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‘We have studied the ultrathin aluminum oxide film on NiAl(110) by a combination of high-resolution core-level
spectroscopy and density functional theory calculations. Energy-dependent core-level data from the O 1s and
Al 2p levels allows for a distinction between oxygen and aluminum atoms residing at the surface or inside the
aluminum oxide film. A comparison to calculated core-level binding energies from the recent model by Kresse
et al. [Science 308, 1440 (2005)] reveals good agreement with experiment, and the complex spectroscopic
signature of the thin Al oxide on NiAl(110) can be explained. Our assignment of a shifted component in the O
1s spectra to oxygen atoms at the surface with a particular Al and oxygen coordination may have implications
for the interpretation of photoelectron-diffraction experiments from similar ultrathin aluminum oxide films.
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I. INTRODUCTION

Well-ordered oxide films grown on single-crystal substrates
have attracted considerable attention in the past 20 years
mainly because of various applications in microelectron-
ics, catalysis, anticorrosion, nanotemplates, coatings, and
sensors.'”” One of the most common model substrates for
model catalysts is a thin aluminum oxide film grown on
NiAlI(110). It has previously been shown that well-ordered
ultrathin oxide layers of about 0.5 nm thickness may be grown
by oxidation of NiAI(110).5-'# The high melting temperature
of the alloy facilitates preparation temperatures sufficiently
high to allow ordering of the oxide. Since its discovery,
significant efforts have been made to solve the atomic structure
of the oxide layer.””'"!5-1 Despite the fact that the oxide
has been intensively studied, its detailed structure remained
unknown until recently.’!! In this contribution we present a
new high-resolution core-level spectroscopy (HRCLS) study
of the aluminum oxide film grown on NiAl(110), which ex-
tends previous x-ray photoelectron spectroscopy studies.’20-2?
Using energy-dependent core-level measurements for nonde-
structive depth profiling we are able to assign the different
experimental O 1s and Al 2p core-level shifts unambiguously
to surface and interface atoms, respectively. Calculated binding
energies using the model by Kresse' are in good agreement
with our experimental findings. The present HRCLS study
therefore supports the model by Kresse et al. and allows for
a correct assignment of the different HRCL components to
specific atomic sites. Most surprisingly, a component in the O
1s binding-energy range which previously has been assigned
to the full topmost oxygen layer of the oxide film?? is shown
to originate from only 30% of the surface oxygen atoms.
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II. EXPERIMENT

The HRCLS experiments were carried out at Beamline
13112% at the Swedish synchrotron facility MAX-lab in Lund,
Sweden. For the experiments a normal emission angle was
used and the O 1s level and Al 2p level were recorded
with photon energies between 620-900 eV and 105-400 eV,
respectively.

The sample was mounted on a tungsten wire through which
it could be heated by applying an electric current and the
temperature was measured by a chromel-alumel thermocouple
spot welded on the side of the crystal. The NiAl(110) crystal
was cleaned as described in Ref. 24. All measurements were
performed at 100 K. A Fermi level was recorded after each
spectra and used as binding-energy reference for calibration.
The thin aluminum oxide film was prepared as described in
Refs. 9-11 and the surface ordering was checked by low-
energy electron diffraction (LEED).>1°

The decomposition procedure followed that in Ref. 24.
Starting with the Al 2p level, the four decomposed peaks each
consist of two components due to the spin-orbit coupling of
the Al2p;/, and Al 2p3; levels. The intensity of the Al 2p; ),
was set to be half the intensity of the Al 2p3,, component.
The full width at half maximum (FWHM) and asymmetry
was found to be the same for the bulk and the interface
components, while the Al; and Al; (see below) emission
displayed an increased FWHM due to a large number of Al
atoms with different chemical surroundings introducing small
binding-energy shifts. The asymmetry parameter for the Al
atoms from the oxide ranged between 0.02 and 0.05. For the
O 1s we found a FWHM of 1.2 eV for a photon energy of
900 eV which was found to decrease with decreasing photon
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energy due to the improved experimental resolution at lower
photon energies. The asymmetry ratio was found to be 0.07.

The density functional theory (DFT) calculations were
performed by using the Vienna ab initio simulation pack-
age (VASP)>2¢ employing the projector augmented wave
method®’ with a cut-off energy of 250 eV and PW91 gradient
corrections.”® The most favorable model was determined by
extensive modeling with simulated annealing and as well with
atomically resolved scanning tunneling images.'

The surface core-level shifts (SCLS) were calculated
(including final-state contributions) as the difference between
the core-level binding energies of the surface and the bulk®
with the core-level binding energy given by Ecp = E(n. —
1) — E(n.), where E(n. — 1) is the total energy of the excited
atom after the removal of one electron from the core and E(n.)
is the energy for the unexcited ground state.

III. RESULTS AND DISCUSSION

According to several previous studies and the model by
Kresse et al.' the ultrathin aluminum oxide film grown on
NiAl(110) consists of a double oxide layer with NiAl-Al;-
0;-Al;-Oy stacking. The different layers of the model! are
presented in Fig. 1. At the interface the number of Al atoms
is identical to the number of NiAl unit cells, with a strong
preference for the Al atoms to be located above the Ni rows. In
more detail, the four different layers consist of an interfacial Al
layer Al; [Fig. 1(a)]; an interfacial oxygen layer O; [Fig. 1(b)];

FIG. 1. (Color online) Structural model of the ultrathin aluminum
oxide film grown on NiAlI(110). (a) The interface Al atoms (Al,, light
blue). The gray and white atoms represent the Al and Ni atoms in
the the NiAl(110) substrate, respectively. (b) The interface oxygen
atoms (O;, red). (c) The surface Al atoms (Aly, blue). The Al atoms
are situated on top of the O; atoms below. (d) The surface oxygen
atoms (Oy, orange). The unit cell of the oxide structure is indicated,
as well as the pyramid and tetrahedra structural units within the unit
cell.
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a second surface layer of Al atoms Al [Fig. 1(c)] directly
above the O; atoms; and, finally, the surface oxygen layer, O;
[Fig. 1(d)].

In the model by Kresse et al.,' the stoichiometry of
the film was determined to be Al;(O;3 and not Al,O3 as
it was previously believed. The Al; atoms are arranged in
pentagon-heptagon pairs above the Ni atoms because of the
preferred chemical short-range order: Al; atoms prefer to bind
to Ni surface atoms. Each O; atom binds to two Al; atoms
below and one Al atom above. Based on STM measurements
it was found that the Al; atoms bind to additionally three or
four O, atoms, forming pyramids or tetrahedra with the O; and
Oy atoms, as indicated in Fig. 1(d). At the surface, the O, atoms
are arranged in squares (due to the pyramids) and triangles (due
to the tetrahedras) and each Oy atom binds to three Al similar
to the arrangement of the atoms at the surface of an ordered 6
Al,O3 layer on NiAl (100).!7 This arrangement differs slightly
from the octahedrally and tetrahedrally coordinated Al atoms
reported earlier in Refs. 30 and 31. Below we will show how
this latter surface oxygen arrangement is in line with our
HRCLS measurements.

In Fig. 2(a) we show the Al 2p and O 1s core levels recorded
at normal emission with photon energies of 130 and 900 eV,
respectively, from the ultrathin aluminum oxide on NiAl(110).
The calculated binding energies from the model in Ref. 1
are indicated as black solid spheres. A comparison between
the calculated and experimentally observed core-level shifts
is given in Table I. It is immediately clear that the broad
appearance of the core-level spectra related to the oxidized
Al atoms is due to a large number of shifted components
originating from Al atoms in the oxide film with slightly
different local environments.

We will start to discuss the core-level emission from the
Al 2p level and discuss each component in terms of relative
shifts from the bulk emission (light blue) at a binding energy of
72.5eV. The Al 2 p recorded with a photon energy of 130 eV is
presented in Fig. 2(a, right). The spectrum can be decomposed
into four components as shown in Fig. 2(a), each of them split
by 0.4 eV and with a ratio of 1/2.

TABLE I. Comparison between the calculated (Calc) and exper-
imentally (Exp) observed core-level shifts (CLS) for the ultrathin
oxide Al;pO3 on NiAl(110). The core-level shifts are referred to
the binding energy of the bulk Al 2p [Al atoms located in the bulk
of the NiAl(110) crystal] and the average core-level binding energy
of the surface oxygen atoms with low binding energy [O 1s O; and
O 1s O,(1)]. O 1s O4(2) are those oxygen atoms at the surface layer
that have an Al atom underneath and do not reside very close to
another oxygen atom, while O 1s O,(1) are the remaining atoms at
the surface.

Atom Exp CLS (eV) Calc CLS (eV)
Al2ps3p 1 —0.10 —0.60-—0.30
Al 2p3) Al 2.27 1.71-2.67
O1sO; 0.00 —0.41-0.54
O Is O4(1) 0.00 —0.41-0.54
0 1s O,(2) 1.23 1.05-1.14

125417-2



HIGH-RESOLUTION CORE-LEVEL SPECTROSCOPY STUDY ...

Intensity [arb.u.]

o ames o anee - -
T T T T T T /A T T T T T T T
535 534 533 532 531530529 78 77 76 75 74 73 72

Binding energy [eV]

@ 1theo— o o [©
4- \\ \\
034 On N
53 204
24
) O.Z—A\A—a
—

T T T T T T
650 700 750 800 850 900
Photon energy [eV]

T T T T T T
150 200 250 300 350 400
Photon energy [eV]

PHYSICAL REVIEW B 83, 125417 (2011)

(©)

Q 400
g {!250

185

155

135

222 E@125
2 g 5{}115

eV

eV

CEREE

T T T T T T
76 535 534 533 532 531 530 529

Binding energy [eV]

7% 7473
Binding energy [eV]

72

FIG. 2. (Color online) High-resolution core-level spectra from the ultrathin aluminum oxide on NiAl(110). (a) Al 2p spectrum (right)
recorded at 130 eV. Four components are clearly visible, each with a 0.4-eV spin-orbit split with the ratio of 1/2. The components can be
identified as Al in the NiAl bulk (blue), Al at the interface between the Al oxide film and the NiAl(110) substrate (gray), Al in the Al; layer
(violet), and Al in the Al layer (orange). O ls spectrum (left) recorded at 900 eV. Two components can be identified with the ratio of 0.19;
see text. The more intense component originates from the O atoms in the O; layer and the O atoms in the surface layer which reside very
close to another O, atom. The weaker component is due to O atoms in the O, layer which have the Al; atoms underneath and do not reside
very closely to another oxygen surface atom (see inset and text). The calculated core-level binding energies are indicated by solid spheres.
Energy-dependent measurements from (b) the Al 2p level and (c) the O 1s level. The integrated area from (d) the Al 2p components and (e) the

O 1s components.

The component at the lowest binding energy (72.4 eV,
gray) is the so-called interface component, which is electron
emission from the Al atoms in the NiAl(110) surface directly
below the ultrathin Al oxide. These Al atoms are shown
in Fig. 1(a) as dark gray atoms and in Table I they are
denoted as Al 2p;,, 1. The shift with respect to the Al 2p
from the Al atoms in the NiAl(110) bulk is found to be
—0.1 eV. Similar interface shifts have been observed for other
ultrathin oxides and metal systems.*?>~3> This component has
not been observed previously for the present system, but
a similar component can be observed in the case of thin
oxides on Al(100).%® Although the agreement between the
calculated and experimental binding energies is not perfect,
the calculated binding energies shown in Fig. 3 and Table I
confirm a shift toward lower binding energies for these Al
atoms.

The two Al 2p components shifted 1.00 and 2.27 eV are
assigned to photoemission from Al atoms in the Al;(Oy3 film.
To distinguish the photoemission from Al; and Al; atoms
we used energy-dependent photoemission measurements, as
shown in Fig. 2(b) and 2(d). It can be seen that, at higher
energies, the 2.27 eV shifted component decreases more
rapidly in intensity as compared to the 1.00 eV shifted
component which is also decreasing but not so fast. The
measurements reveal that the 1.00 eV shifted component

should be assigned to Al atoms located at a depth intermediate
between the Al atoms in the NiAl(110) substrate and the Al
atoms from the emission found at 2.27 eV. Thus the 1.00 eV
shifted component originates from the Al; atoms and the
2.27 eV component originates from the Al atoms. This agrees
well with previous HRCLS studies.”?>37 Furthermore, the
calculated binding energies shown in Fig. 2(a) as black spheres
are in excellent agreement with the experimentally observed
shifts.

The O 1s spectrum recorded with photon energy of 900 eV
is presented in Fig. 2(a) left. It can be seen that the emission
is broad and asymmetric and exhibits a shoulder on the high-
binding-energy side. The spectrum can be decomposed into
two components. The ratio between the two components using
a photon energy of 900 eV is found to be 0.19 and should, at
this high kinetic electron energy, reflect the real stoichiometry
unaffected by diffraction effects. The shift between the two
components is found to be 1.23 eV. Previously, the higher-
binding-energy component was assigned to a O®~ surface
species,?? and in the case of the similar ultrathin aluminum
oxide on NiAl(111) a similar component was assigned to the
O, layer.*®

The energy-dependent measurements shown in Figs. 2(c)
and 2(e) reveal strong diffraction effects at lower kinetic
energies; however, at higher energies, the smaller component
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FIG. 3. (Color online) Calculated core-level shifts for the Al 2p
(blue, bottom rectangle) and O 1s (orange, top rectangle) atoms in
the O; and Al surface layer of the Al;(O,; oxide film. The Al 2p
shifts are calculated with respect to the Al bulk binding energy, while
the O 1s shift is presented with respect to the average oxygen shift of
the surface oxygen atoms O, with low binding energy.

decreases more rapidly in intensity as compared to the larger
component, suggesting that the small component is indeed
from the atoms in the O, layer. However, it is clear that not
all of the oxygen atoms in the O; layer can contribute to the
intensity, since a significant higher intensity would in that case
be expected.

In order to elucidate the nature of the weak 1.23 eV shifted
O 1s component, we present the calculated binding-energy
shifts for all O; and Al in Fig. 3. Of the 28 surface O;
atoms, 8 show a shift of about 1.1 eV compared to the
other Oy atoms. This compares well with the experimentally
observed shift of 1.23 eV. The oxygen atoms with a large
shift always have an Al; atom directly underneath, making
the electrostatic field at these sites particularly attractive. A
few oxygen atoms with Al; atoms underneath do not show the
strong binding-energy shift, but those oxygen atoms always
reside very close to another oxygen surface atom forming an
0O-AI-O-Al square on the surface (marked dark green in Fig. 3).
The close vicinity of the second negative oxygen ion obviously
counterbalances the attractive field of the interfacial Al;
atom.

The ratio between the O, atoms with a strong shift and
the overall oxygen atoms in the unit cell is calculated to be
0.18, which should be compared to the experimental value of
0.19, giving us further confidence in our assignment. From our
analysis, it is therefore clear that the weak component in the
O 1s spectra originates from a fraction of the O; atoms while
the more intense components have contributions from oxygen
in the Oy layer as well as from the O; layer. A comparison
between the calculated and experimentally core-level shifts is
shown in Table I.
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In the case of the ultrathin aluminum oxide film on
NiAl(111)° the structural units forming that oxide are the same
as in the present case. In a recent photoelectron diffraction
study of the NiAl(111) aluminum oxide system,*® the high-
binding-energy component in the O 1s level was assigned to
all the oxygen atoms in the topmost surface layer (designated
O, layer in Ref. 38). Comparing the intensity and the binding-
energy shift of the high-binding-energy component in the
present study with that in Ref. 38, the agreement is excellent.
Since the structural building blocks are the same in both oxides,
it is likely that also in the case of the ultrathin oxide on
NiAl(111) the high-binding-energy O 1s component originates
from the oxygen atoms which have Al; atoms directly under-
neath and which do not reside close to another oxygen surface
atom. In the present case, this amounts to approximately 30%
of the oxygen atoms in the O; layer (8 of 28). If the assignment
is the same in the case of the ultrathin aluminum oxide on
NiAl(111), it may have implications for the interpretation of
the electron-diffraction measurements from the O 1s level
in Ref. 38.

Finally, a careful inspection of the bottom rectangle in
Fig. 3 shows that the Al atoms with three- and fourfold
coordination to oxygen span shifts of 1.99-2.58 eV and
1.71-2.67 eV, respectively. Figure 3 therefore reveals that
there is no clear distinction between the three- and fourfold
oxygen coordinated Al atoms in terms of their binding-energy
shifts, correcting previous assignments of the Al 2p core-level
shifts.?

IV. SUMMARY

In summary, we have studied the aluminum oxide grown
on the NiAl(110) substrate by the use of HRCLS and DFT
calculations. In agreement with several other HRCLS studies,
the presented spectra reveal a number of components which
belong to species in different layers in the structure. A detailed
comparison between experimental and computed core-level
shifts using the structural model by Kresse et al.! makes it
possible to assign experimental binding energies to certain
atoms in the structure. The agreement between experimental
and calculated data is excellent, thus HRCLS from the structure
is in line with the model in Ref. 1. In particular, a shifted
component in the O ls spectrum, which has previously been
assigned to all the surface oxygen atoms, can be assigned
to surface oxygen atoms which do not reside very close
to another oxygen atom corresponding to only 30% of the
surface oxygen atoms. This assignment may have conse-
quences for the interpretation of photoelectron-diffraction
data.
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