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Ultrathin Al-oxide layers were grown on clean NiAl�110� substrates by a usual two-step technique and
analyzed in situ by high-resolution medium energy ion scattering �MEIS� combined with photoelectron
spectroscopy using synchrotron radiation light. It is found that the oxide layer comprises four atomic layers of
alternating O /Al planes and the surface is terminated unambiguously with an oxygen layer. The MEIS spectra
observed show that the oxide layer takes a four-layered structure of
O�1.35�0.07� /Al�1.2�0.05� /O�1.25�0.1� /Al�0.95�0.1� /NiAl�110� in unit of 1015 at. /cm2. This supports
a reduced corundum structure rather than stoichiometric �-Al2O3�111� and k− Al2O3�001�. The observed
Al 2p1/2,3/2 core level spectra consist of three components with binding energies �Al 2p3/2� of 72.53, 73.55, and
74.75 eV, which are assigned to the bulk NiAl, the fourth layer Al on top of the bulk NiAl�110�, and the second
layer Al sandwiched between the top and third layers oxygen, respectively. The component with the highest
binding energy for the as-grown �oxidized at 400 °C� film shifts to lower energy side by 0.4 eV after subse-
quent annealing at 900 °C, indicating that the annealed surface is reduced and the Al-O bond length is
extended significantly.
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The ultrathin aluminum oxide layer with good crystallin-
ity grown on NiAl�110� has recently attracted much attention
because of its wide application to heterogeneous catalysis as
a stable support and of suppression of charging effects allow-
ing a variety of analysis probes to characterize itself as well
as fine metal particles on it. Up to now, there have been
many reports on the structure of the aluminum oxide layer
formed on NiAl�110�.1–7 Low energy electron diffraction pat-
terns showed that the oxide layer consists of two identical
domains with a large unit mesh �a1=10.55 Å, a2=17.88 Å�
with an angle of 88.7° between the unit vectors, and the

mesh is rotated by about 24° with respect to the �11̄0� axis of
NiAl�110�.3,4 Jaeger et al.2 observed high-resolution electron
energy loss spectra together with valence band and Al 2p
core level spectra and concluded that the aluminum oxide
layer on NiAl�110� was �-Al2O3 rather than �-Al2O3. Re-
cently, an extended surface x-ray diffraction study8 obtained
an overall bestfit by assuming a �- Al2O3-like layer not �-,
�-, and �-Al2O3-like layers. The �-Al2O3 structure was pre-
viously predicted by an ab initio first principles calculations.9

Quite recently, however, Kresse et al.10 performed scanning
tunneling microscope observations and finite-temperature
molecular dynamics calculations based on the density func-
tional theory and proposed a reduced corundum �0001� sur-
face for the ultrathin aluminum oxide layer on NiAl�110�.
The above structure model was partly corrected and replaced
by that with an antiphase domain boundary.11 As mentioned
above, the structure of the aluminum oxide layer is still a
debatable issue.

In this study, we prepared the aluminum oxide layer on a
clean NiAl�110� substrate by the usual two-step technique2,3

and analyzed in situ by high-resolution medium energy ion
scattering �MEIS� combined with photoelectron spectros-
copy �PES� using synchrotron radiation �SR� light. The
former determines the elemental depth profile in a layer-by-
layer fashion and the latter gives the electronic states of alu-
minum and oxygen.12,13 The toroidal electrostatic analyzer

�ESA� employed here has an excellent energy resolution
�E /E �full width at half maximum� of 9�10−4, which al-
lows a layer-by-layer analysis. In order to determine the ab-
solute amounts of O and Al, an accurate measurement of the
integrated beam current is indispensable. For this purpose, a
voltage of +90 V was applied to the sample and the beam
current was conducted to ground via an ammeter. The effect
of radiation damage induced by ion impact was suppressed
by shifting the incident beam position slightly after an inte-
grated beam current of 1 	C. In the PES experiment, we
calibrated the incident photon energy using second harmonic
waves and analyzed the energy of emitted photoelectrons by
a hemispherical ESA.

Clean NiAl�110� surfaces were obtained by repetition of
sputtering by 0.75 keV Ar+ bombardment followed by an-
nealing at 900 °C for 10 min in ultrahigh vacuum �UHV:
�1�10−10 Torr�. Reflection high energy electron diffraction
�RHEED� observation showed clear �1�1� patterns with
sharp Kikuchi lines. Then we measured the MEIS and PES
spectra using 120 keV He+ ions and 120 and 240 eV SR
photons, respectively, and confirmed the clean surfaces with-
out any contaminations. The ultrathin aluminum oxide layer
was grown on the clean NiAl�110� surface by the two-step
process, namely, first oxidized at 400 °C for 40 min at an O2
pressure of 5�10−7 Torr �1200 L� and then annealed at
900 °C for 120 min in UHV. The RHEED pattern observed
for the as-grown sample shows the weak spots from the
NiAl�110� substrate and broad and fuzzy lines from alumi-
num oxide, indicating growth of very fine or less-ordered
aluminum oxide domains. The RHEED images observed at
�100� and �110� azimuth for the annealed sample are well
reproduced assuming a rhomboidal unit cell �a1=10.8 Å,
a2=18.0 Å, �=87.7°� with an angle of 24.7° between the
longer translation vector a�2 and the �110� axis of NiAl�110�.
This is well consistent with that �a1=10.55 Å, a2=17.89 Å,
�=88.6°� reported previously.3,14

First, we performed high-resolution MEIS analysis for the
annealed sample using 125 keV H+ and 120 keV He+ ions. It
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is crucial for precise MEIS analysis to know the stopping
powers, energy straggling, and He+ fractions dependent on
emerging angle, the ion velocity, and the surface
elements.15,16 The scattering yield Ya�n� from atoms a in an
nth atomic layer is given by

Ya�n� = Q� d


d�
�

a
Aa�n��� · �+, �1�

where Q, �d
 /d��a, Aa�n�, and �� are integrated beam cur-
rent, differential scattering cross section, areal density of at-
oms a in the nth atomic layer, and the solid angle subtended
by the detector, respectively. The detection efficiency � of
the microchannel plate/position sensitive detector system of
the toroidal ESA was estimated previously to be 0.44 using a
surface-barrier type solid state detector. The solid angle ��
is exactly known �7.64�10−5� and �d
 /d��a is calculated
numerically using the ZBL potential.17 The stopping powers
of O and Ni were determined previously to be 1.1�SZ�O�
and 1.0�SZ�Ni�, respectively, where SZ denotes the Zie-
gler’s stopping powers for He ions.17 Basically, we used Zie-
gler’s stopping powers for both H+ and He+ ions and the
Lindhard-Scharff formula18 for energy straggling. Surface
stopping powers and straggling were taken into account by
expanding the stopping region toward the vacuum side by a
half-inter planar distance.19 The most important factor domi-
nating the accuracy of the present MEIS analysis is the H+

and He+ fractions �+�, which depend on emerging ion en-
ergy and also on emerging angle and the atomic species of
the top layer. We used the H+ and He+ fractions for the scat-
tering component from the top layer of O determined for
Ni�111�-2�2-O �Ref. 20� and TiO2�110�-1�1 whose sur-
faces are terminated with an O layer having areal densities of
4.65�1014 and 1.56�1015 at. /cm2, respectively. Another
factor contributing to elemental depth profiling by MEIS is a
spectrum asymmetry induced by inner shell excitations dur-
ing a large-angle collision.21 According to the formulation by
Grande et al.,21 we assumed the following exponentially
modified Gaussian function,

f��E� =
�

2
exp�−

�

2
�2�E − 
2��	�1 + erf��E − 
2�


2

�	 ,

�2�

where 
, �, and erf�x� are the experimental resolution �stan-
dard deviation�, standard deviation for the electronic energy
loss distribution, and error function, respectively. We esti-
mated in advance the � values as a fitting parameter in the
MEIS spectrum analysis for Ni�111�-2�2-O, TiO2�110�-1
�1, Si�111�-
3�
3-Sb, Ni�111�, and Au�0.25–0.45 ML�/
Ni�111�.

Figure 1�a� shows the MEIS spectra observed for
125.4 keV H+ ions incident along the �100� axis of
NiAl�001� and backscattering to 79.5° with respect to the
surface normal. The �100� channeling incidence suppressed
the scattering component from deeper layers of NiAl�110�
and the large emerging angle improved the depth resolution.
The energy positions for H+ ions scattered from O, Al,
and Ni atoms assumed to be located in the top layer are

indicated with the dotted-and-dashed straight bars. The
present MEIS analysis shows unambiguously that the
surface is terminated with an O layer and the ultrathin
Al oxide layer takes a stacking sequence of
O�1.35�0.1� /Al�1.2�0.1� /O�1.25�0.15� /Al�1.0�0.2�
on NiAl�110� �in unit of 1015 at. /cm2�. Here, we used Zie-
gler’s stopping powers and the H+ fraction of 0.86�0.01
derived for the scattering component from the top-layer O of
Ni�111�-2�2-O and of TiO2�110�-1�1. Note that the stop-
ping power is intimately related to the large emerging angle
and thus the uncertainties of the stopping powers depend on
the inaccuracy of the emerging angle. The MEIS spectrum

(a)

(b)

(c)

FIG. 1. �Color online� �a� MEIS spectrum �open
circles� observed for 125.4 keV H+ ions incident along �100� axis of
NiAl�110� and backscattered to 79.5° with respect to surface
normal. Best-fit spectrum �solid curves� obtained assuming
O�1.35�0.1� /Al�1.2�0.1� /O�1.25�0.15� /Al�1.0�0.2� on
NiAl�110� in unit of 1015 at. /cm2. �b� MEIS spectrum
observed for 120.2 keV He+ ions incident along �100� axis
and backscattered to 84.0°. Best fit �solid curves� is
obtained assuming stacking sequence of
O�1.35�0.07� /Al�1.2�0.05� /O�1.25�0.1� /Al�0.95�0.1� /
NiAl�110�. �c� MEIS spectra simulated assuming stacking se-
quences of �i� best-fit-MEIS �red curve�, O�1.35�/Al�1.2�/O�1.25�
/Al�0.95�; �ii� reduced corundum �Refs. 10 and 11� �blue curve�,
O�1.42�/Al�1.25�/O�1.25�/Al�0.85�; �iii� � alumina �Refs. 2 and 5�
�black solid curve�, O�1.26�/Al�0.85�/O�1.26�/Al�0.85�; �iv� � alu-
mina �Refs. 8 and 9� �black dashed curve�,
O�1.21�/Al�0.81�/O�1.21�/Al�0.81�.
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observed for the sample before annealing at 900 °C shows a
similar four-layered structure but poor crystallinity. It is also
found that annealing at 900 °C slightly reduces the oxygen
content.

In order to improve the depth resolution, we measured the
MEIS spectra for the annealed samples using 120 keV He+

ions. Figure 1�b� shows the MEIS spectrum observed for
120.2 keV He+ ions incident along the �100� axis and back-
scattered to 84.0°. The observed MEIS spectrum is well re-
produced by assuming the stacking sequence of
O�1.35�0.07� /Al�1.2�0.05� /O�1.25�0.1�
/Al�0.95�0.1� /NiAl�110�in unit of 1015 at. /cm2. Here, we
employ the values of 0.43��0.01�, 0.40��0.01�, and
0.38��0.01� for the scattering components from top-layer O,
second- and fourth-layers Al, and third-layer of O, respec-
tively. They were estimated from the layer-resolved MEIS
spectra observed for the Ni�111�-2�2 and TiO2�110�-1�1.
It is interesting to compare the present MEIS result with the
other structure models proposed so far. Figure 1�c� indicates
the MEIS spectra simulated assuming the stacking sequences
of �i� best-fit-MEIS: O�1.35� /Al�1.2� /O�1.25� /Al�0.95�, �ii�
reduced corundum:10,11 O�1.42� /Al�1.25� /O�1.25� /Al�0.85�,
�iii� � alumina:2,5 O�1.26� /Al�0.85� /O�1.26� /Al�0.85�, and
�iv� � alumina:8,9 O�1.21� /Al�0.81� /O�1.21� /Al�0.81�. Ap-
parently, the present MEIS analysis supports the reduced co-
rundum structure although a slight difference is seen for the
fourth-later Al. In spite of O deficiency in the top layer, the
epitaxial oxide layer is stable. In fact, we observed no scat-
tering yield from 18O in MEIS spectra for the sample ex-
posed to 18O2 under an ultrahigh vacuum condition.

We observed the Al 2p1/2,3/2 core level spectra at photon
energies of 120 and 240 eV for the annealed sample �see Fig.
2�. In order to assign the oxide components, we observed the

intensity ratios of the three peaks observed at different ener-
gies, and geometries. From the bottom �h�=238.6 eV, nor-
mal emission� to the top �h�=119.3 eV; emission angle,
60°�, the spectra become more surface sensitive. Here, the
binding energy �EB� is scaled from the Fermi level. Appar-
ently, all the spectra consist of three components and the
narrow peak with the lowest binding energy EB of 72.53 eV
�Al 2p3/2� comes from the bulk NiAl. The observed spectra
are well deconvoluted by assuming an Al 2p spin-orbit split-
ting of 0.4 eV �Ref. 2� and symmetric Gaussian shapes with
the branching ratios of 2.0 for the oxide components and
1.74 for the bulk NiAl.22 For the Al 2p spectra from NiAl,
we must take account of the screening response of conduc-
tion electrons and thus used the Doniach-Sunjic line shape23

expressed by

f�E − EB� =
��1 − ��cos���/2 + �1 − ��tan−1��E − EB�/���

��E − EB�2 + �2��1−��/2 ,

�3�

where � is the � function, �=0.07, and �=0.03 eV. As a
result, the peak with the highest EB value �74.75 eV� comes
from the second-layer Al sandwiched between the top and
the third layer of oxygen and that with the EB value of
73.55 eV originates from the fourth layer of aluminum lo-
cated on top of the NiAl�110�. The present result coincides
well with the data reported by Sandell et al.24 The EB values
for Al 2p3/2 observed here are compared with other reports in
Table I.

We also observed the Al 2p spectra for three different
samples, prepared by �A� oxidation �as grown�, �B� annealed
at 900 °C, and �C� two cycles of oxidation and/or annealing

FIG. 2. �Color online� Al 2p1/2,3/2 core level spectra observed
for annealed sample at photon energy of 119.3 eV �top, emission
angle of 60°; middle, normal emission� and 238.6 eV �bottom, nor-
mal emission�. From the bottom to the top, the spectra become
more surface sensitive. The blue circles denote the difference spec-
trum obtained by subtracting the best-fit total spectrum from the
observed one.

FIG. 3. �Color online� Al 2p1/2,3/2 core level spectra observed at
photon energy of 238.8 eV for samples as grown �top�, annealed
�middle�, and grown by two cycles of oxidation and/or annealing
�bottom�. Emission angle was fixed to surface normal direction.
Solid curves are deconvoluted spectra with Gaussian shapes. The
blue circles denote the difference spectrum obtained by subtracting
the best-fit total spectrum from the observed one.
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�see Fig. 3�. Also in this case, each spectrum consists of three
components, one narrow peak from the bulk NiAl and two
broad peaks from aluminum oxides. It is noteworthy that the
EB value of 75.2�0.05 eV �Al 2p3/2� for the as-grown
sample �A� is higher by �0.4 eV than those for the samples
�B� and �C�. This indicates that the annealed surface is
slightly reduced and the Al-O bond length is significantly
extended. As mentioned before, the MEIS analysis shows a
slight reduction of the oxygen content after annealing the
as-grown sample at 900 °C. Repetition of oxidation and an-
nealing does not change the intensity ratio of Al 2p for the
Al-oxide layer to NiAl. We also measured the valence band

spectra at a photon energy of 40 eV �not shown here�. The
valence band offset derived is 4.3�0.05 eV, which is in
good agreement with the data of 4.5�0.1 eV reported by
Andersson et al.25 and compatible with the value of �4 eV
for the reduced corundum structure calculated using the den-
sity functional theory �VASP�.11

In summary, ultrathin Al-oxide layers were grown
on clean NiAl�110� substrates by the usual two-step
technique and analyzed in situ by high-resolution
MEIS combined with PES using SR light. It is found
that the oxide layer comprises four atomic layers of
alternating O /Al planes and the surface is terminated
with an oxygen layer. The stacking sequence determined
here is O�1.35�0.07� /Al�1.2�0.05� /O�1.25�0.1�
/Al�0.95�0.1� /NiAl�110� in units of 1015 at. /cm2. The
present MEIS analysis supports the reduced corundum struc-
ture, although a slight difference is seen for the fourth-layer
Al. The other structure models of �-Al2O3�111� and
�-Al2O3�100� are ruled out. We observed Al 2p1/2,3/2 spectra
and found three peaks correlated with the four-layered struc-
ture and assigned them as the lowest binding energy EB
�Al 2p3/2� of 72.53�0.05 eV coming from the bulk NiAl,
and the EB values of 74.75 and 73.55 eV from the second-
and fourth-layer Al of the epitaxial oxide film, respectively.
The valence band offset for the ultrathin oxide layer is esti-
mated to be 4.3 eV, which is compatible with the value of
�4 eV for the reduced corundum structure calculated by
density functional theory �VASP�.
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TABLE I. EB values �eV� of Al 2p3/2 for NiAl�110� and Al-
oxide layers grown on NiAl�110�: �A� as grown �oxidized�, �B�
annealed, and �C� repeated twice the oxidation followed
annealing.

Present
Jaeger
et al.a

Lay
et al.b

Sandell
et al.c

NiAl�110� 72.53�0.05 72.68 72.8 72.55�0.1

Al oxide/NiAl
�A� As grown

73.7�0.05 76.0

75.2�0.05

Al oxide/NiAl
�B� Annealed

73.55�0.05 73.75 76.0 73.6�0.1

74.75�0.05 75.17 75.0�0.1

Al oxide/NiAl
�C� Two cycles of
oxidation/anneal

73.55�0.05

74.75�0.05

Al foil* 72.55�0.05

72.8�0.05

aReference 2.
bReference 7.
cReference 24 and 25.
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