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ylated α-Al2O3(0001): a combined photoemission and

�rst-principles study

Maya Messaykeh,a Stéphane Chenot,a Pascal David,a Gregory Cabailh,a Jacques Jupille,a

Alexey Koltsov,b Pierre Lagarde,c Nicolas Trcera,c Jacek Goniakowski,a and Rémi Lazzari∗a

The Cr/α-Al2O3(0001) interface has been explored by X-ray photoemission spectroscopy, X-ray

absorption spectroscopy (XAS) and ab initio �rst-principle calculations of core level shifts including

�nal state e�ects. After an initial oxidation via a reaction with residual surface OH but no reduction of

the alumina substrate, Cr grows in a metallic form without any chemical e�ect on the initially oxidized

Cr. However, Cr metal lacks crystallinity. Long-range (re�ection high energy electron di�raction) and

short-range (XAS) order are hardly observed. Photoemission combined with atomistic simulations

becomes a unique tool to explore chemistry and environment at the Cr/alumina interface. Cr 2p,

O 1s and Al 2s shifted components are all explained by the formation of moieties involving Cr3+

and/or Cr4+ and of metallic Cr0, which supports the previously found Cr bu�er mechanism for

poorly adhesive metals. Beyond the situation under study, the present data demonstrate the ability

of a combined experimental and theoretical approach of core-level shifts to exhaustively describe the

general case of disordered metal/oxide interfaces.

1 Introduction

Dielectric-supported films of late transition or coinage metals
(Cu, Zn, Ag, Pt, Au) are encountered in many applications
for their specific optical1–5, electric6,7, electronic5,8 and cat-
alytic9,10 properties. Yet, a constant concern is the poor wetting
at the metal/dielectric interfaces11,12 which, even in the case
of a sizeable coverage reached through kinetic effects, leads to
the synthesis of inherently out-of-equilibrium films13–16. Layer
stacks stable under operating conditions are commonly obtained
through the pre-deposition of intermediate layers of early tran-
sition metals, the so-called buffers, such as Ni1,17, Ti2,4,5,8,18,
Nb1,19 and Cr1,2,4,5,7. In particular, we have focused in the
recent years on the capacity of pre-deposited Cr to enhance the
sticking, spreading and adhesion of Zn on α-Al2O3(0001)20–25.
The subject was inspired by advanced high strength steels which
are alloyed with electropositive elements (including aluminium)
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and used to lighten car weight to comply with energy saving
rules. A shortcoming is that the corresponding steel grades
are difficult to galvanize26,27 because, due to oxygen-induced
segregation, steel sheets are covered with oxides (in particular
alumina28–30) at the end of cold rolling and recrystallization
annealing. In such a context, the Zn/Cr/α-Al2O3(0001) model
stack is of general relevance for the study of the mechanisms
at work in the buffer effect. Chromium1,2,4,7 is representative
of the class of the early transition metals often encountered in
buffers and α-Al2O3(0001) is an archetypal non reducible oxide
surface8,10,18,19,31,32. In addition, in the conditions used herein,
at 300 K in vacuum, Zn does not stick at all on bare alumina
which eliminates any ambiguity as to the buffer effect.

The way Cr acts as a promoter for Zn sticking on alumina
deserves attention. In the submonolayer range, Cr behaves
as a very effective seed layer as minute metallic Cr amounts
dramatically increase Zn sticking25. For example, a Cr coverage
of ∼ 5% allows the sticking of almost an entire dose of 15 Å of
Zn25. Three-dimensional supported clusters, obtained commonly
for transition metals on alumina or silica11,12 as demonstrated
for Cr/alumina by optics25 and calculations21,22, unexpectedly
become effective buffers. The mechanism contrasts starkly with
the common view of buffers as continuous two-dimensional
layers. Beyond a clear academic interest, such a mechanism25
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is of prime importance in relation to applications in which (i)
technical constraints exclude continuous buffer layers1 or (ii)
keeping properties of the functional layer requires reducing the
buffer thickness as much as possible1,5. Because the extraordi-
nary promotion of Zn sticking by minute Cr clusters relies on Zn
attachment to metallic Cr25, the interfacial chemistry plays a
pivotal role in the process. Cr clusters are not entirely metallic. X-
ray absorption spectroscopy (XAS) combined with first principles
Density Functional Theory (DFT) calculations showed that, at the
onset of its deposition, Cr reacts with residual OH groups24 to
mainly form Cr3+-O2H surface moieties while Cr does not reduce
the alumina substrate24. However, the observation of reduced
Al at the Cr/α−Al2O2(1012) interface33,34 or of oxidizied Cr on
OH-free alumina thin film on NiAl(110)35,36 question this find-
ing. As the Cr film thickens, XAS24 and UV-visible plasmonics25

reveal a metallic behaviour but, in the absence of quantitative
data, the frontier between the two media remains unclear. In
particular, the formation of intermediate oxidation states at the
Cr/Cr-O2H interface cannot be excluded.

To establish on which chemistry the Zn/Cr/Al2O3 seed
mechanism is relying, the present work aims at analysing all
the elements involved at the Cr/α-Al2O3(0001) interface by
photoemission. A comprehensive analysis of the Cr 2p, O 1s and
Al 2s core level shifts is performed, including those induced by
the contact at the metal/oxide interface in the absence of any
chemical bond. Film crystallinity and ordering are analysed via
XAS oscillations at the Cr K-edge and electron diffraction. In an
original way, photoemission data are supplemented by ab initio
calculations of core-level shifts prior to checking the consistency
of the findings with the previous analysis of the same system24,25.

2 Methods

2.1 Experimental

X-ray photoemission spectroscopy (XPS) was performed in an
ultra-high vacuum (UHV) vessel composed of a preparation
(base pressure of 2.10−10 mbar) and an analysis chamber
(5.10−11 mbar)25. XPS was recorded under Al-Kα or Mg-Kα

non-monochromatic excitation with an hemispherical analyser
(Phoibos 100 from SPECS; delay line detector) at a pass energy
of 20 eV or 50 eV in a normal emission configuration. No charge
compensation was applied. Spectra were referenced to tabulated
Al 2s binding energy (EB) in Al2O3 (EB = 119.6 eV)37. Film
thicknesses were estimated by taking the ratio of substrate (O 1s
and Al 2s) and deposit (Cr 2p) core level areas obtained after
subtraction of a Tougaard background38 with B = 3006 eV2 and
C = 1643 eV2 parameters and after correction from analyser
transmission function and photoionization cross sections39 (see
supplementary information of Ref. 25). To quantify thin Cr
films, the second plasmon satellite of O 1s was subtracted from
the Cr 2p line (see Fig. S1 of ESI†). Although the growth of
Cr is not two-dimensional, Cr thickness was estimated through
a model of signal damping in a thin continuous film40 using
effective attenuation lengths (supplementary information of Ref.

25), bulk density and stoichiometry of Cr or Cr2O3. Low-energy
electron diffraction (LEED) patterns of chromium deposits on
alumina suffer from charge effects and from the lack of any
diffraction spots. Those effects are likely related to the growth of
a non-epitaxial layer and/or to nanoparticles25. To circumvent
the problem, the crystallography of the Cr/alumina film was
analyzed by reflection high energy electron diffraction (RHEED).

X-ray Absorption Spectroscopy (XAS) measurements were
performed on the LUCIA beamline at synchrotron SOLEIL
(France) in a UHV apparatus that involves the preparation
and main chambers (2.10−10 mbar)41. Near-edge (XANES)
and extended (EXAFS) spectra were collected at the Cr K edge
(around 6000 eV) in total electron yield mode by using a Si(111)
monochromator. XAS spectra for the pure Cr metal and Cr2O3

oxide were collected as reference compounds. Data analyses
were done using ATHENA and ARTEMIS packages42. Due to
diffraction peaks from the alumina substrate, the extent of
the EXAFS data is limited to 8 Å−1 while the R-domain spans
from 0.5 to 3 Å. Phase functions were extracted from FEFF9
calculations43 on Cr2O3 (Cr-O pairs), Cr metal (Cr-Cr pairs) and
the intermetallic compound Cr5Al8 for Cr-Al pairs.

Once introduced in vacuum in either apparatus, one-side
epipolished (9×9×0.5) mm3 α-Al2O3 (0001) single crystals (sup-
plier MaTecK44) were annealed at ∼ 1200− 1500 K by electron
bombardment of the holder under oxygen provided by a doser put
at a millimetre distance of the surface to increase by more than
one order of magnitude the local oxygen pressure45 (stationary
pressure 2.10−6 mbar). Such a preparation led to a sharp (1×1)
LEED pattern. Contaminants, in particular carbon, were below
the detection limit of XPS, except for calcium which segregates
from bulk up to a maximum apparent coverage of 1 Å. Since such
segregated Ca does not impact the long-range surface crystalline
structure of alumina46–48, is absent from the local environment
of Cr probed by XAS24 and does not evolve upon Cr deposition
(i.e. the Ca 2p level is unaffected), its presence was assumed not
to affect the chemical state of Cr. Cr was evaporated on substrates
at room temperature from a metallic rod heated by electron bom-
bardment (Omicron EFM3) whose flux was calibrated by a quartz
microbalance (rate ∼ 1 Å.s−1). However, thicknesses used herein
refer only to XPS and XAS determination. This latter is achieved
through a comparison of absorption threshold jumps. Although
no significant metallic Cr ageing was observed over the time scale
of measurements in either set-up, new substrates were system-
atically used for each deposit. As a reference, a Cr oxide film
(thickness 16.2 Å), hereafter labelled reference Cr oxide, was ob-
tained by a prolonged oxidation at T ∼ 1575 K of a thick Cr film
under gas doser (p = 2.10−6 mbar).

2.2 Computational details

All calculations were performed within the framework of the
density functional theory (DFT) using the plane wave projector
augmented-wave49 (PAW) method implemented in the Vienna
Ab-initio Simulation Package (VASP)50–53. Exchange-correlation
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effects were treated with dispersion-corrected optB88-vdW
functional54,55. Moreover, DFT+U approach proposed by
Dudarev56,57 was applied to all configurations which involved Cr
ions (UCr = 3 eV). Indeed, a solely vdW-DFT estimation may lead
to an non-negligible (about 1 eV) underestimation of Cr 2p core
level shifts (CLS) in configurations where Cr is ionized. The basis
set included plane waves up to a kinetic energy of 400 eV.

As to describe Cr adatoms in a variety of realistic environ-
ments, alumina surface with Cr+O3, Cr+O2, Cr+O2H, and
Cr+O adspecies, which have been identified as thermodynam-
ically stable under H-lean conditions24 have been considered.
These configurations involve Cr in +6, +4, +3, and +2 formal
oxidation states, respectively. As a reference, an isolated Cr
adatom on the alumina surface was also considered. All these
configurations were modelled with a single Cr adatom [per
(1 × 1) unit cell] adsorbed in the favoured hollow site of the
Al-terminated Al2O3(0001) surface24. The alumina substrate
was represented by a slab composed of seven Al2O3 layers at
the experimental in-plane bulk lattice parameter of 4.785 Å. The
adspecies were adsorbed symmetrically on both slab surfaces
and the coordinates of all atoms were relaxed until forces got
lower than 0.01 eVÅ−1. Furthermore, as to make a direct link
to metallic Cr in bulk chromium and to Cr cations in bulk
chromia, the same alumina slabs were sandwiched with five
monolayer thick slabs of either metallic chromium or Cr2O3. In
these superstructure calculations also the length of lattice vector
perpendicular to the interfaces was optimized. Finally, reference
bare Al-terminated and OH-covered Al2O3(0001) surfaces were
also considered for CLS calculations. In all the ground state
calculations, the Brillouin zone of the (1 × 1) surface cell was
sampled with a Γ-centered (8 × 8) Monkhorst-Pack mesh.

The CLSs were further calculated in the complete screening
approach58,59, which includes the response of the valence elec-
trons to the creation of a core hole. Screening by the other
core-electrons was not taken into account, as it is generally
environment-independent and therefore does not significantly in-
fluence the CLS58. The ground state configurations in a (3 × 3)
surface unit cell were used as to minimize the interaction between
the excited ions. Restricting the Brillouin-zone sampling to the Γ

point turned out to be sufficient.

3 Chemistry and structure of Cr/alumina

3.1 Cr chemical state evolution from photoemission and
XAS

Fig. 1-a displays a series of Cr 2p spectra recorded for selected
Cr/α-Al2O3(0001) films, either metallic or purposely oxidized.
The corresponding Cr 2p3/2 core level shift are given in Fig. 1-b
as a function of the Cr thickness as well as that of the reference
Cr oxide. They are compared to tabulated CLS related to
Cr([Ar]3d54s1) formal oxidation states, from Cr0 to Cr6+, among
which the most common and stable is Cr3+ (average values from
database Ref. 37): 574.2±0.25 eV (Cr metal, Cr0), 577.2±0.2 eV
(Cr(OH)3, Cr3+), 576.6± 0.6 eV (Cr2O3, Cr3+), 575.85± 0.6 eV

(CrO2, Cr4+), 579.3 ± 0.6 eV (CrO3, Cr6+). The tabulated
apparent spin orbit splitting of the Cr 2p doublet is 9.25±0.08 eV
for Cr metal (Cr0), 9.72±0.2 eV for Cr2O3 eV (Cr3+), 9.6±0.14 eV
for CrO2 (Cr4+).

Occurring in supported clusters25, the Cr 2p3/2 shifts could
involve a final state screening of the positive photo-hole60–63; an
estimate is given by EF,m = αe2/4πε0R, where R is the particle
radius, ε0 the vacuum permittivity and α a parameter around
0.561,62, so that the observed shift of ∼ 1 eV could stem from
clusters of around 1.5 nm in size. However, several arguments
favour chemistry instead of electrostatics. Firstly, the Cr 2p
line clearly exhibits a shoulder at higher binding energy, the
overall contribution of which decays as the growth proceeds
(Fig. 1-a). Other arguments come from XAS analysis. Fig. 2
compares Cr K-edge XAS spectra and modulus of corresponding
Fourier transforms (FT) of various deposits and substrates: (a)
1.0 Å thick Cr film and bulk Cr2O3; (b) 1.5 and 2.5 Å thick Cr
films; (c) 15 Å thick Cr film and bulk Cr metal. Very similar
contributions attributed to oxidized Cr are observed, in both
edge and FT modulus, on the 1.0 Å, 1.5 Å and 2.5 Å thick
films (Fig. 2-a,b), which were shown to match distances and
environments found in Cr-O2H moieties24. The 15 Å thick
Cr film24 compares to bulk metal (Fig. 2-c) although a small
contribution is observed for similar Cr-O distances observed
with thinner coverages. Therefore, XAS demonstrates the occur-
rence of a defined interfacial oxidized environment in all Cr films.

To clarify the change of Cr chemistry and environment, the
Cr 2p line shape evolution was quantitatively analysed by
focussing firstly on reference spectra of Cr metal and oxide
(Fig. 3). Fits64 were performed with Doniach-Sunjic65 and
Voigt profiles accounting for the X-ray source satellites66 with
a fixed 1/2 theoretical branching ratio of the 2p lines and for
an active Tougaard background38. The Lorentzian broadening
was fixed at the X-ray source width (0.58 eV for Al-Kα and 0.54
for Mg-Kα) while the variable Gaussian width described instru-
mental resolution and distribution of chemical environments.
The Cr 2p line shape recorded on the 17.7 Å thick metallic film
involves a Doniach-Sunjic profile (asymmetry α = 0.35) and a
plasmon shifted by 24 eV67; the interface contribution in this
case remains negligible. The Cr 2p profile of the reference Cr
oxide was fitted with a main line and a shake-up satellite shifted
by 11.8 eV (Fig. 3-b), as in the case of Cr2O3

68–73; the complex
multiplet splitting of the main line68–76 is accounted for in an
effective way by an asymmetric line shape. Spin-orbit splitting
(9.2 for the metal and 9.8 eV for the oxide) and asymmetric line
shapes match with expectations of Cr0 and Cr3+ 37. Above all,
the EB(Cr 2p3/2) of 574.0 eV and 576.2±0.25 eV recorded on the
metal and oxide, respectively, fairly agrees with tabulated values
(574.2± 0.25 eV for Cr metal and 576.6± 0.6 eV for Cr2O3

37).
These two measurements increase our confidence in the em-
ployed binding energy scale calibration. In the XPS analysis of
Cr/alumina, the overlap between O KLL and Cr LMM Auger
transitions prevents the determination of Cr chemistry via Auger
parameter, which led to use the tabulated Al 2s peak position
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Fig. 1 Cr 2p core levels from Cr/Al2O3(0001) �lms: (a) photoemission spectra aligned on background and peak maximum to highlight line shape
changes. Bare surface spectra have been subtracted after suitable intensity normalization to remove the double plasmon excitation of O 1s below
Cr 2p1/2. A comparison is made with a thick purposely oxidized Cr �lm (CrOx). Charge e�ects have been corrected by using Al 2s binding energy as an
internal reference. (b) Evolution of the Cr 2p3/2 binding energy with Cr thickness (circles). Squares correspond to the oxidized Cr �lm. For comparison,
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(see text).

(EB = 119.6 eV37) as a reference to overcome charge effects.
Constant Al 2s profile (see below) and EB(O 1s) = 531.5±0.1 eV
value justify the approach.

Even at very low Cr/alumina coverage, visual inspection of
Cr 2p3/2 profiles (Fig. 1-a) and fits indicate that Cr films involve
both metal and oxide. To enhance the relative contribution of the
oxide, an example of Cr/alumina film was taken in the submono-
layer Cr coverage range (0.34 Å); the corresponding Cr 2p, O 1s
and Al 2s core levels are shown in Fig. 4. After substraction of
the second order of the O 1s plasmon satellite at low thicknesses
(Fig. S1 of ESI†), the Cr 2p profile was decomposed into two
components corresponding to metallic and oxidized Cr (Fig. 4-a).
The above defined line shape (Fig. 3-a) and energy position
(EB(Cr 2p3/2)=574.0 eV) were used to represent the metallic
contribution of the Cr 2p spectra. A spin-orbit splitting of 9.7 eV
and a Cr 2p CLS of +2.5 eV were found to accurately represent
the oxide component. However, the complex multiplet splitting
and shake-up satellite were ignored. Such a pragmatic fitting
approach69,70,72,73 yielded to an oxidized component broader
(FWHMG ' 5.2 eV) than the metallic one (FWHMG ' 2.2 eV).
The equivalent thickness of oxidized metal was estimated to
0.07± 0.02 Å in the (110) body-centred stacking of Cr with a
lattice parameter of 2.91 Å. Assuming a Cr+O2H adsorption
configuration24, such an amount corresponds to a reaction
with 1.1± 0.3 OH.nm−2. At higher Cr coverage, Cr 2p spectra
can be fitted in a similar way (Fig. S2 of ESI†) but, because
of the decrease in the relative weight of the component which

corresponds to the oxide, the quantitative analysis becomes less
reliable. However, a key point is that the oxide contribution keeps
a constant profile and decreases in relative intensity (Fig. S2 of
ESI†), which supports the XAS view of the absence of formation
of intermediate oxidation states at the Cr/Cr-O2H interface.

3.2 Crystallinity of metallic Cr/alumina films
The status of metallic Cr remains unclear since metallic envi-
ronment with Cr-Cr distances of 2.50 and 2.91 Å characteristic
of body-centred cubic structure is only observed in thicker Cr
films (here 15 Å), although the previously obtained number of Cr
neighbours does not match that found in bulk metal24. In Table
1 of Ref. 24, the fitting procedure set-up was kept identical to
that used for thin films. This led to abnormally low coordination
numbers for the thick Cr film. For a more precise description of
this thick film, the initial parameters were allowed to go towards
those of Cr metal. This did not change the oxygen coordination,
but increased the Cr-Cr coordination numbers and the disorder
parameters to values in line with an ill-crystallized metallic
layer built on top of a first layer of Cr-O moieties, analogous to
those found in the very thin film. In agreement, the near edge
structure of the 15 Å Cr film is closer to bulk Cr metal than
to Cr oxide (Fig. 2-c). In particular the pre-edge at 5995 eV
is characteristic of 3d-metals. The decrease in intensity of the
main FT peak at 1.35 Å (associated to Cr-O) as the Cr thickness
increases (Fig. 2-a,b) can be related to a growing proportion
of Cr atoms not directly linked to oxygen. Nevertheless the
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near edge structure of intermediate thicknesses remains very
similar to that of the thinner deposit, without combined Cr-Cr
distances around 2.5 and 2.90 Å, which are the signature of
metallic Cr. The second FT peak is difficult to model properly in
these films, but it is made of an increasing number of disordered
Cr-Cr distances between 2.5 and 2.9 Å. The link between the two
structures could be the Cr-Cr distance at 2.9 Å which is common
to Cr2O3 and Cr metal.

The poor crystallinity of the Cr film, which perturbs the fitting
process of the EXAFS data, is supported by RHEED analysis.
Fig. 5-a shows a set of diffraction patterns recorded at different
Cr thicknesses for an electron beam aligned along the [100]
direction of Al2O3(0001). As seen directly from the pattern
(Fig. 5-a), the intensity profiles (Fig. 5-b) or the integrated
intensity compared to background (Fig. 5-c), diffraction rods of
the alumina surface rapidly vanish to reach a nearly uniform
background level beyond a Cr thickness of about 5 Å. Only for
thick Cr films, a low contrast ring shape typical for a poorly
crystallized or amorphous layer is recovered (pink line in
Fig. 5-a). This ring is isotropic as it is independent of the sample
azimuth. The comparison of its radius to the reference on the
bare alumina gives a distance of d = 2.57± 0.05 Å in line with
metallic Cr. This lack of crystallinity of the Cr films, as seen by
RHEED, agrees with the absence of definite local order for Cr not
linked to oxygen which is inferred from XAS analysis.

4 Core level shifts determined by ab initio
calculations to understand the Cr/alumina

interface

Chemicals shifts of all elements involved in the Cr/alumina
system are now analysed as a whole. In parallel to Cr deposition,
slight changes in O 1s (Fig. 4-b) and Al 2s (Fig. 4-c) profiles are
observed, with contributions shifted by −1.3±0.3 eV (O 1s) and
∼ −1.1 to −2 eV (Al 2s). These are now compared to calculated
counterparts (Fig. 6). Numerical simulations representing all
degrees of Cr oxidation have been performed by a DFT+U
approach (U = 3 eV) on purposely designed configurations CrOx

(Table 1) corresponding to a Cr coverage of the order of a mono-
layer, as in experiments, since comparison with values recorded
on bulk compounds (Fig. 1-b) are not fully relevant in such a
context. Selected structures involve Cr6+, Cr4+, Cr3+, and Cr2+

oxidation states, which were shown to be thermodynamically the
most stable among configurations formed upon reaction of Cr
with surface OH groups on alumina24. The isolated Cr adatom
(Cr0), Cr in the oxide Cr2O3 and in bulk Cr metal (U = 0 eV)
have also been calculated, as well as bare and water-covered
Al2O3(0001) surfaces that are taken as references for O 1s and
Al 2s core levels. All these atomic configurations are displayed
on the periphery of Fig. 6.

Fig. 6 is a guide for the discussion that follows, with appropri-
ate color codes for the debated configurations, CLS and atoms.
The present and tabulated37 absolute EB(Cr 2p) values related

to Cr metal and Cr2O3, and the corresponding theoretical CLS
nicely compare (Fig. 6-a,b). The value of the O 1s CLS associated
to surface OH recorded at 1.4-1.5 eV from the bulk component
(Fig. S3 of ESI†), in agreement with the commonly found values
of 1.3-1.6 eV18,77–79 agrees in trend with the present theoretical
estimate (2.3 eV, Fig. 6-b). Indeed, the calculated absence of O 1s
shift of terminal O atoms associated to the bare α-Al2O3(0001)
(Fig. 6-b) discards the interpretation80 of the 1.3-1.6 eV shift
observed after annealing in vacuum as related to the bare surface
and argues for the assignment of that shift to surface OH. This
point is important as OH groups strongly impact the wetting of
alumina surface by metals 22,24,78,79,81 and, more speculatively,
the dispersion of its isoelectric point82 and its structure83.
Clearly, the poorly understood residual OH coverage is a key
to the surface properties of the oxide. The correct agreement
between measurements and calculations for those well-defined
systems (Cr metal and oxide, surface OH of alumina) proves the
robustness of the calculations which include final state effects
and validates the employed U value.

The experimental value of 2.5 eV for the Cr 2p shift associated
to the oxidized Cr in Cr/alumina films is very discriminating. It
reasonably agrees with CLS values calculated for Cr3+ (Cr-O2H)
and Cr4+, but it much differs from what is expected for Cr6+,
Cr2+ and Cr0 (Fig. 6-a). CLS related to O 1s support the finding
although they are less discriminating (Fig. 6-b). However, there
is a clear gap between the O 1s shift associated to Cr2O3 and
that related to the oxide component of the Cr/alumina (Fig. 6-b),
which confirms that the latter species differs from the bulk oxide.
In addition, the only calculated Cr-O distances that match the
XAS analysis are those found in the Cr-O2H moieties24 (Table 1).
The Al 2s profile changes upon Cr deposition, with a contribution
shifted by ∼ −1.1 to −2 eV with respect to the bulk component
(Fig. 4-c). Such an Al 2s shift is much smaller than that which is
expected between the Al metal and Al2O3 (−2.7 to −3.3 eV)18,37.
In agreement with the picture derived by optics25 of metallic Cr
clusters anchored by oxidized entities that cover progressively
the surface and the limited fraction of oxidized Cr as shown by
the Cr 2p profile (Fig. 1 and Fig. S2 of ESI†), the experimental
Al 2s CLS matches that characteristic of a contact between
bulk Cr and alumina (Fig. 4-c). Therefore, the reduction of the
α-Al2O3(0001) substrate by Cr33,34 is ruled out, in agreement
with the DFT approach24 and in a manner similar to Ti18,84 or
Co79, which confirms that the reaction with surface OH groups24

is the only route for Cr oxidation. However, contrary to what
was observed for Ti/alumina18, no depletion due to the reaction
of Cr with OH24 appears on the higher O 1s binding energy
side (Fig. 4-b). This leads to postulate a compensation of the
depletion by inelastic energy losses undergone by photoelectrons
on their way through the Cr metallic film, as evidenced at the
Ti/alumina interface18. The argument is supported by the
systematic presence of metallic Cr in Cr 2p core level even for the
lowest deposited Cr amount (Fig. 4-a).

Overall, the XPS analysis shows that, upon Cr deposition, the
Cr film involves an oxidized Cr species in limited amount and
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Fig. 5 (a) Evolution of the RHEED di�raction pattern (beam energy of 9.5 keV) along the [100] direction of Al2O3(0001) upon Cr deposition. Film
thickness calibrated by XPS is given on the �gure. The pink line at the end of the deposit points to a polycrystalline layer; (b) Intensity cross section
(integrated over the blue region of interest (ROI) of �gure-a) as a function of alumina reciprocal space coordinate; (c) Integrated signal (blue ROI)
and background (green ROI) of �gure-a versus �lm thickness. The evaporation rate was ∼ 0.4 Å/min.
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config. QCr µCr Crz+ d(Cr−O)

Cr+O3 +2.1 0.0 6 2.13, 2.13, 2.13; 1.66, 1.66, 1.66
Cr+O2 +1.8 2.1 4 1.95, 2.17, 2.19; 1.70, 1.71
Cr+O2H +1.6 2.9 3 1.98, 2.04, 2.18; 1.79, 1.89
Cr+O +1.3 3.9 2 2.09, 2.33, 2.38; 1.96
Cr +0.8 4.3 0 2.32, 2.28, 2.08
Cr2O3 +1.7 2.8 3 2.02, 2.02, 2.02, 1.95, 1.95, 1.95
Cr (metal) +0.0 0.4 0

Table 1 Calculated electronic and structural characteristics of Cr atoms in
the di�erent considered con�gurations: Bader charges QCr (e), magnetic
moments µCr (µB), formal oxidation states Crz+, and Cr-O bond lengths
d(Cr−O)(Å). For adspecies, the �rst three bond lengths correspond to
these with oxygen atoms in the Al2O3 substrate.

metallic Cr that coexist from the very beginning of the formation
of the interface. Despite the limits of the present comparisons,
in which theory approximates complex situations with model
structures24, reasonable agreements are found. The oxide stems
from the reaction of Cr with surface OH, the reduction of the
substrate by Cr being totally excluded. The Cr 2p, O 1s and
Al 2s CLS observed upon Cr deposition are compatible with
the formation of the previously identified Cr-O2H moieties,
although photoemission alone does not discriminate between
Cr3+ and Cr4+ oxidation states. Metallic Cr clusters grow partly
in contact with the alumina substrate, i.e independently of the Cr
oxide, although Cr-O distances characteristic of the Cr/alumina
interface are not evidenced in XAS. Such a configuration is in full
agreement with the model of seed layer which was previously
derived from optical measurements25.

5 Conclusion

Chemical states of all the elements involved in the Cr/α-
Al2O3(0001) interface have been analysed by photoemission and
x-ray absorption spectroscopy combined with the determination
of chemical shifts by density functional approach involving fi-
nal state effects. This scarcely-employed combination of spectro-
scopic measurements and calculations demonstrates that, at the
onset of its deposition, Cr is oxidized by reaction with the surface
OH groups to mainly form Cr3+ in the form of Cr+O2H moieties,
in agreement with previous findings24, although the formation of
Cr4+ is not excluded. Cr does not reduced the alumina substrate.
Most importantly, some Cr is initially deposited in metallic form,
in parallel to oxidized species, but the formation of intermediate
oxidation states at the Cr/Cr-O2H interface is excluded, which
fully supports the previously described Cr/alumina buffer mech-
anism25. A difficulty in analysing the (Cr+Cr oxide)/alumina in-
terface arises from the poorly ordered character of Cr, at long and
even at short distances, up to large thicknesses. This situation
is likely caused by the presence of oxidized Cr at the interface
although the well-known low-diffusivity of Cr may also impact
the ordering25. The study of chemical states (photoemission and
near-edge spectroscopy) then become a pivotal approach of the
system.
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Fig. 6 Comparison between experimental (this work : black �lled symbols; NIST references : black opened squares) and calculated (triangles and
diamonds) core level shifts: (a) Cr 2p, (b) O 1s and (c) Al 2s. Calculations are done by DFT+U (UCr = 3 eV) for the con�gurations which are
represented as ball models on each side of the �gure (bulk Al: light blue; Al2O3 surface Al: blue; bulk O : light red; Al2O3 surface O: red; O in Cr+Ox
adspecies: orange; H : white). Adsorbed Cr/alumina con�gurations with their formal oxidation states appear on the left hand side: Cr6+ (Cr+O3),
Cr4+ (Cr+O2), Cr3+ (Cr+O2H, Ref. 24), Cr2+ (Cr+O), Cr0 (Cr). Atomic con�gurations related to bulk compounds (Cr3+ (Cr2O3) and Cr bulk metal)
and alumina surface (bare Al2O3 and hydroxylated Al2O3+H2O) appear on the right hand side. Theoretical CLSs are referenced to atoms in the center
of the bulk Cr slab (Fig. a, Cr 2p, green triangles) and to atoms in the center of the Al2O3 slab (Fig. b, O 1s, yellow triangles; Al 2s, Fig. c, blue
triangles). O 1s CLS at the Cr+Ox/Al2O3 are shown in Fig. b as red empty triangles. Similar convention was adopted for Al2O3 and Al2O3+H2O
(Fig. b: red empty diamonds; Fig. c: blue �lled diamonds). Extra-values of CLSs are given on an atom-by-atom basis in the ball models. The
con�gurations whose calculated chemical shifts are compared to the experiment are highlighted by shaded grey areas. In Fig. a, b and c, comparisons
are indicated by light green (Cr 2p), yellow (O 1s in Cr+Ox), red (O 1s at Cr+Ox/Al2O3 interfaces) and blue (Al 2s) areas. In con�gurations drawn
on each side of the �gure, corresponding atoms are indicated by circles of the same colors.
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