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Abstract

Thanks to a dedicated modelling of intensities, the depth sensitivity of X-ray
photoemission is used to probe the segregation profile of aluminium at the
(110), (100) and (111) low index surfaces of the body-centred Fe0.85Al0.15

random alloy. Sputtered surface composition is close to the nominal bulk
one, thus excluding preferential sputtering. Surface enrichment in aluminium
upon annealing starts at around 700 K before reaching a stationary state
above 1000 K. The average surface composition is close to Fe0.5Al0.5, cor-
responding to the B2 CsCl structure on the phase diagram. The impacted
depth, that is in the range of 2.5-3.5 nm, is quite significant. Although
not evidenced previously in surface science conditions at FeAl single crys-
tal surfaces, it is qualitatively in agreement with the segregation at grain
boundaries and shear planes of Al-alloyed steels. This segregation tendency
is rationalized through ab initio calculations.
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1. Introduction

FeAl-based alloys are very promising light-weight metallic materials that
combine high strength and corrosion resistance at high temperature [1, 2,
3, 4]. A particular case of application is encountered in the Advanced High
Strengh Steels (AHSS) involving high concentrations of alloying elements
such as aluminium. Those grades are developed by the steel industry to
face the challenge of reducing CO2 emission from cars by decreasing their
weight while keeping intact mechanical properties of steel sheets at an af-
fordable price. Aluminium alloying, which of course lightens the steel, has
the additional advantage of improving the elasticity limit and the stiffness
(elasticity limit/density ratio) performance of the material [4, 5, 6, 7, 8, 9].
The subject thus relates to other scopes of application, in particular the
aircraft industry. Very effective in improving the mechanical properties of
steel, the added aluminium has adverse effects, including the formation of
brittle compounds that reduce ductility (Ref. [4] and references therein) and
the oxygen-induced segregation of alumina at the steel surface, degrading
the quality of the anti-corrosion zinc coating, commonly referred to as galva-
nization [10, 11, 12, 13, 14, 15, 16]. To be more specific, despite a reducing
atmosphere that prevents iron oxidation, segregation occurs during the re-
crystallization annealing of the Al-alloyed steel at 1070 K, which is the last
production stage of steel sheets prior to galvanization [10, 11, 12, 14, 15, 16].)
Indeed, the formation of both surface alumina films [13] and brittle com-
pounds [4, 17, 18] originates from the aluminium segregation at either the
surface or the grain boudaries and shear bands. Therefore, the knowledge of
the segregation at the Al-alloyed steel surface and interfaces is a prerequisite
for the understanding of both the behavior in oxidizing environment and the
mechanical properties of the material. Faced with the complexity of the var-
ious steel compositions, binary FeAl alloys are often used as model systems
to mimic the behavior of Al-alloyed steels [9, 4]. An approach of this type
is undertaken herein. Indeed, although segregation equilibria at interfaces
compare to those at surfaces, the latter are easier to study. An additional
advantage is the possibility of analysing the dependence on crystallographic
orientations. The present work focuses on the aluminium segregation at the
Fe0.85Al0.15 surface vacuum interface as a function of the surface orienta-
tion, i.e. (100), (110) and (111). This composition has been chosen because
of its structural similarity with the Al-alloyed steel. In the Fe-Al phase dia-
gram [19, 20, 21, 22, 23, 24] (Fig. 1), at increasing Al content, a body-centred
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cubic (bcc) random alloy phase (Strukturbericht symbol A2) appears first,
followed by ordered phases of B2 (CsCl structure) and D03 type, and by
a series of more complex Fe-rich intermetallic coumpounds [22, 25, 19, 20].
The effect of crystal orientation on segregation is tackled herein on the rep-
resentative Fe0.85Al0.15 composition which is stable and adopts the ferritic A2

solid solution up to its melting temperature. According to the Fe-Al-C phase
diagram [24], the incorporation of carbon in actual steel grades introduces
the well-known austenite (bcc) to ferrite (face-cubic centred) transition at
high temperatures. The transition shifts down in temperature with carbon
content and up with Al content in Fe1−xAlx. But with a 5-at% of C, the
transition temperature around 1173 K for Fe0.85Al0.15 is above the recrystal-
lization annealing temperature of alloyed steel sheets. Regarding industrially
relevant Fe-Al-Mn-C grades [26], the micro structure is even more complex.
But, in general, the recrystallization annealing in reducing atmosphere in-
duces a decarburization of superficial layers which stabilizes the ferrite bcc
phase over micrometer length scales. Therefore, the bcc Fe0.85Al0.15 used
herein may be a good model system to mimic Al-segregation phenomena in
many alloyed steel grades.

Surface segregation is one of the driving forces of reconstruction on both
ordered and disordered metallic alloys [27, 28, 29]. It consists in an enrich-
ment with a given constituent through diffusion in the vicinity of a surface.
For ordered alloys, such an effect can produce new ordered phases or some
disordered antisite phase with respect to the bulk. Regarding random alloys
with substitutional disorder, the variable concentration of enriched element
found in near surface layers draws the so-called segregation profile, which may
be oscillatory, before converging towards the bulk concentration [30]. The
commonly accepted driving forces of surface segregation are (i) the reduction
of the surface free energy, (ii) the reduction of surface stress due to differences
in atomic sizes between solvant and solute; (iii) the decrease of the elemental
heat of vaporization reflected in a broken bond approach by the bond strength
of the elements under consideration. The Al heat of vaporization and surface
free energy for all orientations are weaker than that of Fe (284 kJ.mol−1 vs
354 kJ.mol−1 for the heat of vaporization [31] and about a factor two for ei-
ther experimental or theoretical values of the (100), (110) and (111) surface
energies [32, 33, 34]). In line with the above rules, those data are consistent
with the constant observation upon annealing that all surface orientations of
Fe1−xAlx are characterized by Al surface segregation on either single crys-
tal [35, 36, 37, 30, 25, 38, 39] or polycrystalline surfaces [40]. Enrichment in
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Figure 1: Fe-Al binary phase diagram where the most important compounds (shaded area)
are labelled by their Strukturbericht symbol and/or their formula. The corresponding ball
models are shown below (Fe in brown and Al in light blue). Interpreted from Ref. [21].
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Al of the deeper layers is also observed [37, 25], in particular in the case of
the more opened surfaces in which a multilayer segregation of Al occurs [37].
The onset of the phenomenon is around 600-800 K [35, 36, 37, 25, 38, 40] and
depends on bulk composition. Upon annealing, the Al segregation onset is
observed at 623 K on the ordered B2-Fe0.53Al0.47(100) surface [35, 37, 41]. At
683 K, the surface average composition is Fe0.38Al0.62 with a pure Al termi-
nation [41, 42]. Above 1100 K, the Fe0.85Al0.15(100) surface Al concentration
is beyond half a monolayer [25, 38]. It can reach up to 75 % as derived
from low energy ion scattering data [43]. The oscillatory behavior of the
composition suggested to occur on all Fe1−xAlx(100) surfaces [36, 25] was
assigned to favorable nearest-neighbours interactions [25]. Several studies of
the B2 FeAl(110) orientation have been reported [35, 37, 30, 39, 44, 45, 46].
Annealing at 673 K the sputtered Al-depleted surface of Fe0.53Al0.47(110) re-
sults in Al segregation. The stoichiometry of the superstructure is close to
FeAl2 with an estimated Al concentration in the last plane of 0.67 according
to Auger spectroscopy [44] and X-ray diffraction (XRD) results [35, 37]. The
more open FeAl (111), (211) and (310) surfaces were studied only in Ref. [37].
Upon annealing the FeAl(111) orientation, the surface Al concentration in-
creases continuously and almost linearly with temperature in contrast to the
other orientations of the alloy. This proves severe multilayer Al segregation
which again can be explained by the specific bcc(111) open structure. How-
ever, it should be noticed that the corrugated amplitude of the FeAl(111)
surface is comparable with the escape depth of Auger electrons increasing
the uncertainty in the determination of near-surface concentration on which
these conclusions are based [37].
Such behaviors are in stark contrast with the nearly bulk-terminated NiAl
alloy surfaces. If the large surface energy and heat of vaporization of tran-
sition metals compared to Al favors segregation, it can be counterbalanced
by a large (absolute) heat of formation of the alloy. The larger this quantity,
the less favorable the interchange of constituents. The respective heats of
formation (∆H(FeAl) = −25.1 kJ.mol−1, ∆H(Fe3Al) = −13.0 kJ.mol−1,
∆H(NiAl) = −58.9 kJ.mol−1, ∆(CoAl) = −54.2 kJ.mol−1) explain why
FeAl alloys are prone to Al segregation while NiAl and CoAl are not [37]
and (ii) why NiAl alloy surfaces are nearly bulk terminated. Moreover, or-
dering tendency in the alloy will hamper segregation since the latter favors
the occupation of neighbouring lattice sites by the same atomic species while
ordering causes exactly the opposite [29].
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Of relevance as a model for Al-alloyed steel, the Fe0.85Al0.15 random alloy
is poorly explored in the FeAl literature which deals mainly with the B2 or-
dered compound [42, 35, 41, 39]. However, this alloy offers an extra degree
of freedom related to the gradient of composition. The interplay between
segregation, crystal structure, long- and short-range order is quite complex
(see review Refs. [27, 28, 29]). The status of the surface segregation may be
affected by the sample preparation mode. In particular, preferential sput-
tering may induce an artificial enrichment in one of the elements since ion
bombardment is a mandatory step in the preparation of a clean surface.
Some authors [35, 37, 30, 25, 47, 41, 38, 39] claimed preferential sputtering
of Al leading to a depletion in Al at the surface without clear proof. But,
estimates of the sputtering yield [48, 49] for a Fe target (1.7 atom/ion) and of
an Al one (1.53 atom/ion) with 1 keV Ar+ ion would slightly favor preferen-
tial Fe sputtering as observed herein. Finally, in such alloys, the segregation
process concerns not only the extreme surface as often determined by low-
energy electron diffraction but also subsurface layers [35, 41, 39].

Therefore, a particular attention is paid herein to the evolution of the
concentration throughout the depth probed by photoelectron spectroscopy.
Modeling of the photoemission signal angular dependence is developed (Sect. 2.3-
3) to determine the segregation profile (Sect. 3). A particular effort was made
to address the underlying question of the actual equilibrium between bulk
and (sub)surface concentrations [36, 50]. The reproducibility of the surface
composition after sputtering/annealing was checked through intensity ratios
of photoemission peaks. Ab initio calculations were used to rationalize some
observed trends (Sect. 4). The associated surface structures studied by low
energy electron diffraction, grazing incidence x-ray scattering and scanning
tunnelling microscopy will be addressed in a forthcoming paper.

2. Methods

2.1. Structural aspects of Fe0.85Al0.15 surfaces

The A2 bulk truncation along the (100), (110) and (111) low index orien-
tations are shown in Fig. 2. While all atoms are coplanar on the (100) and
(110) faces (Fig. 2-a,b), the (111) surface is opened and atomically rough;
it involves three atomic planes which define a physical monolayer (Fig. 2-c).
If aB = 2.89 Å is the bulk cubic lattice parameter, the distance between
atomic planes is aB/2 = 1.45 Å , aB/

√
2 = 2.04 Å , aB/2

√
3 = 0.83 Å for
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Figure 2: Ball models of the a) (100), b) (110) and c) (111) faces of the Fe0.85Al0.15 bcc A2

random alloy (aB = 2.89 Å [51]). The bulk cubic unit cell vectors (aB ,bB , cB) are shown
with coloured arrows while black arrows are the surface ones (aS ,bS). Left column: top
view along a) [010]B , b) [110]B , c) [111]B . Right column: side view along a) [010]B , b)
[110]B , c) [110]B . Monolayer heights are indicated on the right.
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the (100), (110) and (111) faces, respectively. The atomic density per unit of
surface is given by: nS = 1/a2

B, nS =
√

2/a2
B, nS = 3

√
3/4a2

B for (100), (110)
and (111) faces leading to the hierarchy nS(100) < nS(111) < nS(110). This
coverage will be used to define the monolayer for each orientation; this cor-
responds to 1.2× 1015 atom.cm−2 on (100), 1.55× 1015 atom.cm−2 on (111)
and 1.69× 1015 atom.cm−2 on (110).

2.2. Experimental setups

Aluminium segregation at Fe0.85Al0.15 surfaces was studied by (i) X-ray
Photoemission Spectroscopy (XPS) under non-monochromatic Mg/Al-Kα
excitation with an hemispherical analyzer (Omicron EA-125, 5 channeltrons),
(ii) Low-Energy Electron Diffraction (LEED) and (iii) Scanning Tunneling
Microscopy (STM, Omicron). Experiments were performed in two connected
ultra-high vacuum (UHV) chambers (preparation and analysis) with base
pressures of 3×10−10 and 5×10−11 mbar, respectively. The Fe0.85Al0.15 single
crystals [52] (Φ = 6 mm, thickness 2 mm, lattice parameters 2.8914 Å [51])
cut along (100), (110) and (111) low index orientations within 0.1◦ were
mounted on a Ta plate by spot-welding with wires inserted in a groove
machined in the crystal edges. Samples were annealed by electron bom-
bardment of the Ta backplate. Surfaces were prepared by cycles of Ar+

sputtering (1 keV, incidence 45◦, current ∼ 10 µA) for 20-45 minutes at
room temperature followed by annealing. The annealing duration for each
plateau values in the 673-1273 K temperature range was kept fixed (15 min)
while heating/cooling was performed as fast as possible (∼ 250 K.min−1) to
quench the resulting concentration profile. Temperature was measured by
optical pyrometry with an emissivity previously calibrated on a thermocou-
ple. The annealing temperature was kept below 1300 K to avoid Al evap-
oration [35, 36]. Bulk contaminants were below the detection level, except
on the (110) surface for which a temporary carbon segregation in the form
self-organized stripes was observed [53, 54]. Fortunately, after several cycles
of preparation, a carbon free surface could be obtained. Due to the high
reactivity of aluminium, special care was taken to minimize contamination
due to residual background, the Al 2p core level being a good indicator of the
associated oxidation phenomenon [53]. Reproducible surface reconstruction
and topography could be obtained on all surfaces; results will be presented
elsewhere.
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2.3. The inelastic mean free in the alloy
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Figure 3: a) Compilation of the density ρ(x) of all the Fe1−xAlx compounds tabulated in
the ICSD database overlapped with the measurements of Ref. [51] for the A2 (red filled
circles) and B2 (orange filled squares) structures. The legend gives the corresponding
compounds as well as their space groups. Data are well accounted for by a linear regression
(black line). b) Corresponding hyperbolic variation of the atomic volume.

The analysis of the segregation profile by photoemission requires the
knowledge of the inelastic mean free path λ(x) in Fe1−xAlx. Sizeable vari-
ations are expected as a function of x since λ(x = 0) in bulk Fe (A2 bcc)
strongly differs from λ(x = 1) in bulk Al (A1 fcc) [55]. At any kinetic energy,
the difference in electronic density between aluminium (0.18 e.Å−3) and iron
(1.35 e.Å−3) results in a difference up to 10 Å between the two materials.
λ(x) was estimated with the TPP-2M predictive formula of Tanumma, Pow-
ell and Penn [56, 55, 57, 58, 59, 60, 61, 62, 63]. The ingredients used in
the QUASES-IMFP-TPP2M software [64] were the bulk density ρ(x), the
molar mass M(x) = (1 − x)MFe + xMAl with MFe = 55.85 g.mol−1 and
MAl = 26.98 g.mol−1, a gap-less material and the total number of valence
electrons of binding energy below 30 eV. The latter was given by a linear
interpolation of the electronic structure of Fe ([Ne] 3s2 3p6 4s2 3d6) and of
Al ([Ne] 3s2 3p1) accordingly to the atomic fraction x. More precisely, the
electron distribution per unit formula between d and s+p orbitals of low and
high binding energies were taken as 6(1−x), 8(1−x) and x+2, respectively,
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giving a total number of electrons of −13x+ 16. Regarding the bulk density
ρ(x), a careful analysis of all the Fe-Al compounds reported in the Inorganic
Crystal Structure Database (ICDS [65]) was undertaken including (i) the A2-
bcc and A1-fcc structures of pure Fe and Al, (ii) the most interesting data for
A2-bcc random alloy and for the high temperature quenched ordered B2-CsCl
alloys [51], (iii) the ordered Heussler D03 alloys (Fe3Al) and (iv) more exotic
high temperature compounds of various symmetries in the Al rich zone of the
phase diagram. The gathered data (Fig. 3-a) show a change from 2.7 g.cm−3

(Al, x = 1) up to 7.86 g.cm−3 (Fe, x = 0) that follows a robust linear depen-
dence ρ(x) = 7.94 − 5.17x g.cm−3 corresponding to a hyperbolic variation
of the volume per atom V (x) ∼ ρ(x)/M(x) or of the atomic concentration
n(x) ∼ M(x)/ρ(x) (Fig. 3-b). These dependencies will be assumed to hold
even at segregated surfaces since they include numerous local environments
of Fe and Al.

The obtained TPP-2M inelastic mean free paths λ(x) are plotted in Fig. 4
for the most intense core levels of the alloy at the usual Al-Kα (Fig. 4-a) and
Mg-Kα (Fig. 4-b) excitation energies. Up to a molar fraction of x ' 0.8,
the variation of λ(x) is more moderate than expected from pure Fe and
Al. Nevertheless, it was accounted for in the following analysis through a
polynomial fit (lines in Fig. 4). Finally, one should keep in mind that the
accuracy of the TPP-2M formula is about 20 % [56, 55, 57, 58, 59, 60, 61,
62, 63].

2.4. Photoemission modelling of the segregation

At the opposite of a film on a substrate, the complexity of segregation lies
in the absence of bulk reference. Once corrected for the analyzer transmission
function T and the photo-ionization cross section σ, ratios of background-
subtracted core level intensities can trace back concentration profiles x(z)
through the exponential damping of the signal with depth z. Three models
have been used herein, namely the homogeneous alloy, the segregated layer
and the continuous segregation profile.

Bulk alloy. If an element A is homogeneously mixed with an element B in
a solid solution A1−xBx (Fig. 5-a), atomic concentrations are given by nA ∼
1−x and nB ∼ x. The atomic ratio x can be determined from the measured
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intensities IA and IB of the given core levels:

IB
IA

TAσA
TBσB

=
x

1− x
λABB
λABA

, (1)

where Ti (i = A,B) is the analyzer transmission function at the correspond-
ing electron kinetic energy, σi the photo-ionization cross-section of the core
level under consideration and λABi the inelastic mean free path of the photo-
electrons from atom i in A1−xBx. The formula is independent of the emission
angle Θ between the sample normal and the axis of the analyzer.

The homogeneous segregated layer on a homogeneous alloy. Let’s consider
a segregated layer A1−xLBxL on top of a semi-infinite substrate A1−xSBxS

(Fig. 5-b). If nji and λji are the atomic concentrations and mean free paths
of element i = A,B in medium j = L, S, the photoelectron signals from
elements A,B include contributions from the substrate and the layer and
read:

IA
TAσA

∼ λSAn
S
A exp

(
−t/λLA cos Θ

)
+ λLAn

L
A

[
1− exp

(
−t/λLA cos Θ

)]
IB

TBσB
∼ λSBn

S
B exp

(
−t/λLB cos Θ

)
+ λLBn

L
B

[
1− exp

(
−t/λLB cos Θ

)]
. (2)

If V (x) is the atomic volume at atomic fraction x, nSA = (1 − xS)/V (xS),
nSB = xS/V (xS), nLA = (1 − xL)/V (xL), nLB = xL/V (xL). With an inelastic
mean free path that depends only on the atomic fraction x, the ratio of
measured intensities is given by:

IB
IA

TAσA
TBσB

=
λB(xS)xSV (xL) exp

[
− t
λB(xL) cos Θ

]
+ λB(xL)xLV (xS)

{
1− exp

[
− t
λB(xL) cos Θ

]}
λA(xS)(1− xS)V (xL) exp

[
− t
λA(xL) cos Θ

]
+ λA(xS)(1− xL)V (xS)

{
1− exp

[
− t
λA(xL) cos Θ

]} .
(3)

From the knowledge of the substrate composition xS, the previous equation
can be used to fit the angular variation of the fraction IB

IA
to obtain film

composition xL and thickness t.
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The continuous profile. The previous model is easily generalized to any con-
tinuous profile of atomic fraction x(z) (Fig. 5-d) by integration of the in-
finitesimal photoelectron signal of layer dz of element i:

dIi ∼ Tiσini(z) exp

{∫ 0

z

dz′/λ[x(z′)] cos Θ

}
dz. (4)

Using the same hypothesis as above, one obtains:

IA
TAσA

∼
∫ 0

−∞

1− x(z)

V [x(z)]
exp

{∫ 0

z

dz′/λA[x(z′)] cos Θ

}
dz

IB
TBσB

∼
∫ 0

−∞

x(z)

V [x(z)]
exp

{∫ 0

z

dz′/λB[x(z′)] cos Θ

}
dz. (5)

For the sake of simplicity, a diffusion profile has been chosen to analyse the
present data:

x(z) = xS + ∆x exp(−z2/Λ2), (6)

where xS = 0.15 is the bulk value, xS + ∆x the surface value and Λ a typical
segregation length scale.

2.5. Computational methods and settings

Experimental observations have been accompanied by ab initio calcula-
tions of segregation characteristics of aluminium in iron. All calculations
were performed within the Density Functional Theory (DFT) implemented
in VASP (Vienna Ab Initio Simulation Package) [66, 67]. The interaction of
valence electrons with ionic cores was described within the Projector Aug-
mented Wave (PAW) method [68, 69], and the Kohn-Sham orbitals were
developed on a plane-wave basis set with a cutoff energy of 300 eV. Semi-
core Fe 3p electrons were treated explicitly. Since the Curie temperature
of Fe0.85Al0.15 is around 1000 K [23] and samples were found in the ferro-
magnetic state after thermal treatment, all calculations were spin-polarised
with a ferromagnetic ordering of iron spins. Gradient-corrected PW91[70]
exchange-correlation functional was used. Positions of all atoms were sys-
tematically relaxed until all forces got smaller than 0.01 eV A−1.

For bulk Fe and Al, results summarized in Tab. 1 show a satisfactory
agreement between computational and experimental data. A Γ-centred (10×10×10)
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Monkhorst-Pack grid for k-point sampling of the Brillouin zone of the prim-
itive unit cell of bulk iron (aB = 2.84 Å) insures a convergence of the cal-
culated lattice parameters aB to within 0.005 Å and of the cohesion energy
Ecoh to within 0.005 eV/Fe. A very similar degree of convergence is obtained
with an equivalent (7× 7× 7) k-point sampling of the Brillouin zone of bulk
aluminium (aB = 4.05 Å) unit cell. Within the simplest energetic model
with only nearest neighbour (NN) εAl−Al and εFe−Fe interactions, the differ-
ence of the calculated interaction strengths (εFe−Fe − εAl−Al = −0.7 eV) is
overestimated with respect to -0.5 eV deduced from experimental cohesive
energies. However, since the overestimation of the bulk cohesion energy of
Fe is principally due to a less accurate DFT results for an isolated Fe atom,
it will not impact directly the calculated segregation profiles.

Fe (bcc) aB (Å) E (eV) B (GPa)

calc. 2.836 5.06 186
exp. 2.867 4.29 170
Al(fcc) aB (Å) E (eV) B (GPa)

calc. 4.052 3.43 72
exp. 4.050 3.34 76

Table 1: Calculated and experimental characteristics of bulk iron and aluminium: lattice
parameter aB (Å), cohesion energy Ecoh (eV), and bulk modulus B (GPa).

The calculated lattice parameters of Fe0.5Al0.5 (B2) and Fe0.75Al0.25 (D03)
phases (aB2 = 2.88 Å and aD03 = 2.87 Å) are only slightly expanded with
respect to pure Fe. The large negative mixing energies calculated with re-
spect to pure bulk aluminium and iron (-0.34 eV and -0.20 eV for B2 and
D03, respectively), are fully consistent with the existence of the ordered B2

and D03 Fe1−xAlx phases and in agreement with the large thermodynamics
literature [21, 71, 72]. Consistently, the corresponding (average) effective NN
pair interaction,[73] V = (εFe−Fe+εAl−Al−2εFe−Al)/2, is positive (preference
to form hetero-atomic bonds) and equal to 0.2 eV. Calculations of Al segre-
gation characteristics for different Fe surface orientations were performed in
slab geometry. Slabs composed of 9, 11, and 15 atomic layers with bulk Fe
lattice parameters have been used to represent (110), (100), and (111) sur-
faces, respectively. With these settings the Fe surface energies (2.45 J/m2,
2.53 J/m2, and 2.67 J/m2, respectively) converge to within 0.01 J/m2.
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3. Photoemission analysis of the segregation at Fe0.85Al0.15 surfaces

On all surfaces, temperature-induced Al segregation was scrutinized by
photoemission through the evolution of the core level intensity ratio IAl 2p/IFe 3p

corrected from (i) the transmission function of the analyzer T (EK) ∼ E−1
K [74],

(ii) the photo-ionization cross sections σ(EK) [75] and (iii) a Shirley back-
ground [76]. These lines were selected because the similarity of their binding
energies minimize the error due to transmission function in the quantification
while the high kinetic energies associated with them maximize the probing
depth. Their ratio is poorly sensitive to forward scattering effects along the
dense crystallographic directions since, regardless of short range ordering, Al
and Fe occupy the same bcc lattice sites. Finally, the probed elements belong
only to the substrate and not to the sample holder, an important caution at
large take-off angles.

Fig. 6 shows the evolution of IAl 2p/IFe 3p, on surfaces cleaned by sput-
tering, as a function of the annealing temperature. Similar thermal cycles
were applied for each annealing temperature. Those ex situ data acquired at
normal emission Θ = 0◦ were compared to in situ annealing, i.e. performed
directly on the analysis chamber manipulator, at increasing temperatures and
at grazing emission, Θ = 60◦. Data were analysed by giving the material a
homogeneous bulk composition Fe1−xAlx (Eq. 1) to obtain the equivalent
atomic fraction x. The error bars come from a cumulative total uncertainty
of 20 % on measured intensities and mean free path determination. Con-
trary to what is commonly accepted [47, 35, 41, 38, 37, 30, 25, 39], a strong
surface enrichment due to preferential sputtering is to be excluded since nor-
mal and grazing emissions at T=300 K match within the uncertainty of the
measurements. An average composition of x = 0.19± 0.05 is found for sput-
tered surfaces, a value close to bulk expectation x = 0.15. Estimates of the
sputtering yield using the formula of Matsumani et al. [48] for an Fe target
(1.70 atom/ion) and for an Al target (1.53 atom/ion) with normal incident
1 keV Ar+ ions [77] would slightly favour preferential Fe sputtering and a
surface enrichment in Al, as observed herein. Finally, the systematic return
to the same IAl 2p/IFe 3p value (not shown) demonstrates that sputtering is
efficient enough to remove the segregated layer between each experiment. For
all orientations (Fig. 6), a clear enrichment of the surface in Al starts around
750 K. Since grazing measurements lead to higher composition values than
for normal emission in the framework of a homogeneous bulk alloy model, a
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a progressive annealing on the analysis chamber manipulator (grazing emission Θ = 60◦).
The analyzer pass energy Ep is different for the two sets of measurements.
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segregation profile should exist with an enrichment of the extreme surface in
Al compared to Fe. By comparing normal and grazing emission, the surface
enrichment seems to be larger and quicker in temperature on the (100) and
(111) than on the (110) surface and equilibration of the near surface is faster
than bulk. Finally above ∼ 950 K, the profile of segregation determined on
the basis of photoemission data seems to reach a steady state.

In a second step, the variation of the photoelectron escape depth with
emission angle Θ (0 − 75◦, Fig. 7) has been exploited to probe the segrega-
tion profile after annealing at 1273 K in the steady state regime (Fig. 6).

Model Parameter (100) (110) (111)

a) Film
Thickness t (Å) 24± 4 32± 7 23± 4

Layer atomic fraction xL 0.47± 0.02 0.4± 0.02 0.47± 0.03

b) Profile
Length Λ (Å) 26.6± 6 38± 10 25± 6

Variation of atomic fraction ∆x 0.35± 0.03 0.27± 0.02 0.35± 0.03
Surface atomic fraction xs + ∆x 0.5± 0.03 0.42± 0.02 0.5± 0.03

Table 2: Results for the fit of the photoemission angular variation signal: a) with a
segregated layer (Eq. 3, Fig. 5-c) or b) with a continuous segregation profile (Eq. 5, Fig. 5-
d). The error bars stem from 10 % uncertainty on the corrected IAl 2p/IFe 3p ratio.

Fig. 7 shows a clear trend for all surfaces of Al enrichment near the extreme
surface after an annealing at high temperature. The clear increase of the
Al signal relative to Fe at grazing emission was fitted with either a homo-
geneous segregated layer (Fig. 5-b, Eq. 3) or a diffusion continuous profile
(Fig. 5-c, Eq. 5). For both models, the substrate composition was kept fixed
at the nominal value xS = 0.15. Fits are shown as continuous lines in Fig. 7
and parameters are gathered in Tab. 2. Error bars on the fitted parameters
t, xL,Λ,∆x stem from an uncertainty of 10 % on the corrected IAl 2p/IFe 3p

ratio. As correlations between parameters do exist, it was checked that sys-
tematic errors due to the determination of the inelastic mean free paths from
the TPP-2M formula (up to δλ/λ ∼ 20 %) lead to fitted values of t or Λ that
lie roughly within the same error bars (Tab. 2). In parallel, uncertainties in
the atomic volume determination V (x) come into play only to the second
order; indeed as shown by Eq. 3, V (x) appears only through a ratio:

V (xL)

V (xS)
=

V (x0
L)

V (x0
S)

(7)
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×

{
1 +

[(
∂V

∂x

)
x0L

−
(
∂V

∂x

)
x0S

]
δx+O(δx2)

}
,

in which the slopes at point x0
L and x0

S partially cancel out. Basically, the
same argument holds for the λ-terms and also for Eq. 5. Therefore, xL or
∆x values are poorly influenced by systematic errors on inelastic mean free
path or atomic volume.

While fits do not allow to favour one model over the other, both agree
on the extreme surface composition and on the impacted depth which value
justifies the above developed continuous approach despite the likely exis-
tence of more complex oscillatory segregation profiles. On (110) surfaces,
the subsurface composition found over ∼ 35 Å (∼ 17 monolayers of (110)
orientation) is close to Fe0.6Al0.4; it falls into the ordered B2 range of sta-
bility according to the bulk phase diagram (Fig. 1). For (100) and (111),
the composition Fe0.53Al0.47 is the Al-rich limit of the CsCl B2 phase over a
thickness of ∼ 25 Å in both cases (∼ 17 and ∼ 30 monolayers, respectively,
accounting for the spacing between (100) and (111) planes).

4. Ab initio calculations of Al segregation trends

Trends in Al segregation were estimated from energy differences between
a single Al substitution (per surface unit cell) in the i-th atomic layer (i = 1
corresponds to the surface atomic layer) and in the slab center. Two types
of surface unit cells have been used. The larger surface cells [(2 × 2) and
(2 × 3)] enable in-plane Al-Al distances dAl−Al ≥ 5.70 Å, equal to or larger
than these in the diluted bulk case Fe0.9375Al0.0625 (bcc). The smaller ones,
(1× 1), produce shorter in-plane Al-Al distances and enable to represent the
atomic arrangement at surfaces of the Fe0.5Al0.5 (B2) alloy.

Despite different Al densities in small and in large surface unit cells,
the obtained segregation profiles at bare Fe surfaces (black and red lines in
Fig. 8) show important similarities. Most of all, the well pronounced trend
for surface segregation at all Fe termination is not affected by the precise
configuration of Al atoms. Moreover, the energy differences between the two
sets of configurations are systematically much smaller than the segregation
energies themselves. The general oscillatory behaviour of Ei

seg for the three
surfaces consists in a strong tendency for segregation at the surface (negative
Ei
seg), followed by a sub-surface region in which segregation is not favoured
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(positive Ei
seg). In the case of (110) and (100) surfaces both the surface

and the subsurface regions consist essentially of Al enriched (i = 1) surface
and a slightly depleted (i = 2) sub-surface, and variations of segregation
profile are strongly attenuated already for i ≥ 3. Conversely, in the case
of the (111) orientation, the surface region with negative Ei

seg extends over
three atomic layers (i = 1− 3) and is followed by a Al-depleted sub-surface
region composed of layers i = 4 and 5, the 5th one being particularly strongly
unfavourable for Al segregation. In this case, variations of the segregation
profile attenuate only below the 6th atomic layer. The large thickness of the
(111) surface region is to be linked to the open character of the surface that
involves under-coordinated atoms [atoms with missing nearest neighbours
(NN)] down to the 2nd surface layer (4 NN and 7 NN in the 1st and 2nd

surface layers, compared to 8 NN for bulk atoms). At the (110) and (100)
surfaces instead, under-coordinated atoms are found in the 1st surface layer
only (6 NN and 4 NN, respectively).

In the limit of low Al concentrations (large surface unit cells, black lines
in Fig. 8), surface segregation is the most favoured at the (100) surface
(E1

seg ' −0.7 eV). The (110) and (111) oriented surfaces are characterized
by a similar E1

seg of about −0.4 eV. The main driving force responsible for
such a stronger segregation at the (100) surface is the low coordination of its
surface atoms. Indeed, if only NN interactions are taken into account, the
segregation energy reads E1

seg = Z ′V +Z ′(εFe−Fe− εAl−Al)/2, with 2Z ′ being
the number of out-of-plane bonds (Z ′ = 2, 4, and 4, for the (110), (100), and
(111)-oriented atomic planes of the bcc lattice, respectively). The first term
quantifies the energy loss due to broken surface mixed bonds. With V =
0.2 eV estimated from bulk calculations (see Sec. 2.5), it is systematically
unfavorable to Al segregation (+0.4, +0.8, and +0.8 eV, respectively). The
second term (-0.7, -1.4, and -1.4 eV, respectively) accounts for the differ-
ence of Fe and Al surface energies. Since those of Al are much lower, it is
negative and strongly contributes towards surface segregation. The result-
ing estimation of E1

seg = -0.3, -0.6, and -0.6 eV, respectively, captures the
essential difference of surface segregation at (110) and (100) surfaces. It is
not sufficient to account for the particularity of the more open (111) termi-
nation, where substantial structural relaxations take place. More generally,
the neglect of longer range interactions, of their dependence on the local en-
vironment and structural relaxations, makes the NN model qualitative and
unable to account for the positive Eseg in the sub-surface region, and for the
variation of E1

seg as a function of Al density.
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The similarity of the segregation profiles at bare Fe surfaces obtained
in large and small unit cells (black and red lines in Fig. 8), enables the
estimation of the effect of a single surface FeAl layer (a single surface Al
atom per (1× 1) unit cell) on the segregation of subsequent Al, as to assess
the possibility of formation of the FeAl alloy in the subsurface region. The
computational results show that the presence of surface Al soundly modifies
the Al segregation profiles (green lines) with respect to those obtained for
bare Fe surfaces (red lines) and confers them a well pronounced oscillatory
behaviour. Indeed, while the Al segregation to the sub-surface layer is sys-
tematically unfavourable (E2

seg > 0), E3
seg ∼ −0.1 eV becomes negative for

the three considered surfaces. We note, that the oscillations of Eseg at (100)
and (111) surfaces mimic closely the composition of subsequent layers at the
corresponding FeAl(100) and FeAl(111) surfaces. While similar, the effects
are much less pronounced at the (110) surface. If estimated within the NN
model, the unfavorable effect of Al atoms in the surface atomic layer, which is
roughly proportional to the number of lost hetero-atomic bonds [+0.0, +1.6
and +0.9 eV for the (110), (100) and (111) surfaces, respectively] is indeed
expected to be much smaller at the (110) surface. Also in this case, the ne-
glect of longer range interactions and of the local environment effect makes
the simple model only qualitative and unable to account for the subsequent
oscillations of Ei

seg.

5. Discussion and conclusion

The composition of the sputtered Fe0.85Al0.15 surface was found close to
the nominal one with a slight Al enrichment. Upon annealing of all the
studied low index surfaces, photoemission evidences a strong aluminium seg-
regation with a similar temperature onset around 700 K probably dictated
by bulk diffusion [40]. Whatever the orientation, both photoemission analy-
sis models (segregated film or profile) agree with a near surface composition
close to Fe0.5Al0.5 with a typical affected depth of around 25 Å except on
the (110) surface for which those figures are slightly different (Fe0.6Al0.4;
∼ 35 Å; Tab. 2). Qualitatively in agreement with the existing literature ob-
tained mainly on FeAl and with the calculated trends in surface segregation
(Sect. 4), the thickness impacted by segregation is much larger than that
determined previously by Auger spectroscopy or dynamic LEED measure-
ments on FeAl [40, 38, 36, 41, 35, 37, 30, 25, 43, 36, 50]. It is also well

22



beyond the depth of the oscillatory behavior of composition found in the
first layers of FeAl and predicted by the present calculations which addition-
ally do not take into account entropic effects. According to the bulk phase
diagram (Fig. 1), the profile of composition should cross all the transitions
A2 ↔ D03 ↔ B2 from the bulk to the surface. Suspected in the diffrac-
tion experiment of Kottcke et al. [41] on FeAl(100) and in the Auger study
of Hammer et al. [37] on the open FeAl(111) surface, such a gradient of
composition was never really evidenced up to now in the Fe1−xAlx system,
probably because measurements focused on ordered Al-rich alloys. Stabil-
ity of the B2 and D03 phases with respect to the A2 solid solution, might
favor their formation at the surface of the alloy upon Al segregation. The
observed segregation is likely a case of disordered (random) binary alloy in
which short-range order plays a significant role in segregation with strong
interactions between solute and solvent [29].

As much as the thickness of the segregated film found herein is in disagree-
ment with the current description of the segregation at the FeAl alloy sur-
faces, it is reminiscent of the observed precipitation of B2 phases at the grain
boundaries and shear planes of alloys mimicking low-density steels [4, 17, 18].
Such a segregation is likely to affect the macroscopic properties of a material,
be it polycrystalline solid or formed of nanoparticles, as is often discussed [78].
In such context, Fe0.85Al0.15 random binary alloy crystal surfaces appear as
quite relevant models.
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