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We present a detailedab initio investigation of the stability, the structural, electronic, and magnetic proper-
ties of the(0001) surfaces of hematitesFe2O3d and chromia or eskolaitesCr2O3d. Strong electron correlation
effects not included in a density-functional description are described by a Hubbard-type on-site Coulomb
repulsion(the DFT+U approach). For bulk chromia we find, complementing our recent work on hematite
[Rollmannet al., Phys. Rev. B69, 165107(2004)] that the inclusion of correlation effects leads to an improved
description of the structural, electronic, and magnetic properties. In particular, the increased exchange splitting
of the d band changes the character of the insulating gap from a pured-d Mott-Hubbard type to intermediate
betweend-d and charge-transfer insulator. For both oxides, the strong correlation effects have a dramatic
influence on the surface stability: oxygen-terminated surfaces are strongly disfavored because of the increased
energetic cost of stabilizing a higher oxidation state of the transition metal close to the surface. The stability of
metal-terminated surfaces even under oxidizing conditions agrees with the most recent STM and LEED data.
For Cr2O3s0001d where detailed experimental information on the surface structure is available, quantitative
agreement of the calculated surface relaxations is achieved. Detailed results on the surface electronic structure
(valence-band spectra and core-level shifts) and the surface magnetic properties are presented.
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I. INTRODUCTION

The corundum-type oxides of iron and chromium,
a-Fe2O3 and Cr2O3, are of great current interest, both from a
technological and a fundamental scientific point of view.
a-Fe2O3 (hematite) is an abundant and important mineral in
the Earth’s crust, it is an active material in heterogeneous
catalysis,1 and is used as an electrode in photoelectrolysis2

and in magnetic recording devices. Cr2O3 (chromia, mineral
name: eskolaite) is also an important catalyst and a major
constituent in many ceramics. While Fe2O3 is important as a
product of the corrosion of Fe surfaces, the formation of a
protective Cr2O3 overlayer is thought to be an important el-
ement in the corrosion resistance of Cr steels. From a theo-
retical point of view, the main interest in these compounds
lies in the role of strong electronic correlations in determin-
ing their physical properties—both are antiferromagnetic in-
sulators, but whereas spectroscopic experiments characterize
Fe2O3 as a charge transfer(CT) insulator, Cr2O3 is consid-
ered to form a borderline case between a CT and Mott-
Hubbard (MH) insulator.3 It is well known that density-
functional theory(DFT) experiences considerable difficulties
when trying to achieve a correct description of such strongly
correlated materials. However, whereas transition-metal
monoxides have received a lot of attention as a paradigmatic
case for studying strong electronic correlations(see, e.g., our
recent work4 on NiO and further references therein), it is still
current practice to treat the corundum-type transition-metal
oxides using DFT.5 Our recent work6 on bulk Fe2O3 repre-
sents one of the first attempts to treat these materials on a
post-DFT level.

For bulk hematite and chromia, extended experimental
and theoretical studies of the structural, electronic, and mag-

netic properties have been performed.7–16 Both a-Fe2O3 and
Cr2O3 are antiferromagnetic insulators with band gaps of
,2 eV (Fe2O3, Ref. 17) and,3.4 eV (Cr2O3, Refs.18–20),
respectively. The Néel temperatures areTN=955 K (Ref. 21)
and TN=308 K (Ref. 22), respectively. Both materials crys-
tallize in the hexagonal corundum structure(space group
R3̄c), with six formula units in the bulk unit cell(Ref. 23).
The atoms are stacked in the order̄TM-TM-O3¯ along
the [0001] axis. Each TM atom has a distorted octahedral
environment of six oxygen nearest neighbors. The intralayer
nearest neighbor(NN) TM-TM distance is shorter than the
interlayer TM-TM NN distance. The antiferromagnetic order
of the TM layers along[0001] is ++−− for Fe2O3 and +−
+− Cr2O3. Both oxides experience strong correlation
amongst their localized 3d electrons.Ab initio density func-
tional studies of bulka-Fe2O3 (Refs. 6, 10, and 11) have
shown that these correlation effects cannot be appropriately
treated within the local spin-density approximation(LSDA),
even with the spin-polarized generalized-gradient approxi-
mation(SGGA). The calculations show too small or even no
band gaps, too small magnetic moments, and also incorrect
positions of the 3d orbitals in relation to the oxygen states,
characterizing Fe2O3 as a d-d Mott-Hubbard insulator,
whereas the spectroscopic evidence argues in favor of a
charge-transfer insulator.3,24,25Hartree-Fock studies,12 on the
other hand, lead to a gross overestimation of the energy gap
and far too small bandwidths. For Cr2O3 photoemission stud-
ies of both valence states and core levels3,16,26,27and inverse
photoemission experiments27 support a classification as an
intermediate-type insulator between charge-transfer and
Mott-Hubbard insulators. While this characterization is sup-
ported by the Hartree-Fock study of Cattiet al.,12 the calcu-
lated energy gap of about 15 eV is again far too large. For
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chromia a DFT study by Dobinet al.15 using the LSDA
predicts a too small gap of only,1.5 eV. Wolteret al.28 also
used the LSDA to determine the ground state of Cr2O3, but
find a ferromagnetic state to be lower in energy than the
antiferromagnetic phase, in contradiction to experiment. For
TM monoxides it has been shown that the problems inherent
in DFT studies can be largely overcome by adopting a
DFT+U approach, where the effects of strong intra-atomic
electronic correlations are modeled by adding an on-site
Coulomb repulsionU to the DFT Hamiltonian.4,29,30,33Very
recently we have shown that the DFT+U approach also leads
to a satisfactory description of the structural, electronic, and
magnetic properties of hematite.6

The (0001) surfaces ofa-Fe2O3 and Cr2O3 have been
subject to intensive studies—experimentally as well as
theoretically—due to their importance as catalysts. Experi-
mental studies have been conducted to investigate the hetero-
geneous surface structures in varying oxygen atmospheres
with STM and LEED measurements as well as HREELS and
core-level measurements(XPS) for the clean surfaces and
surfaces covered with adsorbed molecules for Fe2O3
(Ref.34–38) and Cr2O3 (Ref. 28 and 39–45) to elucidate the
surface chemical reactivity. However, a comprehensive un-
derstanding of the surface properties of hematite and also of
chromia is still lacking. The reason is that the preparation of
clean surfaces with well-defined structures and stoichiom-
etries can require high oxygen pressures which are hard to
reconcile with experiments in ultrahigh vacuum environ-
ments. Furthermore, the use of photoelectron spectroscopies
(PES) and of scanning tunneling microscopy is difficult be-
cause of the insulating character of the materials. For Cr2O3,
a low-energy electron diffraction(LEED) analysis of the sur-
face structure has been performed,42 demonstrating a 60%
inward relaxation for the first Cr-O3 interlayer distance on a
Cr-terminated surface, and also large relaxations of the dis-
tances between the deeper layers extending as deep as to the
fourth subsurface layer. Mauriceet al.45 also concluded on
the basis of a combined XPS, LEED, and STM investigation
that the (0001) surface of thin Cr2O3 films formed on
Cr(110) substrates are Cr terminated.

For Fe2O3 no LEED analysis exists so far. Computer
simulations of the structure of Fe2O3 surfaces have shown
that no comparable surface relaxation is predicted by calcu-
lations based on static ions,46 whereas semiempirical calcu-
lations based on polarizable ions47,48 and ab initio DFT
calculations5 predict large inward relaxations in surprisingly
close agreement with those measured for the Cr2O3 surface.
The ab initio calculations of Wanget al.5 predict that the
Fe-terminated surface of Fe2O3 is stable under low oxygen
pressures, at an increased chemical potential of oxygen, a
transition to an oxygen-terminated surface structure is pre-
dicted. This oxygen terminated surface should show only a
minimal relaxation of the first O3-Fe interlayer distance, but
an even larger contraction of the Fe-O3 distance between the
subsurface layers. STM experiments on Fe2O3 surfaces pro-
duced by the oxidation of thick Fe3O4 films grown on
Pts111d accompanying theab-initio calculations have dem-
onstrated the coexistence of two different surface termina-
tions which have been attributed to the Fe- and the
O3-terminated surfaces predicted by the DFT calculations.

However, this interpretation has not been confirmed by the
most recent STM study of Chambers and Yi49 on hematite
films produced by oxygen-plasma assisted molecular beam
epitaxy (i.e., under strongly oxidizing conditions) which
found only an Fe-terminated surface.

For s0001d-Cr2O3 where a direct confrontation between
theory and experiment would be possible, the embedded-
cluster HF calculations39,40 for the Cr-terminated surface
have restricted relaxation to the Cr-O3 and O3-Cr interlayer
distances at the surface. Reasonable agreement for the strong
inward relaxation of the top Cr layer was reported, but the
strong contraction of the Cr-Cr distances in the subsurface
layer was not examined. Very recently Wang and Smith50

reported anab initio density functional study of the Cr2O3
surface using the GGA and the same computational approach
as used by Scheffleret al.5 for the hematite surface. It was
concluded that depending on oxygen chemical potential and
temperature, the surface can be Cr terminated, chromyl ter-
minated, or O terminated. However, no information on the
surface relaxation and on the magnetic state is given in this
short paper.

It is expected that different surface terminations will also
lead to significant differences in the electronic and magnetic
properties of the surfaces, but so far no indications for the
existence of different terminations could be found in the
spectroscopic data. It is also a bit puzzling—and eventually
only coincidental—that Cr2O3 which has been described as
an intermediate CT/MH insulator and the CT-insulator Fe2O3
should show such similarity in their surface relaxations. Sur-
face relaxations and reconstructions are always associated
with charge-redistributions between the occupied and empty
electronic surface states. DFT calculations are known to sub-
stantially underestimate the energy gap. Hence the question
arises whether the prediction of the coexistence of two dif-
ferent surface terminations will also hold if the DFT ap-
proach is corrected for the missing intra-atomic correlations.
For the NiOs100d surface we have shown4 that the DFT+U
approach leads to significantly different predictions of the
surface chemical reactivity compared to the DFT: only
within the DFT+U the adsorption geometry and energetics
of CO and NO adsorbed on NiOs100d is correctly described.

The present work is devoted to a DFT+U investigation of
the (0001) surfaces ofa-Fe2O3 and Cr2O3. The paper is or-
ganized as follows. Section II reviews very briefly the under-
lying theory and the computational details of the calcula-
tions, it also presents the fundamental thermodynamic
aspects of surface stability under varying atmospheres. Sec-
tion III summarizes the results of DFT+U calculations for
bulk Cr2O3. Section IV presents the results for the
Fe2O3s0001d surface and Sec. V follows up with the results
for the Cr2O3s0001d surface. The paper is finished with con-
cluding remarks in Sec. VI.

II. METHODS

A. Computational details

The present calculations have been performed with the
Vienna ab initio simulation packageVASP,51–55 a first-
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principles plane-wave code based on spin-polarized density
functional theory(DFT). Exchange correlation was treated
with an LDA functional by Perdew and Zunger56 and gener-
alized gradient corrections(GGA) added in the form of the
Perdew-Wang57 functional. The spin interpolation of Vosko
et al.58 was used. The electron-ion interaction was described
with the projector augmented wave(PAW) method59 in the
implementation of Kresse and Joubert.60 The Kohn-Sham
equations were solved via iterative matrix diagonalization
based on the minimization of the norm of the residual vector
to each eigenstate and optimized charge- and spin-mixing
routines.61–63

The Brillouin zone integration is performed using
Monkhorst-Pack grids.64 k-point grids with a 43431 mesh
for relaxations and a 83831 mesh for the calculation of
densities of states(DOS) where used. For the force calcula-
tions used to relax the lattice parameters and internal coordi-
nates, a Gaussian-smearing approach withs=0.1 eV was
used, and DOS calculations were performed with the linear
tetrahedron method. The plane-wave energy cutoff was fixed
to 350 eV for both Fe2O3 and Cr2O3. The optimization of the
surface structure has been performed using quasi-Newton
and conjugate gradient algorithms.

Partial electronic densities of state were calculated by pro-
jecting the plane-wave components of the electronic eigen-
states onto their spherical harmonic components within
atomic spheres.65 Here the angular-momentum decomposed
components are defined with respect to a Cartesian coordi-
nate system with one of the axes perpendicular to the sur-
face.

Core-level binding energies have been calculated, includ-
ing final state effects, using a modified PAW method.66 A
single core electron is excited from the core to the valence by
generating a “core-excited” PAW potential. Screening by the
core electrons is not taken into account(i.e., the other core
electrons were kept frozen in the configuration for which the
PAW potential was generated). Screening by the valence
electrons is included. A careful comparison with the results
of full-potential calculations has demonstrated the reliability
of this approach.

To correct for the strong electronic correlation, the DFT
+U method in the form proposed by Liechtenstein and Du-
darevet al.,29,30,32,33and implemented in a PAW approach by
Bengoneet al.31 was used. For the implementation within
VASP and a more detailed description of the GGA+U
method, the reader is referred to Ref. 67. Here we only em-
phasize that in order to achieve a reasonable overall agree-
ment with experiment, it is necessary to combine the
Hubbard-like description of the on-site correlations with
DFT calculations at the level of a spin-polarized GGA, we
refer to this approach as GGA+U. At the LDA+U level,
different values of the on-site potentialU are necessary for a
correct description of the crystal structure and of the elec-
tronic properties: usually a correct atomic volume is
achieved only with a very large value ofU, leading to a
substantial overestimation of the energy gap—for a detailed
comparison of the LDA+U and GGA+U approaches, see
our earlier work on transition-metal sulfides67 and on bulk
and surface of nickel monoxide.4 However, it has to be ad-
mitted that due to the empirical character of the Hubbard

correction, the application of the DFT+U approach to the
question of surface phase stability is subject to some uncer-
tainty: it is conceivable that the optimal value of the on-site
potential determined for the bulk does not apply at the sur-
face. Similarly, a comparison of the energies of phases with
different stoichiometries is not straightforward within DFT
+U. We shall return to this question below.

B. Surface models

The polar(0001) surface has been modeled by symmetric
slabs containing six TM2O3 layers for the oxygen-terminated
surfaces and a 131 periodicity in the surface. The use of
symmetric slabs cancels out dipole moments, which can oc-
cur in nonsymmetric slabs. The lateral dimensions of the
surface cell were kept fixed, but the ions in the first five
atomic layers(top and bottom) were free to relax. Figure 1
(I) shows the structure of an oxygen-terminated surface.
Altogether for both materials, we have investigated five dif-
ferent terminations(three oxygen terminations and two TM
terminations). The surface terminations based on cleaved
bulklike structures are ¯-O3TM2O3 (model I),
¯-TM2O3TM2 (II ) and ¯-TM2O3TM (where half of the
TM atoms have been eliminated from the top layer—model
III ). More sophisticated terminations arē -TM2O3TMO,
which ends with a layer of ferryl or chromyl groups, and
¯-TMO3TM3O3, where a TM atom jumps from the second
TM layer to the first TM layer[see Fig. 1(II )]. These two
surface terminations have already been tested for the isos-
tructural V2O3s0001d surfaces by Kresseet al.68 and proved
to be useful for the understanding of the transition from
vanadium-terminated to oxygen-terminated surfaces in the
phase diagram. For the oxygen-terminated¯-TMO3TM3O3
surface where half of the metal atoms from the second metal
layer have migrated to the near-surface layer all octahedral
positions in this layer are occupied(model IV). The ferryl,
respectively, chromyl-terminated̄ -TM2O3TMO surface
represents model V.

It is important to emphasize that the surface terminations
I–IV differ in the charges exposed at the free surface. In
particular, the oxygen-terminated surfaces I and IV represent
an excess of negative charges at the surface which is only
partially compensated in model Vs¯-TMO3TM3O3d by
moving metal atoms from a deeper layer to the surface, fill-
ing the vacant octahedral position. Similarly, the TM-
terminated surface II and III expose positive charges at the
surface, and the reduced occupancy of the TM-surface layer
in model III s¯-TM2O3TMd is a possibility to reduce sur-
face charges.

The slab calculations have been started with the same
magnetic ordering as for the bulk calculations, but spin re-
orientations are admitted during the electronic self-
consistency cycle. Similar initial settings were also used for
Fe2O3 slabs in Ref. 5 and the spin-alignment in the bulk is
strictly along thec axis.

C. Thermodynamical aspects

The determination of surface stability under a varying
partial pressure of oxygen is based on a few simple thermo-
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dynamic arguments. Here we follow the approach developed
by Scheffleret al.69 For a surface in thermal equilibrium with
the oxygen gas, the important quantity is the surface energy

g = fGsT,p,hnxjd − o
x

nxmxsT,pxdg/A, s1d

which is given by the Gibbs free energyG, the numbernx of
particles of typexfx=CrsFed ,Og in the solid and the chemi-
cal potentialsmx at temperatureT and pressurep (px is the
partial pressure), and the total surface areaA. The Gibbs free
energies can be approximated by the internal energiesEsT
=0,p=0,hnxjd from DFTsDFT+Ud calculations. For TM2O3

compounds thermal equilibrium between surface and bulk
requires that

2mTM + 3mO = ETM2O3
, s2d

whereETM2O3
is the DFT energy of bulk TM2O3. This rela-

tion can be used to eliminate the dependence of the surface
energy on the chemical potential of the transition metal. In
this approximation and imposing equilibrium, the surface en-
ergy g can be written as

g = fEhnxj − nTMETM2O3
/2 − snO − 3/2nTMdmOg/A. s3d

This surface energy depends on the total energy of the
slab, the slab stoichiometry, and the oxygen chemical poten-

FIG. 1. Slab model of the(relaxed). ¯-TM2O3 terminated surface with bulklike geometry(I)—large grey balls represent oxygen atoms
with small black balls TM atoms.̄ -TM2O3 (bulk)-TM2 transition-metal terminated surface with a bulklike geometry may be created by
adding a full TM layer to this slab(II ). ¯-TM2O3 (bulk)-TM transition-metal terminated surface is created by eliminating half of the TM
atoms from the surface layer(III ). (IV ) Slab representing the reconstructed̄-TMO3TM3O3 terminated surface. This structure is created by
the migration of a TM atom from a deeper layer to the subsurface TM layer.(V) Slab representing a ferryl/chromyl terminated surface.
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tial. To determine the surface stability in an oxygen atmo-
sphere, the surface energy calculated for different surface
terminations(i.e., different slab stoichiometries) is plotted
against the oxygen chemical potential. The termination with
the lowest energy at a given chemical potential is the stable
surface at this oxygen partial pressure.

The chemical potentialmO can vary only within a limited
range. At the lower limit, reduction of the oxide from Fe2O3
(hematite) to Fe3O4 (magnetite) and further to FeO(wustite)
and to metallic Fe, or from Cr2O3 to metallic Cr will set in.
At at the upper limit, oxygen starts to condensate on the
surface of hematite and Cr2O3 is oxidized to CrO2. The lim-
iting values formO are therefore given for hematite surfaces
by

3GFe2O3

bulk − 2GFe3O4

bulk ø mO ø 1/2mO2
s4d

and for chromia by

1

3
sGCr2O3

bulk − 2GCr
bulkd ø mO ø 2GCrO2

bulk − GCr2O3

bulk . s5d

This limit explains the range with negative surface ener-
gies in the phase diagram for Cr2O3s0001d, where Cr2O3 is
oxidized to CrO2. However, at this place a cautionary remark
concerning DFT+U calculation is necessary: while in DFT
calculations, the comparison of total energies of phases of
different stoichiometry is unproblematic, in DFT+U calcula-
tions the possibility of a variation of the on-site Coulomb
repulsion with stoichiometry introduces some uncertainty. As
a detailed study of magnetite is outside the scope of the
present work, the lower limit of the oxygen chemical poten-
tial is determined for both oxides relative to the pure metal,
using the GGA and the GGA+U (with the same value ofU
as for the oxide).

III. STRUCTURE, ELECTRONIC, AND MAGNETIC
PROPERTIES OF CR2O3

The calculated structural parameters for both oxides are
summarized in Table I. In our work on bulk hematite6 we
have determined a value ofU=5 eV as leading to the opti-
mal agreement between theory and experiment for a wide
range of physical properties. A similar investigation has also
been performed for chromia: ground-state properties have
been determined for Coulomb parameters ranging from
U−J=0 eV (GGA limit) up to U−J=8 eV, together with a
constant exchange parameterJ=1 eV. Figure 2 shows that
equilibrium volume, band gap, and magnetic moment in-
crease with increasing strength of the on-site correlations.
The magnetic moment and the band gap remain below the
experimental values, whereas the equilibrium atomic volume
is overestimated slightly compared to experiment even in the
GGA limit. As for hematite, a value ofU=5 eV leads to an
acceptable compromise between the structural and the elec-
tronic properties. The apparent discrepancy of the calculated
magnetic moment is probably not so serious as the experi-
mental estimate is strongly based on a purely ionic picture of
the compound—an assumption to be tested against the elec-
tronic structure. One should also note that the theoretical gap
listed in Table I measures the distances between the band
edges, whereas the experimental gap measures the optical
adsorption peak(see also below).

Altogether, the GGA+U leads to a significantly improved
description of the structural, magnetic, and electronic prop-
erties of both materials compared to the GGA. Concerning
the crystal structure we note that along the hexagonalc axis,
the corundum structure has an alternating series of closed-
packed oxygen layers followed by layers with two TM atoms
occupying two thirds of the octahedral sites formed by the
hexagonal close-packed array of the oxygen atoms. The oxy-
gens are aligned such that each TM atom has a slightly dis-

TABLE I. Lattice constantsa andc, axial ratioc/a, TM-TM distances TM-TM(A) and TM-TM(B), magnetic momentsm, bulk modulus
B, and band gapEg of antiferromagnetic corundum-typea-Fe2O3 and Cr2O3. For the GGA+U calculations the valueU=5 eV andJ
=1 eV have been used for the on-site Coulomb-repulsion and the exchange integral, respectively.

a-Fe2O3

afÅg cfÅg c/a Fe-FesAd fÅg Fe-FesBd fÅg mfmB/atomg BfGPag EgfeVg

GGA 5.007 13.829 2.772 2.929 3.998 3.45 173.0 0.5

GGA+U 5.067 13.882 2.739 2.896 4.044 4.11 191.9 2.0

Exp.a 5.029 13.730 2.730 2.883 3.982 4.6–4.9c

Exp.b 5.035 13.747 2.730 2.896 3.977 178,225 2.0

a-Cr2O3

afÅg cfÅg c/a Cr-CrsAd fÅg Cr-CrsBd fÅg mfmB/atomg BfGPag EgfeVg

GGA 4.941 13.829 2.798 2.642 4.271 2.68 204.3 1.2

GGA+Uc 5.073 13.839 2.727 2.723 4.196 3.01 229.5 2.6

Exp.d 4.951 13.566 2.740 2.623 4.085 3.8 222,238 3.4

aAfter Pauling and Hendricks(Ref. 23).
bStructural data after Finger and Hazen(Ref. 70), bulk modulus from Sato and Akimoto(Ref. 71), (the two different values correspond to
fits of the equation of state over different pressure ranges), and energy gap according to Ref. 17.
cAfter Coey and Sawatzky(Ref. 72) and Krenet al. (Ref. 73).
dStructural data after Finger and Hazen(Ref. 70) and energy gap according to Refs. 18–20.
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torted octahedral environment. Along the hexagonal axis
short (A) and long(B) distances between the TM layers al-
ternate(see Fig. 1 in Ref. 6). The GGA+U leads to a better
agreement of the ratio between short and long TM-TM dis-
tances and hence to a more realistic local geometry. For the
antiferromagnetic structure, different stacking sequences of
spin-up and spin-down moments(++−−, +−+−, and +−−+)
are possible. For Fe2O3 the ++−− state with opposite mo-
ments on Fe atoms with short(A) distances was found to

represent the magnetic ground state, in agreement with ex-
periment. In contrast, for Cr2O3 the spin orientation in the
TM layers stacked along thec axis +−+−, hence the cou-
pling between neighboring Cr layers is antiferromagnetic.
Within the GGA the +−+− stacking sequence is lower in
energy by 20.8 meV(all energy differences are per Cr atom)
compared to the+−−+ stacking, by 46.6 meV compared to
ferromagnetic ordering, and by 47.7 meV relative to ++−−
stacking, in agreement with experimental observation.
Strong electronic correlations tend to reduce the magnetic
energy differences. The +−+− phase still represents the mag-
netic ground state, but it is lower in energy by only 6.3 meV
compared to the ferromagnetic phase, and by 8.4 and
19.0 meV compared to the antiferromagnetic+−−+ and ++
−− phases, respectively.

Figure 3 shows the O-2p and the Cr-eg and t2g derived
electronic densities of state as calculated in the GGA and in
the GGA+U.

The structure of thed band corresponds to the splitting of
the Fe-d states in the nearly octahedral ligand field of the
surrounding O atoms into nonbondingt2g states and bonding
and antibondingeg states. One must say that because the
CrO6 octahedra in the corundum structure are not aligned
with thec axis, the decomposition we have adopted(see Sec.
II A ) does not exactly correspond to the irreducible represen-
tations of the octahedral point group. However, we find this
much simpler approach to be sufficient for analyzing the
electronic structure. This applies particularly to the analysis
of the near-surface DOS where the relaxation leads to an
appreciable distortion of the coordination octahedra.

In the GGA, the Cr-O hybridization is very weak, the
energy gap of about 1.2 eV is between the highest occupied
majority valence-band state of Cr-t2g character, and the low-
est conduction-band state of mixed majority Cr-eg/minority
Cr-t2g

character, classifying chromia as ad-d Mott-Hubbard
insulator.

The on-site Coulomb interaction shifts the occupied Cr
-d states to higher binding energies and leads to an increased
Cr-3d-O-2p hybridization. The energy gap of about 2.6 eV

FIG. 2. Atomic volume, magnetic moment, and band gap for
Cr2O3 plotted againstU−J. U−J=0 represents the GGA limit.

FIG. 3. Density of states of
bulk Cr2O3 calculated with GGA
(dashed line) and GGA+U (full
line).

ROHRBACH, HAFNER, AND KRESSE PHYSICAL REVIEW B70, 125426(2004)

125426-6



(band edges) is now between a highest valence-band state of
strongly mixed Cr-t2g-O-2p character and a lowest conduc-
tion band state of Cr-eg character, in accordance with the
experimental classification of chromia as an intermediate
CT-MH insulator.3,16,26,27The electronic structure calculated
in the GGA+U is in very good agreement with the combined
PES and inverse PES experiments of Zimmermannet al.16

Taking the energy difference between the valence- and
conduction-band peaks leads to a gap of about 3 eV(theory)
compared to 3.4 eV(PES and inverse PES). The narrow and
asymmetric shape of the empty Cr-eg band agrees well with
inverse PES spectrum, the analysis of the partial photoexci-
tation spectra in the basis of the energy-dependent photoion-
ization cross sections confirms the strong overlap of the
Cr-3d and O-2p derived features over the entire valence-
band region.16 Hence we can conclude that for Cr2O3, as
already found for Fe2O3, a GGA+U description leads to a
significantly improved description of the physical properties.
In particular we note the profound modification of the “fron-
tier orbitals” (the highest occupied valence states)—this will
evidently be an important element in determining surface
stability and chemical reactivity.

IV. Fe2O3„0001… SURFACES

A. Phase stability

Phase diagrams for Fe2O3s0001d surfaces have been cal-
culated within the GGA and the GGA+U approaches. The-
oretical studies6 of bulk Fe2O3 with GGA+U have shown
that an on-site Coulomb interaction ofU=5 eV together with
an exchange parameter ofJ,1 eV leads to an accurate de-
scription of the structural, electronic, and magnetic proper-
ties. We have chosen the same values for the surface calcu-
lations. The variation of the surface energy with the chemical
potential of oxygen from the GGA calculations[Fig. 4(a)]
leads to a phase diagram very similar to that published by
Scheffleret al.5 In the oxygen-poor range up to a chemical
potential of mO=−1.3 eV, the surface is iron terminated
(¯-Fe2O3Fe—model III) with a bulklike structure(but large
changes in the interlayer distances and 50% vacancies in the
top Fe layer). An Fe-terminated bulklike surface with a full
Fe coverage in the top layer(¯-Fe2O3Fe2—model II) is
strongly disfavored under oxidizing conditions and becomes
stable only outside the lower limiting value of the chemical
potential indicating the instability of the oxide surface
against the formation of Fe clusters(the possibility of the
formation of a Fe3O4 overlayer is not considered here, this
would push the limiting value of the chemical potential to
higher values). Under a more oxygen rich atmosphere, the
surface becomes oxygen terminated. In contrast to Ref. 5, the
transition is not abrupt, but there is a transition range of
,0.3 eV, where a ferryl-terminated(¯-Fe2O3FeO—model
V) surface becomes stable. This surface structure was not
considered in the previous DFT study. Another surprising
result is that the stable oxygen-terminated surface is
¯-FeO3Fe3O3 (i.e., all octahedral sites are occupied in
the uppermost Fe layer, while the next Fe layer is depleted—
model IV) rather than the simple bulk-terminated
¯-Fe2O3Fe2O3 (model I) surface. It seems that the missing

iron layer on top of the surface has to be compensated by
taking an additional iron atom into the first iron sublayer,
since the iron terminated surface is stable under vacuum con-
ditions. A similar reconstructed̄ -VO3V3O3 has been found
by Kresseet al.68 on the V2O3s0001d surface, but it has not
been considered so far for hematite. Altogether we find that
both under oxidizing and reducing conditions surface termi-
nations leading to reduced surface charges are prefered:
¯-FeO3Fe3O3 (IV ) over ¯-Fe2O3Fe2O3 (I) at high partial
pressures of oxygen,¯-Fe2O3Fe (model III) over.
¯-Fe2O3Fe2 (model II) under reducing conditions.

Experimental STM results5 present evidence for the coex-
istence of two different surface terminations under oxygen-

FIG. 4. (a) GGA derived surface energies of the different termi-
nations plotted against oxygen chemical potentials.(b) GGA+U
derived surface energies plotted against oxygen chemical potentials.
The vertical lines mark the allowed range of the chemical potential,
as limited from above by the condensation of molecular oxygen at
the reduced and from below by the reduction of Fe2O3 to Fe (see
text).
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rich conditions[a 100 Å film of Fe3O4 grown on Pts111d
was oxidized to Fe2O3 by high-temperature annealing under
an excess oxygen pressure of,10−3 Torr]. For both types of
surfaces, atomically resolved STM images reveal a hexago-
nal symmetry with a periodicity compatible with the inter-
atomic distance within the Fe layers of the corundum struc-
ture. The step height at the boundary is about 1 Å i.e.,
substantially lower than the distance of 2.28 Å between two
equivalent surface terminations ofa-Fe2O3. The two termi-
nations were therefore associated with the iron-terminated
surface stable under oxygen-poor environments and an
oxygen-terminated surface. However, a more detailed experi-
mental characterization could not be given. Another STM
study37 reports three different surface terminations. Upon
high-temperature annealing(i.e., under reductive conditions)
an epitaxial Fe3O4s111d layer is formed, with two coexisting
surface terminations consistent with previous studies of the
(111) surface of magnetite.74,75At higher oxygen pressures, a
long-period superstructure consisting of a regular array of
Fe2O3s0001d and Fe1−xOs111d domains was reported. The
periodicities within these domains are 5 and 3 Å, respec-
tively, but the STM features could not be uniquely assigned
to Fe or O atoms. In the most recent STM study of the
Fe2O3s0001d surface,49 Fe2O3 films prepared by oxygen-
plasma assisted molecular beam epitaxy have been investi-
gated. After stopping the growth, the specimen was allowed
to cool to room temperature while being exposed to the same
oxygen plasma used during the film preparation. Despite the
highly oxidizing conditions used to end the film growth, the
surface was found to be iron terminated, in contrast to the
interpretation of the earlier STM experiments.

The surface energies resulting from GGA+U calculations
[Fig. 4(b)] demonstrate a dramatic change of the relative
stabilities of the different surface terminations relative to the
GGA. Whereas the iron-terminated surface shows a similar
surface energy, the energies of oxygen-terminated surfaces
increase strongly. As a consequence both the bulk-
terminated¯-Fe2O3Fe2O3 (model I) and the reconstructed
¯-FeO3Fe3O3 (model IV) oxygen-terminated surfaces are
predicted to be unstable over the entire admissible range of
the chemical potential of oxygen. Their relative stability is

reversed relative to the GGA case, demonstrating that a local
balance of charges is not as important as in the absence of
strong correlations. Under strongly reducing conditions the
Fe-terminated̄ -Fe2O3Fe2 (model II) surface without Fe
surface vacancies is found to be stable. However, under re-
ducing conditions, thē -Fe2O3Fe2 (model II) surface com-
petes with the formation of an Fe3O4 overlayer, which is not
considered here. The iron-terminated surface is stable up to a
chemical potential ofmO,−0.2 eV. The ferryl-terminated
surface is stable only in the oxygen-rich limit of the phase
diagram. Hence the question concerning the nature of the
two coexisting surface terminations reported on the basis of
the STM work5 remains open. The STM study also revealed
a much stronger corrugation of the “O-terminated” than for
the Fe-terminated surface regions. This observation agrees
with the geometric structure of the ferryl-terminated surface.
The more recent STM study performed under largely oxidiz-
ing conditions provides, however, does not support coexist-
ing surface terminations. Thus, altogether GGA+U indicate
Fe termination to be stable over a wide range of O pressures,
and only a marginal stability of a ferryl-terminated surface, is
found to be in fair agreement with experiment.

The dramatic change in the phase stabilities arising from
the strong electronic correlation effects is a consequence of
the profound modification of the electronic structure. The
on-site Coulomb-repulsion shifts the occupied Fe-d band to
higher binding energies. The formation of a terminating oxy-
gen overlayer leads to an increased oxidation state of the
underlying Fe atoms and a shift of the near-surface Fe-d
states to lower binding energies. The energetic cost is higher
in the GGA+U as, due to the on-site correlations, the Fe-d
states are lowered in energy. Details of the surface electronic
structure for different terminations are discussed below.

B. Surface structure

The structural details of the relaxed slabs for the five dif-
ferent surface terminations are given in Table II. Overall, the
results of GGA and GGA+U calculations are similar. The
comparison with the FLAPW results of Ref. 5 shows good
agreement for the Fe-terminated̄Fe2O3Fe (model III) and

TABLE II. Surface relaxation for the four relevant terminations of the Fe2O3s0001d surface. The relaxations of the first three ML and the
first two interlayer Fe-Fe distances are given in percent of the bulk interlayer Fe-O and Fe-Fe distances. Both distances are projected onto
the hexagonalc axis. The bulk interlayer Fe-O distance is 0.85 Å and the interlayer Fe-Fe distance is 0.62 Å for GGA/GGA+U. For
comparison the FLAPW results obtained by the GGA are included. For the nomenclature, see Fig. 1.

¯-Fe2O3FeO3 sVd ¯-Fe2O3FesIII d ¯-Fe2O3Fe2O3 sId ¯-FeO3Fe3O3sIV d
GGA GGA+U GGA GGA+U FLAPWa GGA GGA+U FLAPWa GGA GGA+U

O-FeS −15 −16

FeS-O3
S −16 −18 −53 −57 −57

O3
S-FeS−1 1.6 1.0 22 9.6 7 −4.9 −7.4 −1 −6.7 −2.3

Fe-FeS−1 −40 −34 −31 −40 −33 −71 −53 −79 −73 −63

FeS−1-O3
S−3 16 18 34 17 15 23 37 37 8.7 15.4

O3
S−2-FeS−3 −2.5 −1.1 2.5 3.5 5 −5.7 −6.0 −6 −5.3 9.0

Fe-FeS−3 9.5 1.9 −9.8 −4.4 −3 17 16 16

aAfter Scheffleret al. (Ref. 5).
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the oxygen-terminated̄ -Fe2O3Fe2O3 (model I) surface
with bulklike order (which we find, however, to be less
stable than the reconstructed̄-FeO3Fe3O3 surface of model
IV ). It is remarkable that the consideration of the on-site
Coulomb correlation has only a marginal influence on the
interlayer relaxation. The comparison with force-field
calculations46,47 for the iron-terminated surface also shows
reasonable agreement, as long as the polarizability of the
ions is taken into account. We take the small difference be-
tween GGA, GGA+U, and force-field calculations as an in-
dication that the interlayer relaxations are determined mainly
by a tendency to reduce the large dipole moments of the
surface layer of these polar surfaces and not so much by
details of the surface electronic structure.

For the Fe-terminated surface, the largest relaxation ef-
fects are the reduction of the Fe-O distance between the two
top layers(which is essentially an electrostatic effect charac-
teristic for this polar surface) and the flattening of the Fe
bilayer (which is rather a consequence of the compression of
the top Fe-O layer). The predicted interlayer relaxations are
in almost quantitative agreement with the theoretical results
for Cr2O3 (see below) and also with the LEED data for this
chromia surface—again this supports the argument that the
relaxation is dominated by electrostatic effects. For the O3
terminated surfaces(models I and IV), the strongest relax-
ation occurs again within the Fe bilayer, whereas the

O3-surface layer shows only a modest inward relaxation. The
migration of an Fe atom from the second to the first Fe
bilayer leaves the near-surface distances unchanged, but sig-
nificantly reduces the expansion of the distance between the
Fe3 layer and its oxygen underlayer. The ferryl-terminated
surface(model V) shows weaker relaxation in the FeO layer
and of the Fe-O3 distance and again a flattening of the first
Fe bilayer.

C. Surface electronic structure

The electronic densities of states for the stable
Fe2O3s0001d surfaces are shown in Fig. 5 for GGA calcula-
tions and in Fig. 6 for GGA+U calculations. These results
should be compared with the bulk DOS shown in Figs. 4 and
9 of Ref. 6. In their nearly octahedral environment in the
corundum structure, the 3d states of Fe approximately split
into bonding and antibondingeg states, and nonbondingt2g
orbitals (see Sec. III, Fig. 3). The degree of hybridization
between the Fe-d and the O-2p orbitals is strongly influ-
enced by on-site correlations. In the GGA the Fe-eg states
hybridize strongly with the O-2p states, and in the bulk only
a narrow gap of about 0.3 eV exists between the occupied
majority t2g band and the empty minorityeg states. At the
(0001) surface this narrow gap closes irrespective of the sur-
face termination, i.e., all surfaces are predicted to become

FIG. 5. Electronic densities of states of near-surface layers(printed boldface) of the ¯-FeO3Fe3O3 terminated(a), the ¯-Fe2O3Fe
terminated(b), and thē -Fe2O3FeO terminated(c) Fe2O3-s0001d surfaces from GGA calculations.
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metallic. For the bulklikē -Fe2O3Fe2O3 (model I) and the
reconstructed̄ -FeO3Fe3O3 (model IV) terminated surfaces
the increased oxidation state of the Fe atoms near the surface
leads to a pronounced shift of the Fe-d states to lower bind-
ing energies and to a strong reduction of the exchange split-
ting (see also the following subsection on the magnetic sur-
face properties). Without the reconstruction, these effects are
even more pronounced.

For the¯-FeO3Fe3O3 terminated surface(model IV), the
t2g band near the Fermi level is split for both majority and
minority states and partially shifted above the Fermi level
(but remember our cautionary remarks concerning thet2g/eg
decomposition and the distortion of the octahedral symmetry
induced by the surface relaxation). On the Fe-terminated sur-
face with a reduced Fe content in the top layer, the coordi-
nation of the surface Fe atom is very different from the oc-
tahedral environment in the bulk. As a result of the reduced
coordination the local Fe-d-DOS shows two narrow spin-
split bands of mixedt2g/eg character and a nonbondingeg
band just belowEF. The surface is metallic, but with a low
DOS at EF [see Fig. 5(a)]. On the ferryl-terminated
¯-Fe2O3FeO(model V) surface the Fe atom has tetrahedral
coordination which implies that the spin-spliteg states are
located around the Fermi level, whereas the antibondingt2g
are shifted above the Fermi level[see Fig. 5(c)]. In the
oxygen-DOS the signatures of the FeO termination are an

increased oxygen-DOS atEF and sharp structures at binding
energies of about −2 eV. This surface is metallic with a high
DOS atEF.

In the GGA+U case, the strong on-site repulsion shifts
the occupiedeg and t2g states to higher binding energies and
strongly reduces the O-2p-Fe-3d hybridization—there is
practically no hybridization with thet2g states any more. The
unoccupiedeg states are shifted away from the Fermi level
towards higher energy, increasing the width of the energy
gap. For the oxygen-terminated surfaces[models I, IV, see
Fig. 6(a)] the large surface-inducedd-band shifts towards
lower binding energies are mainly responsible for their de-
stabilization. The characteristic features of this surface are
the gap states oft2g character and the minority component of
the eg states of the lower edge of the valence band(see also
the following subsection on magnetic surface properties).
For the Fe-terminated̄ -Fe2O3Fe (model III) surface, the
electronic DOS at the surface differs from that in the bulk
mostly by a pronounced narrowing of the Fe-derived bands
resulting from the reduced coordination of the Fe atoms. Due
to the different symmetry of the Fe environment, thet2g
states show a strong exchange splitting. The surface remains
semiconducting, with a modest reduction of the gap width
[model III—see Fig. 6(b)]. For the ferryl-terminated surface
[model V—see Fig. 6(c)]we find a localized surface state on
the Fe atoms ofeg symmetry, in accordance with the tetra-

FIG. 6. Electronic densities of states in the near-surface layers(those printed boldface) for the ¯-FeO3Fe3O3terminated(a), the ¯

-Fe2O3Fe terminated(b), and thē -Fe2O3FeO terminated(c) Fe2O3-s0001d surfaces from GGA+U calculations
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hedral site symmetry. An empty surface state is located just
above the Fermi level.

D. Magnetic surface properties

The layer-magnetic ordering in bulk hematite is
AF+ +−−. The moments between Fe nearest neighbors with
short distance(A) are aligned antiparallel whereas the mo-
ments between Fe nearest neighbors with long distance(B)
couple ferromagnetically.

The magnetic moments of the Fe atoms in the near-
surface layers are compiled in Table III. The GGA calcula-
tions predict a strong reduction of the magnetic moments at
the surface compared to the bulk value of 3.45mB, irrespec-
tive of the surface termination. This agrees with the reduced
exchange splitting discussed above. The reduction is about
50% for the oxygen terminated surfaces and even larger for
the Fe- and FeO-terminated surfaces. In general, nearest-
neighbor Fe atoms within the rumpled Fe layers(see Fig. 1)
couple antiferromagnetically. For the reconstructed
¯-FeO3Fe3O3 (model IV) surface with a filled-up FeS−1

layer the magnetic coupling to the added Fe atom is ferro-
magnetic, while the antiferromagnetic coupling between the
Fe atoms present also in the bulk-terminated structure is pre-
served. Also the coupling of these atoms to the atoms in the
Fe-depleted layer remains the same.

The GGA+U calculations predict a much stronger mag-
netization of the Fe2O3 surface. The reduction of the Fe mo-
ment is only 20% on the bulklike oxygen terminated surface,
and only 10% on the reconstructed oxygen-terminated sur-
face. On the octahedral Fe sites already occupied in the bulk
structure, the magnetic moment remains the same as in the
bulk whereas the moment on the added Fe atom is reduced
by about 30%. On the Fe-terminated surface we find only a
marginal reduction of the surface moment by 4%, again this
is as expect from the analysis of the surface electronic struc-
ture. Only for the ferryl-terminated surface a larger moment

reduction is predicted also by the GGA+U calculations.

E. Core level spectra

The surface-induced Fe-2p core-level shifts have been
calculated for four different terminations of the Fe2O3s0001d
surface, using the approach proposed by Kresse and
Köhler.66 The reference values are the binding energies of the
Fe-2p electrons in bulk hematite, a positive value of the
surface-induced shift represents a shift to lower binding en-
ergies. The results are summarized in Table IV. The layers
situated in the middle of the slab show bulklike properties.
The results show that on the oxygen-terminated bulklike
¯-Fe2O3Fe2O3 (model I) surface and on the ferryl termi-
nated (model V) surface the Fe core levels are shifted by
,−1.2 and,−1.6 eV, respectively, to larger binding ener-
gies. Adding strong correlations in the GGA+U leads only to
a marginal reduction of the core-level shift. For the recon-
structed oxygen-terminated surfacē-Fe2O3Fe3O3 (model
IV ) has a substantially weaker shift, but to lower binding
energies. For the iron-terminated surface we calculate a
minimal shift of only ,0.2 eV sGGAd and ,0.3 eV sGGA
+Ud, again to lower binding energies.

The overall trend in the core level shifts for different ter-
minations is similar as calculated by Kresseet al.68 for
V2O3s0001d, but there the core level shifts calculated for the
different terminations do not differ as much as for
Fe2O3s0001d. They found the shifts of the vanadyl-sVOd and
the bulklike oxygen-terminated surface close together at
,1 eV, whereas the shift of the vanadium-terminated sur-
face nearly vanishess0.01 eVd.

Core level spectra exist from different experimental
sources.35,76–79 In most cases core-level spectroscopy has
been used to estimate the amount of octahedrally and tetra-
hedrally coordinated Fe in thin films and thus to determine
the hematitelike and magnetitelike fractions of the film struc-

TABLE III. Mean magnetic moments of the first three iron layers for the four relevant surface terminations(AF+ +−− in-layer ordering).
GGA/GGA+U values are given inmB. For the nomenclature, see Fig. 1.

−Fe2O3Fe2O3 sId −FeO3Fe3O3 sIV d −Fe2O3Fe sIII d −Fe2O3FeOsVd

FeS ±1.17/ ±3.94 ±1.40/ ±2.64

FeS−1 ±1.65/ ±3.28 s+1.70,−2.56, +2.76d / s+2.87,−4.15, +4.15d ±3.36/ ±4.10 ±2.97/ ±4.11

FeS−3 ±3.48/ ±4.13 ±3.34/ ±4.10 ±3.43/ ±4.11 ±3.48/ ±4.12

FeS−5 ±3.44/ ±4.11 ±3.34/ ±4.08

TABLE IV. Fe-2p surface core level shifts(in eV) for Fe2O3s0001d surfaces calculated for four different
terminations. For the bulklike oxygen-terminated −Fe2O3Fe2O3 and the iron-terminated −Fe2O3Fe surface
both GGA and GGA+U values are reported.

−Fe2O3Fe2O3 sId −FeO3Fe3O3 sIV d −Fe2O3Fe sIII d −Fe2O3FeOsVd

FeS 0.19/0.29 −1.61

FeS−1 −1.21/−1.08 0.37 −0.03/0.16 −0.06

FeS−3 −0.03/−0.01 −0.18 −0.02/−0.03 −0.01

FeS−5 0.07/0.07 −0.35
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ture. A surface-sensitive analysis has been undertaken only
by Fujii et al.76 who reported a small shift of the Fe-2p3/2

and 2p1/2 levels to lower binding energies with decreasing
thickness of aa-Fe2O3s0001d film and by Chambers and
Droubay79 who reported that the Fe-2p peak energies mea-
sured on Fe2O3 films grown on Pts111d do not show any
dependence on the film thickness. Droubay and Chambers78

measured a reduction of the splitting of the Fe-2p3/2 level in
the octahedral crystal field intot2g and eg orbital sets in
Fe2O3 films grown ona-Al2O3 with decreasing film thick-
ness, indicating a different site symmetry at the surface. The
smallness of the surface-induced shift of the Fe-2p levels to
lower binding energies(which is difficult to quantify on the
basis of the data published by Fujiiet al.76) or even the
complete absence of such a shift79 excludes the bulklike oxy-
gen terminated and the ferryl-terminated surfaces. Combined
with the calculated surface energies and with the theoretical
structure data in conjunction with the LEED measurements
this supports an Fe termination of the surfaces under UHV
conditions.

V. Cr 2O3„0001… SURFACES

A. Phase stability and surface structure

The surface energies as a function of the chemical poten-
tial of oxygen as calculated for different terminations of the
Cr2O3s0001d surface using the GGA and the GGA+U are
shown in Fig. 7. The surface energies show the same behav-
ior as for the Fe2O3s0001d surface, but the possibility to oxi-
dize Cr2O3 to Cr dioxide introduces a new facet. At low
partial pressures of oxygen where surface oxidation is sup-
pressed, only the Cr-terminated̄-Cr2O3Cr (model III) sur-
face is found to be stable, in the GGA as well as in the
GGA+U. In the GGA, a chromyl-terminated̄ -Cr2O3CrO
(model V) surface is stable at values of the chemical poten-
tial where the oxidation to CrO2 becomes energetically fa-
vored. An oxygen terminated surface can be metastable at
even higher partial pressures of oxygen. Hence the sequence
Cr-terminatedsIII d→chromyl-terminatedsVd→oxygen- ter-
minated(IV ) surfaces agrees with the phase stabilities pre-
dicted by the FLAPW calculations of Wang and Smith.50 In
the GGA+U all oxygen-terminated surfaces are strongly dis-
favored. The range of stability of a chromyl-terminated sur-
face is also shifted to strongly oxidizing conditions such that
this surface is at best metastable against the formation of Cr
dioxide. A Cr-terminated̄ -Cr2O3Cr2 (model II) surface
with a full bulklike coverage of the top Cr layer is found to
be unstable under any condition. Experimental studies of the
Cr2O3s0001d surface up to now only reported a chromium
termination,42,45 in agreement with the phase stabilities pre-
dicted by our GGA+U calculations. In their combined EELS
and LEED study of Cr2O3s0001d surfaces, Benderet al.80

reported a diffuses131d LEED pattern at room temperature,
the appearance of asÎ33Î3dR30° pattern at 180 K, and a
return to a sharps131d pattern at about 130 K. This was
interpreted as indicating an order/disorder transition, fol-
lowed by an order/order transition at lower temperature and
associated with different occupancies of the threefold hol-

lows in the O3 layer by Cr atoms. In contrast, Mauriceet
al.45 found no indication of structural disorder in their STM
images. However, the STM images can be interpreted in
terms of a statistical site occupancy of the Cr ions in the
surface sites, assuming that surface diffusion takes place al-
ready at room temperature.

FIG. 7. (a) GGA derived surface energies of the different termi-
nations plotted against oxygen chemical potentials.(b) GGA+U
derived surface energies plotted against oxygen chemical potentials.
The dotted and dashed vertical lines mark the upper and lower
limits of the chemical potential as given by the condensation of
molecular oxygen at the surface and the reduction of chromia to
metallic Cr. The dot-dashed vertical lines mark the value of the
chemical potential where the oxidation of Cr2O3 to CrO2 becomes
energetically favored. GGA+U calculations for CrO2 have been
performed withU=5 eV, equal to Cr2O3.
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The changes in the interlayer distances of the relaxed
slabs for the five different surface terminations are reported
in Table V. The chromium-terminated surface shows strong
relaxations in the surface layers,60%d and in the first sub-
layer s,40%d, in excellent agreement with experiment.42

The sublayer relaxations of the chromyl-terminated surface
are very similar to the chromium-terminated surface. The
difference between GGA and GGA+U calculations is small.
The oxygen-terminated surface show weak surface relax-
ations, with larger discrepancies between GGA and GGA
+U. Hence only the Cr-terminated surface is compatible with
the LEED data.

Previously, Rehbeinet al.39 performed a HF study of the
structure of the Cr-terminated Cr2O3 surface, using the
method applied by Cattiet al.12 to bulk chromia. Only the
top Cr-O3 and O3-Cr2 interlayer distances have been allowed
to relax. Considering the drastic differences in the HF and
GGAsGGA+Ud predictions for the electronic structure of
chromia, the good agreement of the calculated interlayer re-
laxations[surface layer: −50%sHFd, −60%sGGA+Ud, sub-
surface layer: +3.3%sHFd, +12%sGGA+Ud] is surprising.
This confirms our conclusion that the mechanism leading to
the large surface relaxations is largely electrostatic in nature.
Rehbeinet al. also emphasize that a detailed analysis reveals
no change in the character of the Cr-O bonds at the surface.
Altogether, the excellent agreement of the calculated surface
relaxation with the LEED analysis and the predicted stability
of the Cr-terminated surface even a wide range of oxygen
partial pressures confirm that GGA+U provides a correct
description of the chromia surface.

B. Surface electronic structure

Electronic densities of states were calculated for the stable
(disregarding the oxidation to CrO2) surface terminations,
using the GGA and the GGA+U (see Figs. 8 and 9). As for
the Fe2O3s0001d surface, GGA calculations predict all sur-
faces to be metallic or semi-metallic. The surface-induced
band narrowing tends to broaden the gap between the hybrid-
ized O-2p-Creg band at higher binding energy and the
Fe-t2g bands around the Fermi level, which exist already in
the bulk. For the reconstructed oxygen terminated

¯-CrO3Cr3O3 (model IV) surface [see Fig. 8(a)] the in-
creased oxidation state of Cr leads to a strong shift of the
Cr-t2g bands to lower binding energies and a depletion of the
majority band. Due to the incomplete band filling, the sur-
face is predicted to be metallic with a high DOS atEF. The
strongd-band shift reflects the high energy cost for stabiliz-
ing this surface. For the chromyl-terminated(model V) sur-
face we observe a similar shift of thed bands to lower bind-
ing energies, with a half-occupiedeg band and an emptyt2g
band in the majority states, and a high DOS atEF in accor-
dance with the tetrahedral site symmetry of the Cr atoms[see
Fig. 8(c)]. The minority states are shifted above the Fermi
level, but the exchange splitting is strongly reduced so that
the Cr-surface moment is quenched even more strongly as
for the oxygen-terminated surface(see also the following
subsection). A further signature of the chromyl-termination
are the strong structures in the oxygen DOS at binding ener-
gies of −2.5 and −4 eV. For the stable Cr-terminated
¯-Cr2O3Cr (model III) surface the Fermi level falls into a
narrow gap between the majority states witheg andt2g char-
acter, no minorityeg states are occupied. Hence for the
Cr-terminated surface the magnetism of the surface should
not differ appreciably from that in the bulk.

In the GGA+U, the increased exchange splitting leads to
a substantial O-2p-Fe-3d hybridization even at the surface,
and the surface remains semiconducting at all terminations.
For the reconstructed̄ -CrO3Cr3O3 terminated(model IV)
surface the electronic surface DOS is mostly bulklike, except
for an exchange-split surface state oft2g character placing the
empty spin-up state right into the center of the bulk-gap[see
Fig. 9(a)]. The band gap is reduced from 2.6 eV to about
1.2 eV for a Cr-terminated surface[model III—see Fig. 9(b)]
and to about 1 eV for the CrO-terminated case[model
V—see Fig. 9(c)]. This is in good agreement with weak loss
peaks in the EELS spectrum at 1.2 and 1.4 eV assigned to
d-d excitations in the Cr ions at the(0001) surface.40,80,81For
the chromyl-terminated surface the states close to the Fermi
level are ofeg character, in accordance with the tetrahedral
site symmetry of the Cr atoms.

C. Surface magnetism

The layerwise magnetic ordering in Cr2O3 is AF+−+−,
so that all moments between two Cr nearest neighbors, re-

TABLE V. Surface relaxation for the four relevant terminations of the Cr2O3s0001d surface. The relaxations of the first four ML are given
in % of the bulk interlayer distances. The bulk interlayer Cr-O distance is 0.94/0.95 ÅsGGA/GGA+Ud, the intra layer Cr-Cr distance is
0.38/0.41 Å.

¯-Cr2O3CrO sVd ¯-Cr2O3Cr sIII d ¯-Cr2O3Cr2O3 sId ¯-CrO3Cr3O3 sIV d

GGA GGA+U GGA GGA+U HF (calc)a Exp.b GGA GGA+U GGA GGA+U

O-Cr −27 −25

Cr-O3
S −1.2 −1 −62 −60 −50 −58

O3
S-CrS−1 +13 +12 +10 +12 3.3 0 +13 +3.3 +2.0 +4.5

CrS−1-CrS−1 −48 −43 −41 −44 0c −36 +9.2 +29 +13 +4.4

CrS−1-O3
S−2 −1.1 +0.2 +6.5 +9.2 0c +17 −29 −32 −28 −27

aRef. 39.
bRef. 42(erratum).
cKept fixed at bulk spacing.
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gardless their distance, have antiparallel alignment. The
magnetic moments calculated for the near-surface chromium
layers(see Table VI) are reduced compared to the bulk, simi-
lar as reported for the Fe2O3s0001d surface. In the GGA, the
strongest demagnetization(about 70%) is predicted for the
chromyl-terminated surface(model V). For the bulklike
(model I) and reconstructed oxygen-terminated(model IV)
surfaces, the magnetic moments at the surface are reduced by
44 and 17%, respectively. On the reconstructed surface, the
moments in the Cr-depleted subsurface layer are also re-
duced. The Cr atom transferred to the topmost CrS−1 layer
conserves the orientation of its magnetic layer so that in the
filled-up CrS−1 layer we find two spin-up and one spin-down
moment, whereas in the depleted CrS−3 layer all moments
have spin-down orientation. For the Cr-terminated surface
both the GGA and the GGA+U calculation agree on the full
value of the magnetic moment also at the surface. For the
other surface terminations, the GGA+U calculations point to
a similar, but slightly smaller reduction of the magnetic mo-
ments as the GGA.

D. Core level spectra

Calculated Cr-2p core level shifts for four different termi-
nations of the Cr2O3s0001d surface are shown in Table VII.
Again, the −Cr-terminated(model III) surface shows the

weakest, the CrO termination(model V) the strongest shift.
In general, the values do not differ as much as for the differ-
ent Fe2O3s0001d surface terminations. Experimental spectra
are all taken at UHV conditions and the surface was there-
fore chromium terminated. From Cr2O3s0001d grown on
Pts111d, core level spectra of different coverages show a
shift in the position of the Cr-2p peak by “at most a few
tenths of an eV” to lower binding energies as the film thick-
ness increases from 1 to 5 ML(at this thickness the position
of the core level is already converged to that in the bulk).
Again, this is in reasonable agreement with the DFT results
for the Cr-terminated surface. Spectra of oxygen-terminated
surfaces are not available, since they cannot be stabilized
even in oxygen-rich environments.

VI. CONCLUSIONS

We have presented a detailed analysis of the structural,
electronic, and magnetic properties of the polar(0001) sur-
faces ofa-Fe2O3 (hematite) and of a-Cr2O3 (eskolaite or
chromia), with particular attention to the effects of strong
electronic correlations. The starting point of our investiga-
tions was an analysis of correlation effects in bulk Cr2O3,
supplementing our earlier study of hematite.6 We have
shown that whereas DFT calculations at the GGA level pre-
dict a narrow energy gap of only 1.2 eV between the major-

FIG. 8. Electronic densities of states of the top layers(marked by boldface printing) of the ¯-CrO3Cr3O3 terminated (a),
the¯-Cr2O3Cr terminated(b), and thē -Cr2O3CrO terminated(c) surfaces of chromia from GGA calculations.
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ity Cr-t2g and the minority Cr-eg states(hence classifying
chromia as a Mott-Hubbardd-d insulator), GGA+U calcu-
lations with an on-site Coulomb repulsion ofU=5 eV pre-
dict a stronger Cr-d-O-p hybridization and a wider gap of
2.6 eV between a valence-band edge of strongly mixed Cr
-t2g-O-p character and the lowest conduction band of Cr-eg
character. This leads to the conclusion, supported by photo-
emission and inverse photoemission experiments, that Cr2O3,
represents an intermediate case between a charge transfer
and a Mott-Hubbard insulator. In particular, we note—as al-
ready for Fe2O3—that the on-site Coulomb repulsion modi-
fies the character of the “frontier orbitals” and hence can be
expected to have a decisive influence on the surface chemical
reactivity.

The investigations of the(0001) surfaces lead to a rather
complex picture of the influence of strong electronic corre-
lations on the surface properties: On one hand, the oxygen-

terminated surfaces for both Fe2O3 and Cr2O3 are energeti-
cally strongly disfavored relative to the metal-terminated
surfaces if the on-site Coulomb repulsion is taken into ac-
count, on the other hand, the strong geometrical relaxation of
the surfaces is hardly influenced by correlation effects.
Within the entire allowed range of partial pressures of oxy-
gen, the Fe- and Cr-terminated surfaces with only one-third
of the sites in the surface layer occupied by metal atoms are
predicted to be stable(in the bulk two thirds of the octahe-
dral sites are occupied by TM atoms). Only for Fe2O3, a
ferryl-terminated surface could exist under strongly oxidiz-
ing conditions. For both oxides, this is in accordance with
the most recent STM and LEED data. The destabilization of
any form of oxygen terminations is clearly a consequence of
the strong on-site correlations: For the oxygen- and TM-O-
terminated surfaces, the increased oxidation state of the
transition-metal ions leads to a shift of the TM-d bands to-

FIG. 9. Electronic densities of states of the top layers(marked by boldface printing) of the ¯-CrO3Cr3O3 terminated (a),
the¯-Cr2O3O3Cr terminated(b), and thē -Cr2O3CrO terminated(c) surfaces of chromia from GGA+U calculations.

TABLE VI. Magnetic moment absolute mean values(antiferromagnetic in-layer ordering) of the first three chromium layers for the four
relevant terminations. GGA/GGA+U values are indicated inmB. For −Cr3O3, all three in-layer values are indicated.

−Cr2O3Cr2O3 sId −CrO3Cr3O3 sIV d −Cr2O3Cr sIII d −Cr2O3CrO sVd
CrS ±2.68/ ±3.04 ±0.89/ ±1.15

CrS−1 ±1.53/ ±1.65 s+1.72,−2.56, +2.72d / s+2.52,−2.96, +2.83d ±2.63/ ±3.01 ±2.60/ ±2.99

CrS−3 ±2.63/ ±3.00 −2.21/−2.36 ±2.67/ ±3.01 ±2.65/ ±3.01

CrS−5 ±2.68/ ±3.00 ±2.38/ ±2.90
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wards lower binding energies. On both the Fe2O3 and the
Cr2O3 surfaces the majorityd band is partly shifted aboveEF
and depleted. The energetic cost for thed-band shift and the
electron transfer from the transition-metal to oxygen is much
higher if the on-site Coulomb repulsions leading to the cor-
rect d-band position in the bulk are taken into account. The
surface properties predicted from GGA and GGA+U calcu-
lations are drastically different: the GGA predicts metallic
surfaces with strongly quenched magnetic moments, while
the GGA+U predicts the persistence of an insulating gap and
a much lower reduction of the surface moments. Hence an
investigation of the chemical reactivity of the surfaces via
the adsorption of small probe molecules should lead to a
conclusive picture of the role of strong electronic correlation
in hematite and chromia surfaces.

The conclusion that under realistic values of the partial
pressures of oxygen both both Fe2O3 and Cr2O3 only a TM-
terminated surface is stable agrees with experimental obser-
vations on the geometric structure and the electronic proper-
ties. The comparison of the conflicting STM studies5,49

shows that the preparation conditions may be of decisive
importance for the experimental observations.
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