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Core-Level Photoemission and LEED Studies of
Adsorption at Fe Surfaces: Comparison Between CO
and O,

Abstract: Carbon monoxide and oxygen interactions with « Fe(100) and polycrystalline surfaces have been studied by x-ray photoemis-
sion (XPS or ESCA) and low energy electron diffraction (LEED) at temperatures between 123 K and 473 K. For CO, the XPS results
demonstrate the existence of four electronically distinct CO adsorption states; one is dissociative and three are molecular. The binding
energy analyses are consistent with one of the latter molecular adsorption states, formed on the polycrystalline surface, having a
stretched CO bond compared with the equivalent state on the Fe(100) surface. For oxygen, only dissociative chemisorption is observed,
even at 123 K. Assuming monolayer coverage at saturation allows calibration of the coverage for all other situations of CO and O,
adsorption. It is demonstrated that at coverages of just greater than a monolayer (293 K adsorption), Fe oxide species are already present

and that Fe!l dominates. Studies at grazing angles, designed to enhance the surface sensitivity of the core-level measurements, fail to

reveal recognizable Fe!l or Felll

structure has developed at coverages much lower than this.

Introduction

Chemisorption and initial oxidation studies of transition
metal and alloy surfaces may be important to the basic
understanding of three phenomena: corrosion, catalysis,
and thin film magnetism. A large gap exists between the
“‘corrosion scientist’’ for whom air-exposed metal sur-
faces covered with a variety of reaction products to
depths of one to ten nm are the starting point of studies
that consume additional microns of material [1], and the
“surface physicist’”” who starts with clean single-crystal
surfaces and stops his chemisorption studies at the mono-
layer coverage point [2(a)]. It is entirely unclear, because
of a lack of attempts to link the two fields, whether the
chemisorption and initial oxidation processes have any
influence on subsequent heavy corrosion. It is also not
clear whether an understanding of the one area will assist
in developing an understanding of the other. Practical
heterogeneous catalysts are usually transition metals and
alloys dispersed as small particles on a support material
(e.g., AL,O,) [2(b)]. They may be treated to some mys-
terious ‘‘activation’’ processes before use. The object of
the catalyst is to increase the reaction rate, or, more im-
portantly, the selectivity of a reaction toward a desired
product [2(b)]. Reactions are usually performed with the
reactants at high pressure. The relevance of chemisorp-
tion studies performed on clean surfaces under ultra high

species much below monolayer coverage even though LEED studies indicate that an FeO-like geometric

vacuum (UHYV) conditions to catalysis then rests on the
assumption that an understanding of reaction mechanisms
on such surfaces can be correlated with those on practical
catalyst surfaces. In specific cases, if not in general, this
is probably true. Note, for example, the deactivation of
surfaces toward specific reactions through contamination
by sulfur, carbon, etc. [3, 4]; or the phenomenon of ‘‘sur-
face reorientation’’ [5], where it has been claimed that the
different geometries of a single-crystal surface and the
equivalent catalytic particle surface are both reoriented
by adsorption to a common structure. In thin film tech-
nology two aspects must be considered. First, even very
mild corrosion consumes a significant fraction of the ma-
terial if the films are very thin; and second, for some thin
film alloys it is conceivable that a highly reactive com-
ponent may exist in an oxidized form throughout the
film, causing unexpected effects on the magnetic prop-
erties [6].

The increase in experimental activity in the area of
chemisorption bonding over the last decade has been ac-
companied by a similar increase in theoretical activity
[2(c)]. Models for the interaction of the CO molecule and
the oxygen atom with metal surfaces have been consid-
ered [7-11], the usual links to experiment being made
through ultraviolet (UV) photoemission and LEED re-
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Figure 2 Low energy electron diffraction (LEED) (92 eV) for
CO adsorption on Fe(100): (a) clean surface, (b)-(d) at CO ex-
posures corresponding to the O(1s) XPS intensities indicated
schematically. The maximum exposure required to saturation (d)
was approximately 4 x 10~ Pa-s (3 langmuirs).

sults. The CO/Ni system is perhaps the best example of
the former experiments. Here the original experimental
assignment of the CO ‘‘orbital resonances’’ observed in
the photoemission spectrum changed [12, 13] as a result
of comparison with theoretical electronic structure calcu-
lations on Ni/CO cluster models and with both theoretical
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calculations [7, 11] and photoemission measurements on
transition metal carbonyl compounds (see comments of
D. R. Lloyd in [12]). Along with the reassignment came
an appreciation of the significant reduction in observed
orbital energies caused by electron reorganization (relax-
ation) under the influence of the positive hole of the
photoionization final state. Ultraviolet photoemission
work on hydrocarbon adsorption had also demonstrated
this effect [14]. Subsequently, more sophisticated photo-
emission measurements involving variation of the photon
energy (synchrotron radiation) confirmed the necessity
for a reassignment [15]. Since that time both angle-re-
solved, polarization-dependent and variable Av data have
been used to establish the orientation of the CO molecule
with respect to metal surfaces [16-18].

For LEED there is now a substantial body of data pro-
viding determination of the geometry of ordered O, S, and
N atoms on single-crystal surfaces that can be compared
with the predictions of theory [19].

Though UV photoemission studies combined with
LEED have assisted greatly in elucidating the electronic
and geometric nature of chemisorption bonding, they do
have some serious deficiencies that one can attempt to
overcome by using other surface techniques. Low energy
electron diffraction provides no information about dis-
ordered species, and it can be very difficult to even estab-
lish whether a major, or only a minor, portion of the ad-
sorbate is in the ordered structure giving rise to a LEED
pattern. Ultraviolet photoemission does not provide a
good quantitative elemental analysis of the surface. In ad-
dition, detection and interpretation of multiple adsorption
states, either of the same molecule or of a combination of
molecules, are difficult because of the possibility of
strongly overlapped features and the often unpredictable
changes in valence energy levels with change in adsorp-
tion bonding characteristics [2(d)].

Studying the core levels by x-ray photoemission (XPS)
provides one means of helping overcome the deficiencies
mentioned previously. Since the core levels are essen-
tially atomic in nature, relative intensity measurements
can provide a more quantitative analysis than UV photo-
emission. Core-level chemical shifts, while not giving the
direct bonding information of the valence levels, provide
a surer means of distinguishing among different adsorp-
tion states. In addition, since the shifts for each type of
atom in an adsorbed molecule can be monitored, inter-
pretation in terms of bonding characteristics can some-
times be simpler than for UV photoemission [2(d)]. It is,
of course, true that a combined electron emission study
encompassing valence levels, core levels, and Auger elec-
trons (which may provide further information from their
chemical shifts) is ideal for electron spectroscopy.

The work described in this paper involves simultaneous
XPS and LEED measurements of the adsorption of CO
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Figure 3 C(1s) XPS spectra (recorded at 20 eV analyzer band-
pass energy, 300 s recording time, 1 s time constant) for the ad-
sorption of CO on Fe at 293 K. Traces are for (a) clean Fe sur-
face, (b) saturation CO coverage, and (c) surface warmed to 373

and oxygen on an « Fe(100) surface. UV photoemission
measurements were also carried out, but they will not be
discussed here. X-Ray photoemission spectroscopy
(XPS) measurements on a polycrystalline surface were
also made. Studies of Fe surfaces have obvious implica-
tions for corrosion studies. Nickel-iron-based alloys are
extensively used in thin-film and other magnetic devices
and are also being investigated as potential catalyst mate-
rials. We are extending the present studies to single-crys-
tal NiFe alloys. The choice of oxygen as an adsorbate is
obvious in relation to oxidation and corrosion, and follows
from earlier work by the present author and coworkers on
Fe films [20, 21}. It was decided to study CO in detail
because of the extensive photoemission and theoretical
literature available for CO adsorption on other transition
metal surfaces and because it has been reported that Fe
occupies a borderline position with respect to those tran-
sition metals that cause CO dissociation and those that do
not [17].

Experimental procedure

The spectrometer system used in these studies was spe-
cially constructed by V. G. Scientific, East Grinstead,
U.K. A block diagram is given in Fig. 1. It is an UHV
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Figure 4 O(1s) XPS spectra (20 eV, 300 s recording time, 1 s
time constant) for the adsorption of CO on Fe at 293 K. Traces
represent (a) the clean Fe surface, (b) the saturation CO cov-
erage, and (c) the spectra after flash heating to 373 K for a few
seconds.

diffusion- and sublimation-pumped system (base pres-
sure <9 x 107" Pa) which has facilities for XPS (Al K«
and Mg Ko twin-anode 1486-eV and 1256-eV energy). He
I and He 11 photoemission (21.2 eV and 40.8 eV), LEED,
electron impact Auger, and secondary ion mass spec-
trometry (SIMS).
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Figure 5 C(1s) XPS spectra for the adsorption of CO on Fe at
123 K (20 eV, 300 s recording time, 1 s time constant). Traces
represent (a) clean surface, (b) initial adsorption, and (¢) satura-
tion coverage.

The high resolution analyzer used for the XPS/UPS
analysis is of the hemispherical type [22]. The LEED op-
tics are of standard four-grid design. The sample may be
cooled by circulation of liquid nitrogen through the
sample probe and heated by electron bombardment or di-
rect current. The probe is fully rotatable so that polar
angle variation is available for both UPS and XPS. A sep-
arate UHV gas handling system is connected to the spec-
trometer for the introduction of adsorbates.

The cut and polished a-Fe crystal measured 1 cm X
1 cm X 0.1 cm and was oriented to within one degree
of (100). It was attached to the sample probe by spot-
welding the edges to 0.5-mm tungsten rods. Temper-
atures of =123 K could be obtained in the liquid nitrogen
cooling mode. Cleaning the crystal proved extremely dif-
ficult, as has been found previously for Fe single-crystal
surfaces [23, 24]. The main problems encountered were
the restriction to temperatures below the phase transition
(1185 K) and the rather large bulk carbon content of the
single crystals. It has been found that repeated cycles of
Ar ion bombardment at 1073 K followed by 673 K (12
hours each) plus a final flash anneal to =973 K is capable
of producing a surface free from oxygen and nitrogen and
largely free from carbon. To avoid excessive sputtering of
the iron, bombardment by H” ions may also be used in

C. R. BRUNDLE

the final cleaning cycles. The nitrogen apparently only
segregates to the surface once the carbon content of the
bulk (or subsurface) has been reduced enough that it
does not segregate to the surface in large quantities. Thus
nitrogen was not observed in the early stages of cleaning.
No sulfur impurities were observed during this study. The
whole cleaning treatment takes about one week and even
then the residual carbon constitutes about 8% coverage if
the carbon were all present right at the surface. Because it
is more likely to be spread over several layers this fig-
ure represents a maximum contamination level. The
Fe(2p):C(1s) relative intensities from which the con-
tamination estimate was made (discussed later) are
1:0.003 at this point. The LEED spectrum of such a sur-
face showed sharp (1x1) spots with no evidence of any
overlayer ¢(2X2) structure, at any voltage [Fig. 2(a)]. The
LEED data on deliberately contaminated surfaces, or
earlier in the cleaning cycle, show that C, N, or O all
form ¢(2x2) patterns. The clean surface could be kept for
about one hour at the best base pressure before faint
c(2x2) spots began to appear. At higher base pressure, the
““clean time’’ was shorter and we believe the ¢(2x2) pat-
tern is caused by residual CO, which as we shall see later
is initially adsorbed in a dissociated form. Though we
have the small amount of residual carbon on the ‘‘clean”
surface, the state of cleanness is considerably better
than in the o Fe(100)/O, study of Dwyer and Simmons
[23], where c(2x2) spots are clearly evident on their
“‘clean’’ surface, and it is comparable to that in the study
of Brucker and Rhodin [24].

The Fe polycrystalline surfaces were prepared by Ar"
sputtering clean ordered surfaces until no diffraction pat-
tern was observable. The subsurface does, of course,
contain some occluded argon under these conditions.

Adsorption runs were carried out both dose-wise and
continuously while XPS and LEED data were recorded.
Pressure measurements were made by nude ion gauge.
Adsorption runs were carried out with the gauge both on
and off; no effects due to the ion gauge were observed.
These measurements are uncorrected and so the quoted
exposures are nominal. Mg Ko« radiation (1256 eV) was
used mainly because higher fluxes were obtainable and
because slightly shorter escape depths are involved than
for Al Ka (1486 eV). Unless otherwise stated, the elec-
tron ejection angle ¢ (Fig. 1) was set at 45° for all XPS
spectra.

Results

Figures 3 and 4 show the C(1s) and O(1s) XPS regions for
Fe(100) in the as-cleaned state, at saturation coverage of
CO at 293 K and after flash heating to about 373 K for a
few seconds. Flashing to 973 K reproduced the original
clean state. The binding energy (BE) scale is calibrated
against the Fe(2p,,) line of the clean iron at 707.0 eV,

IBM J. RES. DEVELOP. e VOL. 22 @ NO. 3 ¢ MAY 1978




which suffers no significant change during the adsorption
other than a slight intensity decrease. The additional
structure in the O(1s) spectra is due to an Fe Auger line.
It can be eliminated by using Al Ka radiation instead of
Mg Ka, but in fact provides a useful internal intensity
standard.

The LEED patterns (92 eV) observed at various stages
up to saturation are shown in Figs. 2(b)-(d), together with
a schematic of the equivalent XPS O(ls) spectra. The
flash heating to 373 K of the saturated surface produced a
slight increase in the intensity of the ¢(2x2) spots and an
increase in the intensities of the four spots nearest the 0, 0
beam. However, even at this point, the c(2X2) spots are
not very sharp or intense in contrast to the situation of a
deliberately heavily contaminated surface (C, N, or O)
that has been well annealed. In the latter situation all
spots are sharp and of approximately equal intensity at
92 eV.

Figures 3 (upper) and 4 (upper) show the C(ls) and
O(1s) spectra for adsorption on the Fe polycrystalline sur-
face. Figures 5 and 6 show the C(I1s) and O(ls) spectra
obtained for adsorption at 123 K on the (100) and poly-
crystalline surfaces at an intermediate and saturation cov-
erage stage. Low energy electron diffraction data were
recorded in the low temperature study only at saturation
coverage. At 92 eV no c(2X2) spots could be observed,
just the original (1X1) pattern with rather a high back-
ground. Faint ¢(2X2) spots could be observed at higher
voltages.

The relative intensities of the XPS C(1s), O(1s), and
Fe(2p,,) lines, measured by area, for saturation cov-
erages at 123 K and 293 K are given in Table 1, together
with coverage estimates derived from these ratios (see
discussion section).

Figure 7 shows the growth of the O(1s) peak, taken at
an ejection angle of 45°, for the Fe(100) surface at 293 K
exposed to oxygen. At an exposure of 28.3 x 107! Pa-s
(21.3 langmuirs), the fast stage of the reaction is com-
plete; a further 26.6 x 107" Pa-s (20-langmuir) exposure
produced insignificant change in the spectrum. No signifi-
cant shift or change in half-width was observed for the
O(1s) peak as a function of exposure. Figures 8 and 9
show the changes occurring in the Fe(2p,,, , ,) spectra at
¢ = 45° and 20°, respectively, during the oxygen reaction.
Several recent LEED studies of the adsorption of O, on
Fe(100) have been reported [23-25]. The behavior we ob-
serve (Fig. 10) is consistent with these recent reports,
rather than with earlier reports where the cleanness of the
surface was in doubt. A ¢(2x2) pattern is observed imme-
diately on adsorption, which reaches its maximum in-
tensity (92 eV) at around 1.3 X 10~ Pa-s (1-langmuir) ex-
posure. The c(2x2) spots, which are never very strong,
fade rapidly beyond this point, and by 8 x 107* Pa-s (6
langmuirs), the pattern returned to (] x1), with the four
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Figure 6 O(ls) XPS spectra for the adsorption of CO on Fe at
123 K (20 eV, 300 s recording time, 1 s time constant) for (a)
clean surface, (b) initial adsorption, and (c) saturation coverage.

spots nearest the 0, 0 beam being very intense and fuzzy
and the remaining spots being weak and sharp [Fig.
10(b)]. This pattern has previously been ascribed to a
two-dimensional layer of FeO with epitaxial relationship
to the substrate and a lattice parameter slightly smaller
than that for bulk FeO, thus accounting for the coinci-
dence between substrate and FeO overlayer lattice reflec-
tions [23]. Further exposure to oxygen gradually weakens
all features until by 12.4 x 107 Pa-s (9.3-langmuir) ex-
posure, for which the equivalent O(l1s) spectrum is re-
corded in Fig. 7, only a very faint (1x1) is observable
[Fig. 10(c)] and by 20 x 107 Pa-s (15 langmuirs) only a
high background is observable [Fig. 10(d)].

Figure 11 shows the O(ls) spectra for saturation cov-
erage for exposure at 123 K and the result of subsequent
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Figure 7 Growth of O(1s) peaks as a function of exposure to O,
(in 10* Pa-s and parenthetically in langmuirs) for the Fe(100)
surface at 293 K. Traces represent (a) clean surface, (b) 3 (2.3),
(c) 12.4 (9.3), (d) 20 (15), and (e) 28.3 (21.3). Spectra were re-
corded at 20 eV analyzer bandpass energy in 300 s with a time
constant of 1 s. Trace (e) has been scaled down by a factor of
3.3.

warming to 293 K. Both Mg Ka- and Al Ka-induced
spectra are shown because of the complication of addi-
tional structure around 534 eV at 123 K.

Low energy electron diffraction shows no evidence for
the formation of a ¢(2x2) pattern during adsorption of ox-
ygen at 123 K. (In the present work, a very weak c(2x2)
observable only at voltages higher than 92 eV was pres-
ent before the addition of the first dose of oxygen. This
we ascribe to the dissociation of residual CO during cool-
ing from 973 K to 123 K.) At 92 eV all that was observed,
in contrast to the 293-K case, was rapid increase and then
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Figure 8 Fe(2ps;,, 112) spectra as a function of exposure to O, for
the Fe(100) surface at 293 K in 10~ Pa-s (langmuirs). Traces rep-
resent (a) clean surface, (b) 7 (5.3), (¢) 12.4 (9.3), (d) 20.3 (15.3),
and (e) 28.3 (21.3). (20 eV, 300 s recording time, 1 s time con-
stant).

decrease in background intensity as a function of ex-
posure to leave at saturation the p(1x1) pattern suppos-
edly characteristic of an FeO layer.

The O(ls) and Fe(2p,,) relative intensities at various
points during the adsorption at 293 K and 123 K are given
in Table 1, together with coverage estimates.

Discussion

® Analytical aspects
The coverage estimates in Table 1 were obtained from the
relative Fe(2p,,) and O(1s) or C(1s) intensities by the fol-
lowing procedure.

The fraction /, of the total clean surface Fe(2p,,) in-
tensity [, originating from the top layer of atoms, was
obtained from the relationship

I, = I,(1 - exp /L, sin ¢), M

where d is the a Fe interlayer spacing normal to the (100)
surface (0.143 nm), L_ is the escape depth for 550-eV
electrons through iron, and ¢ is the angle of ejection of
the detected electrons. A value of L, = 0.7 nm was used
[26], yielding an I, value of 25 percent. Thus, the mea-
sured ratio O(1s):Fe(2p,,) when multiplied by 40

clean
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Table 1 Relative XPS intensities? of C(1s) and O(1s) lines and derived surface coverage.

Surface and adsor- Temperature Peak intensity Coverage 6, Relative®

bant conditions (K) estimated from® 0 value
O(ls) C(1s) O(1s) C(1s)

Fe(100), CO, satur- 293 0.025 0.010 0.38 0.43 0.20
ated

Fe(100), CO, satur- 123 0.077 0.029 1.13 1.20 0.61
ated

Polycrystalline Fe, 293 0.029 0.009 0.44 0.39 0.23
CO, saturated

Polycrystalline Fe, 123 0.083 0.031 1.26 1.33 0.68
CO, saturated

Fe(100), 0,,2.3 L4 293 0.028 — 0.41 — 0.22

Fe(100), O0,, 15L 293 0.115 — 1.67 — 0.90

Fe(100), O,, satur- 293 0.211 — 3.12 — 1.68
ated

Fe(100), O,, satur- 123 0.125 — 1.85 — 1.00
ated

2Intensities measured by area for saturation coverages at 123 K and 293 K; intensities given relative to the Fe(2p,,) line for the clean iron surface.

“Coverages estimated from an L, value of 0.7 nm, and o values taken from Scofield [27].

“Values given relative to the 8 for Fe(100) for O, saturation at 123 K.

“A langmuir (L) is a measure of exposure representing 1.33 x 10~* Pa-s, e.g., an exposure of 1,33 x 10~* Pa (107 torr) for 1 second, 1.33 x 10~ Pa for 10 seconds, etc.

Fe(2p,,)/aO(1s), where o is the photoionization cross
section for hv = 1256 eV, represents the coverage in
terms of oxygen atom monolayers (defined as one ad-
sorbed atom per surface Fe atom). A similar calculation
can be performed by using the C(ls) intensities and o
C(1s) [27] to yield carbon atom monolayers. These are the
values shown in Table 1, columns 5 and 6, the values for
o being taken from atomic cross-section tables of Scofield
[27]. The absolute coverages calculated in this manner are
unlikely to be reliable to better than 50 percent because of
several uncertainties in the parameters used. The electron
escape depth L, is not known with confidence, despite
recent work in this area [28-30]. The relative atomic cross
sections of Scofield [27] are expected to be accurate to
within 10 percent. There are two experimental complica-
tions. The first is the actual measurement of the relative
areas of the photoemission peaks. It is well recognized
[2(d)] that it is difficult to partition intensity between sig-
nal and scattered electron background, especially when
there might be genuine muitiplet or shake-up structure
following a photoelectron peak which should be included
as part of the peak intensity. Secondly, a correction of the
measured intensities should be made to allow for the
transmission function of the spectrometer, which varies
with kinetic energy (KE). It is these factors which prob-
ably cause the coverage estimate using the C(ls) in-
tensities to differ slightly from those using the O(ls) in-
tensities in the CO adsorption cases rather than any de-
parture from a 1:1 relative intensity of carbon to oxygen
atoms. The relative coverages for all adsorption situa-
tions of Table 1 should be much more accurate, since
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Figure 9 Fe(2p;,, ;) spectra at an electron ejection angle ¢ of
20° as a function of exposure to O, for the Fe(100) surface at 293
K. Traces are for (a) clean surface, and exposures (in 10~* Pa-s
and parenthetically in langmuirs) of (b) 7 (5.3), (c) 12.4 (9.3), (d)
20.3 (15.3), and (e) 28.3 (21.3). (20 eV, 300 s recording time, 1 s
time constant). Traces (d) and (e) have been scaled up by a factor
of three.
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Figure 10 Low energy electron diffraction patterns (92 eV) for
0, adsorption on Fe(100) at various exposures, given in 107 Pa-s
and parenthetically in langmuirs. (a) 3 (2.3), (b} 7 (5.3), (¢c) 12.4
(9.3), and (d) 20 (15).

these are not affected by transmission function or by
inaccuracies in L, and o. The last column of Table 1 is,
therefore, a normalization of the intensities to unity for
saturation O, adsorption on Fe(100) at 123 K. The choice
of unity is arbitrary but reasonable, since there is evi-
dence that for O, adsorption on Fe films at 77 K satura-
tion coverage is one monolayer [31]. A calibration by
flash desorption would be useful for CO adsorption. For
O, adsorption oxygen dissolves into the bulk on heating.
The estimates are likely to be more accurate than any
based on ““full’’ development of a LEED pattern, which
are notoriously unreliable since they assume that only
perfect ordering exists and that there is a one-to-one
relationship between LLEED spot intensity and coverage.

The values of the derived coverages in Table 1 are dis-
cussed later with respect to the observed LEED changes
and the information provided by the binding energy anal-
ysis.

C. R. BRUNDLE

® Oxygen adsorption: BE and LEED analyses

We have previously reported XPS and UPS data con-
cerning the adsorption of oxygen on Fe films [20], and on
the XPS spectra of well characterized bulk Fe oxides [21].
The object of the latter, aside from intrinsic interest in the
electronic structure of the oxides, was to use the charac-
teristic spectra to ‘‘fingerprint’’ the results of the Fe/O,
interactions and so determine, if possible, which Fe oxide
species are formed during early oxidation. We were able
to establish from the oxide studies that Fe®* species are
distinguishable from Fe®*, both in the 2p core level and
the valence band, but octahedral coordination is not eas-
ily distinguishable from tetrahedral coordination. The
Fe(2p,,,) spectra of Fe metal FeO, Fe,O,, and Fe,O, are
shown in Fig. 12. We were then able to identify Fe** as
the dominant species formed at high coverage 8 (>1.5) on
oxidation of polycrystalline iron, but could not rule out
the possibility of Fe*' being present as a minor consti-
tuent (Fe,O, or Fe,O, could therefore be the product). A
typical oxidized film Fe(2p,,) spectrum is also shown in
Fig. 12. We were also able to show that the valence band
spectra, by XPS or UPS, were characteristic of Fe** as
the major species. This is in disagreement with an earlier
interpretation of very similar UPS data [24] where an
assignment to FeO was made. At lower oxygen cover-
ages a clear chemically shifted Fe(2p,,) peak was not ob-
served, making identification of the species formed im-
possible. The reason for the lack of a shifted peak could
be either that no species resembling Fe®* or Fe® is
formed, or that the escape depth is too great to allow
resolution of a small chemically shifted component from
the unshifted substrate peak.

In the present work we have repeated the adsorption
measurements on the Fe(100) surface, the Fe(2p3/2) re-
sults at ¢ = 45° being shown in Fig. 8. The major product
at the saturation stage, as judged by the 3.8-eV shift ob-
served between the oxidized overlayer and the substrate
Fe(2p,,,) signals [trace (e)], is clearly identified as Fe™.
The lower exposure spectra show no clear evidence for a
chemically shifted component. In Fig. 9 at ¢ = 20°, the
effective escape depth is reduced [Eq. (1)]. There is, as
expected, a large increase in the ratio of Fe oxide to Fe
metal for trace (e), and, more importantly, it becomes
clear that trace (d), the 20.3 x 107" Pa-s (15.3-langmuir)
exposure case, exhibits clear evidence of Fe’". From the
last column of Table 1, the 20.3 X 107" Pa-s exposure
case corresponds to 8 = 0.9 and at ¢ = 20°, =45 percent
of the Fe signal should originate from the outermost layer
[Eq. (1)]. A rough deconvolution of trace (d), Fig. 9, into
Fe® and Fe®* (or Fe*"/Fe’™) components indicates that
around 0.8 of this outer layer of Fe atoms has been con-
verted to Fe®* (+Fe®); i.e., at # = 0.9 oxygen coverage,
a genuine oxide layer exists. The 12.4 x 107 Pa-s (9.3-
langmuir) exposure corresponds to @ = 0.55 and there-
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Figure 11 O(ls) spectra produced with Mg Ka radiation for
saturation adsorption of O, on Fe(100) at 123 K. (a) initial spec-
trum, (b) after 10 min in O, at an exposure of = 40 X 10~ Pa-s
(300 langmuirs), and (c¢) after warming to 293 K. Traces (d) and
(e) are similar to (b) and (¢), except that they were produced with
Al Ko radiation.

fore, at ¢ = 20°, some 25 percent of the Fe signal should
be chemically shifted if the bonding characteristics are
the same as for the # = 0.9 case. We would expect to
see evidence for this in Fig. 9, trace (¢), which is not the
case. The conclusion is that whereas at around monolayer
coverage an oxide layer is present with Fe** dominant, at
half-monolayer coverage the oxygen atoms do not signifi-
cantly perturb the electronic structure of the surface Fe
atoms. An explanation of this phenomenon would be that
nucleation of three-dimensional oxide islands (of suffi-
ciently large macroscopic size for the Fe atoms to be elec-
tronically equivalent to the Fe®* core of a bulk oxide) be-
comes significant only above § = 0.5. Chemisorbed oxy-
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Figure 12 Fe(2p,,) XPS spectra for (a) an Fe foil, (b) Fe,0;, (c)
Fe;0,, (d) FeO, and (e) an oxidized polycrystalline Fe foil.
Spectra were recorded on a Hewlett-Packard 5950A, with mono-
chromatized Al Ka radiation [21].

gen not present in the island must not produce any
significant alteration in the metallic electronic state of the
neighboring Fe atoms. The O(1s) signal, with the binding
energy (BE) of 530.2 eV, however, is characteristic of
O® or something close to this right from the start of ad-
sorption. An O(1s) BE of =530 eV is observed for FeO,
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Fe,O,, Fe,O,, and a number of other ionic metal oxides
[2(d)]. There is no evidence for any significant concentra-
tions of molecular oxygen (which would give a BE 5-6 eV
higher), though kinetic measurements discussed else-
where indicate that it is probably present as a low-con-
centration mobile precursor to the dissociated state [20].
Thus the adsorbed oxygen is both dissociated and appar-
ently highly negatively charged both below and above 6 =
0.5, even though the Fe atom only takes on full ionic char-
acter above 6 = 0.5. This is explainable in terms of a co-
operative donation of electrons from the (many) Fe sub-
strate atoms to the (few) electronegative O atoms prior to
the coverage stage where nucleation into macroscopic is-
lands of Fe oxides becomes significant.

The ¢(2%2) and the (1x1) LEED structures observed
would, for perfect ordering, correspond respectively to 6
= 0.5 and I at their maximum intensities. It would be de-
sirable to demonstrate that the conversion from an ideal
c(2x2) structure (where every other site is filled with oxy-
gen atoms) to (1xX1) two-dimensional islands of *‘FeO™
(where every site is filled with O atoms) corresponds to
the observed conversion of metallic Fe character to Fe**
character. Unfortunately this is not the case. Both LEED
structures occur and fade before the emergence of the
Fe* in XPS (see the LEED data of Fig. 10 and the XPS
data of Fig. 9). Their maximum intensities, according
to our coverage estimates of about 0.2 and 0.4 mono-
layer, imply that they represent islands that never cover
much of the metallic surface. Presumably it is the dis-
ordered oxide phase succeeding the (1x1) structure that
gives rise to the XPS Fe®* feature. Therefore, either
the ¢(2x2) and the (1x1) structures do not contain Fe
atoms that are significantly different electronically from
metallic Fe (despite the geometric resemblance of the
(1x1) to FeO [32]), or they are never present in sufficient
quantity on the surface to be distinguished in the Fe(2p)
XPS. It should be noted that even if our coverage esti-
mates are incorrect, the conclusion that neither of the
LEED structures gives rise to the chemically shifted Fe®"
state is unaltered.

We now turn to the low temperature oxygen adsorption
on Fe(100). In the present work no attempt was made to
study the behavior as a function of coverage, the sub-
strate merely being subjected to a sufficiently large dose of
oxygen (several langmuirs) to reach saturation. The O(1s)
spectrum corresponding to this situation is shown in Fig.
11, trace (b). Saturation adsorption at 76 K on Fe films
produces approximately monolayer adsorption, accord-
ing to Horgan and King [31], and it is therefore from the
Fe(2p, /2):0(15) ratio at 123 K that the coverage calibra-
tions are established in the last column of Table 1. After
leaving the sample to stand in a flowing atmosphere of 6.7
x 107° Pa O, for 10 min, the extra O(ls) structure shown
in Fig. 11(c) is obtained. This was identified as being due
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to condensed CO, by the value of its O(1s) BE, by the
presence of a C(1s) feature at 291 eV, and by the intensity
ratio of these peaks. In the UPS all the molecular CO,
valence levels could also be observed at their expected
energies. The CO, was probably generated by the inter-
actions of the oxygen with ion-gauge and other filaments.
The pickup of condensable impurities at low temperature
is always a potential problem. Carbon dioxide impurities
have been identified in a number of previous publications,
and in at least one study the unrecognized presence of
H,O has led to misinterpretation [33]. In a previous study
of Fe films with O, [34], we suggest that an O(1s) level at
533.5 eV attributed to oxygen is in fact due to condensed
CO,. It is essential when taking UPS valence level data
at low temperature to monitor the core-level spectra
to avoid misinterpretation of the valence levels. The
O(1s) spectrum of Fig 11(c) was also recorded with Al-
Ka radiation [Fig. 11(a)] so that the CO, feature could
be more clearly observed in the absence of the Fe Auger
peak. At 123 K, the main O(ls) peak is narrow and is
located at 530 eV, which is therefore characteristic of dis-
sociated highly ionic oxygen. Again, there is no evidence
for molecular oxygen, but the CO, interference in the BE
region where molecular O, would be expected reduces
the sensitivity of detection. A previous XPS kinetic study
of the adsorption of O, on polycrystalline Fe at 76 K
strongly suggested the presence of a mobile precursor
state (presumably molecular oxygen) to the dissociated
chemisorbed state, even though molecular oxygen was
not observed in the XPS [20]. A thorough kinetic study on
the (100) surface is required to establish whether the same
is true here, and if so, to ascertain the upper limit of the
molecular oxygen concentration from its nonobservance
in the XPS.

On warming to 293 K, the CO, O(ls) and C(1s) peaks
disappear, but an additional O(1s) feature at =~ 532 eV ap-
pears [Figs. 11(d) and (e)]. The origin of this feature is
unclear. It disappears on pumping overnight or on warm-
ing for a few seconds to = 373 K. It may be due to oxygen
atoms produced by the dissociation of some of the con-
densed CO, on warming, which then remain on the oxy-
genated Fe surface. Conceivably it could represent a
change in the nature of the dissoctated chemisorbed oxy-
gen on warming from 123 K to 293 K. Obviously, the low-
temperature XPS requires a more thorough study than
that presented here, which is reported primarily to pro-
vide an approximate coverage calibration and to empha-
size the difficulties associated with the presence or pro-
duction of condensable impurities.

It has been suggested previously, from work on Fe
films [20], that the major difference between adsorption at
low temperature and at room temperature was the capac-
ity at room temperature, but not at low temperature, of
the chemisorbed oxygen atoms to undergo a limited num-
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ber of diffusion hops across the surface. In this way, the
¢(2x2) structure, in which nearest-neighbor sites are
empty, is reached. At low temperature the intermediate
¢(2x2) structure could not be formed without the neces-
sary diffusion ability and the (1x1) structure would be
built up by essentially random site adsorption. The pres-
ent LEED results at 123 K on the Fe(100) surface provide
support for the above model; the c(2x2) structure is not
observed, but an increase in background intensity (in-
dicating disordered adsorption) and then a decrease is ob-
served prior to the (1x1) structure formation.

® Carbon monoxide adsorption: BE and LEED analyses
Examination of Figs. 3 and 4 indicates that a total of four
distinct electronic states of adsorbed CO can be recog-
nized. These are labeled I-1V in the figures and in Table 2,
which gives the O(1s) and C(1s) BE values.

State I corresponds to dissociation into atomic carbon
and oxygen and is present on both the (100) and poly-
crystalline surfaces. The C(1s) and O(1s) BE values are
identical (to within 0.2 eV) to those of the impurity
carbon and oxygen during the cleaning procedure; they
are also identical to those obtained by deliberate produc-
tion of carbon and oxygen atoms on Fe and other transi-
tion metal surfaces by a variety of means, e.g., O, on Fe,
Ni, Co, etc.; CO, and CO on Mo, W [2(d)]. Since there is
such a great similarity in dissociated carbon and oxygen
BE values on a variety of transition metal surfaces, it is
clear that the nature of the metal substrate plays only a
minor role in determining the BE values.

At 293 K the amount of dissociation at saturation is
greater on the polycrystalline surface than on the (100)
surface, as can be readily seen from the C(1s) spectra of
Fig. 4. This is compatible with the rougher nature of the
surface and the fact that previous He I UPS studies of CO
adsorbed on a variety of transition metals have estab-
lished that Fe occupies a borderline position in the peri-
odic table between dissociative and molecular adsorption
of CO at room temperature [17].

The remainder of the adsorption at 293 K is molecular,
resulting in state 11 on the (100) surface and state III on
the polycrystalline surface. The assignment of both states
to molecular CO is based first on the fact that the BE
values are well removed from the dissociated values.
Second, they are close to C(1s) and O(1s) values found for
CO molecular states on Ni, W, Mo, and Ru surfaces, and
third, the UPS valence level spectra of both states (not
discussed here) are characteristic of molecular CO, show-
ing the usual two peaks corresponding to 5o + l7r and 40
orbitals. At this stage any discussion of the nature of dif-
ferences between states II and III must be speculative,
but possibilities are a difference in adsorption site, or in
bond length or orientation with respect to the surface. An
explanation only in terms of different adsorption sites on
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Table 2 Binding energies for CO adsorbed on Fe.

State Temperature Surface C(ls) O(ls)
(K) V) (eV)
I 293 Fe(100), Fe 282.6 530.2
polycrystalline
11 293 Fe(100) 284.6 531.1
I 293 Fe polycrys- 285.6 S31.6
talline
v 123 Fe(100), Fe 285.6 532.1
polycrystalline

the (100) and polycrystalline surfaces, without any
change in bond length or orientation, seems unlikely in
view of the fact that such small differences in BE are
found from metal to metal for the strongly chemisorbed
room temperature molecular state. Interpretation in
terms of bond length or orientation differences seems
more likely. These can, of course, be caused by changes
in electronic factors resulting from changes in the site of
adsorption. There have been several UPS studies of the
valence levels of adsorbed hydrocarbons where changes
in the separation between certain valence levels are
claimed to be related to bond length and angle changes of
the hydrocarbon [35-37). The BE differences between
state II and state I1I are an increase in both the C(1s) and
O(1s) values for state 111, but a decrease by = 0.6 eV in
the separation between C(1s) and O(ls) values. This be-
havior is consistent with that found in a theoretical study
of a free CO molecule when the CO bond length is in-
creased by about 0.15 bohr radius a, from its equilibrium
value of 2.15 a, [10]. The agreement may be fortuitous
since the calculation does not include any effect of sub-
strate atom(s), but the suggestion is no more tenuous than
the similar explanations given for the observed changes in
hydrocarbon valence levels [35-37]. Surface vibrational
spectra would be extremely useful in further character-
izing states 1I and 1II. Two groups have recently shown
that such spectra, obtained by high resolution low energy
electron loss spectroscopy (ELS) can distinguish dif-
ferent types of CO bonding on metal surfaces and may
also provide guidance as to what sites are involved
(38, 39]. If the idea of a stretched CO bond for state 111 is
correct, it presumably arises from increased back-dona-
tion from the substrate into the antibonding 27* CO or-
bital, thus weakening the CO bonding, which would be
compatible with the increased quantity of dissociation on
the polycrystalline surface.

The LEED sequence of Figs. 2(a)-(d) shows that there
is a correlation between O(1s) and C(1s) intensity and the
intensity of the c¢(2x2) adsorption LEED spots. At pres-
ent the data are inadequate to indicate whether the corre-

245

C. R. BRUNDLE




246

lation is only with the dissociated species, only with the
molecular species, or with some combination of the two.
We know that prior to nucieation, oxygen atoms on their
own give rise to a ¢(2x?2) structure, and that carbon atoms
can do likewise, as evidenced by the ¢(2x2) structures
observed during the cleaning procedures. In addition, CO
adsorption on Ni(100) (which is entirely molecular) also
gives rise to ¢(2x2) features [40]. The fact that warming
the Fe(100) CO-saturated surface from 293 K to = 373 K
produces dissociation of the molecularly adsorbed CO
[see Figs. 3 and 4, trace (¢)] and at the same time sharpens
the c(2%2) structure could be taken to indicate that order
is associated only with the dissociated atoms. This is not
convincing evidence, however, since mild annealing
would be expected to improve the ordering of the chem-
isorbed species. Thus a mixture of poorly ordered CO, O,
and C, all in c(2x2) sites at 293 K, would give rise to a
better ordered O and C atom mixture if heated to 373 K
and then recooled. What is clear is that, unlike the case of
oxygen at 293 K, where adsorption continues beyond the
c(2x2) stage (causing the ¢(2x2) structure to fade rap-
idly), the adsorption of CO at 293 K does not show any
evidence in LEED of reaching a stage where the ¢c(2x2)
intensity starts to decrease. Thus the LEED evidence is
that CO adsorption does not cause any significant nucle-
ation into (1x1) islands and does not proceed beyond
half-monolayer coverage. This is supported by the rela-
tive coverage estimate in Table 1, which indicates 0.2
monolayer of CO as the saturation value. If dissociation
were complete this would correspond to a site coverage
of 0.4 monolayer. In fact, at 293 K the molecular dis-
sociated ratio is about 3:1, implying a site coverage of
0.15 by CO molecules, 0.05 by C atoms and 0.05 by O
atoms. There is an initial contamination of about 0.05 by
C atoms, which gives a total § of 0.3 monolayer. [Note
that even if the estimates were based on Scofield’s o val-
ues and an assumed L, value instead of the calibrated
value relative to oxygen, the site coverage would only be
0.5 monolayer, and this is still compatible with the LEED
data.] The reason for cessation of CO adsorption at less
than half coverage without any significant nucleation into
the close-packed (1x1) islands is clearly connected with
the stability of the CO bond toward dissociation by a
partly covered Fe(100) surface, in contrast to the oxygen
adsorption case where no molecular chemisorbed oxygen
is ever observed on the surface.

For adsorption of CO on Ni, Pd, and Cu (the last at low
temperature), previous LEED investigations have identi-
fied three broad regions of adsorption, though there are
significant detailed differences from metal to metal [40-
43). These regions represent disordered molecular ad-
sorption below 6 = 0.4-0.5, ¢c(2%x2) ordered molecular ad-
sorption at and near § = 0.5, and compression structures
between ¢ = 0.5 and saturation, which apparently ap-
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proaches 6 = 0.6-0.7. The present work on Fe is com-
plicated by the presence of the dissociated phase, but no
similar sequence of regions is observed. A ¢(2x2) order
is observed from the start of adsorption, but as stated
above this could be due to the dissociated species
only. No splitting of the ¢(2x2) spots characteristic of
compression structures was observed near saturation
coverage, but this is hardly surprising since that coverage
at 0.2 is considerably lower than the 0.6-0.7 values found
for Ni, Pd and Cu. In addition Tracy [40-42] repeatedly
makes the point that all the possible adsorption structures
will not be observed unless the surfaces are scrupulously
clean, but for Fe(100) the CO dissociation at 293 K pro-
vides its own ‘‘contamination.’’

Adsorption of CO at 123 K (Figs. S and 6) gives rise to
an additional molecular state, IV, which is apparently the
same or very similar on both the (100) and polycrystalline
surfaces. The initial adsorption at this temperature is into
states 11 [Fe(100)] and I (polycrystalline Fe) with dis-
sociation into state I almost negligible. Additional adsorp-
tion then takes place into state IV, which saturates at a
total coverage of # =~ 0.6 molecule (Table 1). Thus the
number of molecules in state [V at 123 K is about twice
that in states | and II at 293 K. State 1V is reversibly ad-
sorbed; warming to 293 K causes desorption. Re-adsorp-
tion can be achieved by cooling and re-exposing to CO.
The heat of adsorption of state IV is thus considerably
lower than those of 11 or 1. Again, interpretation of the
bonding characteristics of state IV is speculative at this
stage without proper evaluation of the UPS valence level
spectrum and other data, such as the vibrational spec-
trum, for guidance. It is noted that the C(1s) to O(1s) BE
separation is the same as that for state 11. If the previous
bond-stretching suggestion for state III is to be believed,
then state 1V, like state 11, has a normal CO bond length,
as might be expected for a weakly chemisorbed state.
Why then are both the C(1s) and O(1s) BE values shifted
to higher BE than state 11? Again, this seems to be con-
nected with the strength of the chemisorption bond. In a
wide variety of molecular adsorption cases it has been
generally observed that there is a crude correlation be-
tween the adsorption bond strength and the core-level BE
values [2(d)]. Thus, physically adsorbed or condensed
molecules have higher BE values than chemisorbed states
of the same molecules [44]. The reason for this is prob-
ably a reduction in final-state relaxation in the weakly
adsorbed situation (relaxation always lowers the observed
BE [2(c)]) owing to a reduced possibility for metallic
substrate electrons to move toward core holes on the
weakly held adsorbate. It has been alternatively sug-
gested [45], specifically for CO adsorption, that an ap-
parent correlation between heat of adsorption and O(1s)
BE reflects the differing amounts of direct and backbond-
ing contributions to the chemical bond. I would suggest
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that the correlation between heat of adsorption and BE is
capable only of crudely distinguishing very weak from
strong adsorption. The correlation may break down when
comparing strong adsorption with strong adsorption. For
instance, state III has higher BE values than 11, but I am
claiming that it may represent a state with stronger bond-
ing characteristics than state II.

Low energy electron diffraction on the low temperature
state IV was only examined at saturation coverage. Evi-
dence of only a very weak ¢(2%2) with a high background
structure was found, which suggests that at saturation
there is little order in state IV. At lower coverages the
situation could be different.

e Comparison of the Fe/CO system with other transition
metal/CO systems
An extensive body of literature exists on the XPS and
UPS of CO adsorbed at W and Mo surfaces [46-49]. Prior
to these measurements it was already known that several
different adsorption states existed for which population
varied with temperature of adsorption and prior adsorp-
tion history. A brief and simplified summary is that there
is a strongly adsorbed room temperature state (labeled 8);
a strongly adsorbed low temperature state (virgin) formed
only on a clean and not a previously g-covered surface,
which converts irreversibly to 8 on warming; and a weak
reversibly adsorbed state (labeled « for W and y for Mo)
that has a high population at low temperature and a low
(W) or zero {Mo) population at room temperature. It was
not known prior to the XPS and UPS measurements what
the bonding characteristics were for these different states,
though there had been much speculation in terms of single
bonding, bridge bonding, etc., to substrate atoms. X-Ray
photoelectron spectroscopy and UPS were able to distin-
guish the different states by means of core-level and va-
lence-level BE differences; to demonstrate that the g
state is dissociated while the virgin and « states are mo-
lecular; and to show that the virgin-to-8 conversion repre-
sents dissociation. There have also been at least three
XPS studies of CO adsorption on Ni [44, 50, 51] though
none was very thorough or made on single-crystal sur-
faces. These, in contrast to the W and Mo results, in-
dicated that only one state (molecular) exists -on Ni (at
least only one that is resolvable by XPS). One might have
expected that the behavior of Fe toward CO would be
very similar to that of Ni, since Fe is close to Ni in the
periodic table and has generally similar catalytic proper-
ties, but different from W or Mo, which have different
catalytic properties. From the present results it seems
that the opposite is true; Fe exhibits a marked similarity
to W and Mo. States Il and III are crudely similar to the
virgin state, state 1 is equivalent to the 8 state, and state
IV is similar to the « and y states on W and Mo. The
temperature range for the state populations is different.
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For W and Mo the B dissociated state dominates at room
temperature, whereas for Fe the dissociated and molecu-
lar states are of comparable importance, a slightly higher
temperature being required for the dissociated state to
dominate.

o Comparison with previous electron spectroscopy re-
sults on Fe/CO

One previous study of the Fe(100)/CO system using He 1
radiation has been reported [4]. The authors were able to
distinguish dissociative from molecular adsorption by the
presence or absence of the atomic O(2p) level at =~ 5.5
eV. They arrived at the conclusion that adsorption of CO
at 300 K caused nearly complete dissociation in contrast
to the present results. The reason for the discrepancy in
the degree of dissociation is unknown. At 123 K they re-
ported molecular adsorption only, but were unable to rec-
ognize the presence of two distinct molecular states at
that temperature (II and IV), or that the molecular ad-
sorption had a different character at room temperature (I1
only).

A previous XPS/UPS study of CO on polycrystalline
Fe [3] was able to distinguish between dissociative and
molecular adsorption both from the core levels and the
valence levels. The authors reported equal amounts of
dissociative and molecular adsorption at room temper-
ature, in good agreement with the present results, but at
low temperature they did not distinguish between states
III and IV. As can be seen from the present results (Figs.
5 and 6), this distinction, though quite feasible, is more
difficult than that between states I and IV, where larger
BE separations are involved. Yu et al. [52] have also ex-
amined CO on polycrystalline Fe, by He I UPS, at room
temperature and at 110 K. They observed partial dis-
sociation at room temperature and no dissociation at 110
K, but again did not distinguish between the molecular
states at the two temperatures.

There is a very recent XPS/UPS study of CO on
Fe(111) at room temperature [53]. On this surface, the
authors found that adsorption at low coverage produced
entirely disscciated C and O, as judged by their 1s binding
energies, and that molecular adsorption followed this.
The molecular adsorption comprised about 20 percent of
the total CO uptake. Both the increased amount of dis-
sociation compared with the present (100) study and the
C(1s) and O(Is) BE values quoted in {53] for the molecular
state suggest that the Fe(111) surface behaves toward CO
more like polycrystalline Fe than Fe(100).

Conclusions

The XPS and LEED behavior of Fe(100) and poly-
crystalline surfaces toward CO and O, adsorption have
been contrasted. There is three times as much CO adsorp-
tion at 123 K as at 293 K; a mixture of dissociative and

247

C. R. BRUNDLE




248

molecular adsorption occurs in the latter case. The dis-
sociated state, which has a larger population at the higher
temperature and a larger population on the poly-
crystalline surface, is the same on both surfaces. Two
qualitatively different molecular states were observed, a
strong chemisorbed room temperature state and a weak
reversibly adsorbed low temperature state. The strong
room temperature state is distinctly different on the (100)
and polycrystalline surfaces, as judged by the C(1s) and
O(1s) BE values. The differences in BE values are com-
patible with the state on the polycrystalline surface hav-
ing a stretched bond compared to the (100) surface. If this
were due to an increase in backbonding, with a subse-
quent decrease in the C-O bond strength, the results
would agree with the greater propensity for dissociation
on the polycrystalline surface. Low energy electron dis-
sociation indicated ¢(2x2) adsorbate ordering at 293 K
with no evidence for islands being formed with a higher
adsorbate concentration (e.g., 1X1 nucleation). It is not
yet possible to say whether the ordering refers to the
dissociated or molecular species, or both. At low temper-
ature no order is observed at saturation coverage.

The results bear a surprising resemblance to the behav-
ior of CO on Mo or W, rather than on Ni, as might have
been anticipated.

Oxygen adsorption produces only dissociated chem-
isorption, even at 123 K. (It must be remembered, how-
ever, that previous kinetic studies have strongly sug-
gested that there is a mobile molecular state that is a pre-
cursor of the final dissociated chemisorbed state. Since
this is not observed in XPS, its steady state concentration
must be low.) Saturation coverage at 123 K is taken as
unity, and this value is used to calibrate coverages for the
CO and room temperature O, adsorption cases. Low en-
ergy electron dissociation at 123 K shows no evidence for
significant development of ¢(2x2) during adsorption, the
pattern changing directly from clean Fe(1x1) to ““FeO”’
{1x1) at saturation. This is considered to be evidence of
reduced mobility of the chemisorbed oxygen atoms at 123
K. At 293 K LEED shows development and then rapid
fading of a weak and fuzzy c(2x2) structure. The fading is
accompanied by development of a (1x1) *‘FeO” struc-
ture that also fades (leaving no order) as adsorption pro-
ceeds to a saturation value of about twice that at low tem-
perature. The ideal LEED-derived coverages of ¢(2x2)
and (1x1) structures at maximum intensity (0.5 and 1
monolayer, respectively) are in disagreement with the
coverages derived from the XPS intensity measurements,
which give values of = 0.2 and 0.4 monolayer. Because of
this and because the c(2x2) pattern is so poorly devel-
oped, it is suggested that neither the ¢(2x2) nor the (1x 1)
structure covers much of the surface before the epitaxial
relationship with the substrate is lost. Though it is be-
lieved that the (1< 1) islands have a geometry very similar
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to FeQ, the XPS Fe(2p) spectrum at the point where the
(1x1) pattern is best developed shows no good evidence
for modification of Fe from its metallic state. In fact, Fe®"
is the only oxidation state positively identified, and only
near monolayer coverage [as judged from the O(ls) in-
tensity data], where the (1x1) pattern has almost com-
pletely faded. The conclusion is that either the geometric
similarity of the (1x1) structure to FeO does not imply
any electronic similarity, or that there is never enough of
the (1x 1) structure on the surface for a chemically shifted
Fe(2p) peak to be observed.

In contrast to the case for CO, the Fe/O, system is simi-
lar to that of Ni/O, rather than that of W/Q, or Mo/O,,
where adsorption at room temperature ceases near the
monolayer point.

No conclusions concerning the detailed geometric
structure of these surfaces can be drawn from the data
presented here. To do this would require LEED intensity
measurements such as have already been made for the
full coverage Fe(100)/O, system [32], or simultaneous
measurement of surface vibrational frequencies by high
resolution energy loss spectroscopy [39].
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