg(Fe) in

decrease of the entropy during segregatidf is bulk Cr is +0.46 eV (Table Ill). Hence, the segregation en-
ergy of Fe is—0.61 eV, indicating that at low concentration
AEs=kTXIn[C(1—C,)/Cy(1—CJ], limit, Fe does segregate to the alloy surface, in agreement

with Rubanet al’s result'® The segregation of Fe toward the

where G and G, represent the surface and bulk concentra-Cr surface can be readily understood from a recent first-
tions of Cr. If we take G as 6.25% and Cas 25%(corre-  principles result showing that the surface energy of Fe is
sponding to the X2 case studied herethen AEg~2kT, substantially lower than that of Cr for(a00) surface’ Our
i.e., ~0.06 eV at 300 K and~0.20 eV at 1000 K. This calculations therefore indicate that at a high concentration
means that in a realistic environment, the entropy decreadimit, Cr will not segregate to the Fe-@01) surface.
will overcompensate the bonding energy increase during seg- To conclude, we have shown by highly precae initio
regation and therefore the segregation will not occur. DFT-GGA investigations that at both low and high concen-

In the study of Fe segregation in Cr, the two-dimensionalration limits Cr will not segregate to the Fe{G01) surface,
lattice constant of the surface system, 5.39 a.u., was taketonfirming the previous DFT-LDA results. In view of the
from our GGA bulk calculation on bcc Cr and the vertical overwhelming success of DFT in surface science, this dis-
atomic positions were also determined by atomic force calagreement between experiment and theory is rather puzzling.
culations. Based on the knowledge of convergence from CrFurther experimental scrutiny is thus called for.
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