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Molecular-orbital theory of bonding in FeO and chemisorbed oxygen on Fe(100)

Alfred B. Anderson
Chemistry Department, Yale University, ¹wHaven, Connecticut 06520

(Received 14 March 1977)

A high-spin molecular-orbital study is made of 'X FeO and 0 chemisorbed to Fe(100) in a small-cluster

approximation. Bond lengths, force constants, binding energies, and electron energy levels are in promising

agreement with experiment. Comparison is made to the low-energy electron diffraction study of Legg, Jona,

Jepsen, and Marcus and the uv photoemission work of Brucker and Rhodin. It is suggested that correct
theoretical structural determinations depend in a crucial way on occupying one-electron orbitals in the proper

spin configuration.

I. INTRODUCTION

There are many computationally and conceptually
realistic means for determining the energy levels of
molecules and solids. ' Finding structures of lar-
ger systems is more difficult because the vari-
ational theorem requires numerous calculations.
Accuracy is a problem for all but the most dif-
ficult extended-basis- set procedures. A theory
has been developed for approximating energy lev-
els and structures for small and large molecules
when self-consistency is relatively unimportant
and when low-spin approximations are satisfac-
tory. "' More recently it was shown that atomic
valence-electron ionization energy shifts are nec-
essary for both nickel and oxygen atoms in a sur-
face nickel oxide, 4 and it was suggested that ionic
shifts should be the rule in strongly ionic systems.
In this paper oxidized Fe(100}surfaces are con-
sidered. As in the case of 0 on Ni(100}, valence
ionization energy shifts are found necessary, but
are insufficient for producing the correct surface
structure. It is found that spin unpairing plays a
crucial role in the structure of the surface iron
oxide. At the same time it is shown how the sim-
ple one-electron molecular-orbital theory can be
used for such systems.

The theory has the same form before and after
approximate self-consistency and spin unpairing
are implemented. The atomic-orbital parame-
ters and orbital occupation schemes are affected,
not the formalism. There are two conceptual
steps, ' which are worth repeating to provide the
elements of discussion. First, rigid atoms are
superimposed in a molecular configuration. On
integrating the Hellmann-Feynman force, the en-
ergy of this system E„ is a sum of pairwise re-
pulsive components:

z,=P z, f p. t )(8&-r)-'dr,
a&8

where Z is the nuclear charge, p the complete

charge density for an atom and, o. and p are in-
dices spanning the atoms in the molecule. The
attractive energy components due to charge re-
distributions might also be evaluated using the
Hellmann-Feynman force theory if the electron
density function were available for all molecular
geometries. A simple orbital theory provides an
estimate of the attractive component directly and
yields molecular orbitals and their energies and
charge densities at the same time. To do this, a
model molecular Hamiltonian, equal to the sum of
atomic Fock potentials, is diagonalized, with ap-
proximations, over the atomic orbital basis set.
The one-electron Hamiltonian matrix elements H
take in this model the form
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where y are atomic orbitals with indices i and j,
V are atomic Fock potentials, E are atomic ioni-
zation energies, and S„=«,

I y,.&, the overlap in-
tegral. In practice, "' A=2.25 and the right-hand
side of Eq. (2) is multiplied by exp(-0. 13R ~),
where 9 is the internuclear distance. Solutions of
Eq. (2) are molecular-orbital wave functions and
corresponding energy levels. Electronic energies
due to occupying these levels are added to E~ to
produce working estimates of chemical binding
energies and vibrational force constants when self-
consistency is relatively unimportant, as for mole-
cules considered in Refs. 2 and 3. Without self-
consistency corrections, charge transfers are
overestimated and, as shown for 0 on Ni(100} in
Ref. 4, it is necessary to increase the valence
ionization energies for the positive atoms and de-
crease them for the negative atoms to restore
reasonable charge transfers in order to produce
correct structure predictions. Further, the Sla-
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II. FeO

The diatomic molecule FeO is isoelectronic to
MnF and therefore is expected to have the same
'Z spectroscopic ground state, ' though it is not
reported in Ref. 5. From a calculation, as de-
scribed below, the corresponding configuration is
o,'p'„o'6', 5'a'„p' p' v'„as shown in Fig. 1. This
set of orbitals is a reasonable starting point for

ter exponents for 0 are decreased 0.3 in response
to the negative charge on Q. That for high-spin
iron oxides the one-electron orbitals from this
theory can be used is not unexpected because ex-
cited states have already been accurately treated
for C„Ni„and Ni, .'

considering the molecular-orbital theory of other
diatomics. The last 0„ level lies 1.5 eV above the

p, levels but is nevertheless occupied, creating a
half filled set of levels in accordance with Hund's
rule. Further evidence lies in consideration of the
states of other molecules, ' with question marks in-
dicating predictions: 'Z(ScO, TiN), 'n(TiO),
'Z(VO, TiCl), 'ff(CrO), 'Z(CrF, MnO?), '&(MnF,
FeO?). These states follow from the orderly fill-
ing of the levels in Fig. 1 and noting the reversal
of the neighboring 5 and o„ levels for ScO and TiO.
For FeCl the state is 4Z because now that the shell
is over haU full the high-lying a„orbital loses its
electron. CoQ and NiQ should be 'Z and 'Z, re-
spectively. CuQ is 'rt, CuF 'Z as should be ZnQ.
Finally, ZnF is 'Z as should be GaQ.

Standard parameters for 0 and Fe are in Table
I, along with calculated spectroscopic properties
for 0, and Fe,. Whereas the bulk iron parameters
are used for the surface oxide studies in this pa-
per, it is seen in Table I an improved Fe, binding
energy is obtained when the 4d ionization energy
is decreased 2 eV. Further, the st to so„and
dp, and do, to pw„ transition energies are 3.37,
2.32, and 2.98 eV, similar to three observed ad-
sorption bands observed for matrix isolated Fe,.'
An extensive study of transitions in Ni, and Ni3
using this theory' showed the necessity of using
free-atom 3d ionization energies. Thus for dia-
tomics and small clusters one set of 3d ionization
energies is appropriate while for the bulk the bulk
values are appropriate. Intermediate sized clus-

TABLE I. Parameters used in the calculations. Calculated equilibrium distances &e, force
constants ke, and dissociation energies D, for 02 and Fe2 are also shown. See the text concern-
ing parameter adjustments for the iron oxide studies. Experimental diatomic properties in
parentheses are from Ref. 5.

Atom

Principal quantum No. , Slater exponent, and ionization energy (eV)

0
Fe

Molecule

2 2.246 -28.48
4 1.7 -7.87

Re (A)

2 2.227 -13.62
4 1.7 -3.87

ke (mdyn/A. )

3 2.4 -3 0
3 535 90b

D, (kcal/mole)

02 Zg
Fe ' ['Z]

1.22(1.2074)
1 ~ 31, 1.30

10.3(11.76)
2.4, 2.5

97.5(117.97 + 0.45)
82, 36(24 + 5)

E. Clementi and D. L. Raimondi, J. Chem. Phys. 38, 2686 (1963).
Reference 14.
Estimated.
J. W. Richardson, R. R. Powell, and W. C. Nieuwpoort, J. Chem. Phys. 38, 796 (1963).
The second exponent of this double zeta function is 1.8. The respective coefficients are

0.5366 and 0.6678.
o ~ m„5~cr 6„5„o.„z~x~. In calculating the two-body repulsion energy one electron is

placed in the 4s orbital. This is because the high-lying so„orbital is taken to be empty. The
second set of calculated properties corresponds to using a free-atom 3d valence ionization
energy for Fe as discussed in the text.
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TABLE II. Calculated and experimental equilibrium
bond lengthR~, harmonic force constant ke, and dissocia-
tion energy De for Z FeO. See the text for a discussion
of this spectroscopic state assignment and parameters.
Experimental values in parentheses are from Ref. 5.

R~ (A)

k~ (mdyn/A)
De (kcal/mole)

1.67 (1.626)
4.15 (5.67)
72 (90.3 + 5)

~Dissociating to neutral Fe deg and 0 atoms.

ters should take an average.
Diatomic FeQ is well described when the Fe

valence ionization energies are increased 2.5 eV
and decreased 2.0 eV for Q. The bulk 3d ionization
energy is used, this being greater than for the free
atom and appropriate for the positively charged Fe
ion. In the low-spin occupation the charge on Q is
+ 0.42 while promoting electrons to the antibonding

~, orbitals in creating the 'Z state transfers charge
to Q, giving it —0.35 electronic charge in a Mulli-
kan definition. As the FeQ bond length increases,
more charge is transferred to Q until a reversal
sets in and neutral Fe and 0 atoms form. A. b

initio calculations on A10,' for example, show this
behavior which has been encountered in many other
ionic systems. ' It is significant that bond lengths,
stretching force constants, and dissociation ener-
gies are nearly correct in the constant valence ion-
ization energy shift approximation. This means
charge and valence-level adjustments occur at in-
ternuclear distances large enough for atomic over-
lap to be small.

four in the previous five-atom cluster gains four
neighbors forming a second plane has levels also
depicted in Fig. 2 and has a spin of 2.67 per atom.
What has been done is to occupy all the states in

the well-defined d band and this requires spread-
ing unpaired electrons over a range of about
0.5, 0.7, and 1.0 eP forthetwo-, five-, andnine-
atom clusters. Electron interactions omitted in

the molecular-orbital theory are responsible for
the smearing of electrons over the 3d band of en-
ergies.

The imposition of high spin has a moderating
effect on charge transfer among the atoms. The
odd atom in the five-atom cluster has a charge of
2.46 in the low-spin configuration. In the high-spin
case it becomes 0.13, which is much more reason-
able. In the nine-atom cluster the charge on this
atom decreases from 2.04 to 0.11. The charges on

the other four second layer atoms changed from
—0.88 to 0.04 and the top layer change from 0.37
to —0.07. Generally, it is seen that adapting high
spin smooths out excess charge transfers by mov-
ing electrons to antibonding orbitals which put
charge on those atoms which were neglected in

forming the lower-lying bonding orbitals. The
sign of an atom's charge depends on the orbital
occupation assignment.

The interaction of an oxygen atom with the five-
iron-atom cluster produces the binding curves in

Fig. 3 with the fo-rfold site preferred. The equili-

III. 0 CHEMISORBED ON Fe(100): STRUCTURE

AND CHARGE

Before studying the oxidized surface, some
comments on the surface model are in order. The
model consists, for the most part, of five Fe
atoms, four in a square and one beneath. Unlike
in the ease of Ni, where the gap between the high-
est occupied and lowest unoccupied orbital energy
level was 1-2 eV, ' the gap for Fe clusters is
small enough for a spin approaching the bulk value
of -2.25 p, ~ per atom' if all levels in the d band
contain at least one electron. Fe„whose calcu-
lated properties are in Table II, has a total spin of
6, as is seen in the molecular-orbital energy-
level diagram in Fig. 2. This gives a spin per
atom of 3 to be compared to the bulk value of 2.25.
A five-Fe-atom cluster in the bulk geometry pro-
duces an energy-level spectrum shown also in Fig.
2 and has 12 unpaired electrons for a spin of 2.4
per atom, closer to 2.25. Finally, a nine-atom
bulk cluster, wherein the atom beneath the other

—s- d Bond Gop

-10—

'Bd Bond
BI:-

4sl

-I 2— 2, 5, 9 Fe

FIG. 2. Orbital energy levels two, five, and nine Fe
clusters. The internuclear distance for Fe2 is 1.31 A,
as calculated. Bulk geometries are used for Fe5 and
Fe&. Singly filled levels are Inarked with vertical
arrows.
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FIG. 3. Binding energy curves for 0, on sites on a
five-atom iron cluster, superimposable on the (100) sur-
face, as shown. Oxygen is taken to be uncharged when
infinitely far removed from the cluster. The one-coor-
dinate site is over the single atom in the second layer.

brium distance from the surface of 0.48 A is in
acceptable agreement with 0.53 +0.06 A from a
low-energy electron diffraction determination. "
For these ealeulations the Fe valence-state ioni-
zation energies (VSIE) were raised 1.5 and were
lowered 1.0 for Q. Increasing the VSIE for Fe by
this amount, 1 eV less than for FeQ, accords ap-
proximately with the 1:2 oxygen to iron ratio in
the c(2 x 2) half monolayer coverage. The decrease
in the 0 VSIE by half as much then results in the
same —0.35 charge on 0 as in FeO. As pointed
out in Sec. IV, maintaining a 2 eV decrease in the
0 VSIE may fit the photoemission better, but with
a reduced oxygen charge. There is little to be
gained in further consideration of small ionization
energy adjustments. Figure 4 shows the energy
levels at equilibrium for the three possible sym-
metric binding sites and the high-spin occupations.
As for the clusters, gaps between the s and d bands
are evident. The structural preference is depen-
dent on filling levels completely up to the energy
gap, which in this case amounts to filling the FeO
diatomic bonding orbitals. The top three levels for
each structure in Fig. 4 are the same 7t, and o„
symmetry orbitals in Fig. 1. For the four-, two-,
and one-coordinate sites there are, respectively,
12, 14, and 14 unpaired electrons for this cluster.
Using a nine-atom cluster, with four more atoms
in the second layer, and the binding distances cal-
culated for the five-atom study, the binding ener-
gies are 2.9, 1.3, and 1.5 eV, with the same en-.

ergy-level assignments. The fourfold site pre-
ference is maintained though the calculated bind-
ing energy is decreased, providing an illustration
of the effect of model size on overall binding en-
ergy. Because of this dependence the emphasis
is placed on relative binding energies for the
sites.

——lO—)

-l4—

-27—
4, 2, I -fold

-28—

FIG. 4. Orbital energy levels for 0 at equilibrium
on Fes as in Fig. 3. Singly filled levels are shown with
vertical arrows.

IV. 0 CHEMISORBED ON Fe(100): ENERGY LEVELS

Comparison of the energy levels in the nine-
atom Fe cluster with the experimental" Fe(100)
photoemission spectrum in Fig. 5 shows similar
widths. At about 1.5 L exposure to O„a c(2 x 2)
low-energy electron diffraction pattern appears"
corresponding to half monolayer coverage, and
for this the 5Fe+0 spectrum is in qualitative
agreement with the photoemission difference spec-
trum (also from Ref. 11, shown in Fig. 5). Slight
shifts in the 0 and Fe VSIE levels could improve
the agreement. If, for example, the 0 and Fe
VSIE are decreased 2 and increased 1.5 eV, re-
spectively, the 0 2p levels lie at 5 eV beneath the
Fermi level and the 0 charge is about —0.07.
Something between these and the former shifts
could put the 2p levels in exactly the correct posi-
tion while maintaining a small 0 charge and the
same distance from the surface. To do this would
not provide further insight. The peak and levels
at about 5.5 eV below the Fermi energy EF are
due to 0 2p orbitals. The width of the experimen-
tal peak may be due to multiplet splittings. "~"
The three highest filled levels in the cluster con-
tain substantial charge on the oxygen due to anti-
bonding mixing of its p orbital with the Fe surface
orbitals from the upper part of the Fe" d band.
This appears to give rise to the shoulder seen in
the difference spectra at higher coverages around
1.5-2 eV below E„." It is believed that at in-
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I posed surface in Fig. 5 shows. Larger cluster
models would widen the calculated bands somewhat
but not change their positions and would not fill in

the weak O peak at 10 eV which is believed to be
caused by electron "shakeup. ""

V. SUMMARY AND DISCUSSION

4FeO IIIII I III II I I

2p 2p

Pure Fe

9Fe 3d band ~
I I l I i I I I I l I

Ener (eV)
5 0=EF

FIG. 5. Experimental Fe photoemission spectrum and
difference spectra for 1.5- and 60-L exposure to 02 at
300 K as taken from Ref. 11. The calculated Fes+0 in
the fourfold binding site levels compare with the low-
coverage spectrum and the calculated levels for (FeO)4,
with Fe in a square superimposable on the (100) surface,
compare with the high-coverage spectrum.

A molecular-orbital theory which adds one-elec-
tron orbital energies to pairwise atom repulsions
has been adapted to high-spin ionic iron oxides.
This is accomplished by occupying all levels in the
Fe 3d band with at least one electron and shifting
VSIE levels in response to charge transfer. Agree-
ment with experiment is promising. Other systems
are obviously open to similar studies.

Further, this study suggests that structures for
iron and other transition metal systems are
strongly dependent on the unpairing of electron
spins. Semiempirical one-electron theories and
ab initio single-determinant and multideterminant
treatments of these systems will need to recog-
nize this to produce reliable results. It is impor-
tant to learn experimentally the spin, structural,
and electronic properties of clusters and surfaces
for their own sake and to provide a guide to readily
applicable theoretical procedures such as the one
employed here. Although low-spin approximation
may work some of the time, they cannot be counted
on, and in the course of this study no parametriza-
tion scheme was found which would allow simul-
taneously the description of FeO and the surface
oxide structure in the low-spin approximation.

ACKNOWLEDGMENTS

creasing exposure to 0, FeO islands nucleate and
cover the surface prior to bulk oxidation. " At
exposures of 4.7, and 60 L (1 langmuir = 10 6 Torr
sec), emission from the Fe d band weakens the
shoulder 1.5-2 eV below E~ becomes apparent.
The energy levels of a bulk square array of 4 FeO
bear this out as a comparison with the 60-L ex-

professor T. Rhodin and Dr. C. Brucker are
thanked for providing a preprint of their work
prior to publication. This work was supported in
part by the NSF. Acknowledgment is also made to
the donors of the petroleum Research Fund, ad-
ministered by the American Chemical Society, for
partial support of this work.

A good discussion of formalism in ab initio and semi-
empirical procedures appears in R. G. Parr, Quantum
Theory of Molecular Electronic Structure (Benjamin,
New York, 1964). Semiempirical theories are dis-
cussed in O. Sinanoglu and K. B.Wiberg, Sigma Mo-
lecular Orbital Theory (Yale University, New Haven,
1970). The Xe scattered-wave method is outlined
in J. C. Slater and K. H. Johnson, Phys. Rev. B 5, 844
(1972) .

2A. B.Anderson, J. Chem. Phys. 62, 1187 (1975).
3Applications to several types of systems have been

completed by the author. For molecular and solid C,
Si, Ge, and Sn, see A. B.Anderson, J. Chem. Phys.
63, 4430 (1975); for clusters of Ti, Cr, Fe, and Ni

atoms, see A. B.Anderson, iMd. 64, 4046 (1976); for
closed-shell systems, see A. B.Anderson, ibid. 64,
2266 (1976); for ethylene and acetylene on Ni(111), see
A. B. Anderson, iMd. 65, 1729 (1976); for di-iron and
dicobalt hexacarbonyl acetylenes, see A. B.Anderson,
Inorg. Chem. 15, 2598 (1976); for hydrocarbon inter-
actions with iron surfaces in a low-spin approximation,
see A. B. Anderson, J. Am. Chem. Soc. 99, 696 (1977);
for an analysis of the uv spectra of Ni2 and Ni3, see
A. B.Anderson, iMd. (to be published).

4A. B.Anderson, J.Chem. Phys. (to be published).
5B. Rosen, Spectroscopic Properties Relative to Di-

atomic Molecules (Pergamon, Oxford, 1970).
6T. C. De Vore, A. Ewing, H. F. Franzen, and V. Cal-



16 MOLECULAR-ORBITAL THEORY OF BONDING IN FeO AND. . . 905

der, Chem. Phys. Lett. 35, 78 (1975).
7G. Das, T. Janis, and A. C. Wahl, J. Chem. Phys. 61,

1274 (1974).
8M. Krauss, Natl. Bur. Std. Technical Note 438 (1967)

(unpublished) .
~C. Kittel, Introduction to Solid State Physics (Wiley,

New York, 1956), p. 336.
K. O. Legg, F. P. Jona, D. W. Jepsen, and P. M.
Marcus, J. Phys. C 8, 2492 (1975).

~ C. F. Brucker and T. N. Rhodin, Surf. Sci. 57, 523
(1976).
T. N. Rhodin and G. Brown, Surf. Sci. 61, 466 (1976).
This work shows multiplet splitting is the cause of 0
sp peak widths for Ir, Ni, and Cs surface oxides.
Reference 9 ascribes this shoulder to Fe+ ionic emis-
sion.

'4W. Lotz, J. Opt. Soc. Am. 60, 206 (1970).


