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Sequential Oxygen Atom Chemisorption on Surfaces of Small Iron Clusters
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We report photoelectron spectra of iron oxide clustersCEe (x = 1-4, y = 1-6). For a givernx,
we find that the electron affinity increases with the number of O atoms, consistent with an increasing
degree of oxidation. The results are interpreted based on charge transfer interactions between the
Fe, clusters and the O atoms, and provide key information about the oxide cluster structures, in
which each O atom is suggested to locate on the surface of the clusters for thg and 4
series. These clusters provide novel model systems to understand the electronic structure of bulk
iron oxides. [S0031-9007(96)00370-5]

PACS numbers: 79.60.Eq, 33.60.Cv, 36.40.Jn

The interaction between iron and oxygen is one offFe,O, clusters there is significant metal-metal bonding
the most important chemical processes in understandingven for clusters with an Fe:O ratio comparable to the bulk
corrosion, biological oxygen transport, and oxide film stoichiometry. The oxide clusters appear to exhibit unique
formation. Even though there have been extensive studidmnding characteristics compared to the bulk iron oxides,
on the oxidation of single crystal iron surfaces [1—3]where there is no direct metal-metal bonding.
and elementary studies on the reaction between iron The experiments are performed with a photoelectron
and oxygen [4,5], a complete understanding about thepectroscopy apparatus that has been described in detail
interaction of oxygen with iron and the iron oxide surfaceselsewhere [12]. It couples a laser vaporization cluster
is still lacking. Well-controlled studies on small iron source with an improved magnetic bottle time-of-flight
oxide clusters not only provide a new avenue to obtai(TOF) photoelectron analyzer [13]. An intense pulsed
detailed information about the interaction between oxygetaser beam is focused onto a pure iron target, producing a
and iron but also provide models for the iron oxideplasma containing iron atoms in both charged and neutral
materials [6] and iron oxide surfaces [7,8]. states. A pulsed helium carrier gas containing 0.1% O

Bulk iron oxides have several different forms rangingis mixed with the plasma. The reactions between the
from FeO and FgO, (magnetite) to FgO; (hematite), iron atoms and the oxygen produce the desireddge
each with interesting properties. Their electronic strucclusters. The helium carrier gas and the oxide clusters
tures have been the subjects of many investigations [9andergo a supersonic expansion, forming a cold molecular
11]. Generally, these compounds are viewed as chargeeam. The clusters of interest are mass selected and
transfer oxides with strong ionic interactions between thalecelerated before photodetachment by a pulsed laser
iron and oxygen atoms. From FeO to.ER, the oxida- beam (355 or 266 nm). The apparatus has a resolution of
tion state of the Fe atom is increased frer to +3 while  better than 30 meV at 1 eV electron energy. The electron
Fes0, is a mixed valency compound containing Fe atomskinetic energy distributions are calibrated with the known
with both +2 and +3 oxidation states. All three oxide spectrum of the Cu anion and are subtracted from the
phases can be formed during oxidation of iron surfacegphoton energies to obtain the presented electron binding
from FeO to FgO3 with increasing oxygen exposure and energy spectra.
substrate temperature [1]. We focus on clusters with a fixed number of Fe atoms

In this Letter, we report the first study of a series ofand various O atoms. These are clusters with an increasing
small iron oxide clusters, £®,~ (x=1-4, y=1-6), degree of oxidation and unusual stoichiometry. The oxide
using size-selected anion photoelectron spectroscopy. Wauster distribution can be slightly varied by the Entent
find that, in general, the electron affinity (EA) of the oxide in the carrier gas with a lower £content favoring more
clusters with a given number of iron atoms increases wittoxygen-deficient Fg, ™ clusters. The distribution also
the number of oxygen atoms, consistent with an increasingepends on the resident time inside the nozzle. Longer res-
degree of oxidation. Interestingly, for=3 and 4, the EA ident time, i.e., a longer reaction time, favors clusters with
of the oxide clusters increases linearly with the numbeihigh oxygen content. For the four cluster series reported
of O atoms after the first oxygen atom adsorption. Thehere, the highest oxygen content cluster observed for each
results are interpreted by an electrostatic model, in which aeries is, Fe0s , F&Os , F&Og , and FgO,q , respec-
charge transfer occurs from the iron cluster to the O atomgively. However, as will be shown below, some of the
This leads to a series of structures in which the oxygemigh oxygen content clusters have EAs that are too high for
atom is suggested to be sequentially added to the clusténem to be studied at the current photon energies (3.49 and
surfaces. These results imply that for the;®¢ and  4.66 eV). The highest oxygen content cluster that we are
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able to study for each series is FeQ F&Os , FgOs; , edge of the spectra and adding a constant of 0.05—

and FeOgq , respectively. 0.07 eV to the intercept with the binding energy axis.
Our main results are summarized in Fig. 1 that showd§he constant is added to account for the instrumental

the photoelectron spectra for FeO(y =1-4), FeO, ~ resolution and thermal broadening. Well-resolved spectra

(y=1-5), FgO,” (y=1-5), and FgO, ™ (y = 1-6) at  are observed for the FgO and FgO, ~ clusters with
4.66 eV photon energy (266 nm). These spectra represewibrational structures resolved for several species. The
transitions from the ground state of the anions to thé~e;O,” and FgO,~ spectra become increasingly more
various states of the neutral species and can be viewembmplicated, and discrete electronic features are more
as the electronic excitation spectra of the neutral clusterglifficult to resolve. We also performed experiments at
The detachment thresholds represent the EAs of th8.49 eV photon energy (355 nm) and obtained slightly
neutral clusters. For spectra with resolved vibrationabetter resolved spectra. For thes;Be~ and FgO, ~
structures, the EA can be determined fairly accuratelyseries, qualitatively the same spectra are observed, except
However, broad spectra are often observed, and the EAesr Fe,O~ for which the shoulder near the detachment
are estimated by drawing a straight line at the leadinghreshold is resolved into a well-defined peak at the
lower photon energy. For certain clusters, long tails are
observed at the lower binding energy side. These are seen
a c more clearly in the spectra of f8;  and FgOs and are
most likely due to hot band transitions and population of
other minor isomers with low EAs. The tiny feature at the

o Fes®” low energy side of the E®, and FqOs~ spectra may
be due to the latter. These weak features always depend
i/\»v‘/ on the source conditions.
FeO2 The most interesting observation is the EA increase as a

function of the number of O atoms in each cluster series,

Fe303- except for FgO, in the FeO, series. These are plotted

‘ in Fig. 2 along with the EA values of the pure Feusters
[12,14]. For the FeQseries, the EA increase is saturated

Fe304° at FeQ, and there is no increase from Fg@® FeQ,. For

Relative Electron Intensity

FeO3

the FeO, series, the EA increase is smaller from,Bg
to Fe,O5 and appears to approach a saturation. For both
FeO4” Fe305- the FgO, and FgO, series, the first O atom addition does
T 7 3 7 AR ML LA S not produce an EA increase, and nearly linear increases

are observed after that. From §&& to Fe;Os, there is
a large EA increase, and F@&g and higher clusters have
EA values that are too high to be studied at the current

Fey0 Feqr detachment energy (266 nm). The same is observed for
the FO, ~ series, where F©; has an EA value larger
than 4.2 eV, representing a significant jump from®Gg .
W The higher clusters all have larger EAs and cannot be

Fe20y studied at 266 nm.

The spectra shown in Fig. 1 represent the electronic
Fe403° structures of these oxide clusters. However, detailed as-
signments of these spectra will require accumdteinitio
Fe203 . . .
FeaOg- calculations. Except for the FeO diatomic molecule [15],
no such calculations are yet available. In particular, the
Fe04
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FeQ, and FeO, series represent novel gas phase molecu-

lar species and will be dealt with in detail separately [16].
J}A In the remainder of this paper, we will focus on the Bg

and FgO, series where a liner dependence of EA vs O
is observed for a range of O atoms. A simple electro-
S 1. [ EESSS_———1 — static model is used to interpret the linear trend. This sim-
1 2 3 12 3 4 ple consideration, together with the previous works on the
Binding Energy (eV) Binding Energy (eV) structures of the pure clusters [17] and single O-adsorbed
FIG. 1. Photoslecion specira of & dlustes taken at g SGE B Ik o0 D gt into their
4.66 eV (266 nm) photon energy. (a) FeO(y =1-4), (b) X ; o 9
|1:elg))yf (y=1-5), (c) FeO,~ (y=1-5), (d) FeO,” (y=  unique bonding characteristics.
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4 phenomenon has been observed with largerdhgsters as
well, where the first O adsorption even induces a decrease
of EA for x = 8—15 [18]. For all other transition metal
clusters we have studied (Ti, V, Cr, Co, and Ni), we have
observed the similar phenomenon: For the trimer and
tetramer, the first oxidation does not induce an increase
of EA [19]. However, there is no reason to believe
that the first oxidation is less ionic than the subsequent
oxidation. One plausible interpretation is that, for the
Fe;O™ and FeO™ clusters, the electrostatic repulsion and
attraction experienced by the extra electron cancel each
other out. This would suggest that upon further oxidation
the negative charges on the O atoms are screened and that,
on average, the extra electron experiences more attraction
than repulsion for the higher clusters, giving rise to the
linear increase witly.
0 Itis interesting to speculate about the possible structures
T T T I I J I of these oxide clusters on the basis of the experimental
0 1 2 3 4 3 6 observations and the electrostatic model. The iron trimer is
Y (number of O atoms) known to have an equal triangulB¥, structure while the
FIG. 2. The electron affinity of the £©, clusters versus the tetramer has a tetrahed®) structure [17]. Our previous
number of O atoms. The values for Fe and,Fee from  study on single O atom adsorption on small iron clusters
Ref. [14], and that for Fgand Fa from Ref. [12]. found that the O atom prefers the edge site, bridging two
iron atoms for the dimer, trimer, and tetramer, with the face
The general trend of the EA increase with the numbesites more favored as the iron clusters become larger [18].
of O atoms is consistent with the increasing degree oftudies on the O-atom adsorption on small Ni clusters
oxidation. As is well known in the bulk oxides [9], also found that the O atom prefers the edge site on the
the interactions between the Fe atoms and the O atonstrahedral Nj cluster [20]. A recent study on NB finds
in the FgO, and FgO, clusters are expected to be a similar structure with the O atom bridge bonded to two
predominantly ionic. The liner dependence of the EA onNb atoms [21]. The bridge site adsorption in these small
the number of O atoms in the @, (y = 1-4) and FgO, transition metal clusters is surprising because it is known
(y = 1-6) clusters can be understood based on a simpléhat on bulk surfaces the fourfold sites are usually favored
electrostatic model, if we assume that each oxygen atorfl]. This is probably due to the more compact structures
is located on the cluster surface with a net charge transfeof the small clusters, which optimize the @ Bonding
ée, from the Fe iron cluster to each adsorbed O atom, i.e.,to the metal atoms in the bridge sites. Therefore, it is
(Fe,)?°*(0%7),. The EA, by definition here, is the energy reasonable to assume that for the higher oxide clusters the
required to remove the extra electron from the Ge O atoms will occupy the bridge sites successively. The
clusters. The EA is approximately proportional to two oxide cluster structures consistent with this picture are
terms: (1) the electrostatic repulsion of the extra electromlepicted schematically in Fig. 3.
with the O~ atoms,—yé&e?/R, whereR is the average These series of clusters are quite interesting because
distance between the extra electron and tde @toms; they cover the whole range of stoichiometries found in
and (2) the electrostatic attraction between the electrothe bulk oxides. If we assume that the O atom has an
and the positively charged metal centefe®/r, where oxidation state of-2, then the oxidation states of the Fe
yée is the total charge on the metal center anid the atoms can be evaluated in each cluster, depending on the
average distance between the electron and the positiv@ atoms a given Fe atom is bonded to. Therefore, we
charge center. On the basis of this simple electrostatifind that in both FeO; and FgO, the Fe atoms have 2
model, the EA should be proportional ypthe number of  oxidation state, and they may be viewed as fragments of
O atoms, with a slope afe?(1/r — 1/R). the bulk FeO oxide. In F®,, if the fourth O atom is
This simple electrostatic consideration seems to be ableridge bonded to two Fe atoms, we then find that there
to account for the linear portions of the EA yscurves are two Fe atoms witht+3 and one with+2 oxidation
for F&O, and FgO, (Fig. 2) remarkably well. The state, similar to the bulk magnetite (§&&,). Finally, in
underlying assumptions in this model are that the chargée,Og, each Fe atom reaches the high oxidation state of
transfer ¢e) to the O atom is the same at each step+3, similar to bulk hematite. For the clusters with an
of oxidation and that the O atoms are located on theéD:Fe ratio less than 1, they may be compared to the initial
cluster surface around the metal core. However, the firsbxidation of Fe surfaces, although the fourfold sites that O
O oxidation step does not produce an increase in the EAtoms prefer on the bulk surfaces are not available in these
and seems to be inconsistent with the model. The sam&mall clusters. It is also important to point out that, for
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Q stoichiometries, which may be important to understand the
C formation of oxide films and the initial nucleation.
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the bulk, i.e.(FeO, (n =3 and 4), FgO,, and (FgO3),. Press, Oxford, 1995).
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