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Abstract

The adsorption of submonolayer V on an idealized model hematite (0001) surface and subsequent oxidation under atomic O adsorp-
tion are studied by density functional theory. The preferred adsorption sites, adsorption energy and configuration changes due to V and
O adsorption are investigated. It is found that in most cases V forms threefold bonds with surface O atoms, inducing a large geometry
change at the hematite surface and near surface region and a bond stretch between surface Fe and O. The adsorption energy is mainly
decided by interplay between adsorbed metal-surface oxygen bonding and adsorbed metal – subsurface metal interaction. The relative
energy of subsequent O adsorption and geometry depends on the reformed V/hematite structure. Electronic properties such as projected
densities of states and chemical state change upon V adsorption are studied through both periodic slab and embedded cluster localized
orbital calculations; both strong vanadium–oxygen and vanadium–iron interactions are found. While V generally donates electrons to a
hematite surface, causing nearby Fe to be partially reduced, the Fe and V oxidization state depends very much on the coverage and
detailed adsorption configuration. When the V/hematite system is exposed to atomic O, V is further oxidized and surface/near surface
Fe is re-oxidized. Our theoretical results are compared with X-ray surface standing wave and X-ray photoelectron spectroscopic mea-
surements. The influence of d-electron correlation on the predicted structures is briefly discussed, making use of the DFT + U scheme.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Growth and properties of ultra-thin metal films sup-
ported on metal oxides and the subsequent oxidization pro-
cess form a very interesting research area, as they represent
crucial steps to understand the observable structure and
properties of heterogeneous metal oxide/metal oxide sys-
tems. Such heterogeneous interface structures have pro-
vided a novel class of materials that have enhanced
catalytic properties compared to a single metal oxide. In
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addition, composition graded oxide interfaces are becom-
ing very common in controlling electronic, optical,
magnetic and thermal properties in complex artificial struc-
tures. Thus they have great potential in catalysis, gas sens-
ing and environmental pollution control, microelectronics,
optoelectronics, superconducting technology and high per-
formance high temperature machines [1–3].

In this work we use the first-principles density functional
theory (DFT) to study the submonolayer V adsorption on
an a-Fe2O3 (hematite) (0001) surface and the subsequent
oxidization process. Vanadium is a very versatile early
transition metal element, as it can form various oxidization
states (+3(d2s0), +5(d0s0) being most common) resulting in
a wide range of chemical reactivity. Wide application of
vanadium oxides has been found in the chemical industry:
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supported vanadium oxide has attracted much interest in
recent years as it has been found to possess enhanced
catalytic properties; e.g., when supported by alumina, tin-
oxide, ceria, titania, silica, and numerous other metal
surfaces [4–6].

Hematite is also a very popular catalytic material, noted
for its stability and abundance in the geochemical environ-
ment. However, its complex geometric and electronic struc-
ture, and interconvertability of various phases make
fabrication of high quality atomically clean hematite sur-
faces challenging: experimental and theoretical character-
izations of its surfaces and adsorption thereon have been
very rare until recent years [7–10]. Experimental studies
of V adsorption on clean hematite (00 01) with subsequent
repeatable oxidization-/reduction cycles were reported by
Kim et al., using atomic resolved X-ray standing wave
measurements (XSW) to detect V site geometry [11a] and
X-ray photoemission spectroscopy (XPS) to detect elec-
tronic structure changes [11b]. Though considerable under-
standing is gained thereby for vanadium or vanadium
oxide supported by hematite, to our knowledge no theoret-
ical studies of the V/hematite or VxOy/hematite system
have been made. Our level of understanding about such
supported monolayer oxide potential catalysts can be
enhanced by detailed theoretical modeling of surface com-
position and geometry, electronic density of states, oxidiza-
tion state characterization, etc. The principal goal of the
present work is to use DFT as a tool to explore and refine
the proposed models based upon experiment, and to
expand our knowledge of details of the underlying elec-
tronic structure.

The present work treats two interface structures: half
monolayer (V/hematite), and stages of its oxidation (Ox/
V/hematite), evaluated within the framework of spin-polar-
ized DFT. In the first case we consider the adsorption of V
on hematite (0001), with two idealized bulk-terminated
surfaces, namely single-Fe terminated (Fe–O3–Fe2� � �) and
oxygen-terminated (O3–Fe2–O3� � �). Within each surface
model, we obtain the energetically favorable adsorption
sites by trying various starting scenarios and subsequently
relaxing the structures. In addition to adsorption geometry
and energy, we also obtain representations of the system’s
electronic structure including site-projected densities of
states, charge distribution, core-region potential shifts,
etc. In the second part of this work, we study the interac-
tion of atomic oxygen with submonolayer V/hematite
(0001). By studying the relaxed O adsorption structure,
binding energy, and the resulting oxidation state changes
of V and Fe, we hope to provide a good starting point
for understanding the interface structure between vana-
dium oxide and hematite and its effects on chemical and
catalytic properties.

Though the majority of this work is done within the con-
ventional density functional theory, we note that consider-
able attention is paid to the influence of strong intra-atomic
electronic correlations on physical properties of transition
metal oxides. One of the popular methods of treating
strong electronic correlation is the so-called DFT + U
scheme that models intra-atomic correlation effects by add-
ing an on-site Coulomb repulsion U to the DFT Hamilto-
nian [12–14]. Here, we also carry out some exploratory
DFT + U calculations to investigate the impact of d–d cor-
relation effects on adsorption energy and density of states
of representative V/hematite systems.

Determining the favored adsorption sites and geometry
for V on hematite is nontrivial, due in part to the inevitable
disparity between clean ideal surfaces and the experimental
environment. We thus encounter some conflict with exper-
imentally derived structural models of Kim et al. [11a] and
present a discussion of likely causes of the discrepancies.

The remainder of the paper is organized as follows: in
Section 2, we introduce the computational methodology;
Section 3 reports our results about V adsorption on both
Fe- and O3-terminated hematite (0001) surfaces; Section
4 reports our results for oxygen adsorption on V/hematite;
Section 5 contains comments and discussion, and Section 6
gives our conclusions.

2. Computational methods

Spin polarized DFT calculations within a periodic slab
model with plane wave basis sets were performed using
the Vienna Ab Initio Simulation Package (VASP) [15–18].
The representation of ion-electron interactions is described
by the projector augmented wave method (PAW) [19]. The
electrons considered as core in the PAW potential are
[1s2s2p3s] for vanadium (11 valence electrons/atom), [1s]
for oxygen and for [... 2p3s] Fe (8 valence electrons/atom).
Non-local corrections in the form of the spin-polarized
generalized gradient approximation (GGA) as developed
by Perdew, Burke and Ernzerhof (PBE) are adopted [20].
Automatically generated Monkhorst–Pack grids are used
to carry out Brillouin zone integrations [21]. 4 · 4 · 1
k-point meshes are chosen for the surface hexagonal unit
cell in structural relaxation and energy calculations; k-
point meshes of 8 · 8 · 1 are chosen for calculation of
densities of states (DOS). In self-consistent geometrical
relaxation steps, a Gaussian-smearing finite temperature
level-broadening method is used, of width r = 0.2 eV; in
energy calculations, the tetrahedron method with Blöchl
corrections was used to do Brillouin zone sampling. To de-
fine geometry relaxation convergence we require that the
force acting on relaxing atoms be smaller than 0.02 eV/Å.
In a few exceptional cases we use a weaker criterion that
neighboring geometry steps produce energy differences
smaller than 1 meV/atom. Within the plane wave basis
set we chose the cut off energy as 400 eV, which is sufficient
according to previous experience with vanadium oxide and
hematite VASP calculations [8,9].

A small number of calculations were carried out within
the DFT + U method, using the form suggested by Liech-
tenstein and Dudarev et al. [12] and implemented in a PAW
scheme by Bengone et al. [13] A detailed discussion of
DFT + U implementation in VASP can be found in



3084 J. Jin et al. / Surface Science 601 (2007) 3082–3098
Rohrbach et al. [14] The parameters and details of calcula-
tion will be presented in Section 3.

To model an idealized hematite (0001) surface, we
use an asymmetric periodic slab whose x–y coordi-
nates resemble those of bulk and whose z-direction includes
a finite gap. The two idealized bulk terminations for
our adsorption study: a single-Fe-terminated surface
ðFeS

AO3FeS�1
C FeS�1

B O3�Þ and full oxygen monolayer O3-ter-
minated surface ðO3FeS�1

C FeS�1
B O3FeS�1

A FeS�1
C �Þ are illus-

trated in Fig. 1, with both side and top views. We use
labels for each surface (S) or near-surface (S � 1) atomic
layer, such as FeS, O3, FeS�1, etc. We further distinguish
the slab metal atoms that occupy octahedral Fe sites A,
B, C by a subscript, as FeS

A, etc. Here site A indicates the
occupied Fe site for single-Fe termination while site B indi-
cates the unoccupied site which has a subsurface Fe directly
below. Site C indicates the third octahedral site that is nor-
mally unoccupied, having a closer subsurface Fe directly
below it. For the Fe-terminated surface, we choose a 12
atomic layer slab and for the O3-terminated surface we
choose an 11 layer slab. The thickness of the slab is thus
about 8 Å and the chosen vacuum thickness between neigh-
boring slabs is 15 Å. Previous calculations of hematite sur-
faces and convergence checks made in those works have
proven that the slab and vacuum gap are both thick en-
ough to minimize the slab–slab interaction and correctly
account for the relatively large near-surface layer relaxa-
tion [7–9]. In the present calculations, lattice constants
are fixed; all the ions are relaxed in three dimensions except
for the five bottom layers in the slab, which are held rigid.
We adopt dipole or quadrupole moment corrections in
Fig. 1. Side and top views of the (0001) single Fe and O3 terminated hematite s
spheres. The threefold hollow sites A, B, C are pointed out in side view, alon
viewing, two unit cells are shown in side view, with distance between vertical da
surface or subsurface Fe sites and surface O sites are shown within the 1 · 1 u
below.
total energy and surface work function calculations but
omit them in structure relaxation, as they play a very small
role in deciding ground state structure.

The adsorption energy for V on hematite for different
coverage was defined using the following formula:

Eads ¼
1

N
EV=hem

slab � Ehem
slab � NEV

� �
ð1Þ

where negative Eads means exothermic adsorption. EV=hem
slab is

the total energy of the V covered single-Fe-terminated
hematite slab, Ehem

slab is the total energy of the clean hema-
tite substrate slab, EV is the energy of the isolated, spin-
polarized V atom, and N is the number of adsorbed V
per cell. Following convention, we suppress the sign of Eads

in the following tables and discussion. The coverage is de-
fined as the ratio of the number of adsorbed vanadium
atoms to the maximum number of metal atoms in an ideal
substrate unit cell; i.e., 2 atoms/cell here. The work func-
tion change is calculated with the formula:

DU ¼ UV=hem � Uhem ð2Þ

where U is defined as the minimal energy required to re-
move an electron from the surface to vacuum. Concretely,
it is calculated as the difference between vacuum electro-
static potential and the Fermi energy.

The adsorption energy of O is calculated by the formula
analogous to Eq. (1):

Eads ¼
1

N
EO=V=hem

slab � EV=hem
slab � NEO

� �
ð3Þ
urfaces. Fe atoms are smaller darker spheres and O atoms are larger lighter
g with the label of each atomic layer close to surface. For convenience of
shed lines indicating the scale of single unit cell. In top view, the position of
nit cell. In panel (d), we indicate site D, a further hollow site without Fe
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EO=V=hem
slab is the total energy of the O–V/hematite complex,

EV=hem
slab is the total energy of the selected V/hematite system

we obtained in previous modeling, EO is the energy of the
isolated, spin-polarized O atom, and N is the number of ad-
sorbed O per cell. The coverage is defined here as the ratio
of the number of adsorbed vanadium atoms to the maxi-
mum number of hematite surface O atoms in an ideal sub-
strate unit cell; i.e., 3 atoms/cell. It is becoming common to
estimate thermodynamic stability of surface films and bulk
solid solutions, making use of band structure energetics
and approximate component chemical potentials. A partic-
ularly relevant example is the study of 1–6 layers of VnOm

supported on a-Al2O3 (0001) by Todorova et al. [22]
where the changes in Gibbs surface free energy were
approximated as

DcðT; pÞ ¼ ½DE � nDlV � mDlO� ð4Þ
The changes in chemical potential Dli were taken from
ideal gas behavior for O2 and bulk thermodynamic data
for vanadium. Vibrational entropy and other configura-
tional terms were considered to be negligible. The authors
were thus able to explore the range of stability for varying
film thickness and composition. In the present work the V
concentration n is fixed, and m varies over 1/3, 2/3, and 1
monolayer oxygen coverage. Plots of Dc(T, p) thus resolve
to three straight lines on a graph vs. DlO which indicate
increasing stability up to 1 ML oxygen, as would be
expected since the V coordination sphere is otherwise
incomplete.

The atomic resolved partial density of states (PDOS) is
calculated by projecting the calculated wave functions onto
their spherical harmonic components inside specified atom-
ic spheres. The radius of such spheres is denoted as RS. We
chose RS for Fe as 1.3 Å, for V as 1.2 Å, and for O as 0.8 Å.
In calculating electronic populations of each atom, both
Bader analysis algorithms and a straightforward volume
charge integration within RS are adopted. The Bader anal-
ysis is based on a scheme suggested in Henkelman et al. and
implemented in their ‘‘Bader Charge Analysis’’ program
[23]. It provides a space-filling ‘‘topological atom’’ measure
of atomic charge quickly and robustly. Of course, any vol-
ume charge integration consists of a selected nonunique
charge partitioning. The results can be non-intuitive, espe-
cially for systems with large covalent bonding character.
However, it does provide a lot of detailed information
about the population of valence electron orbital and their
variation with spatial location, which can be interpreted
as chemical state changes. In the present work a compari-
son between RS volume integration and Bader charge is
especially helpful, since we are able to detect interorbital
charge transfers which move charge from inside RS (e.g.,
V 3d) to more diffuse regions (e.g., V 4sp) and vice versa.
such changes reflect subtle but important rearrangements
of electronic structure which would be missed in a single
analysis framework.

In treating V adsorption/oxidation on hematite, we also
examine transition metal core level shifts; this is useful in
associating our geometry and electronic structure calcula-
tions with what can be directly measured in XPS experi-
ments. Careful theoretical interpretation of core shifts is
necessary, since the core hole represents a major perturba-
tion on the system of interest. The so-called initial state
approximation omits electronic screening effects from
valence electrons as the core electron is excited; therefore,
it only describes core level shifts semi-quantitatively, never-
theless providing a useful probe of the ground state
potential. More rigorous transition- and final-state approx-
imations are most conveniently treated in an embedded
cluster framework; however, periodic supercell calculations
with one core-hole per unit cell can also be useful [22]. In
the cluster calculations an isolated hole is treated; in peri-
odic calculations one core electron per cell is transferred
to the Fermi level to maintain overall neutrality, and Cou-
lomb hole–hole interactions from one cell to another are a
concern. The magnitude of screening effects clearly varies
in different systems, Methfessel et al. [24a] examined MgAu
alloys, pointing out the value of initial-state analysis and its
limitations, and the difficulty of using any simplified
approximations. For example, the initial-state approxima-
tion for Mg 1s is even of the wrong sign, while the Au 4f
screening effects are very small. The detailed implementa-
tion of core level shift calculations is described elsewhere
[24b]. Most of our results are given in the initial state
approximation based on the VASP ground state potential;
however, we will examine one surface site further, using
cluster methods.

The first principles local-density self-consistent-field
(SCF) embedded-cluster method also used in this work, ap-
plies the SCF local-density theory in a molecular-orbital
(MO) framework to describe electronic properties of solids
[25–27]. The linear combination of atomic orbitals (LCAO)
method and discrete variational method (DVM) with a
numerical integration scheme was used, with atomic radial
basis functions generated as numerical solutions of atoms/
ions in a potential well represented by values tabulated on a
net of points. The effective atomic configurations of the
cluster atoms are obtained self-consistently by iterating
the charge and spin density, using the Vosko–Wilk–Nusair
(VWN) exchange and correlation potential [27] and a least-
squares fit of model parameters to the eigenvector densities
[26]. While the PBE functional, with its Generalized Gradi-
ent Approximation is very suitable for structural optimiza-
tion using the plane wave VASP band code, we have
greater confidence and experience (and a plentiful litera-
ture) in interpretation of VWN functional results for elec-
tron distributions in the context of molecular clusters
with an LCAO basis. In any event we would expect differ-
ences between PBE and VWN charges densities to be small,
within a given basis set and computational scheme. As to
the embedding model, the charge density q that determines
both Coulomb potential and the approximate exchange-
correlation potential Vxc includes contributions from the
embedding lattice as well as the variational cluster [28].
Thus, the total Coulomb potential can be written as
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V tot
C ¼ V clust

C þ V emb
C , where V emb

C is the Coulomb poten-
tial contributed by the assumed charge distribution of
embedding lattice calculated by Ewald summation [29].
Vxc is determined as a functional of the total density as
well.

In the electronic structure studies by the cluster
method, we extract bond orders (BO), which evaluate the
degree of shared charge between atoms. These can be
defined as the summation of overlap populations between
atoms l and m, multiplied by appropriate density matrix
components

BOl;m ¼
X

i3l;j3m
Sij

X
k

nkCikCjk ð5Þ

Here S is the overlap matrix between basis functions, nk are
occupation numbers for eigenstates k, and C is the matrix
of variational expansion coefficients. BO provides an index
reflecting strength of covalent bonds. In the same spirit, we
also give a Mulliken population analysis that will be useful
for understanding electron transfer between adjacent
atoms.

In our charge density maps, we extract another bonding
index that is the value of density on a bond-line at the inter-
atomic surface (where the gradient of the charge density
$q = 0), a so-called ‘bond critical point (qc)’ [30]. This con-
cept helps to define a ‘topological atom’ as mentioned ear-
lier in ‘‘Bader Analysis’’ of periodic slab calculation and
reflects the covalency at the inter-atomic surface.

Using relaxed structures resulting from the periodic slab
models, we carried out trials to optimize cluster computa-
tional parameters, which included integration meshes for
SCF and total energy calculations, convergence of density
and potential with SCF iterations, convergence of charge
density with respect to size and composition of variational
bases for wavefunctions and density expansions, etc. De-
tails and setting of computational parameters are described
elsewhere [31,32], only essential data will be given here. The
variational clusters are generated from the well-relaxed
geometry obtained by VASP. After considering the balance
of accuracy and cost, the cluster sizes are chosen to include
35–50 atoms, surrounding atoms of interest in such a way
that the cluster boundary effects can be mostly neglected.
For local chemical bonding considerations, we find that
we can omit the embedding density altogether. This
approximation would not be adequate for treatment of
binding energies or atomic forces, which was not the main
purpose of cluster calculation in this work. The SCF itera-
tions are carried to a convergence of both charge and spin
to 10�3 e. By comparing the data before (clean) and after
V-adsorption, we will see clearly the effects of adsorption
on the substrate. Since orbital-based analyses depend upon
the expansion basis, it is important to make relative com-
parisons and to extract trends, rather than to interpret
absolute values. Indeed, due to different methodologies
used, we cannot expect to directly compare density analy-
ses from VASP (plane wave, periodic) and DVM (LCAO,
cluster); however, common features will be reinforced.
3. Results: V adsorption on hematite (0001) surface

As shown in Fig. 1, there are several possible V adsorp-
tion sites: for single Fe-terminated hematite (0001) these
include: (1) Threefold hollow B which has a subsurface
FeS�1

B atom below; (2) threefold hollow C which has a sub-
surface FeS�1

C atom that is higher than FeS�1
B ; (3) the bridge

site between two surface O atoms; (4) direct on-top of sur-
face FeS

A; (5) direct on top of surface O; (6) substitution of
V for FeS

A, while FeS
A displaces to other sites such as B and

C. For an O3-terminated surface, adsorption sites consid-
ered are top adsorption on O, and threefold hollow sites
A, B, C plus the fourth threefold hollow site D, having
no subsurface Fe (see Fig. 1).

As an initial step we carried out relaxation calculations
for both Fe-terminated and O3-terminated surface slabs.
As expected, we obtain very similar results to those ob-
tained in previous DFT modeling of hematite surfaces in
terms of structure, work function and local magnetic mo-
ment. For example, the most significant relaxation effect
for the single-Fe terminated surface is the contraction of
first and second interlayer distances and a flattening trend
for the cations FeS�1

C and FeS�1
B within the near surface me-

tal layers. Details may be found in Refs. [7–9]; for conve-
nience in comparison with the following, a summary of
pure hematite slab results is given in Table 1. The reader
may be reminded that the Fe magnetic moment is consid-
erably underestimated, which is a common problem associ-
ated with approximate GGA treatment of strong electronic
correlations. The geometric structure is better approxi-
mated as it is mainly decided by electrostatic interactions
[9]. The work functions calculated for the idealized model
surfaces are 4.0 eV for Fe-termination and 7.6 eV for O3-
termination, similar to the results of Wang et al. [7] with
a full-potential linearized augmented plane wave (FP-
LAPW) periodic slab model. The Fe-terminated surface
workfunction result differs from that obtained in cluster
calculations of Batista and Friesner [33], whose predicted
value is 5.6 eV. We suppose the source of this discrepancy
may be primarily a cluster-size effect, since the work-func-
tion results from fairly sensitive long-range interactions.

3.1. 0.5 ML V/Fe–hematite interface

3.1.1. Adsorption site, geometry and energy

For 0.5 ML V/Fe–hematite, our calculations imply that
among all sites examined, only adsorption on threefold
hollow site configurations and V directly adsorbed on
FeS

A are stable. For other initial configurations, for exam-
ple, starting from a local-minimum-energy geometry of V
on top of O, further optimization will cause V to dislocate
to form bonds with two additional O or with one surface
Fe atom. Likewise, V initially adsorbed at the O-bridge po-
sition slides into a nearby threefold hollow site.

A summary of adsorption energy and work function
changes for all stable scenarios found in 0.5 ML V adsorp-
tion is given in Table 2, where we can see that all three



Table 1
Surface relaxation, work function and local magnetic moment for Fe-terminated and O3-terminated hematite

Termination FeS–OS OS–FeS�1 FeS�1–FeS�1 FeS�1–OS�1 OS�1–FeS�2

(a) Relaxation
� � �Fea �51.3% 6.4% �31.7% 13.1% –
� � �Feb �59.4% 5.8% �46.0% 9.7% –
� � �O3

a – �4.9% �78.4% 34.7% �7.1%
� � �O3

b – �5.8% �73.0% 30.6% 4.5%

� � �Fe � � �O3

(b) Work function (eV) (4.3c) 4.0d (7.6c)7.6d

FeS OS FeS�1 OS�1 FeS�2

(c) Magnetic moment for surface region atoms (lB)
� � �Fee 3.3 0.0 �3.5 0.0 –
� � �Fef 3.4 0.0 �3.5 0.0 3.5
� � �O3

e,g – �0.2 �1.7 0.1 �3.6
� � �O3

f – �0.2 �1.7 0.1 3.6

The relaxation is given as percentage change of interlayer distances along the (0001) direction relative to those in bulk.
a Ref. [8].
b This work.
c Ref. [7].
d This work.
e Ref. [8].
f This work.
g For O3-termination, we change the sign of Fe ions reported in [8] to maintain the consistency among different terminations.
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hollow site adsorptions imply large binding energies of
5–6 eV, due to the formation of three V–O bonds between
adsorbate and surface. V adsorption on top of Fe, though
metastable in our calculation, implies very low adsorption
energy of 1.5 eV. The most stable case found is ðVB;FeS

AÞ
with Eads of 6.2 eV, about 0.8 eV higher than the next most
favorable configurations. For this structure, the work func-
tion shows a very small decrease of 0.22 eV, and for the
remaining configurations the work function drop is simi-
larly small. ðVC;FeS

BÞ is an exceptional case in which the
work function increases by 0.4 eV.

Our results for adsorption geometry change upon
0.5 ML V adsorption are illustrated in Table 3a. There
are significant bonding geometry differences: the site
arrangements significantly affect the equilibrium V–O bond
length and subsequently, the adsorption energy. For in-
stance, in the most stable configuration ðVB;FeS

AÞ, V can
approach O closely without encountering too large a repul-
sion with the FeS�1

B below. In this configuration, the V–O
bond length is 1.76 Å and the vertical distance of V from
the O plane is less than 0.1 Å. Also, the distance between
VB and FeS�1

B is only 2.56 Å, which indicates a V–Fe cova-
lent interaction, analyzed in detail below.

3.1.2. Electronic and bonding properties

The metal 3d and O 2p atom-resolved DOS for a clean
Fe-terminated hematite surface and 0.5 ML VB/Fe–hema-
tite can be found in Fig. 2. The DOS is broadened using
a Gaussian function, with width of 0.2 eV for easy viewing.
For clean Fe-terminated hematite, the DOS is qualitatively
similar to that obtained by Rohrbach et al. [9]. There is
strong hybridization between surface/near surface Fe 3d
and O 2p orbitals. From �8 eV to �2 eV (with respect to
the Fermi energy Ef), the bound-state region DOS is
dominated by the broad O 2p band with sizable bonding
contributions from majority spin Fe 3d orbitals. From
�2 eV to above Ef, the DOS is dominated by Fe 3d char-
acter. We recall that the most stable structure is antiferro-
magnetic, with alternating up, down spins in successive Fe
layers.

Upon 0.5 ML V adsorption, the most significant change
of Fe 3d DOS is the downward shift of some peaks origi-
nally above Ef, for both FeS and FeS�1 atoms. Another
notable change is that the DOS for FeS gets significantly
sharper; i.e., more atomic-like, presumably because the
weaker Fe–O bonding causes the effective coordination
number around Fe to decrease. For O 2p bands, we can
see that the DOS increases in the high binding energy re-
gion (�8 to 5 eV below Ef) while decreasing at low binding
energy (��2.5 eV). The energy overlap of the O 2p band
with FeS�1

B is a little bit misleading since their bond is bro-
ken; a very significant sign of such bond breaking is the
appearance of a spin up peak for FeS�1

B at around �2 eV.
The hybridization between O 2p and FeS

A and FeS�1
C at high

binding energy is apparently weakened by V adsorption.
The V contribution is divided approximately into three
parts, a high binding energy valence band from �8 eV to
�3 eV, a low binding energy band from �3 eV to �1 eV,
and a non-bonding conduction band from �1 eV to above
Ef. Electrons in the bonding region are mostly spin up,
while non-bonding electrons are mostly spin down. In spite
of the existence of surface Fe, this DOS is qualitatively sim-
ilar to what is obtained for a pure V2O3 (0001) surface
[34,35].



Table 2
Adsorption energy Eads and work function change DU for 0.5 ML V/Fe–
hematite, V/O3–hematite, O/V/Fe–hematite, and O/V/O3–hematite

Adsorption site Eads (eV/atom) DU (eV)

(a) Adsorption energy
0.5 ML V/Fe

TOP(Fe) �1.54 �1.10
TOP(O) Unstable –
BR(O–O) Unstable –
THðVC;FeS

AÞ �4.92 �0.49
THðVA;FeS

CÞ �5.18 �0.04
THðVB;FeS

AÞ �6.20b �0.22
THðVA;FeS

BÞ �5.44 �0.20
THðVB;FeS

CÞ �5.32 �0.30
THðVC;FeS

BÞ �4.80 0.42

0.5 ML V/O3

TOP(O) Unstable –
TH(VA) �9.91 �3.75
TH(VB) �9.27 �4.45
TH(VC) �7.54 �4.47
TH(VD) �9.19 �3.59

U � J (eV) 0.0 1.0 2.0 3.0

(b) GGA + U results for ML VB/Fe–hematite
Eads (eV) �6.20 �5.11 �4.21 �2.99

0.5 ML V/Fe 0.5 ML V/O3

(c) Adsorption energy for VOx–hematite
1/3 ML O

Ob �7.40 –
Ot on Fe �4.55 –
Ot on V �6.70 �6.56

2/3 ML O

Ob �6.62 Unstable
Ot �5.52

1 ML O

Ob �6.01 Unstable

‘‘TOP’’ site means V atom is initially put on top of surface atom (the
bracket indicates the type); ‘‘BR’’ site means V is initially put at bridge
site; ‘‘TH’’ sites mean threefold hollow site among three O atoms. Ob

indicates the adsorbed O forming a bridging bond with metal atoms. Ot

indicates adsorption directly on top of a metal. The site labels of V and Fe
indicate different initial adsorption configurations examined, as explained
in the text. Where an adsorption energy is listed, the site is locally stable.
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Table 4 summarizes our calculations for the electronic
configuration of Fe–hematite and V/Fe–hematite. Fe2O3

and V2O3 reference states were calculated in the corundum
structure with lattice constants (a = b, c) of (5.04, 13.73) Å
and (4.94, 13.97) Å, respectively. FeO and VO reference
states were calculated in the rock salt structure with lattice
constants of 4.33 Å and 4.08 Å, respectively. Orthorhom-
bic V2O5 was calculated with lattice constants (a,b,c) =
(11.51, 3.56, 4.37) Å. The vanadium compounds were trea-
ted as non-spin polarized. Estimating atomic charge by
Bader analysis for 0.5 ML V adsorption, we found a pop-
ulation increase for FeS

A, FeS�1
C and FeS�1

B , (0.39 e, 0.17 e,
0.52 e) compared to the clean surface; after charge redistri-
bution upon V adsorption, FeS

A and FeS�1
B are thus partially

reduced. Comparing to reference states for Fe3+ and Fe2+

calculated for bulk compounds shown in the Table, FeS
A

and FeS�1
B have an oxidization state smaller than 2+. For

V, the Bader analysis gives charge of +1.62 e, somewhere
between V3+ and V2+ states. The RS volume charge inte-
gration for VB gives 0.98 e, with 3.32 e assigned to d orbi-
tals; i.e., an increase over the free V3+ state due to V3d–O2p

covalency. According to RS volume charge integration,
FeS

A experiences a minor decrease of net charge, from
+0.85 e in clean surface to +0.76 e after V adsorption,
the s and p electrons decreasing by 0.16 e while d electrons
increase by 0.24 e. Meanwhile, the net charge of FeS�1

C in-
creases by 0.25 e, with a decrease in s and p electrons and
no change in d electrons. For FeS�1

B , the ionicity decreases
by 0.31 e, with d electrons increasing by 0.21 e; this is likely
due to the direct ‘‘covalent’’ interaction between FeS�1

B and
VB. FeS�2

A also shows a small decrease in ionicity. Turning
now to the Bader analysis, where electrons are counted in-
side a flexible ($q = 0) surface we note a consistent de-
crease in ionicity for all Fe sites, with FeS

A and FeS�1
B

being most strongly reduced by this measure. As noted pre-
viously, the different sampling conditions for RS integra-
tion and Bader analysis allow us to detect interorbital
transfers and details of electronic rearrangement (e.g., for
FeS�1

C ) that no single scheme could provide. Finally, upon
V adsorption, the surface FeS

A magnetic moment decreases
from 3.3 lB (clean surface) to 2.9 lB; VB has a small mo-
ment of �0.6 lB. The magnetic moment changes for sub-
surface Fe are very small.

Table 5 gives a summary of Mulliken populations,
charge, spin, and bond orders obtained from SCF cluster
results. In the 0.5 ML V/Fe–hematite case, the nearby
FeS�1

B is found to share considerable charge with adsorbed
V, with bond order of 0.39 e and Mulliken charge reduced
by 0.69 e, being the most affected substrate atom. FeS

A and
FeS�1

C are also slightly reduced: by 0.11 and 0.05 e accord-
ing to volume charge. It can thus be seen that this V
adsorption involves significant charge sharing, rather than
straight-forward ionic Coulomb interaction. To further
clarify the bonding character, we give charge density con-
tour maps of 0.5 ML V/Fe–hematite, plotted by projecting
the charge density onto a bond-containing plane shown in
Fig. 3. The bonding contours, when compared with those
of a clean surface, indicate clearly that OS–FeS�1

B bonding
is greatly weakened, while there is bond formation between
adsorbed V and FeS�1

B . We measured the bond critical-
point charge that, as mentioned above, reflects the covalent
bond strength, according to Bader’s topological theory of
atoms. The present example shows a qc of 0:056 e=a3

0 for
the V–FeS�1

B bond, comparable to the value of 0.089 for
the V–O bond, further verifying the considerable V–FeS�1

B

covalent character due electron-sharing between V 3d
and Fe 3d orbitals.

3.1.3. Core level shift

Table 6 lists core level shifts calculated in the initial state
approximation using the VASP periodic potential; all Fe
values are given with reference to the same atoms’ core
binding energy before V adsorption. A negative value



Table 3
Adsorption geometry of hematite, V/Fe–hematite, V/O3–hematite, O/V/Fe–hematite and O/V/O3–hematite

Sites Clean slab VC, FeS
A VA, FeS

C VB, FeS
A VA, FeS

B

(a) Clean hematite surface and 0.5 ML V/Fe–hematite
Inter-atomic distance (Å)

V–FeS – 2.85 2.94 2.95 2.89
V–OS – 1.85 1.80 1.76 1.78
FeS–OS 1.79 1.82 1.90 1.86 1.87
OS–FeS�1

C 1.90 2.06 2.05 2.08 2.08
OS–FeS�1

B 2.08 2.51 2.43 3.05 2.70
V–FeS�1

B=C – 2.74 – 2.56 –
FeS–FeS�1 – – 2.76 – 2.50

Interlayer distance (Å)

VS–OS – 0.77 0.43 0.07 0.61
FeS–OS 0.39 0.37 1.06 0.67 0.49
OS–FeS�1 0.90 1.55 1.46 1.41 1.39
FeS�1–FeS�1 0.44 0.01 0.08 1.08 0.62
FeS�1–OS�1 0.95 1.03 1.00 0.32 0.69

Clean slab VA–O3 VB–O3 VC–O3 VD–O3

(b) Clean O3–hematite surface and 0.5 ML V/O3–hematite
Inter-atomic distance (Å)

V–OS – 1.73 1.70 1.75 1.72, 1.75, 1.76
OS–FeS�1

C 1.77 2.03 1.97 2.15 1.90
OS–FeS�1

B 1.79 2.19 2.62 2.00 2.43
V–FeS�1

B or C – – 2.51 2.13 2.45, 2.72

Interlayer distance (Å)

V–OS – 0.46 0.47 0.70 0.49
OS–FeS�1

C 0.81 1.10 1.15 1.43 1.10
FeS�1

C –FeS�1
B 0.14 0.35 0.89 0.15 0.37

FeS�1
B –OS�1 1.13 0.95 0.56 1.07 0.84

Coverage/bond length (Å) O–V O–FeS V–OS FeS–OS OS–FeS�1 V–FeS�1

(c) 1/3, 2/3 and 1 ML O on 0.5 ML V/Fe–hematite: bond length and interlayer distance
1/3 ML O 1.74 1.92 1.83 2.04 2.23/2.17/2.01 2.79

1.80 1.95 2.08/3.07/4.22
1.76 1.92

2/3 ML O 1.67/1.71 1.92/2.02 1.79 1.86 1.91/2.02/2.08 –
1.95 1.93 2.07/2.30/2.37
2.36 2.11

1 ML O 1.74 1.86 2.13 1.96 1.96 –
2.22

Interlayer distance (Å) Oads–OS V–OS FeS–OS OS–FeS�1 FeB
S�1–FeC

S�1 FeS�1–OS�1

Before Oads – 0.07 0.67 1.41 1.08 0.62
1/3 ML O 2.02 0.60 0.82 1.28 0.89 0.51
2/3 ML O 2.19/2.26 1.25 0.91 1.01 0.58 0.80
1 ML O 2.09 1.45 1.01 0.82 0.59 0.76

Coverage/bond length (Å) O–V V–OS OS–FeS�1 VS–FeS�1

(d) 1/3 ML O on 0.5 ML V/O3–hematite
1/3 ML O 1.61 1.81 1.93 2.12 –

Coverage/Interlayer distance (Å) Oads–OS V–OS OS–FeS�1 FeS�1–FeS�1 FeS�1–OS�1

Before Oads – 0.46 1.10 0.35 0.95
1/3 ML O 2.31 0.71 0.93 0.39 1.01

For inter-atomic bonding distance or interlayer distance A–B, the following rule expresses the multiple values: when A varies (for example, more than one
adsorbed O atom), then ‘‘/’’ is used to distinguish different values, when B varies (for example, different FeS�1), then different lines are used to distinguish
different values.
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normally means that the atom is being reduced while posi-
tive values generally suggest oxidization. The V core level
shift is given relative to V3+ calculated in bulk V2O3. For
0.5 ML V adsorption, we observe that there is a very large
shift of �0.68 eV for FeS

A while the subsurface Fe only have
small shifts of about �0.3 eV. It is surprising to see that the



Fig. 2. Atom-resolved DOS for (a) clean Fe-terminated hematite (0001),
(b) 0.5 ML VB-hematite, (c) 0.5 ML VB/Fe–hematite in GGA + U scheme
with (U, J) = (4.00, 1.00) eV. Positive value indicates spin up electronic
states while negative indicates spin down. For V and Fe, only 3d electronic
states are shown and for O, 2p states are shown. Fermi energy is fixed at
0 eV. The same rule applies for the remaining DOS figures in this work.
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more deeply buried FeS�2
A incurs a +0.25 eV shift after V

adsorption, though the Bader charge and RS volume
charge are unchanged. This indicates that potential shifts
have long range electrostatic components which extend
beyond local integration volumes. Adsorbed V has a zero
core level shift compared to V3+, confirming its 3+ state.
3.1.4. Intra-atomic correlations: GGA + U

We used the GGA + U method (implemented in VASP)
to estimate the effects of d–d correlation on adsorption en-
ergy, limiting our study to the 0.5 ML VB/Fe–hematite
case. Due to limitations for computing resources and time,
we did not use GGA + U to relax the geometry, as
GGA + U has been found to play a small role in surface
relaxation [9]. Instead, we used relaxed geometry obtained
by the GGA method, choosing different U ranging from 1
to 4 eV (J is held constant as 1 eV) for both V and Fe. The
U–J = 1 eV limit represents the scenario without onsite
Coulomb repulsion, while U of 4 eV represents a probable
overestimation of onsite Coulomb correlation. Due to the
lack of detailed experimental information about adsorption
energy and geometry, currently it is not feasible to identify
an optimal U value for our V/Fe–hematite system. The
major goal here is to find the correlation between applied
U value and consequent calculated adsorption energy, den-
sities of states, oxidization state change, etc. As shown in
Table 4, it is found that approximately, 1 eV increase for
U will result in a 1 eV decrease on VB adsorption energy.
The Bader charge analysis for the VB/Fe-structure across
different U implies very minor change, of a few hundredths
of an electron charge. This implies that the transition metal
oxidization state depends little on 3d–3d electron correla-
tion, which would be expected if the main effect is to open
a gap between energies of occupied and vacant states.
However, we can see some effects, using RS volume charge
integration: when U–J reaches 2.0 eV, there is significant
population increase in d electrons for VB and population
decrease for FeS�1

C . For other Fe atoms, U has very little
effect on the volume charge integration and individual orbi-
tal character. The different perspectives held by Bader anal-
ysis and volume charge integration thus permit us to
understand the effects of U in more detail. The application
of U has some expected significant effects on DOS, as illus-
trated in Fig. 2 for U = 4.0 eV, resulting in the downward
shift of Fe’s anti-bonding orbitals, and a gap arising within
the antibonding/non-bonding area. The VB orbital distri-
bution has very little change except for a shift towards
higher binding energy.

3.2. 0.5 ML V/O3–hematite interface

3.2.1. Adsorption site, geometry and energy

Here we discuss results for 0.5 ML V adsorption on O3-
terminated hematite. The most stable adsorption configu-
ration is found to be the threefold A site; details are
collected in Table 2. At this site V can avoid repulsive inter-
action with the sub-surface FeS�1 atom directly below,
while forming strong V–O bonds and compensating the
excess surface negative charge, resulting in very large
adsorption energy of 9.9 eV. Sites B and D also have com-
parable adsorption energies of 9.3 eV and 9.2 eV, respec-
tively; again VB and VD only have minor interactions
with nearby Fe atoms. For the VA configuration, the sur-
face work function decreases considerably by 3.75 eV; the



Table 4
Electronic net charge and population analysis and magnetic moments for reference bulk compounds and surfaces: Fe–hematite, V/Fe–hematite,
O3–hematite, V/O3–hematite, O/V/Fe–hematite and O/V/O3–hematite derived from band structure calculations

Site RS volume charge (e) Bader charge (e) Magnetic moment (lB)

(a) V/Fe–hematite charge
Reference bulk compounds

Fe2+(FeO) +1.24(0.29,0.36,6.11) +1.44 3.5
Fe3+(Fe2O3) +1.77(0.23,0.29,5.71) +1.79 3.7
V2+(VO) +1.52(0.18,6.16,3.14) +1.44 0
V3+(V2O3) +1.47(0.26,6.28,3.00) +1.86 0
V5+(V2O5) +1.07(0.39,6.43,3.11) +2.25 0

Clean Fe–hematite

FeS
A +0.85(0.43,0.59,6.14) +1.61 3.4

FeS�1
C +1.03(0.39,0.58,6.00) +1.81 �3.5

FeS�1
B +1.17(0.36,0.52,5.95) +1.81 �3.5

FeS�2 +1.14(0.36,0.52,5.98) +1.78 3.5

0.5 ML V/Fe

VB +0.98(0.37,6.33,3.32) +1.62 �0.6
FeS

A +0.76(0.38,0.48,6.38) +1.22 2.9
FeS�1

C +1.28(0.31,0.41,5.99) +1.64 �3.5
FeS�1

B +0.86(0.44,0.55,6.16) +1.29 �3.2
FeS�2

A +1.11(0.37,0.53,5.99) +1.76 3.5

U � J = 0.0 eV U � J = 1.0 eV U � J = 2.0 eV U � J = 3.0 eV

(b) V/Fe GGA+U
Eads (eV) 6.20 5.11 4.21 2.99
Bader analysis

VB +1.62 +1.63 +1.69 +1.62
FeS

A +1.22 +1.24 +1.28 +1.30
FeS�1

C +1.64 +1.65 +1.63 +1.79
FeS�1

B +1.29 +1.31 +1.31 +1.39
FeS�2

A +1.76 +1.81 +1.85 +1.87

RS volume integration analysis

VB +0.98(0.37,6.33,3.32) +0.91(0.37,6.34,3.38) +0.57(0.39,6.34,3.70) +0.85 (0.38, 6.34, 3.43)
FeS

A +0.76(0.38,0.48,6.38) +0.90(0.38,0.48,6.24) +0.82(0.39,0.49,6.30) +1.14 (0.38, 0.48, 6.01)
FeS�1

C +1.28(0.31,0.41,5.99) +1.37(0.31,0.42,5.90) +1.73(0.31,0.41,5.55) +1.87 (0.31, 0.42, 5.39)
FeS�1

B +0.86(0.44,0.55,6.16) +0.86(0.45,0.55,6.14) +0.84(0.45,0.56,6.14) +1.02 (0.46, 0.56, 5.97)
FeS�2

A +1.11(0.37,0.53,5.99) +1.10(0.37,0.54,5.98) +1.14(0.38,0.55,5.94) +1.15 (0.38, 0.56,5.92)

RS charge (e) Q (s, p, d) Bader charge (e) Magnetic moments (lB)

(c) VA/O3 charge
Clean O3–hematite

FeS�1
C +0.51(0.49,0.78,6.22) +1.87 �1.7

FeS�1
B +0.66(0.46,0.71,6.17) +1.85 �1.7

FeS�2
A +1.16 (0.37,0.52,5.95) +1.81 3.6

0.5 ML VA/O3–hematite

VA +1.11(0.36,6.33,3.20) +1.59 0.8
FeS�1

C +1.16(0.35,0.49,6.00) +1.72 �3.6
FeS�1

B +1.21(0.34,0.47,5.98) +1.72 �3.6
FeS�2

A +1.12(0.37,0.52,5.99) +1.77 3.6

RS volume charge (e) Q (s, p, d) Bader charge (e) Magnetic moments (lB)

(d) O/V/Fe–hematite charge
1/3 ML O/0.5 ML VB/Fe–hematite

VB +1.02(0.37,6.41,3.20) +1.99 0.0
FeS

A +1.02(0.36,0.47,6.16) +1.45 3.3

FeS�1
C +1.31(0.30,0.40,5.99) +1.60 �3.5

FeS�1
B +0.93(0.40,0.43,6.14) +1.48 �3.2

2/3 ML O/0.5 ML VB/Fe–hematite

VB +0.99(0.39,6.42,3.20) +2.12 0.1

FeS
A +1.01(0.38,0.55,6.07) +1.69 3.5

FeS�1
C +1.17(0.34,0.49,6.00) +1.71 �3.4

FeS�1
B +1.11(0.36,0.51,6.02) +1.71 �3.5

(continued on next page)
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Table 5
Analytic Mulliken charge, volume integrated charge, and bond orders
derived from embedded-cluster calculations

Mulliken charge (e) Volume charge (e) Bond order (e)

Clean Fe–hematite

FeS
A +2.31 +2.01

FeS�1
B +2.51 +2.12

FeS�1
C +2.55 +2.21

0.5 ML VB/Fe–hematite

VB +1.91 +1.43 VB–FeS
A 0.03

FeS
A +2.21 +1.90 VB–OS 0.12

FeS�1
B +1.82 +1.71 VB–FeS�1

B 0:39

FeS�1
C +2.54 +2.16

Clean O3–hematite

FeS�1
B +2.52 +2.13

FeS�1
C +2.47 +2.12

0.5 ML VA/O3–hematite

VA +2.55 +1.90 VA–OS 0.07

FeS�1
B +2.47 +1.65

FeS�1
C +2.47 +1.65Fig. 3. Total charge density (equal interval) contour map for 0.5 ML VB/

Fe–hematite. The plane is perpendicular to (010) direction, including
singly adsorbed VB, FeS�1

B and one of the three surface O atoms. V–O and
V–Fe bond critical point densities are indicated (e=a3

0 a0 = 1 Bohr).

Table 6
Core level shift DE (eV) for 0.5 ML VB/Fe–hematite, 0.5 ML VA/O3–
hematite, and corresponding O-coverage

VB/FeA hematite Clean 1/3 ML O 2/3 ML O 1 ML O

VB 0.00 0.78 0.91 0.20
FeS

A �0.68 �0.14 0.34 0.56
FeS�1

C �0.27 �0.27 �0.12 0.02
FeS�1

B �0.27 �0.34 0.10 0.09
FeS�2

A 0.25 0.38 0.34 0.19

VA/O3-hematite Clean 1/3 ML O

VA 0.22 �0.19
FeS�1

C �0.10 0.12
FeS�1

B 0.03 0.07
FeS�2

A 0.07 �0.17

The reference value for Fe is the same site before V adsorption, the ref-
erence state for V is V3+ in V2O3. The calculation is done within the initial
state approximation.

Table 4 (continued)

Site RS volume charge (e) Q (s, p, d) Bader charge (e) Magnetic moments (lB)

1 ML O/0.5 ML VB/Fe–hematite

VB +1.16(0.36,6.41,3.07) +2.20 �0.1
FeS

A +0.64(0.43,0.70,6.22) +1.84 1.4

FeS�1
C +1.21(0.36,0.52,5.90) +1.85 �3.7

FeS�1
B +1.26(0.35,0.47,5.92) +1.77 �3.7

1/3 ML O/0.5 ML VA/O3–hematite

VA +1.00(0.39,6.42,3.20) +2.19 �0.2

FeS�1
C +1.15(0.37,0.54,5.93) +1.83 �3.7

FeS�1
B +1.27(0.34,0.48,5.91) +1.80 �3.7

The numbers in brackets for volume charge indicate s, p, d angular character. Reference Fe2O3 is chosen as anti-ferromagnetic corundum, FeO as
paramagnetic rocksalt, V2O3 as non-magnetic conrundum, VO as non-magnetic rocksalt, V2O5 as non-magnetic orthorhombic.
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other configurations show a similar magnitude. This shift
reflects the fact that deposited V can compensate excess
negative charge at the O3–hematite surface, by donating
electrons to subsurface Fe and to the diffuse O 2p valence
band. VC is by far the least favored site; a prediction we
shall return to later.

Table 3b gives a summary of adsorption geometry for
0.5 ML V/O3–hematite. The distance between OS and
FeS�1 ions is enlarged and the interlayer distances are in-
creased, very similar to the V/Fe–hematite case discussed
previously. The V–O bond length is shorter than that
for the Fe-terminated case (1.73 Å vs. 1.79 Å), implying a
stronger bonding tendency for V on O3–hematite surface.
The short V�CFeS�1 distance of 2.13 Å suggests a strong
metal–metal interaction, which if repulsive would correlate
with the lower site binding energy.



Fig. 5. Total charge density (equal interval) contour map for 0.5 ML
VB/O3–hematite. The plane includes singly adsorbed VA, and two of the
three surface O atoms. V–O bond critical point densities (e=a3

0) are
indicated.
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3.2.2. Electronic and bonding properties

Fig. 4 gives site resolved DOS for a pure O3-terminated
surface, and for 0.5 ML VA/O3–hematite. For the ideal O3-
terminated surface, there is a broad hybridization between
OS 2p and FeS�1 3d electrons, as expected. After V adsorp-
tion, such hybridization splits into high binding energy
bands with O 2p orbital domination and a low binding en-
ergy band with Fe 3d orbital domination and smaller O 2p
contribution. The V atom DOS is divided into non-bond-
ing and upper valence band regions, as in the Fe-termi-
nated case.

Table 4c summarizes our results for electronic popula-
tion analysis and magnetic moments. The Bader analysis
suggests that there is only minor reduction for subsurface
Fe after 0.5 ML VA adsorption, by 0.15 e ðFeS�1

C Þ and
0.13 e ðFeS�1

B Þ, corresponding to almost no change in oxidi-
zation state by comparison with the reference compound.
The adsorbed VA bears a Bader charge of +1.59 e, indicat-
ing a little bit higher than 2+ oxidization state; the RS vol-
ume integration gives about +1.11 e, roughly the same as in
0.5 ML V/Fe–hematite. In RS volume integration, we see a
smaller number of electrons after adsorption both total and
in each orbital for subsurface FeS�1. This apparent oxidiza-
tion, contradicting Bader analysis, is probably due to the
fact that after V adsorption, the O–Fe bonding length is
greatly enlarged, therefore, some electrons shared by O
and Fe are actually moving out of the RS sphere. For
VA, a local magnetic moment of 0.8 lB is predicted while
the FeS�1 moments dramatically increase from �1.7 lB to
�3.6 lB, close to the value for the Fe-terminated hematite
surface.
Fig. 4. Atom-resolved DOS for (a) O3–hematite (0001), (b) 0.5 ML VA/
O3–hematite.
Table 5 gives the cluster analysis electronic population
data for 0.5 ML V/O3–hematite, showing 0.07 e bond
order per V–O pair, or 0.21 e shared charge per site. Con-
sidering the charge density maps (see below) it is surprising
that the bond charge is not larger. The oxidization of V is
higher (2.55 e in Mulliken and 1.90 e in volume integration)
compared with 0.5 ML V/Fe–hematite, due to the stronger
V–O bonding. Mulliken charges for Fe B- and C-sites show
no change compared to the clean surface, while volume
charge shows a distinct reduction, to 1.65 e. The valence
charge density of Fig. 5 is drawn for a single V atom on
O3/hematite, where we find the critical-point charge density
to be 0:092 and 0:094 e=a3

0 for both visible V–O bonds.
This clearly shows the expected strong covalent character
in V–O bonds, at the favored symmetrical O3 hollow site.

3.2.3. Core level shift

In calculation of core level shifts (Table 6), we find that
V core levels have a higher binding energy (in initial state
approximation) by 0.22 eV than in the V3+ reference state;
this is in conflict with the Bader analysis that suggests VA

has more electrons than V3+. This again reflects the mixed
ionic–covalent character of V–O bonding at the surface,
and reminds us that core level shifts are not always directly
correlated with net ionic charges. Supercell calculations on
the V 2p core hole for VnOm overlayers on alumina suggest
that the final state (valence only) screening effects may
amount to ±0.2 eV for the top-most layers, and for
V2O3(0001) up to 0.5 eV [22]. The subsurface Fe have
small core level shifts, not more than 0.1 eV for A and B
sites. Thus, the rather small Fe population and charge rear-
rangement is also reflected in a small potential change.
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4. Results: atomic oxygen adsorption on submonolayer

V/hematite

Here we study atomic oxygen adsorption on representa-
tive 0.5 ML V/hematite model surfaces. We assume that O
adsorption will take on 1 · 1 supercell symmetry without
any longer-ranged reconstruction or disorder, and that O
only adsorbs on top of the surface instead of penetrating
to subsurface sites. We expect that this simple model can
bring insight about the resulting geometric and electronic
properties changes upon O adsorption on V/hematite
(0001) necessary for understanding the certainly more
complicated actual oxidization process.

In modeling atomic O adsorption on a V/hematite sur-
face, we study three types of coverage, 1/3 ML, 2/3 ML
and 1 ML, following the notation of Czekaj et al. [35]
where the atomic density of an ideal oxygen plane
along (0001) is referred to as 1 ML. The pre-adsorbed
V/hematite surfaces are chosen from the representative
energy-favorable configurations obtained from our previ-
ous calculations: 0.5 ML VB/FeA–hematite and 0.5 ML
VA/O3–hematite. For configurations that have only one
metal atom at the surface, we found that O will adsorb
on top of the metal to form a M@O double bond
(M = V, Fe). For configurations that have more than one
surface metal atom, we found that O prefers binding at
M–M 0 bridge sites to form a M–O–M 0 group. A previous
study of O adsorption on the V2O3(0001) surface also con-
cluded that for a multi-metal terminated surface such
bridge site adsorption can give the most stable adsor-
bate–substrate complex [35].
4.1. O adsorption on 0.5 ML V/Fe–hematite

4.1.1. Adsorption sites, geometry and energy

Adsorption energy calculations for different O coverage
on 0.5 ML V/Fe–hematite are summarized in Table 2. On
this surface, at low coverage (1/3 ML), the favored site is
bridging, almost directly above the V–Fe midpoint, with
adsorption energy of 7.40 eV/atom. At intermediate cover-
age O (2/3 ML), bridging sites that are slightly displaced
Fig. 6. Models for O adsorption on V/Fe–hematite. (a) 1/3
from the bulk O site are favored, with Eads of 6.62 eV/
atom. For 1 ML O adsorption, we find a stable configura-
tion at the hematite bulk O site, with adsorption energy
equal to 6.01 eV/atom. The reduced adsorption energy
found for increasing O coverage can be attributed to the
larger repulsion among adsorbate atoms. We notice that
a simple thermodynamic calculation (Eq. (4)) suggests that
1 ML O coverage achieves lowest free energy. However, we
have reason to doubt the reality of this result, since conven-
tional DFT is notorious for its trend to overestimate bind-
ing energy: a typical example is for hematite (0001) surface
termination, where the O3-terminated surface is predicted
to be stable under oxidized environment in conventional
DFT but not so in GGA + U calculations [9].

Table 3c collects detailed structural information for the
most stable adsorption configurations for various O cover-
age on 0.5 ML V–Fe–hematite, while Fig. 6a and b show
the model for low and high coverage. The Oads–V bond
length depends very little on O coverage, all three cases
yielding �1.7 Å; however, the O–Fe bond length variance
is a little bit larger; e.g., for 2/3 ML O adsorption, two
Oads–Fe bonds differ by as much as 0.1 Å (1.92 Å vs.
2.02 Å). The repulsion between adsorbed and surface O
causes buckling among O atoms. This effect is largest for
1/3 ML coverage, smaller for 2/3 ML, and least for 1 ML
O. With reference to the OS plane average height, the ad-
sorbed O is 2.02 Å higher for 1/3 ML, 2.19/2.26 Å for 2/
3 ML and 2.09 Å for 1 ML. The substrate also experiences
a large geometry change due to the adsorption of O: for in-
stance, the V that is originally at the same height as OS

moves upward dramatically as O adsorbs, while the OS–
FeS�1 distance becomes smaller. The height difference
between two FeS�1

C –FeS�1
B atoms becomes smaller. The

geometry effects induced by adsorbed O are localized with-
in the surface region; below the OS�1 layer the structure
changed very little.
4.1.2. Electronic and bonding properties

Fig. 7 gives DOS for 1/3 ML and 1 ML O on 0.5 ML
VB/Fe–hematite. It can be seen that the adsorbed Ob has
a lower binding energy 2p orbital than that of the hematite
ML O on 0.5 ML VA and (b) 1 ML O on 0.5 ML VA.



Fig. 7. Atom-resolved DOS for oxygen adsorbed on 0.5 ML VB/Fe–
hematite: (a) 1/3 ML O, (b) 1 ML O, and on 0.5 ML VA/O3–hematite:
(c) 1/3 ML O.
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surface OS orbitals, due to the lower coordination number
of the adsorbate. As coverage increases, the Ob 2p DOS be-
comes broader, indicating its increased self-interaction and
interaction with neighboring atoms. For all coverages,
both Ob 2p and OS 2p orbitals show strong hybridization
with V and FeS

A 3d electrons. Comparing low and high cov-
erage O adsorption, there is a clear shift towards higher en-
ergy (closer to Ef) of VB and FeS

A DOS for 1 ML relative to
1/3 ML. This reflects the trends of stronger interaction
between (V, Fe) and Ob and weaker interaction between
(V, Fe) and OS.

Table 4 summarizes the electronic configurations found
for O �0.5 ML VB/Fe–hematite in VASP calculations. In
Bader analysis, we see that after 1/3 ML O adsorption,
both FeS

A and FeS�1
B are partially reoxidized, from +1.22 e

and +1.29 e, respectively, to +1.45 e and +1.48 e. There
is a minor increase in electron population for FeS�1

C , net
charge changing from 1.64 e to 1.60 e. As O coverage in-
creases, all three Fe continue losing electrons, and at
1 ML coverage, the atomic charge is similar to that in
Fe2O3, indicating that Fe are fully reoxidized to the 3+
state. V is also further oxidized as O coverage increases
from 1.62 e at no coverage, then 1.99 e at 1/3 ML, 2.12 e
at 2/3 ML and finally 2.20 e for 1 ML. At 1 ML, V is essen-
tially in its 5+ state; i.e., far beyond the value of 1.86 e for
the reference compound V2O3. From RS volume charge
integration, we deduce that O adsorption induces a consid-
erable spatial shape change and occupation change of 3d
electron orbitals around FeS

A, VB and FeS�1
C : this can be

seen by looking at the irregular variation of volume charges
versus coverage for these sites. For FeS�1

B , the RS trend is
much more consistent with the Bader analysis, implying a
relatively stable orbital spatial distribution. It can be seen
from the Table that the d orbital depopulation contributes
mostly to reoxidization of Fe; however, significant rehy-
bridization occurs among Fe s, p, and d orbitals. With 1/
3 ML and 2/3 ML O, the magnetic moment of FeS

A is prac-
tically restored to the value before V deposition (3.4 lB, see
Table 1), while the deposited V lose almost all magnetic
moment, a sign of complete oxidization. The significant
V d-electron occupancy reflects participation in V–O cova-
lent bonding, and not in V-localized magnetic orbitals. As
O coverage increases to 1 ML, however, the FeS

A magnetic
moment falls again, to only 1.4 lB, similar to that of the
FeS�1 atom in O3-hematite. Thus the surface-region Fe
moment is a very sensitive indicator of the local chemical
environment.

4.1.3. Core level shift

The V core level shifts of +0.20 to +0.91 eV (initial state
approximation) for varying levels of oxygen coverage (Ta-
ble 6) provide evidence that for each of the optimized local
sites, the metal is further oxidized, in agreement with
charge and DOS analyses. There is a significant variation
of the V core potential, depending upon site and coverage
which might be exploited in high resolution measurements.
The gradual ‘‘recovery’’ of FeS, FeS�1, and FeS�2 oxidation
states with increasing oxygen coverage is also evident.

In order to evaluate the importance of final state screen-
ing effects, we further considered 38- and 50-atom molecu-
lar clusters centered on VB, allowing for both core and
valence electron relaxation in an optimized numerical
LCAO basis. Ground state, Slater transition state (TS),
and the full core hole state were calculated for comparison
of energy levels and charge distributions. The large quanti-
tative importance of charge transfer from neighbors and
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the resulting screening is immediately apparent; e.g., the
total energy difference (LDA, non-relativistic) for the iso-
lated V3+ 2p6) V4+ 2p5 ionizing transition is 620.7 eV,
while the experimental 2p3/2 XPS band appears at
�515.3 eV. The cluster transition state calculations give
an ionization band of width �2.5 eV (due to exchange cou-
pling of the core hole to the valence states) centered at
�509.4 eV. More accurate results would presumably re-
quire a relativistic treatment of the 2p3/2, 2p1/2 sub-bands.
The diagnostic of greatest interest at present is the level
shift between VB//FeA and O/VB/FeA (1/3 ML O) environ-
ments, for which we find TS predictions of 0.52–0.85 eV for
the two possible core spin orientations. This brackets the
initial state estimate of 0.78 eV given in Table 6, suggesting
that while final state screening is not of over-riding impor-
tance, it can contribute several tenths eV to the observed
values. The width of the experimental bands due to core
hole lifetime and instrumental broadening limits the preci-
sion of theory-experiment comparisons, but it might be
possible to gain more information by controlling the polar-
ization of the input X-rays and/or selecting on spin of the
photoelectrons.

4.2. O adsorption on 0.5 ML V/O3–hematite

4.2.1. Adsorption sites, geometry and energy

The data for adsorption energy and sites for O adsorp-
tion on 0.5 ML V/O3–hematite are collected also in Table
2. We find that only 1/3 ML O can be stably adsorbed onto
this surface, where a vanadyl bond V@O is formed (see
Fig. 8) with net binding energy 6.56 eV. Originally three-
coordinated with surface O atoms, V now adopts a slightly
distorted tetrahedral coordination, similar to that sug-
gested in Ref. [11]. The bond length between VA and the
adsorbed O is 1.61 Å (Table 3), a typical V@O value found
in previous studies of V2O5(010) and V2O3(00 01) surfaces
[33,35]. Compared to the pre-adsorption V/O3–hematite
system (Table 3), we can see here that the on-top O leads
to significant changes in near-surface bond lengths and
interlayer relaxations. The average V–O bond length in-
creases from 1.73 Å to 1.81 Å, while the FeS�1–OS bonds
Fig. 8. Models for O adsorption on V/O3–hematite: 1/3 ML O on 0.5 ML
V hematite.
of the sub surface layer decrease from 2.03/2.19 Å to
1.93/2.12 Å, suggesting a partial reoxidization of Fe. These
bond length changes lead to only one notable modification
for interlayer relaxation: VA shifts up by 0.25 Å relative to
the OS plane.

4.2.2. Electronic and bonding properties
Fig. 7 gives the DOS for 1/3 ML O adsorption on the

0.5 ML VA/O3–hematite surface. Similar to electronic
structure analysis given in previous sections, we can see
that Oads has an apparent higher-lying energy band than
hematite surface O. The hybridization between OS and V,
FeS�1

C , FeS�1
B is strong and extensive; for Fe, this is a clear

sign of its reoxidization; for V, it can be seen that its
non-bonding conduction band shifts to lie well above Ef,
indicating a 5+ full oxidization state. Table 4 summarizes
the electronic configurations and charges for O–0.5 ML
VA/O3–hematite. For 0.5 ML O, with the Bader charge
of +2.19 e for VA indicating reoxidization to the 5+ state,
the subsurface Fe are also reoxidized to the 3+ state with
net charge of 1.83 e for FeS�1

C and 1.80 e for FeS�1
B . In the

RS volume charge integration, the VA charge of +1.00 e
is pretty close to the value of 1.11 e before O adsorption
(Table 4), implying that most localized electrons that form
bonds with O are still within RS, so that the Bader analysis
indicates transfer from the outer valence region. The vol-
ume charges for FeS�1

C and FeS�1
B (1.15, 1.27 e) are almost

unchanged compared to pre-O adsorption ( 1.16, 1.21 e).
The adsorbed V has a net magnetic moment of �0.2 lB,
while the subsurface Fe’s magnetic moments are restored
to bulk value of �3.7 lB. In Table 6 we see the additional
(initial state) core level shift of 0.4 eV upon formation of
the V@O bond; note however, that the shift is in the oppo-
site direction to that expected for a simple charge transfer,
due to the simultaneous lattice relaxation and charge redis-
tribution. The FeS�1 and FeS�2 sites report opposite shifts
to each other, again indicating a more subtle rebalancing of
surface region potentials, beyond that implied by simple Fe
re-oxidation seen in charge analysis.

5. Comparison of experiment with theory

We now compare our calculated results with the work of
Kim et al. [11], where the adsorption geometry and elec-
tronic structure for 0.5 ML V adsorption on a hematite
(00 01) surface were inferred from surface X-ray standing
wave and XPS measurements. With respect to the most
favorable adsorption sites for 0.5 ML V deposited on a
clean hematite surface, Kim and coworkers reached a con-
clusion that about 50% of the adsorbed V atoms are or-
dered, the rest being in a disordered state not visible in
diffraction. Among the ordered adsorbed V atoms, approx-
imately half of them (occupancy 0.33) adopt the threefold
hollow site A with height of �0.6 Å relative to a bulk oxy-
gen plane, and the other half (occupancy 0.27) adopt site C
with height approximately 1 Å higher than VA. Upon oxidi-
zation, changes in the (0006), ð10�14Þ, and ð01�12Þ XSW
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phase and amplitude were interpreted as exchange of vana-
dium at site C for site B. Some atoms are ‘lost’ to the disor-
dered phase, with a best fit to (VA, VB, VC) occupancy being
(0.33, 0.08, 0.0). XPS data showed an as-deposited V 2p3/2

binding energy of 515.3 eV, about 0.5 eV less than reference
values for V3+, and a value of 516.9 eV, about 0.3 eV less
than V5+ reference values, for the oxidized state. XPS data
for Fe 2p also showed partial reduction of Fe upon V depo-
sition, and re-oxidation upon exposure to atomic oxygen.

Our calculations predict that for an ideal single-Fe-termi-
nated hematite, site B will be most preferred for 0.5 ML V
deposition; and for ideal O3-terminated surfaces, site A.
No matter what surface termination is considered, site C is
energetically unfavorable, largely due to repulsion from
the nearby subsurface Fe atom. The energy difference be-
tween the preferred adsorption configurations and site C is
well above any reasonable error estimates concerning den-
sity functional theory or computational precision. We found
that predicted Fe oxidation state change and core level shifts
for V deposition on hematite and subsequent oxidation are
consistent with experiment, noting that the sub-surface Fe
in O3-terminated hematite are already rather well ‘protected’
against change. However, all our calculations predict that V
is only mildly oxidized upon deposition; for example, the
Bader charges of 1.62 and 1.59 e for 0.5 ML V on Fe- and
O3-terminated hematite, respectively, are intermediate to
those of V2+ and V3+ reference compounds. This is under-
standable in terms of the lower surface coordination to
ligands, and reminds us again that electronic core binding
energies are not a simple measure of oxidation state. The
strong charge transfer calculated for O/V/hematite oxida-
tion environments is in accord with chemical intuition and
in agreement with experimental interpretations.

As to the causes of the obvious discrepancy between
experimental interpretation of site occupancy and the mod-
els presented here, one immediately wonders if the 1 · 1
surface meshes treated are too simple/limited to describe
some particular surface reconstruction which may be dom-
inant. The major problem of experimental interpretation is
that XSW measurements only reveal orientations and
heights relative to subsurface bulk structure, while giving
no information on the arrangements of relaxed, possibly
defective and non-stoichiometric surface-region hematite
layers. The XSW-derived models do certainly suggest that
some surface regions are more complex. In a simple test,
in which the subsurface Fe below site C was removed,
the binding energy of VC increased to become very similar
to that of the sites A and B, confirming our hypothesis
about the V–Fe repulsion. However, for lack of any further
structural or chemical data, we chose not to pursue the im-
plied non-stoichiometric surface models further. As a final
test, we briefly considered a 2 · 2 surface cell, with one FeA

vacancy per cell and found no tendency toward large-scale
reconstruction. We next discuss other possible causes of
error or misinterpretation.

We consider that the general theoretical methodology
used, and the DFT approach in particular, are adequate
to describe the binding properties of the metal–oxide inter-
face, in view of many successful applications to oxide
surfaces. The underlying electrostatic interactions are prob-
ably dominant, although we do not entirely discount the
inadequate description of 3d–3d electronic correlation
effects. Our GGA + U model calculations do suggest that
this is not a critical factor for adsorption sites/energies.
Final state effects not included in our core level shift anal-
ysis could skew the results, both for core level energy shifts
and charge state analysis. Molecular cluster calculations on
the VB/FeA and O/VB/FeA interfaces suggest that final
state screening could amount to a few tenths eV, but is
not dominant. We also recall that Bader analysis, indeed
any charge partitioning scheme (of which we have demon-
strated several), gives only a qualitative or relative measure
of the chemical state of atoms. Finally, an ‘‘ionic charge’’
defined by whatever means is not necessarily closely corre-
lated with XPS binding energy change, which depends
upon both long- and short-range potentials.

The working surface is achieved by annealing of a single
crystal, which implies the presence of surface defects and
impurities as well as multiple domains of possibly different
(Fe and O) terminations. Significantly, the work function
drop is measured as �1.6 eV, about half-way between the
calculated work function drop for either pure Fe-termi-
nated surface (�0.1 to 0.2 eV) or O3-terminated surface
(3–4 eV). Fabrication of hematite surfaces by other meth-
ods may also yield a mixed termination surface [7,10].
Therefore, it is very likely that in the experiments reported
by Kim et al., some part of the surface is single Fe-termi-
nated and some part of the surface is locally like O3-termi-
nation, while the whole surface still maintains corundum
structure. This can be consistent with the LEED measure-
ment that observes a sharp (1 · 1) hematite pattern and our
calculation (not reported here) that suggests that introduc-
ing an Fe vacancy every (2 · 2) unit cell causes little recon-
struction of the surface.

Therefore, in order to rationalize theory vs. experiment,
we suggest that when V is deposited the visible (ordered)
portion tends to concentrate on the O3-terminated region.
This conjecture is supported by our calculation that aver-
age adsorption energy for 1 ML V depositing on an O3–
hematite surface (discussed in detail in the following arti-
cle) is larger than even the highest adsorption energy for
0.5 ML V on a Fe-terminated surface. Therefore, the O3-
terminated area tends to have two V deposited per unit cell.
Under these conditions, we may posit that the two V
depositing onto O3-terminated areas actually do occupy
sites A and C, as proposed experimentally. In fact, our cal-
culated geometry for 1 ML (VC, VA) configuration is very
close to what is inferred in XSW measurements; for exam-
ple, VC is 1 Å higher than VA. Also it is found that the (VC,
VA) configuration induces very little change in substrate
structure while (VA, VB) and (VB, VC) structures need
relatively large surface relaxation which might induce large
structure mismatch between O3-terminated regions and Fe-
terminated regions. Thus the energy gain for V depositing
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on (VA, VB) could be well offset by such domain structure
mismatch; e.g., kinetic factors prevent reaching the thermo-
dynamically favored state. It is worth recalling that both
deposition and oxidation occur with substrate at room
temperature where diffusion is restricted.

6. Summary and conclusions

In this work we investigated geometric and electronic
properties of two systems:

(1) Half monolayer V adsorption on a hematite (000 1)
surface with two idealized bulk cut terminations; and (2)
atomic O adsorption on the V/Hematite system. In the first
models, we calculated the energy and relaxed structure of V
adsorbed onto a hematite (0001) surface, studying its elec-
tronic structure using both plane wave projected density of
states and cluster analysis. We found that threefold bond-
ing of V with a hematite surface O, at a position where no
Fe is directly below, is the most stable configuration. In the
second set of models, we studied atomic O adsorption on
the V/Hematite system under different coverages, finding
that O forms strong bonds with surface Fe or V, causing
them to be oxidized. A detailed picture of both V and sur-
face-region Fe oxidation and reduction processes was ob-
tained, using several complementary charge analysis
models and core level shift data. Adsorption of O also
was predicted to induce large surface structural changes.

By comparing our results with experimental XSW and
XPS interpretations, we find agreement with the ‘‘chemi-
cally obvious’’ metal VA site, but apparent disagreement
between theoretical prediction and experiment measure-
ment with respect to submonolayer V adsorption on the
VC site. We conjecture that imperfect surfaces, preferential
ordering onto O3-terminated domains, and possible com-
plex surface-region hematite reconstruction and kinetic fac-
tors might help reconcile theory vs. experiment. Since very
little is currently known about the surface morphology and
composition, we cannot conclusively identify the cause for
theory-experiment discrepancies. Further research is
needed, particularly to discover the disposition of the
‘‘amorphous’’ half of deposited V, and the geometry of
reconstructed surface-region hematite layers.
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