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Abstract 

We address herein the question of the termination of the Al-terminated α-Al2O3(0001) surface. Over
decades, various analyses made by different groups repeatedly suggested the presence of a residual
coverage of surface OH groups on Al2O3 crystals and powders after annealing in vacuum. However,
other  authors  came to contrary conclusions,  thus  maintaining a persistent  blur  on the issue.  The
present work examines the Cr/alumina interface via Cr K absorption edge analysis (Extended X-Ray
Absorption Fine Structure and X-ray Absorption Near Edge Structure) and photoemission with the
support of density functional (DFT) calculations. Experiments support the presence of surface OH
groups to account for the observed environment as well as the oxidation state of Cr adatoms (Cr3+).
Following a comprehensive DFT-based analysis of Crz+-OnHm configurations (z=0 to 6, n and m=0 to
3),  the  Cr3+-O2H  alumina-supported  surface  moieties  are  found  to  successfully  fit  the  XAS  edge
calculations.  Most  importantly,  the  combination  of  experiment  and  theory  that  is  developed
unambiguously demonstrates the presence of surface OH groups on α-Al2O3(0001) after annealing in
vacuum.

1. Introduction 

A wealth of  experiments and calculations have been devoted to the  α-Al2O3(0001) surface which
currently  serves  as  a  model  for  alumina  surfaces  to  overcome  the  complexity  of  real  cases  in
geochemistry1,2,  catalysis3, electronics4 and ceramic industry5. The  α-Al2O3 phase won the favor of
experimentalists for its thermodynamic stability at standard temperature and pressure conditions6 and
also for the prosaic reason that it is the only alumina polymorph commercially available in the form of
centimeter-sized crystals. An additional motivation came from the ease with which the α-Al2O3(0001)
surface hydroxylates by dissociative adsorption of water. Unlike some other common oxides such as
MgO whose hydroxylation  is  still  the  subject  of  debate7,8,  there  was  an early  consensus  between
photoemission9,10,  high-resolution  electron  energy  loss  spectroscopy9,11-13,  thermal  desorption14,  ab
initio molecular  dynamics15 and  density  functional  approaches16,17,  that  α-Al2O3(0001)  adsorbs
dissociatively  isolated  water  molecules.  This  is  because  the  out-of-plane  2p  orbitals  of  the
coordinatively unsaturated aluminum ions that terminate the α-Al2O3(0001) surface give those sites a
strong acidic Lewis character15-17.

Surface hydroxyl groups considerably modify the behavior of the oxide. They affect metal-alumina
interfaces with consequences that can however go in opposite directions for species of different nature.
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Depending on their density or on their interaction with the adsorbate under consideration18, surface OH
groups may favor the nucleation and increase the density of  supported clusters19,20,  strengthen the
cluster adhesion21,22 or, conversely, weaken their binding22,23. On hydroxylated α-Al2O3, Al24,25, Zn26,27

and transition metals such as Rh19,20, Ti24,25, Co4 and Cu28,29 oxidize according to the activated reaction
of the following type:

nOH- + Me0 → nO2- + Men+ + nH

Hydroxyl groups were often assumed to intervene in the not yet understood termination of the oxide.
The α-Al2O3(0001) surface undergoes a series of complex Al-rich reconstructions at high temperatures
under  Ultra-High  Vacuum  (UHV)  up  to  the  (√31x√31)R±9°  structure30-33.  Reconstructions  are
associated  to  the  disappearance  of  O  in  the  last  atomic  planes  of  the  corundum  structure.  Ion
scattering34 revealed that, after annealing up to temperatures as high as 1373 K under UHV but below
the  onset  of  reconstructions,  the  (1x1)-terminated  alumina  surface  retains  a  residual  coverage  of
hydrogen that was tentatively attributed to surface OH groups. These observations are not limited to
single  crystals  analyzed  under  ultra-high  vacuum since,  in  a  much more  general  way,  a  residual
coverage of 2.6 OH.nm-2 on nanocrystalline α-Al2O3 was shown to resist outgassing conditions6. An O
1s chemical shift toward higher binding energy obtained after a similar treatment was later assigned to
residual OH groups24,25,28,29 although a different interpretation attributed the shift to surface oxygen
atoms35. In addition, the ability of the α-Al2O3(0001) surface to dissociate the isolated water molecule
was questioned by two series of experiments. After an Ar ion sputtering followed by annealing at 1040
K36,37, a crystal removed from the ultra-high vacuum chamber could be exposed to air for days without
significant hydroxylation, as analyzed by vibrationally resonant sum frequency generation37. A similar
inertness was observed after cleaning the alumina surface by neon ion sputtering38. However, surface
OH  coverage  of  α-Al2O3(0001)  surface  has  also  been  shown  to  resist  Ar  ion  sputtering28,29,
highlighting the importance of preparation conditions. As far as our goal is to deal with hydroxylated
surfaces, our preparation is thus similar to that in references [24,25,28,29,33]. 

Fig. 1 Representation of the α-Al2O3(0001) surface: left, top view of the surface layer; right, side view
of the surface; the surface Al, intermediate Al, deep Al, are labelled Al1, Al2, and Al3, respectively.
Oxygen and aluminum atoms are represented by large red and small light blue spheres.

The present work was inspired by the transition metal buffer layers that are widely used to enhance the
adhesion  at  poorly  wetting  metal-oxide  interfaces,  alumina  being  often  encountered  in  this
respect21,25,35,39-41.  The  understanding of  how buffers  work  requires  the  knowledge of  the  interface
structure and chemistry at the atomic level. We focus herein on Cr buffer layers that were predicted by
density  functional  theory (DFT) calculations  to  be quite  efficient  to  promote the  Zn adhesion on
alumina under realistic conditions which is an issue in the galvanization process of the so-called high
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strength steels (AHSS) grades. These grades were developed to manufacture thinner steel sheets and
reduce the weight of the automotive vehicles to meet the environmental imperative of CO2 emission
reduction. They involve electro-positive strengthening elements, including Al21,26,42,43, whose oxygen-
induced segregation during the steel sheet fabrication leads to the formation of surface oxide layers
that prevent the adhesion of the anti-corrosive Zn protection during the galvanization process. The
present work only deals with the Cr/alumina interface. The Zn/Cr/alumina stacking will be examined
in a forthcoming paper.  The  α-Al2O3(0001) surface retained herein is the surface annealed at high
temperature under ultra-high vacuum which corresponds, if not to the Al-terminated bare substrate, at
least to the termination involving the lowest hydroxyl coverage. The Cr/alumina film is studied by a
combination of X-ray absorption spectroscopy (Extended X-ray Absorption Fine Structure (EXAFS)
and X-ray Absorption Near Edge Structure (XANES)),  laboratory X-ray photoemission (XPS) and
numerical  simulations  relying  on  DFT.  The  EXAFS  technique  proved  efficient  in  studying
submonolayer coverage of adatoms44-47. The possible presence of non-periodically arranged34 residual
OH groups maintains a persistent blur on the nature of the non-polar Al-terminated  α-Al2O3 (0001)
surface (Fig. 1). The objective is both to determine the site and chemistry of chromium atoms at the α-
Al2O3(0001)  surface and to examine whether there are interactions of  metal adatoms with surface
hydroxyl groups.

Cr thickness (Å) Cr local order – Results of fits
Average
value

Quartz
balance
data

K  edge
data

Cr-O
(N ± 0.3,

R ± 0.02 Å)

Cr-Cr
(N ± 0.5,

R ± 0.05 Å)

Cr/
α-Al2O3(0001)

0.24 0.3 0.18 3.7 O @ 1.95 Å
1.05 1 1.1 3.7 O @ 1.93 Å 1 Cr @ 2.86 Å
1.5 1.5 1.5 3.1 O @ 1.92 Å 1 Cr @ 2.94 Å

2.35 2.5 2.2 2.3 O @ 1.92 Å 4 Cr @2.85 Å
15* 15* 15* 1.5 O @1.95 Å 1 Cr @ 2.5 Å

2 Cr @ 2.92 Å
Cr2O3 6 O @ 1.94 Å 4 Cr @ 2.96 Å

(2-shell fit)
Cr metal 8 Cr @ 2.52 Å

6 Cr @ 2.91 Å
*value determined by the quartz balance and used to calibrate the Cr K edge jump.

Table 1. Modeling of the EXAFS spectra recorded at the Cr K edge on the different Cr/α-Al2O3(0001)
films studied herein. The O and Cr shell around the Cr adatoms are defined by a distance R and a
number N of atoms. Analysis of the oxide Cr2O3 and of the pure metal are given for comparison. As a
reference, Cr thickness of 1Å (quartz balance) corresponds to about 0.09 Cr atom/A2.

2. Experimental and computational

Experiments have been performed on the LUCIA beamline at synchrotron SOLEIL (St Aubin, France)
in an UHV apparatus which involves a preparation and a main chamber already described46,47. The
surfaces of the α-Al2O3(0001) single crystals were annealed in the first chamber at ~1500 K in front of
a gas doser under a stationary oxygen partial pressure of ~ 1x10-6 mbar. The cleanliness of the surface
was controlled by Auger spectroscopy and Low-Energy Electron Diffraction (LEED) revealed a (1x1)-
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termination. Then Cr was deposited in the preparation chamber from an electron-bombarded pure Cr
rod that was carefully outgassed (EFM3-Omicron evaporator). The Cr flux was calibrated by a quartz
balance set at the sample position. Deposition rates were typically of the order of 1 Å in 15 minutes.
Each coverage explored corresponded to a new clean sample. Once transferred in the main chamber,
the Cr-covered crystals were analyzed by XAS. XANES and EXAFS spectra were collected at the Cr
K-edge (around 6000 eV) by using a Si(111) monochromator in Total Electron Yield (TEY). XAS
spectra for pure Cr metal and Cr2O3 oxide were collected as reference compounds. Although samples
were found carbon free after preparation, a segregation of Ca up to a 0.1 ML coverage was detected by
Auger  spectroscopy on  some samples  after  annealing  at  high  temperature.  Most  importantly,  the
presence of surface Ca does not induce any change in the Cr edges. Attempts to involve Ca, a heavier
element than Al and O, in the environment of Cr in the EXAFS data modeling were unsuccessful.
Therefore, from a spectroscopic point of view, Ca is absent from the chemical surrounding of Cr.
Additional  X-ray  Photoemission  Spectroscopy (XPS)  analysis  was  performed at  the  INSP (Paris,
France) on various Cr/α-Al2O3(0001) thicknesses by using a non-monochromatic Mg-Kα excitation
with a hemispherical analyzer (Phoibos from SPECS company).

Calculations  regarding  Cr  adsorption  on  the  α-Al2O3(0001)  surface  were  performed  within  the
framework of the DFT approach with the Vienna Ab-initio Simulation Package (VASP)48,49 using the
Projector Augmented Wave (PAW) method50,51 to represent the electron-core interaction and a 400 eV
energy cutoff in the development of spin-polarized Kohn-Sham orbitals on a plane-wave basis set.
Dispersion-corrected (optB88-vdW)52-54 exchange-correlation functional was employed. Ionic charges
were estimated with the partition scheme proposed by Bader55,56 and magnetic moments were obtained
by integration of the spin density within the Bader volumes. Atomic configurations were plotted with
VESTA57. 

We have considered the Al-terminated Al2O3 (0001) surface with a single Cr adatom/substitution and
with alternative OnHm (n, m = 0-3) hydroxylation layers per (1×1) surface cell. The alumina substrate
was represented by a slab composed of six Al2O3 layers with an experimental in-plane bulk lattice
parameter of 4.785 Å. The hydroxylation layer and Cr adatoms were adsorbed on one side of the
alumina slab only and the coordinates of all atoms were allowed to fully relax until forces got lower
than 0.01 eV Å−1. The Brillouin zone of the (1×1) cell was sampled with a Γ-centered (8 × 8 × 1)
Monkhorst-Pack mesh.  The relative  thermodynamic stabilities  of  the  considered surface Cr+OnHm

configurations were estimated from their formation energies:

ΔE = E(Cr+OnHm/Al2O3) – E(Al2O3) – E(Cr) – n[ΔµO + 1/2E(O2)]– m[ΔµH + 1/2E(H2)]

where E(Cr+OnHm/Al2O3) and E(Al2O3) are the total energies of adsorbate-covered and bare alumina
slabs, respectively, and E(Cr) is the total energy of an isolated Cr atom. The oxygen and hydrogen
chemical potentials  µX are referred to the total energies E(O2) and E(H2) of the diatomic O2 and H2

molecules, respectively with  µX = ΔµX + E(X2). With this choice ΔµX = 0 represents X-rich conditions
(molecular condensation) and the physically relevant potentials correspond to ΔµX < 0.

Theoretical XANES spectra were calculated by using the FDMNES software58. This method is based
on  the  finite-difference  algorithm  (FDM),  where the  shape  of  the  potential  is  calculated  self-
consistently.  This  avoids  the  use  of  the  muffin-tin  approximation  which  hardly  represents  the
interatomic potential in ionic solids. The energy dependent exchange-correlation potential is obtained
following the  Hedin  and  Lundqvist approach59.  XANES  spectra  were  obtained  with  an  energy
broadening using an arctangent formula. The XANES calculations were performed with energy steps
of 1 eV in the pre-edge region, 0.1 eV in the XANES region and finally 1 eV for the end up to 120 eV
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after  the  XANES region.  The structures  used  in  the  input  files  were  taken  from the  calculations
performed by VASP allowing the best fit results for the EXAFS analysis.

Fig. 2 – XAS spectra at the Cr K absorption edge: (a) XANES spectra of Cr2O3 (blue),  Cr metal
(green),  1.05 Å and 15 Å Cr/α-Al2O3(0001) film (red and black, respectively); (b) Modulus of the
Fourier Transforms of the EXAFS collected on the 1.05 Å Cr/α-Al2O3(0001) film (red), and on a bulk
Cr2O3 sample (blue).

1. Experimental results

Five Cr/α-Al2O3(0001) deposits were analyzed by EXAFS. The thickest film (15 Å, as determined by
the quartz balance) was used to calibrate the Cr K edge jump. The good agreement between the values
of the film thickness directly determined by the quartz balance and those derived from the relative
edge  jump,  prompted us  to  retain  the  average values  which range  from 0.24 to  15  Å (Table  1).
Incidentally, this points at a Cr/Al2O3 sticking coefficient close to one. Fig. 2a compares the Cr K near
edge  structure  (XANES) recorded  on  the  1.05  Å thick  Cr/alumina  film  to  spectra  from metallic
chromium and pure  Cr2O3 oxide. The energy edge position and the overall shape of the near edge
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spectrum show a strong similarity with Cr3+ in the Cr2O3  oxide and definitely discard Cr2+ and Cr6+

states. However, the presence of Cr4+ in CrO2, which is expected at slightly higher energy, cannot be
rejected. The point will be discussed on the basis of the DFT calculations. For the thicker deposits a
contribution at lower energy assigned to Cr metal is clearly visible (Fig. 2b). 

The extraction and analysis of the EXAFS data from the Cr K edge x-ray absorption spectra was done
with the Athena and Artemis software60. Fourier Transforms (FT), with a Kaiser-Bessel apodisation
window, were limited to 8.5 Å-1 due to diffraction peaks coming from the substrate. The quantitative
analysis makes use of phase functions coming from a FEFF9 calculation61 checked on Cr metal and Cr
oxide. In Cr2O3, Cr atoms are surrounded by three oxygen atoms at 1.92 Å and three oxygen atoms in
next-near-neighbor positions at 2.07 Å. Neighboring Cr atoms are found at 2.9 Å and 3.3 Å. Actually,
as a first approach to a quantitative analysis and because of the rather short energy domain of the
EXAFS spectra which limits the distance resolution, a good modeling of Cr2O3 can be obtained by
considering only an average oxygen shell at 1.94 Å and a Cr shell at 2.96 Å (Table 1). In a similar
way, in order to reduce the number of free parameters in the description of the Cr deposits, the EXAFS
analysis was performed for all the samples by considering that Cr atoms are only surrounded by an
oxygen shell and a chromium shell. The similarity of the Cr-O distance of 1.92-1.95 Å found for all
Cr/alumina samples (Table 1) with the Cr-O distance found in Cr2O3, is a first proof of the formation
of Cr3+  in an environment close to that of the oxide. Actually, the near-edge spectrum of the deposit
(Fig. 2a) appears as a smoothed version of the Cr2O3 one, which means a similar environment of Cr,
but with some disorder with respect to the pure crystalline oxide. On the thicker films, (Fig. 2b) the
presence in the near-edge spectrum of a signature characteristic of Cr metal (around 5995 eV) and the
general shape in the range 6000-6030 eV show that chromium metal clusters are also formed on the
surface. Based on the two-shell approach, the chemical environment evolves with the film thickness.
As it increases, we observe a progressive apparition of Cr-Cr mean distances ranging between those
found in the oxide (2.96 Å) and in the metal (2.52 Å). As a consequence, the apparent coordination
number with oxygen decreases because of the renormalisation by the total number of Cr atoms. Quite
importantly, the finding of more than three atoms in the O shell surrounding the Cr atoms (Table 1)
reveals the presence of extra oxygen atoms with respect to the three surface atoms that are expected
from a Cr adsorption on a bare Al-terminated  α-Al2O3(0001) surface (Fig. 1).  This is illustrated in
Fig. 2c by the comparison of the modulus of the EXAFS Fourier Transform of pure Cr2O3 to that of the
same 1.05 Å thick Cr/α-Al2O3(0001) film as in Fig. 2a. A more detailed analysis is presented below
for the thinner deposit for which a precise structural model can be really built. 

Photoemission (XPS) measurements were performed on the Al 2s and O 1s core level spectra of  α-
Al2O3(0001) after Cr deposition to determine the origin of the Cr oxidation (Fig. 3). The 0.8 Å thick Cr
film is  close  to  the  one  analyzed  in  details  by  EXAFS  (Fig.  2)  which  exhibits  Cr-O and Cr-Cr
distances similar to those found in the oxide (see below). Deposition does not induce any change in the
Al  2s  profile  although a  shift  of  -2.8  eV is  expected for  metallic  Al  relative  to  alumina25.  Thus,
reduction  of  alumina  at  the  Cr/α-Al2O3(0001)  interface is  discarded62.  Nevertheless,  in  parallel,  a
component  is  removed  on  the  higher  binding  energy  side  of  the  O1s  spectrum,  while  another
component appears on the lower binding energy side (Fig. 3b).  Those observations suggest that the
formation of chromium ions does not stem from a reduction of alumina but from a reaction of Cr
adatoms with surface hydroxyl groups. Similarly, XPS analysis of the Ti/α-Al2O3(0001) interface24,25

suggested the formation of Ti4+ ions via a reaction of Ti with surface hydroxyl groups. However, the
determination of the oxidation state which was possible for Ti/alumina24,25 is prevented herein by the
complexity of the Cr core level. Photoemission spectra indicate clearly that Cr is oxidized, but the
degree of oxidation is out of grasp because of charge effects. Finally, one may wonder whether the
residual  pressure,  in  particular  water  vapor,  is  involved  in  the  observed  oxidation  of  Cr.  During
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experiments, the recording of the Cr K edge spectrum began ca.10 minutes after Cr deposition, which
corresponds  to  the  time  needed for  the  transfer  of  the  sample  from the  preparation  to  the  main
chamber. Then, successive EXAFS spectra were collected each 10 to 20 minutes. Therefore, the short
time  between  Cr  deposition  and  the  recording  of  the  first  Cr  K edge  spectrum did  not  allow  a
significant oxidation of the deposited Cr by the residual pressure. The main proof of the weakness of
the  contribution  of  the  residual  gases  to  the  oxidation  of  Cr  is  that  neither  the  near-edge  –
characteristic of Cr3+- Cr4+ oxidation state – nor the EXAFS of the successive spectra were perceptibly
modified with time, even in the case of the observation of a metallic Cr0 component. 

Fig. 3 – Evolution of photoemission spectra upon deposition of Cr on α-Al2O3(0001) at 300 K in UHV.
Analysis is done at grazing incidence (60° off normal) on the vacuum annealed alumina surface (red
dots and red line) and after deposition of 0.8 Å of Cr (blue line): a) O 1s core level; b) Al 2s core
level.

2. Computational results

As to get an unbiased insight into local structural and electronic characteristics of Cr adsorbates at the
alumina surface under different hydroxylation conditions, surface configurations in which a single Cr
adatom coexists with a hydroxylation layer composed of n oxygen and m hydrogen atoms (n, m = 0 to
3) in the (1x1) surface unit cell were systematically scrutinized by DFT approach. Table 2 summarizes
the adatom electronic [Bader charges QCr (e) and magnetic moments  µCr (µB)] and structural [Cr-O
bonds lengths(Å)] characteristics relevant for a comparison with the present experiments. Moreover,
Table 2 reports also similar results for a few configurations in which the Cr adatom substitutes the
terminal  surface  Al  cation,  e.g.,  as  a  result  of  Cr  adsorption  at  a  surface  Al  vacancy.  Key
configurations are plotted in Fig. 4.
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Configuration Composition

of the

hydroxylation

layer

Electronic

characteristics of

the Cr adatom

Structural

characteristics of

the Cr adatom

Average 

Cr-O

distance 

(Å)

On Hm QCr µCr CrZ+ With Al2O3

substrate
With OH

layer

Cr adatom
Cr 0  0 +0.8 4.1 0 2.15, 2.15, 2.15 2.15

Cr+H 0  1 +0.8 4.6 1 2.21, 2,24, 2.26 2.24
Cr+O 1  0 +1.3 3.8 2 2.03, 2.29, 2.39;    1.88 2.15
Cr+H2 0  2 +1.1 3.7 2 2.05, 2.09, 2.13 2.09

Cr+OH2 1  2 +1.2 3.7 2 2.05, 2.08, 2.16;    2.00 2.07
Cr+OH 1  1 +1.5 2.8 3 1.94, 2.12, 2.19;    1.77 2.01
Cr+OH3 1  3 +1.5 2.8 3 1.99, 2.04, 2.04;    1.93 2.00
Cr+O2H 2  1 +1.6 2.7 3 1.96, 2.02, 2.17 1.76, 1.88 1.96
Cr+O3H3 3  3 +1.7 2.7 3 1.98, 1.98, 1.99;    1.92, 1.92, 1.92 1.95

Cr+H3 0  3 +1.7 2.7 3 2.02, 2.02, 2.03 2.02
Cr+O2H2 2  2 +1.7 2.0 4 1.99, 2.01, 2.10;     1.71, 1.89 1.94

Cr+O2 2  0 +1.7 1.9 4 1.93, 2.16, 2.18;    1.69, 1.69 1.93
Cr+O3H2 3  2 +1.9 1.9 4 1.99, 2.00, 2.09;    1.70, 1.87, 1.93 1.93
Cr+O3H 3  1 +2.0 1.0 5 2.02, 2.11, 2.12;    1.65, 1.68, 1.87  1.91
Cr+O2H3 2  3 +1.6 0.9 5 2.07, 2.09, 2.14;     1.72, 1.84 1.97
Cr+O4H 4  1 +2.0 0.1 6 2.10, 2.13, 2.14;    1.65, 1.66, 1.67 1.89
Cr+O3 3  0 +2.0 0.0 6 2.12, 2.13, 2.13;    1.65, 1.65, 1.65  1.89
Cr+O4 4  0 +2.0 0.0 6 2.16, 2.17, 2.20;    1.65, 1.70, 1.73,

1.99

1.94

Cr
substitution

-Al+Cr+H3 0  3 +0.4 4.9 0/1 2.30, 2.31, 2.31 2.31
-Al+Cr 0  0 +1.6 2.8 3 1.79, 1.79, 1.80 1.79

-Al+Cr+OH2 1  2 +1.6 2.8 3 1.82, 1.82, 2.15 1.80 1.90
-Al+Cr+OH 1  1 +1.9 1.8 4 1.79, 1.79, 1.80   1.78 1.79

Table  2.  Calculated  electronic  and  structural  characteristics  of  Cr  ad-atoms  and  surface  Cr
substitutions obtained for different compositions of the hydroxylation layer OnHm: Bader charges QCr

(e), magnetic moments µCr (µB), oxidation states Crz+, Cr-O bond lengths (Å) between Cr and O atoms
in both the alumina substrate and the hydroxylation layer. The results are ordered by the decreasing
values of Cr magnetic moment µCr.

At the bare alumina surface,  a quasi-isolated Cr adatom [a single  Cr adatom per  (2x2) unit  cell]
adsorbs preferentially in the hollow site in the direct prolongation of the corundum lattice (site labelled
Al3 in Fig. 1) with adsorption energy Eads = 1.67 eV/Cr (QCr = +0.6 e,  µCr = 4.9 µB), and forms three
2.15 Å long Cr-O bonds. Despite their non-vanishing Bader charges QCr, the isolated Cr adatoms do
not  reduce  the  alumina  surface,  in  agreement  with  photoemission  experiments  (Fig.  3a).  These
adsorption characteristics are similar to those reported in Table 2 (configuration labelled Cr, obtained
for a single Cr adatom per (1x1) unit cell), with the same preferential adsorption site, but a somewhat
larger adsorption energy Eads = 2.15 eV/Cr.  As a reference, in the calculated bulk corundum Cr2O3
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structure each Cr cation (QCr = +1.6 e, µCr = 2.8 µB) forms three shorter (1.96 Å) and three longer (2.03
Å) Cr-O bonds, the average of which coincides perfectly with the experimental value (Table 1).

Regarding the calculated charge state of Cr, if the computed Bader charges do not directly represent
the formal charge of the adatoms, a joint analysis of QCr and µCr provides a fairly good insight into the
Cr oxidation state. In particular, configurations with QCr ~ +1.2 e and µCr ~ 3.8 µB clearly represent the
+2 oxidation state (compared to QCr = +1.3 e and µCr = 3.8 µB calculated for bulk CrO), configurations
where QCr ~ +1.6 e and µCr ~ 2.7 µB represent the +3 oxidation state (compared to QCr = +1.6 e and µCr

= 2.8 µB obtained for bulk Cr2O3), and configurations with QCr ~ +1.7 e and µCr ~ 1.9 µB represent the
+4 oxidation state (compared to  QCr = +1.7 e and  µCr = 1.9 µB in calculated bulk CrO2). Similarly,
configurations with QCr ~ +1.8 e / µCr ~ 1.0 µB and QCr ~ +2.0 e / µCr ~ 0.0 µB can be associated with Cr
oxidation states +5 and +6, respectively. Our results show that the Cr electronic characteristics cannot
be deduced solely from the  composition of  the  hydroxylation layer.  Indeed,  while  oxygen atoms
systematically adopt their  O-2 state,  the charge state of hydrogen atoms varies between +1 and -1
depending on their local environment.

Also the average Cr-O distances dCr-O do not provide a fully unambiguous indicator of the Cr oxidation
state z. Indeed, if the average dCr-O > 2.05 Å for z ≤ +2, 1.92 Å ≤ dCr-O < 2.02 Å for z = +3 and +4, and
dCr-O < 1.91 Å for  z  = +5 and +6, there exist configurations which do not follow this pattern (e.g.,
Cr+O2H3 and Cr+O4, and those with Cr substitution). This shows that, while a progressive reduction of
dCr-O as a function of the Cr oxidation state x is indeed expected from the reduction of the Cr ionic radii
(e.g., Shannon effective ionic radii), the interplay between the different character and ratio of Cr-O
bonds formed with oxygen atoms of the hydroxylation layer and with those of the alumina substrate
(Table 2) impacts non-negligibly the behavior of the average dCr-O. 

Fig 4. Atomic structures of the six thermodynamically stable surface configurations: Cr+OH3 (a),
Cr+O3H3 (b), Cr+O2H (c), Cr+O3H2 (d), Cr+O2 (e), and Cr+O3 (f). Oxygen, aluminum, chromium,
and  hydrogen  atoms  are  represented  by  red,  light  blue,  dark  blue  and  small  white  spheres,
respectively.
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Fig 5. Calculated thermodynamic stability diagram of alternative Cr+OnHm configurations of Cr ad-
atom with hydroxylation layers of different compositions listed in Table 2, as a function of oxygen and
hydrogen chemical potentials.

As  to  identify  the  most  relevant  structural  arrangements,  we  have  further  evaluated  the  relative
stability of ad-atom configurations from Table 2, as a function of oxygen and hydrogen chemical
potentials  (Fig.  5).  We found that  essentially six configurations may be thermodynamically stable
under experimental oxygen conditions (the most oxygen-poor conditions, pO2 ~10-6 mbar at 1500 K
corresponds to ΔµO ~ -3.0 eV): Cr+OH3, Cr+O3H3, Cr+O2H, Cr+O3H2, Cr+O2 and Cr+O3. Their atomic
structures are represented in Fig. 4. The six configurations display a significantly different character,
with formal Cr oxidation states ranging from +3 (Fig. 4a-c), through +4 (Fig. 4d-e), up to +6 (Fig. 4f).
In the Cr+OH3 configuration, the Cr3+ charge state is due to a single OH- group and two Cr-bonded H-

ions, while in the Cr+O2H one, the two H- are replaced by a single two-fold coordinated O2- anion. The
Cr+O3H3 configuration  is  obtained  by  adsorption  of  a  single  neutral  H2O molecule  to  this  latter
structure. Alternatively, an additional OH- group induces a higher Cr4+ oxidation state in the Cr+O3H2

configuration. The Cr+O2 configuration is obtained from the Cr+O3H2 one by desorption of a single
neutral H2O molecule per surface unit cell. Finally, the three O2- anions are responsible for the highest
6+ cation state in the Cr+O3 configuration.  We note that, aside the hydrogen-rich  Cr+OH3, and the
hydrogen-poor  Cr+O3 structures, which are characterized by relatively long and short average Cr-O
bond  lengths  (2.00  Å  and  1.89  Å,  respectively),  the  four  remaining  thermodynamically  stable
configurations are characterized by average Cr-O distances of 1.93 Å ≤ dCr-O ≤ 1.96 Å, consistent with
the experimental indication (Table 1).

3. Discussion

To bridge the experimental results and the calculated adsorbate structures,  we have systematically
checked the matching between the principal experimental signatures and the electronic and structural
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characteristics of the predicted surface configurations (Table 2). Based on the experimental results,
three criteria were retained, including an oxidation state  z of 3+ or 4+ and more than three oxygen
nearest neighbors for the Cr atoms as well as an average Cr-O distance dCr-O of about 1.95 Å (Table 1).
As  schematized  in  Fig.  6,  these  three  concomitant  criteria  directly  eliminate  the  computed
configurations with  z ≤  2.  In particular,  Cr adatoms at the bare alumina surface,  with Cr-O bond
lengths of 2.15 Å, are clearly at odds with the experimental findings and can be definitely discarded.
For the same reasons, the configurations with  z ≥ 5 can also be safely discarded. We note that the
surface  configurations  issued  from  Cr  adsorption  at  surface  aluminum  vacancies  (labelled  Cr
substitutions in Table 2) are systematically characterized by average Cr-O distances which are too
short to fit the experimental findings. 

Fig 6. Calculated average Cr-O bond lengths for the configurations in Table 2 plotted as a function of
Cr oxidation state. Additionally, the total number of Cr-O bonds (per Cr ad-atom) is indicated in
black (3), red (4), green (5), or blue (6). Configurations with characteristics which closely approach
the experimental results are highlighted. 

Among the six thermodynamically stable configurations (Fig. 4), the Cr+O3H3, Cr+O2H, Cr+O3H2, and
Cr+O2 ones  match  closely  the  main  experimental  evidences  (Fig.  6).  Moreover,  the
thermodynamically  less  stable Cr+O2H2 configuration  also  fulfills  charge and distance  constraints
(Fig. 6). The structural models were then compared to the experimental EXAFS data. The distances
and coordination numbers  determined by DFT are  set  fixed in  an Artemis  fitting procedure.  The
coordination numbers introduced in the analysis are accounting for the polarization effect. Indeed, the
light is linearly polarized along the x axis and the apparent coordination reads 3 cos2(Θ) for each
neighbor, where Θ is the angle between the photon electric field and the interatomic vector. Therefore,
the Debye-Waller factors are the only free parameters for the Cr-O pairs. The phase functions of these
Cr-O  pairs  are  extracted  from  the  above  mentioned  FEFF9  calculation  applied  and  checked  on
chromium oxide while those of the Cr-Al pairs come from the same procedure applied to a Cr5Al8

compound. Because the overall electronic configuration of Cr5Al8 should be different from that of Cr
in our samples, these contributions from Al atoms are left free in the fitting. 
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5.1 The Cr+O2H and Cr+OH configurations

We find that the Cr+O2H configuration is the only one that displays a satisfactory agreement with the
experiment (Fig. 7). In the other cases, the fitting procedure either returns non-physical values for
some Debye-Waller factors, or ignores the Al contribution (left free) or even is unable to find any
correct  agreement.  The  simulated  EXAFS  of  the  computed  Cr+O2H  configuration  (Fig.  4c)  is
compared in Fig. 7 to the experiment in the case of the very low Cr coverage (0.24 Å, Table 1) in
which Cr3+ ions are isolated on the surface as shown by the absence of a Cr-Cr bond signature in
EXAFS. The model (Fig. 4c) corresponds to a 5-fold coordinated Cr3+ ion on a hydroxylated alumina
surface. It is surrounded by three oxygens from the alumina substrate at 1.96, 2.02 and 2.17 Å, two
extra oxygen atoms at  1.76 and 1.88 Å,  while 2.5 Al  atoms are found at  2.43 Å (these two last
parameters being left free in the fitting procedure). The only weak point of the Cr3+-O2H model (Fig.
4c) is the short (2.43 Å) Cr-Al distance returned by the EXAFS fit (Fig. 7), as compared to the 2.8 Å
given by DFT. 

Fig. 7– Comparison between the magnitude and imaginary parts of the Fourier transform (F.T.) for a
0.24 Å thick  Cr/α-Al2O3(0001) film (black lines)  and the theoretical result (red lines) based on the
structural model presented in Fig. 4b (Cr+O2H site, see text).

The Cr+OH configuration (Table 2) deserves some comment. It corresponds to the idea of a largely
dehydroxylated surface on which isolated OH groups can be found. In the presence of a unique OH
group  adsorbed  at  the  alumina  surface,  DFT  calculations  show  that  Cr  adatoms  form  4-fold
coordinated Cr3+ ions. Such a Cr charge state is enabled by the dissociation of the OH group and the
negative  charge  of  the  hydrogen  atom.  The  configuration  could  solve  the  apparent  contradiction
between the high oxidation state of Cr and the poor OH coverage of the alumina surface. The Ti/α-
Al2O3(0001) raises a similar question. The amount of Ti4+ ions formed upon deposition of Ti on  α-
Al2O3(0001) seems to  exceed what  can be expected from the OH coverage available25. The same
EXAFS analysis which was conducted on the Cr+O2H configuration has also been done on Cr+OH. A
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good agreement can be obtained, but at the expense of a very large Debye-Waller factor for two Cr-O
distances. An additional argument comes from a calculation of the near edge structure of the two
configurations  done  with  the  use  of  the  ab  initio Finite-Difference  Method  Near-Edge  Spectra
(FDMNES) to solve the Schrödinger equation. Fig 8 shows that these calculations agree definitely
better with the Cr + O2H configuration than with Cr+OH, thus confirming both the EXAFS analysis.

Fig. 8– Calculations of the Cr K near edge structure done by using the  ab initio Finite-Difference
Method Near-Edge Spectra (FDMNES) for a 1.05 Å thick  Cr/α-Al2O3(0001) film: left:  Cr+OH  -
right: Cr+O2H.

5.2.  Stability at different OnHm coverage

The above comparison and discussion show that the electronic and atomic structures of the Cr+O2H
configuration match particularly well the corresponding experimental signatures. However, we note
that  this  configuration  appears  only  quite  marginally  in  the  computed  stability  diagram (Fig.  5).
Indeed, it is stable in a particularly narrow range of oxygen and hydrogen chemical potentials and its
formation energy is only a little lower than those of the neighboring configurations.

However, the experimental situation may not correspond to the global thermodynamic equilibrium.
Indeed, if the alumina surface on which Cr is deposited is likely partially covered by surface hydroxyl
groups, their density and the precise composition of this hydroxylation layer are essentially unknown.
Upon adsorption of a small quantity of Cr adatoms the hydroxylation layer restructures as to create
locally the most thermodynamically favored Cr+OnHm surface complexes. Such restructuration may be
limited by two factors. On the one hand, in the presence of a small fraction of the hydroxylation layer,
the existing surface hydroxyls may be insufficient for the formation of the most favored Cr+OnHm

complexes. On the other hand, their formation may be hindered by the kinetics of surface diffusion. As
a consequence, Cr adsorbates may find themselves in a less oxygen-rich environment than required for
their thermodynamic stability. Such a key role of kinetics in surface ordering is reminiscent of the
order  of  formation  of  new facets  during  the  dissolution  of  cubic  MgO smoke  particles  initially
exhibiting  (100)  orientations.  Although  the  morphology  of  the  crystallites  that  are  derived  from
surface energies computed within the density functional theory (DFT) only involve (100) and (111)
facets,  (110)  facets  appear  first.  The  unexpected  presence  of  (110)  cuts  was  explained  via  a
‘‘constrained’’ Wulff equilibrium shape that arises from slower kinetics for the formation of (111)
facets with respect to (110)63.
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Fig.  9  -  Calculated  stability  diagrams  of  surface  configurations  involving  a  Cr  ad-atom  and
hydroxylation layers of different compositions from Table 2, as a function of oxygen and hydrogen
chemical potentials.  The three diagrams have been obtained under an additional constrain on the
maximal number of oxygen atoms (per surface unit cell) nmax  = 1, 2, and 3 (left to right). Note that the
diagram obtained for n =3 corresponds to that in Fig. 5. The Cr+O2H configuration which matches
the best the experimental signatures is shown in green.

As to mimic the effect of the limited availability of adsorbed oxygen for the oxidation reaction of Cr,
we have recalculated the stability diagrams with an additional constraint on the maximal number of
oxygen atoms in  the  hydroxylation layer  (per  surface unit  cell).  Fig.  9  clearly  shows that,  if  the
oxygen-dense configurations (Cr+O3Hm) cannot form, those with a smaller oxygen density (Cr+O2Hm

for nmax = 2 and Cr+O1Hm for nmax = 1) become thermodynamically stable.  Interestingly, the Cr+O2H
configuration, which displays the best matching with the experimental signatures, turns out to be the
most stable (nmax = 2) in a particularly large range of oxygen and hydrogen conditions. Beyond the
stability of the Cr3++O2H moiety, a plausible assumption is the formation of (Cr,OH) patches in which
OH groups  are  shared by Cr  ions.  In  the  absence of  long-range  order  of  the  OH coverage34,  Cr
deposition on alumina at low coverage likely results in a mixing of configurations involving Cr ions
and surface OH groups. Indeed, DFT (See Section 5.1) demonstrates that even adsorption of Cr at the
vicinity of isolated OH can produce Cr3+ ions, provided the proton of the hydroxyl groups behaves as
an electron acceptor and forms a H-ion adsorbed on a surface cation. This configuration is clearly
unstable if isolated (See Section 5.1). However, its appearance within (Cr,OH) surface complexes is
not to be excluded. 

5.3. Hydroxylation of the annealed α-Al2O3(0001) surface

The combination of EXAFS analysis and DFT calculation demonstrates unambiguously the presence
of hydroxyl groups at the surface of α-Al2O3(0001) annealed in UHV up to a temperature which is just
below the  onset  of  reconstruction30-33.  On  α-Al2O3(0001),  the  residual  hydroxyl  coverage25,33 was
estimated to range between 1.8×1014 and 3×1014 OH.cm-2 while the amount of OH groups which can
be reversibly adsorbed is reproducibly found in the 5-6×1014 OH.cm-2 coverage range13,14,24,25.   These
observations  are  generalized  by  the  detection  of  a  similar  residual  coverage  of  2.6  OH.nm-2 on
nanocrystalline α-Al2O3

 6, although the diversity in surface orientations prevents a direct comparison
with the  α-Al2O3(0001) surface. The lowest Cr deposit  prepared herein (0.24 Å) corresponds to ~
2×1014 Cr  atom.cm-2 which  can  reasonably  be  associated  to  the  formation  of  (Cr,OH)  surface
complexes dominated by Cr3+-O2H configurations. 
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The existence of residual surface OH groups at  the  α-Al2O3(0001) is  of  paramount importance as
regards the physico-chemical behavior of that surface. More specifically, it might explain the observed
systematic  discrepancies  between  relaxations  found  by  surface  X-ray  diffraction  recorded  on  the
supposedly bare Al-terminated α-Al2O3(0001) and the theoretical DFT models64-65. 

6. Conclusion

Absorption spectra recorded at the Cr K edge on Cr/α-Al2O3(0001) thin films, supported by a density
functional modeling of the Cr sites, clearly evidence an environment which requires the existence of
hydroxyl groups on the alumina surface: 

- The near edge structure determines the electronic configuration of chromium as Cr3+ and the
EXAFS analysis evidences a Cr environment similar to that found in Cr2O3. 

- Most importantly, this environment involves 4 oxygen atoms, which suggest the presence of
surface  OH groups  since  photoemission  shows  that  Cr  deposition,  that  does  not  entail  a
reduction of the alumina surface, results in a O 1s chemical shift. 

- Indeed, none of the DFT models based on bare alumina,  that return Cr-O distances much
larger than experimental values, succeed in explaining the local environment of Cr found by
EXAFS.

- The hint comes from a parallel between experimental data and a comprehensive DFT study of
the Crz+-OnHm  / α-Al2O3(0001) configurations (z=0 to 6, n and m=0 to 3). The Cr3+-O2H / α-
Al2O3(0001) DFT model gives definitely the best agreement with the data, as demonstrated by
the fitting of  the experimental  spectra with the Fourier  transform derived from theoretical
configurations and calculated near-edge spectra. 

Therefore, the local environment of adsorbed Cr acts as a probe to demonstrate that the annealed α-
Al2O3(0001)-(1×1) surface retains a partial OH coverage even after high temperature treatment. At the
same time, the structural site of Cr at the initial stages of the deposition has been determined. The a
priori disordered OH adlayer suggests the formation of (Cr,OH) surface complexes dominated by the
Cr3+-O2H / α-Al2O3(0001) configuration.
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