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Abstract

Using surface sensitive techniques (photoemis-
sion, low-electron diffraction, scanning tun-
nelling microscopy), the present work reveals
the competitive formation upon oxidation of
two epitaxial oxide bilayer films of self-limited
thickness on the surface of the ferritic ran-
dom A2 body-centred alloy FeggsAly15(110).
When oxidizing the substrate at 1193 K, a film
(herein labelled oxide-A) similar to that stud-
ied in depth at NiAl(110) [Kresse et al., Sci-
ence 308 (2005) 1440] is found. At a slightly
lower annealing temperature (1073 K), alumina
patches segregated from the bulk act as seeds
for the growth of a new long-range ordered alu-
mina film (oxide-B) with two domains having
a ~ (23 x 23) A? hexagonal rotated unit cell.
While showing different anion/cation chemical
environments, the two films have a Al,Os 5409
stoichiometry and stand on an Al-enriched sub-
surface with a similar ~ 3 nm deep segregation
profile. Most importantly, thermal treatments
show that the new structure B is more stable
than A. This finding conflicts with the appar-
ent ubiquity of oxide-A that has been observed
on many substrates of various symmetries and
compositions. This competitive formation of
ultra-thin alumina oxides questions the origin
of their structural (di)similarity and the actual
role of these seeds in the structural transition
towards thicker alumina films at higher pres-

sure.

1 Introduction

Alumina is a technological relevant oxide with
countless applications ranging from abrasive
to catalyst support. It appears in a variety
of polymorphs (a, 7, k, 0, 6, etc...) among
which some atomic structures are still debated
because their meta-stability prevents the syn-
thesis of large single crystals for accurate struc-
tural determination.!™ For instance, commonly
described as a defective spinel, '™ the atomic ar-
rangement of v-Al,O3, whose nano-sized pow-
der is often used as a catalyst or as a support, is
still controversial. All alumina crystallographic
structures are based on a closed-packed oxy-
gen sub-lattice in which the Al cations occupy
tetrahedral and/or octahedral sites.! Depend-
ing on the type of O stacking, several groups
can be distinguished: (i) hexagonal closed-
packed O sublattice for o and k structures,
(ii) face-centred cubic with occupancy of both
types of sites by Al for v, d, 6 structures, (iii)
or more complex stacking (amorphous alumina
with Al in tetrahedral sites). The most sta-
ble polymorph is the corundum a-Al,O3 that
is reached via a complex polymorph pathway
upon calcination of aluminum hydroxides. 12

To avoid charge effects when studying alu-



mina surfaces by electron probes, in particular
scanning tunnelling microscopy, a strong re-
search effort has been devoted to the growth
on Al-alloyed single crystal of well-defined ox-
ide films, such as v-Al,Os,*% which could then
be used in model catalytic reactions.?? Indeed,
low dimensionality can shake up the energetic
hierarchy of bulk phases.® As in the well-known
example of the anatase/rutile forms of TiOs,
~v-Al;O3 is more stable than a-Al;O3 in the
form of nano-sized powder.” Common cases
are the new structures experimentally observed
on NiAl(110)31% and NizAl(111).'!3 Without
bulk counterparts,'* those oxide films escape
the bulk AlyO3 stoichiometry. They are made of
0-Al-O-Al bilayer sequences with almost copla-
nar surface anions and cations and unusual Al-
distorted hexagon, pentagon and triangle at the
interface. The structural puzzle of the Al;;Oq3
bilayer studied in depth on NiAl(110)%10 is
considerably increased by its ubiquity. Alumina
films of similar structure are observed on several
supports of various symmetries and composi-
tions [NiAl(110),%1% Fey47Aly53(110)," Cu-9
at.%Al1(111),' Al/Ni(111)'" and the complex
metallic alloy -Al;Cug(110)'¥]. We have pre-
viously found a similar structure at the (110)
surface of FeygsAlgis,'” a ferritic random A,
body-centred alloy.

Despite the considerable efforts devoted to
the structural study of these oxide films, very
little has been done to determine their stability.
The issue was addressed theoretically by Van
Den Bossche et al.?’ in the case of nanometer-
thick free standing layers. They showed that
the stabilization of polymorphs depends on
film thickness. The breaking of a few, possibly
weak, Al bonds, the refilling of surface cation
vacancies and the polarity-induced relaxation
are the driving forces which favour one or the
other polymorph in the form of a film. The un-
supported 6-Al,O3 was found to be by far the
most stable structure, thus explaining its pre-
dominance on transition metal aluminide (100)
surfaces [NiAl); CoAl; FeAl| for symmetry and
mismatch reasons.'* However, the role of the
substrate is ignored as a relatively poor adhe-
sion energy is assumed.?? Clearly, theoretical

approaches face the difficulty of the simultane-
ous exploration of the structure and the sta-
bility of the complex alumina layers supported
on alloys. The issue is of paramount impor-
tance since it is of critical interest in bridging
the gap between vacuum-prepared layers and
alumina encountered in natural or industrial
environments. This includes: (i) the difficulty
in thickening crystalline thin films of alumina at
partial pressures accessible to surface scientific
studies®?122 prevents the understanding of the
formation of thick alumina at the surfaces of
polycrystalline FeAl-alloys?*?* or NiAl(110)%
at higher oxygen activities; (ii) the growth of
well-structured ultra-thin alumina films as a
simple bulk truncation of the most stable poly-
morphs (e.g. a-AlyO3) is not under control; (iii)
the understanding of the switch from external
to internal oxidation,?% i.e. the transition from
surface oxide to precipitates in the bulk as de-
scribed in the seminal work of Wagner,?” which
would have many potential applications. (An
example is given by the FeggsAlp 15 alloy under
study. Tt serves as a model!9242830 for steel
grades alloyed with light elements such as Al
used by industry to lighten cars. The drawback
is that the oxygen-induced segregation of those
elements forms surface oxides which challenge
galvanization of the steel.?'35 More favourable
in terms of adhesion Zn/Fe instead of Zn/oxide
interface would be achieved by promoting in-
ternal oxidation.)

In such a context, advances in the state of
the art can come from appropriate experi-
ments. The motivation of the present work is
the observation of two different bilayered alu-
minum oxide structure on Al-poor random alloy
Feos5Alp15(110) as a function of the substrate
annealing temperature. The first one (oxide-A)
shares all the characteristics (unit cell, compo-
sition, thickness, structure, anti-phase domain
boundaries, Al 2s and O 1s shifts)!? of that
found on the reference NiAl(110) surface®10:1
and many supports. This similarity makes all
the more significant the competitive formation
of a new structure (oxide-B) which questions
the ubiquity and stability of the unique alu-
mina layer which has been identified so far. By



using Scanning tunnelling Microscopy (STM),
Low Energy Electron Diffraction (LEED) and
X-ray Photoemission Spectroscopy (XPS), the
present study explores the topography of pure
phases (Section 3.1) and compares the chem-
ical fingerprints, thickness, composition and
segregation profile of Al underneath both ox-
ides (Section 3.2). The segregation of oxide
seed patches at the origin of the new oxide-B
is discussed in Section 3.3 prior to showing the
competing formation of the two structures after
room-temperature oxidation (Section 3.4). At
last, stability diagrams as a function of anneal-
ing conditions are established before comparing
with the few existing reports of other alumina
layers.

2 Methods

Experiments were carried out in an ultra-
high vacuum (UHV) vessel including prepa-
ration/analysis chambers with base pres-
sures below 1.107!° mbar equipped with
several facilities: XPS, LEED and STM.
The FeggsAlg15(110) substrate (from Mateck
GmbH; diameter 6 mm; thickness 1 mm; mis-
cut below 0.1°) was prepared through repeated
cycles of argon sputtering (beam energy 1 keV;
total ion current ~ 18 pA) during 30 min at
room-temperature followed by annealing at ei-
ther 1073 K or 1193 K (7,1 as noted hereafter)
during 15 min. Surface oxidation was per-
formed in situ at 1073 K (labelled herein T,,)
right after sample annealing without cooling
down to lower temperature through exposure to
a fixed Oy dose of 50 L (~ 5 min at 2. 10~7 mbar
corresponding to 50 Langmuirs; 1 L is defined
as 1.33107% mbar.s™). Direct oxidation could
be achieved only below 1093 K, meaning that
oxygen does not stick at higher temperatures.
As a final step, the sample was annealed under
UHV during 5-10 min at the same tempera-
ture or slightly higher (7,,2) by taking into
account that the oxide decomposes at 1270 K.
A comparison to oxidation at room temper-
ature (RT) followed by progressive annealing
was also undertaken to understand the compe-

tition between the formation of the two oxide
films. All reported temperatures (AT ~ 20 K)
were measured on the sample using an infra-red
pyrometer with an emissivity fixed at 0.3.3% Sci-
entific grade ultra-pure Ar and O, gases were
used.

Surface structures have been analysed by
LEED (ErLEED from SPECS) and imaged by
STM at RT (RT-STM from ScientaOmicron) in
constant current mode using tungsten tips elec-
trochemically etched in KOH and then rinsed
in ethanol.?” STM images were processed using
the WSxM software?®® for flattening, line profile
and Fourier transform. Aluminum segregation
profile, oxide composition and chemistry have
been analysed by XPS (see Refs. 19,29 for de-
tails) under Al-Ka monochromatic excitation
(1486.6 €V; Phoibos 100 hemispherical analyser
with delay-line detector from SPECS) at a pass
energy of 20 eV for angles ranging from nor-
mal (© = 0°) to grazing emission (6 = 70°).
The binding energy scale of the analyser has
been calibrated on the Fermi edge of coinage
clean metals. Traces of carbon-rich stripes at
the surface?® have been found whatever 7,1
but their presence does not entail the present
conclusions as they disappear upon oxidation.
The analysed core level (Fe 3p, Al 2p, O 1s)
profiles have been accounted using Doniach-
Sunjic line shapes’ with an asymmetry fixed
at 0.1 for the metallic components and Voigt
profiles with a Lorentzian component fixed at
the Al Ka emission width (0.58 eV) for the ox-
ide contributions.'® Active Shirley background
subtraction has been performed during fits.*°
The analyser transmission function and the
photoionization cross sections have been ac-
counted for quantitative XPS analysis.

3 Results

3.1 Oxide films: topography and
reconstruction

As seen on large scale STM images, drastically
different structures are observed upon oxida-



tion at T,, = 1073 K depending on whether
the FeggsAly15(110) surface has been prepared
by annealing at T, = 1193 K (oxide-A, Fig-
ure 1-a,b) or T,,1 = 1073 K (oxide-B, Figure 1-
¢,d). As the pseudo-hexagonal reconstruction
specific of the bare metallic surface?®3° is ab-
sent, oxide films are assumed to cover the whole
surface (Figure 1-a,c). Both oxide surfaces ex-
hibit ~ 30 — 500 nm wide terraces with 2-40 A
high step bunches that tend to be aligned along
the [110]p direction for T,,; = 1193 K. Close-
up images reveal 8 — 12 nm wide striped do-
mains for oxide-A (inset in Figure 1-a).' As
previously reported,® the shift of half of the
periodicity between adjacent domains observed
when crossing the ~ 3 nm wide defective areas
(Figure 1-b), stems from antiphase boundaries
allowing the release of the misfit stress between
film and substrate. 91941747

Oxide-B exhibits 200 nm wide ordered do-
mains with faint parallel streaks (inset in Fig-
ure 1-c and Figure S1 of Supporting Infor-
mation (SI)) which, in adjacent domains, are
symmetric with respect to the [110]p direction
as expected for a two-fold substrate symmetry.
At larger STM magnification, streaks are seen
to result from a well-ordered distorted honey-
comb superstructure bounded by defective ar-
eas (Figure 1-d) associated to antiphase domain
boundaries as in the above case of oxide-A. By
tuning the bias voltage on the two different
domains of Figure 1-c, a complete contrast re-
versal is observed between 2.5 V (Figure 2-a,b)
and -2.5 V (Figure 2-c,d). Line profiles reveal a
large apparent corrugation of 1 —2 A (Figure 2-
e). A hexagonal mesh with lattice parameters
oy = box ™~ 23 A and rotated by ap, =~ 20°
relative to [110]p emerges. The symmetry of
domains with respect to [110]p is clearly high-
lighted (Figure 2-f). In this large unit cell
(Figure 2-f), images at atomic scale resolution
(Figure 3) show an inner hexagonal periodicity
of ~ 4.4 A that matches the unit cell of the
corundum (0001) surface (4.76 A). The oxide-
B unit cell corresponds to about (5 x 5) that
network (Figure 3-c).

The radically different LEED patterns from
oxide-A (Figure 4-a,b) and B (Figure 4-c,d)

Figure 1: STM (500 x 500) nm? images of alu-
mina films grown by exposure at 7, = 1073 K
to 50 L of Os of FeggsAlg15(110) surfaces pre-
annealed at (a)(b) T,,1 = 1193 K (oxide-A;
a similar image can be found in Ref. 19) or
(e)(d) Thnr = 1073 K. tunnelling parameters
are (a) Uy =1V, I; =20 pA; (b) Uy, = -1V,
I, = 12 pA; (¢) Uy, = 2V, I, = 100 pA; (d)
U, = —23 V, I, = 20 pA. Locally enhanced
contrasts highlight stripe domains in (a) and a
terrace with two domains in (c). Close-up im-
ages evidence, in (b), antiphase domain bound-
aries with a shift of periodicity (black dotted
line); in (d), long-range ordered domains (see
Fourier transform in inset) bounded by dis-
torted zones (green dotted lines) with a pro-
gressive shift of periodicity (dotted black line).
The oxide unit cells determined in Ref. 19 or
herein are marked in blue in (b) and (d).
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Figure 2: Rotated oxide-B domains shown in Figure 1-d: (a-d) Close-up STM (15 x 10) nm? images

with Fourier transform in inset (tunnelling parameters :

(@)(b) Uy = 2.5 V; (¢)(d) Uy = —2.5 V

with I; = 50 pA); (e) Profiles along the lines shown in figures; (f) Scheme of the unit cells of the
two oxide domains (blue dotted parallelograms) compared to substrate unit cell (red rectangle).
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Figure 3: Unit cell of oxide-B: (a) STM at
atomic resolution of the alumina film (U, =
0.5V, I; = 12 pA); (b) Fourier transform that
shows a ~ 4.4 A hexagonal periodicity; (c) ox-
ide, substrate, atomic network unit cells repre-
sented by blue, red and green parallelograms,
respectively.

surfaces confirm STM findings. Patterns are
indexed in the rectangular centred surface unit
cell (ag, bg) (a; = 4.0891 A and b, = 2.8914 A)
aligned along the [110]p and [001]p directions
(ap = 2.8914 A) of the (110) bulk trunca-
tion of the Ay bee FeggsAlgis alloy.193% The
LEED of oxide-A (Figure 4-a,b), similar to
that on NiAl(110),%' reveals two mirror do-
mains corresponding to the previously deter-
mined!® (18.8 x 10.7) A? nearly rectangular
unit cell rotated by 27.5° relative to [110]p. As
for oxide-B, a simulation of the Ex = 65 eV
LEED pattern with two-symmetry related do-
mains based on the unit cell found by STM (see
above and Figure 2-f) reproduces qualitatively
the main diffraction spots (Figure S2 of SI)
and demonstrates that the mesh observed in
Figure 1-d and Figure 2 is not simply a Moiré
pattern.

3.2 Photoemission from oxide
films: chemical environments,
subsurface segregation pro-
file, film thickness and stoi-
chiometry

The Al 2p and O 1s core level spectra from ox-
ide films A and B strongly differ despite their



(a) Ex=120eV (b) E.=65eV

O
[001]p

Figure 4: LEED patterns of (a)(b) oxide-
A (T,n = 1193 K, T,, = 1073 K) and
(c)(d) oxide-B (T,n = T, = 1073 K) on
Feos5Alp15(110) at beam energy (a)(c) 120 eV
and (b)(d) 65 eV. Due to the centering of the
rectangular surface unit cell of the random A,
alloy, only the substrate reflections circled in
yellow are visible. Reciprocal surface directions
[110]% and [001]% are shown with arrows.

similar overall profiles (Figure 5). Both are
clearly associated to aluminum oxide since iron
is not oxidized at all, as demonstrated by the
perfect overlap of the Fe 3p spectra from bare
and oxidized surfaces even for surface sensitive
analysis (Figure 6-a and Ref. 19). The Al 2p
profile of the two oxide films could be decom-
posed into three components,'? each including
two spin-orbit split levels (Figure 6 for oxide-
B and Ref. 19 for oxide-A). Common to all
preparations, the binding energy Ep = 72.1 eV
of the metallic component is characteristic of
aluminide compounds.'®*® The two others are
assigned to interface and surface oxidized Al
through their relative change in intensity with
emission angle. O 1s spectra have two com-
ponents of which the higher energy ones are
associated with surface O atoms of the oxides.
Parameters derived from fits are gathered in
Tables S1 (Al 2p) and S2 (O 1s) of SI. Size-
able differences are observed between the two
oxides films. Compared to the reported fit of
the photoemission data of oxide-A,'% a shift of
~ 0.4 eV, an increase of ~ 20 % in intensity and
a broadening of ~ 0.4 eV are observed for the
Al 2p core level of the oxide-B. Similar changes
are observed for the O 1s surface component.

The Al segregation profile and the subsurface
composition have been examined through the
angular dependence of core level area ratios. On
all surfaces, either bare or oxidized, whatever
the annealing temperature, the Al segregation
profile determined via the I opimet)/Ire spmet)
ratio'? is the same within error bars (Figure S3
of SI). Over a depth of 30—40 A the subsurface
average composition is close to FeqgAly4 which
corresponds on average to a CsCl By structure
on the basis of the bulk phase diagrams.*%*
These findings are in line with the bulk Al
mobility above 700 K and the stationary segre-
gation profile above 1000 K which were already
observed on the bare substrate.?® In the same
way as for oxide-A,'? the thickness and stoi-
chiometry of oxide-B have been derived from
the angular analysis of a; ap(o)/IFe 3p(met),
10 15(0w)/ IFe 3pimetys LAt 2p(ox) /LAt 2p(mery and
10 15(0w)/ LAt 2p(mer) (Figure S3-S4 of SI and Ref.
19). The B-film was found under-stoichiometric



in oxygen compared to bulk alumina (Al,O3)
with a similar average composition (Al;Og 510.2)
and thickness (~ 6 A) as oxide-A.

The difference in structure and chemistry of
the two oxide bilayers apparently relies on the
annealing temperature of the bare substrate
prior to oxidation. This point is now examined.

3.3 Oxide patches after annealing
the Feys5A1015(110) surface at
low temperature

The Al 2p and O 1s spectra show traces of sur-
face oxidation after annealing at T,,; = 1073 K
(Figure 5 and Figure 6-b,c). In contrast, the
preparation at T,,; = 1193 K leads to a perfect
metallic surface.'® Repeated cycles of sample
preparation gave the same photoemission pro-
files. Tt is now shown that these traces of oxide
play a central role in the formation of oxide-B.

During progressive annealing from RT to
T,n = 1123 K right after sample sputter-
ing, the O 1s intensity increases steadily un-
til reaching a maximum at ~ 800 K as the
segregation of Al begins?® (Figure T-a,b). At
1223 K, the surface oxide completely disap-
pears, by either desorption or dissolution in
the bulk. The localization of the oxidized
areas after T,,;, = 1073 K was explored via
angular measurements of 1o 15/Ire spmer) and
16 1s/1ai 2p(met)- To remove the variation in in-
tensity due to the damping of Al and Fe signals
in the substrate signal, data have been nor-
malized by the previously obtained intensity
profile of metallic Fe 3p and Al 2p after Al-
segregation!'®?? (see Section 3.2 and Figure S3
of SI). O 1s areas determined experimentally
clearly escape the cos© profile expected for a
homogeneous bulk distribution of oxygen (Fig-
ure 7-c¢). They rather correspond to oxidized
species at the surface, the signal of which is
poorly damped. Quantification with a model
of continuous bulk Al,Oj3 film gives an average
submonolayer thickness of ~ 0.5 A.

After T,,; = 1073 K, the LEED pattern at

a beam energy of Ex = 120 eV (Figure 8-a)
is similar to that obtained at T,,; = 1193 K?3°
with "flower"-like spots around the (1 x 1) ac-
tive reflections assigned to the incommensurate
pseudo-hexagonal 18 A-large Alrich surface
reconstruction of the bare surface®® (see Fig-
ure 9-c). However, additional low-intensity
LEED spots are observed at Fx = 65 eV
(Figure 8-b) that are not seen after anneal-
ing at T,,; = 1193 K (Figure 8-c). They show
an overall hexagonal periodicity that matches
that of the fully formed oxide-B layer (Fig-
ure 4-d). In parallel, on the two oxide surfaces,
STM reveals terraces separated by multiatomic
steps with much different shapes and orienta-
tions (inset in Figure 9-a,b). Ty, = 1193 K
leads to rather straight steps preferentially
aligned along [110]5 (Figure 9-a) (see also Refs.
28,30) while, for T,,; = 1073 K, they are more
rounded and delimit irregular zones with a dif-
ferent contrast, called hereafter patches (Fig-
ure 9-b). Close-up images recorded on the
terraces of both surfaces (Figure 9-c,d) evi-
dence the pseudo-hexagonal 18 A unit cells,
also corresponding to the "flower-like" LEED
patterns (Figure 8-a), which characterize the
bare metal surface.?® At the opposite, patches
show drastically different bias-dependent STM
contrasts (Figure 9-d and 10). The locally
ordered honeycomb structures that appear at
+2.5 V with a ~ 2 nm periodicity closely re-
semble those recorded upon STM analysis of
the oxide-B (Figure 1-d and Figure 2). Those
converging evidences demonstrate that patches
corresponds to oxidized area already identified
by LEED. Patches occupy around 30 % of the
surface but their coverage does not increase
with the annealing time (from 5 to 60 min),
as seen by STM (Figure S5 of SI) and XPS
(not shown). In line with Figure 7-a, the obser-
vation rules out any role of the residual gases
during annealing in the patches formation but
instead favours a self-limited segregation from
the bulk. Combined with the average thick-
ness of ~ 0.5 A obtained from photoemission,
this coverage gives patches with a height of a
monolayer (~ 1.7 A), which explains a differ-
ent STM appearance compared to the full layer
(Figure 10 vs Figure 2).
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required. Voigt and Doniach-Sunjic profiles are used to account for oxide and metal components,
respectively. A similar decomposition can be found in Ref. 19 for oxide-A.
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(right scale); (c) angular dependence of 1o 15/14; 2p and I 15/IF. 3, (Symbols) corrected from the
determined profile of Al/Fe composition (black/blue lines); a comparison is made with the cos©
trend expected for a species dissolved in the bulk.

The assignment to oxide patches of the LEED
spots recorded after annealing at 7,,; = 1073 K
in vacuum (Figure 8-b) is confirmed as they
get more intense and sharpen after an O, dose
(10 L) at Tyn1 = T, = 1073 K (Figure S6-a,b
of SI). This evolution parallels a slight increase
in coverage to ~ 40 % and mainly a thicken-

T, = 1073K
(a) Ex= 120 eV

T, = 1193 K

(b) Ex= 656V (c) Ex= 656V

2 ing of patches up to the final value of ~ 7.5 A

™ (XPS mean thickness of ~ 3 A) (Figure S6-c of

SI). Large dose up to 500 L (Figure S7 of SI)

leads to the formation of a full oxide-B layer

Figure 8: LEED patterns of the (Section 3.1). But no further thickening of the

FeggsAlp15(110)  surface for beam kinetic film could be observed by photoemission for the
energies and annealing temperatures of explored exposures.

(a) 120 eV, Tpy = 1073 K; (b) 65 eV,

Tt = 1073 K; (c) 65 6V, Thny = 1193 K. The
active spots of the substrate circled in yellow
(Figure a) are surrounded by those of the bare
metal reconstruction. Weak spots related to
oxide patches show up at 65 eV in (b) for
Tun1 = 1073 K (Figure b) but are absent in (c)
after 1,,; = 1193 K.

Therefore, oxidized surface patches formed af-
ter annealing the bare surface at T,,; = 1073 K
or below act as seeds for the growth of oxide-B
while a direct oxidation of a patch-free surface
obtained at T,,; = 1193 K leads to oxide-A.
Patches of oxide-B segregate at mild temper-
ature but disappear upon further annealing.
This raises the question of the relative stability
of the two oxides as a function of the tem-
perature of formation. To try to solve it, the



T, = 1193 K T, = 1073 K

—— Profile in (a)
—— Profile in (b)

Figure 9: STM analysis of Fegg5Aly15(110) sur-
faces after annealing in vacuum: (a)(b) (500 x
500) nm? images after (a) T,,; = 1193 K
(U, = 2V, I; = 150 pA) (see also Ref. 30)
and (b) Tpn1 = 1073 K (Up, = 1V, I; = 100 pA).
Patches are delimited by yellow dotted lines; (c)
Close-up STM images of surface reconstruction
at Uy, = 2.5V (I; = 15 — 50 pA) (see also Ref.
30); (d) the frontier between a patch and the
bare surface.
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annealing of surfaces exposed to oxygen at RT
has been explored.

T, = 1073 K
xide patch

O

Bare surface

25V

-25Vv

Figure 10: (15 x 15) nm? STM images of
FegssAlg15(110) surface annealed at T, =
1073 K: (a)(b) surface structure of patches with
Fourier transforms in inset; (c¢)(d) bare surface.
The rhombs evidence the unit cells of the ox-
ide (in blue) and of the bare surface (in green).
STM parameters: (a) U, = 2.5 V, I; = 50 pA;
(b) Uy = —2.5 V, I, = 50 pA; (¢) Uy = 2.5 V,
I =50 pA; (d) Uy = —2.5V, I, = 12 pA.

3.4 Competition between ox-
ides: annealing after room-
temperature oxidation

Oxidation was performed with a fixed O dose
of 50 L at RT followed by further annealing
(Tun2). Whatever T,,;, the exposure lifts the
metallic surface reconstruction and leads to an
amorphous oxide (Figure S8 of SI). However,
for a surface annealed at T,,; = 1073 K, a
faint LEED pattern characteristic of the ox-
ide patches is still present (Figure S8 of SI).
The subsequent recrystallization annealing at
T,n2=973-1123 K leads to a superposition of the
LEED patterns of the two oxides (Figure 11-
a,b and Figure S8 of SI) as formed by direct
oxidation at T,, = 1073 K (Figure 4). After
Tone = 1073 K, STM evidences domains of 10-
120 nm in size (Figure 11-c,d). Some of them



show the bias-dependent structure characteris-
tic of oxide-B. The other exhibit stripes indica-
tive of the antiphase domain boundaries of the
oxide-A'? (Figure 1-a,b). All structures have a
~ 2 nm periodicity as confirmed by the anal-
ysis in Fourier space (insets of Figure 11-e,f).
A further annealing to T,,, = 1223 K leads
to a surface reorganization into only the oxide-
B structure (Figure S8 of SI), as observed at
Tumn = 1073 K/T,, = 1073 K (Figure 4-c,d).
Finally, the oxide LEED pattern disappears at
Tono = 1273 K and reverts to that of the bare O-
free Fegg5Alg15(110) surface (Figure S8 of SI).
For an initially O-free surface (7,,; = 1193 K),
a mix of LEED patterns of the two structures
is observed for 300 < T, < 1073 K (Fig-
ure S8 of SI). Then, upon annealing at 7,5 ~
1073 — 1223 K the oxide-B dominates. It worth
reminding that this effect of post-oxidation an-
nealing T, is effective only after Oy exposure
at RT. Indeed, the structure obtained directly
at T,, = 1073 K, whatever its nature, is stable
up to its decomposition at 1273 K.

The picture regarding the enhanced stability of
oxide-B is confirmed by photoemission. What-
ever the initial surface, spectra after RT oxi-
dation are characteristic of an amorphous ox-
ide with a partially dissociated O, molecule
(Figure S9 of SI). At intermediate T,,2 tem-
peratures (not shown), the spectroscopic fin-
gerprints of the two oxides overlap. But, for
annealing just under the oxide decomposition
temperature (T,,2 = 1223 K), whatever T,
XPS spectra are characteristic of oxide-B (Fig-
ure S10 of SI).

4 Discussion

While pure oxide-A and B films can be obtained
by direct high temperature oxidation, starting
from either clean or patch-covered surface, re-
spectively, the progressive annealing after RT
oxidation leads to a mixed phase but always
ends up with the long-range ordered oxide-
B. This competitive formation of oxide films
points to their structural (di)similarity. Within
the accuracy of photoemission, the two films
have the same average composition AlsOs 5402,
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(@) Ex=120eV

(b) Ex = 65eV

-25Vv
25V

: (e)

-25Vv
25V

;16 nm

Figure 11: FeggsAlg15(110) surface annealed
at T,,1 = 1073 K, exposed to 50 L of O, at
T, = 300 K and subsequently annealed at
Tune = 1073 K: LEED patterns at a beam en-
ergy of (a) 120 eV and (b) 65 eV; (200x200) nm?
STM images: (¢)(e) U, = —2.3 V, I; = 12 pA;
(A)(f) Uy = 2.3 —25 V, I, = 12 pA. Im-
ages (e)(f) with their Fourier transform in inset
are close-ups of (c¢)(d), as indicated by dashed
frames.



a thickness close to a bilayer (Figure S4 of SI).
They grow on a Al-enriched subsurface with
a composition close to FeAl (Figure S3 of SI)
similar to that of the bare surface. They in-
volve surface and interfacial Al and O atoms
with specific chemical environments as testified
by the values of the chemical shifts (Figure 5).
Finally, they show similar antiphase domain
boundaries oriented perpendicularly to one axis
of the substrate unit cell (Figure 1) which are
suggested to release the strain due to the misfit
with the substrate.®?447 Nevertheless, their
structures composed of two symmetry-related
domains truly differ (Figure 1-4). The oxide
of type A obtained by oxidation of an O-free
substrate seems to be ubiquitous as it was
grown on various supports of different symme-
tries: NiAl(llO),S’lo F€0_47Alo_53(110),15’19 Cu-9
at.%Al1(111),' Al/Ni(111)'" and the complex
metallic alloy y-Al;Cug(110).'® At the opposite,
there is to our knowledge only one STM report
of a bilayer oxide film with a similar rotated
hexagonal unit cell of 19 A; observed at the
FeAl(110) surface,’®% its reported characteris-
tics seem however different from oxide-B. Using
a multi-step oxidation/annealing preparation,
Krukowski et al.?! found also on NiAl(110) a
common hexagonal atomic arrangement with
a periodicity of 2.7 A superimposed on 45 A
honeycomb periodic modulation. Based on the
similarity to oxygen-oxygen interatomic dis-
tance, they assigned it to the formation of an
a-Al; O3 layer, which bears some similarity with
the present oxide-B (Figure 3). Unfortunately,
in the two cases, there exists no LEED which
could be compared to the present findings. In
the absence of a deeper crystallographic anal-
ysis input, no definitive conclusions regarding
the structure of oxide-B and its (di)similarity
with known alumina polymorphs can be drawn
based on the present measurements (Figure 3).
Nevertheless, the hexagonal symmetry and the
closeness of unit cells (Figure 3) favours a bi-
layer of corundum structure although the bulk
stoichiometry is not fulfilled.

Effects of the pre-oxidation (7,,1) and post-
oxidation (T,,2) substrate annealing temper-
atures are summarized in the stability dia-

12

grams shown in Figure 12. Starting from an
O-free surface'® (T, > 1123 K), the oxida-
tion lifts rapidly the Al-rich hexagonal recon-
struction of the bare surface to form cover-
ing oxide-A (Figure 12-a). At the opposite,
for 300 < T,,1 < 1073 K after sputtering,
the Al-rich surface reconstruction®®3% coexists
with oxide patches (phase ®g..q). Monolayer-
high patches appear preferentially at step edges
(Figure S2 of SI) and act as seeds for the for-
mation of a long range ordered oxide B (®p,p)
upon oxidation at 1073 K (Figure 12-a). As the
oxidation via residual vacuum can be ruled out,
oxide patches are assumed to form via segre-
gation from the bulk in parallel to Al mobility
as described earlier.?” This questions the ori-
gin of the internal oxides or dissolved oxygen
that escape photoemission analysis and their
role in the formation of thicker v-alumina films
at higher pressures.?®?! These points are inti-
mately related to the interplay between exter-
nal and internal oxidation as studied in depth
in corrosion science??® and initially formalised
in the Wagner theory of alloy oxidation.?’

The diagram is more complex for room tem-
perature oxidation (Figure 12-b). The formed
amorphous oxide (D 4,,,.) coexists (or not) with
B-type oxide patches depending on the initial
substrate annealing temperature. It requires a
subsequent annealing at least at T, = 773 K
to recrystallize, first in a mixed ®o,a/Po.p
phase (973 < T, < 1123 K) and then in a
pure B-type oxide, which, in this process, ap-
pears more stable than oxide-A. Finally, both
types of alumina layers decompose totally above
Tone > 1273 K either by desorption or redisso-
lution in the bulk.

To pinpoint the transition towards thicker -
Al, O3 films and internal oxidation,?3 25 the ex-
tension of such stability diagram at higher oxy-
gen pressures is currently explored using a ded-
icated annealing cell connected to the vacuum
chamber.



(@) T,,.= 1073 K

q)seed9 (DoxB (DoxA
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T,nq1 (K) _
ant (b) T.,= 300 K
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Figure 12: Schematic stability diagram summa-
rizing observations for FeqgsAlg15(110) oxida-
tion at (a) Tp,, = 1073 K and (b) T,, = 300 K af-
ter a substrate annealing at 7,,,; prior to oxida-
tion or after a post-oxidation annealing at T, :
(1) Powa/Posp correspond to the fully covering
oxides, (ii) ®geeq to a reconstructed metallic sur-
face covered by B-type oxide patches, (ii) ®umor
to the amorphous oxide.
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5 Conclusion

The formation by selective oxidation of alu-
mina films at the surface (110) of the random
alloy FeggsAlg15 has been explored as a func-
tion of the substrate preparation. Two well-
crystallized bilayers of oxides are competitively
formed. They sit on a Al-enriched FeAl subsur-
face and have similar sub-stoichiometric com-
position (AlyOq5), but their atomic structures
and their cation/anion chemical environments
strongly differ. The oxide-A formed by di-
rect oxidation of a clean surface annealed at
1193 K corresponds to the well-known oxide
film observed on NiAl(110) with a rectangular
(18.8 x 10.7) A% The oxide-B presents a large
scale hexagonal unit cell of ~ 23 A rotated by
~ 20° from [110]p direction. Oxide-B grows
from pre-existing seeds that segregate from the
bulk upon annealing in parallel to Al and cover
about 30 % of the surface. Most importantly,
annealing treatments show that oxide-B is more
stable than oxide-A. The presence of oxidized
species in the bulk, i.e internal oxide or dis-
solved oxygen, and their segregation at the sur-
face ask for their actual role in the observed
thickening of alumina films at higher pressures.
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