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Photoemission studies of the low-temperature reaction of metals and oxygen
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X-ray photoemission and synchrotron-radiation photoemission were used to study the reaction of
metals and molecular oxygen at low temperatures. Combined core-level and valence-band measure-

ments permit the identification of various oxygen species. %hen Li, Cs, K, and La are deposited on
solid oxygen, an 0 1s feature near 535 eV is observed and attributed to the superoxide species.
Features ranging from 531.5 to 533 eV are also observed and identified as the peroxide species. In
contrast to the case of Li and of most other metal oxides, for Cs or K "oxides" an 0 1s feature is

seen at 528 eV and attributed to the 0-' species in a metallic matrix.

I. INTRODUCTION

The study of the reaction of alkali metals and oxygen
has been of interest over the years, ' and because of the
recent discovery of high-T, materials fundamental stud-
ies of oxides have a renewed impetus. In this work, ex-
periments on the formation of peroxides and superoxides
when metals react with solid molecular oxygen are de-
scribed. In the context of the high-T, materials, various
claims have been made for the observation of both perox-
ide and superoxide species, and some of the
identifications are based on confusing data in the litera-
ture. '" Of course, most of the previous studies of the
molecular-oxygen species have involved oxygen adsorbed
on metal surfaces, and there has been confusion over
what particular oxygen species were actUally observed.
One of the aims of this work is to clarify some of these
points.

The experiments in this paper are concentrated on the
alkali metals for two reasons. First, the interaction of
solid molecular oxygen and the alkali metals produces
different molecular-oxygen species such as the peroxide
and the superoxide. Second, the a1kali metals have been
used to form compounds such as Li, Ni& 0, which are
of great interest in understanding the electronic structure
of high-T, superconductors. The long-range intent of
this research is to study whether CuOz layers and the lo-
cal fourfold Cu-oxygen structure characteristic of the
high-T, superconductors can be constructed by reactions
at low temperatures. It is intended to use the alkali met-
als and Ba, or La, to form metastable compounds below
35 K which could then be reacted with Cu or Ni to form
stable oxides with Cu or Ni in a 2+ formal valence state.
With proper doping, it is hoped that holes can be put on
the oxygen sites as in the high-T, materials. These exper-
iments will be described in planned forthcoming publica-
tions and it is the purpose of the present work to careful-
ly study the interaction of a variety of metals with molec-
ular oxygen below 35 K to see if there are features com-
rnon to a variety of systems. Besides the interaction of
the oxygen on layers of metal, the interaction of the met-
al when deposited into an oxygen-rich environment, such

as solid oxygen itself, was also studied.
The experiments described here concentrate mainly on

the x-ray-photoemission spectroscopy (XPS) spectra of
the different metal-oxygen species. The interpretation of
the valence-band spectra of oxygen on the alkali metals is
somewhat controversial and our own work seems to sup-
port the work of %'oratschek et a/. , who studied changes
in the valence spectrum of Cs films as they were continu-
ously oxidized. Recent work by Bertet et al. relates
features in the KO2 (K superoxide) spectrum to the
features of condensed Oz. The differences in interpreta-
tion will be discussed in the light of the XPS and some
valence-band results obtain in this work.

II. EXPERIMENT

In this work the reaction of oxygen at about 35 K or
below with films of Li, K, Cs, Ba, La, Cu, and Ag is stud-
ied. The films were deposited on a low-temperature Cu
or Ta substrate at a pressure in the 10 ' -Torr range
from a SAES getter source for alkali metals, and a
tungsten basket source for Ba, La, Cu, and Ag. The
cleanliness of the films was determined by the absence of
a carbon or oxygen signal in the XPS spectrum. High-
purity (99.999%) oxygen gas and a liquid-nitrogen trap
were used to eliminate contamination of the oxygen. A
standard continuous He-flow cyrostat provided the low-
temperature environment. For the Cs and K experiments
the temperature was estimated to be about 35 K or slight-
ly higher. At these temperatures the high solid-Oz vapor
pressure allowed only a layer of physisorbed Oz to be
present. At temperatures below 30 K, where the vapor
pressure is below 10 Torr, thicker layers of oxygen
were easily obtained. Photoemission measurements and
some of the XPS work were done with a standard PHI
A1 anode x-ray source and a Vacuum Science Workshop
(VSW) HA-100 hemispherical electron-energy analyzer
on beamline U7 at the National Synchrotorn Light
Source (NSLS), at Brookhaven National Laboratory. Be-
sides exposing the films to oxygen gas at low tempera-
tures, some of the work was done by evaporating the met-
al into solid oxygen, which varied from one to three lay-
ers thickness.
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On most runs a Ta foil was covered with an evaporated
film of the metal to be studied. Ta was used as a sub-
strate material since the film could be removed by resis-
tively heating the Ta foil. On some runs, where it was
desired to obtain the lowest temperature, the films were
deposited onto the Cu holder. The metal film was usually
made thick enough so that no Ta features were observed
in either the XPS or the ultraviolet-photoemission (UPS)
spectra. Because the measurements were done at low
temperatures, it was assumed that diffusion of oxygen
through an evaporated film to the Ta interface was negli-
gible.

As the metal films were exposed to oxygen, various
features were observed in the UPS and XPS spectra, and
finally when the metal surface was reacted, additional 02
deposition showed the characteristic valence and core-
level features of physisorbed molecular oxygen. In some
cases a characteristic oxide layer initially formed and fur-
ther Oz produced peroxide and superoxides before the
features of molecular oxygen were observed. After a lay-
er to a few layers of molecular oxygen were present on
the surface, metal was then deposited back into the now
oxygen-rich mixture and the various features were reob-
served. Of course, in most cases the features from the ini-
tial oxygen-substrate reaction were also present and care
was taken to observe the differences due to the deposition
of additional metal atoms into the molecular oxygen. It
should be emphasized that, on a few runs, deposition into
thicker oxygen layers was studied with essentially the
same results as those obtained for the thinner layers, and
therefore the thickness of the oxygen layer is not thought
to be of great importance in determining the position of
the various oxide-related features. More will be said
about this in the discussion of referencing. In some cases
when the oxygen layers were very thick, the XPS features
generated during metal deposition were not immediately
observed and this is evidence that the metal deposited
into the solid oxygen layers actually penetrates to the
substrate surface or to a region near the substrate. It is
especially interesting that the levels of both the superox-
ide and peroxide were not particularly sensitive to wheth-
er the species were near the top of the oxygen layer or
near the interface. Again, this point will be discussed
later. It is also interesting to mention that solid 02 ap-
pears to be more "porous" than solid Kr and this may be
due to a "Auffy" structure in the condensed molecular ox-
ygen.

III. RESULTS
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FIG. 1. Al Ka XPS spectra of 0 1s core level for molecular
oxygen condensed on various metal substrates as indicated in
the figure at 35 K or below. The temperature on the K and Cs
substrates was about 35iK and only small amounts of molecular
oxygen collected on the surface at this temperature. Note at
about 35 K or above the oxygen vapor pressure is high enough
so only the first physisorbed 02 layer is stable.

solid-02 feature grows dominant. All the spectra shown
in Fig. 1 were recorded just before the reverse experiment
was performed, i.e., before metal was deposited into the
solid Oz. The thickness of the solid-oxygen layer for the
different cases in Fig. 1 varies from one to three layers
and no shift in the spectrum of the metal core levels due
to surface charging is observed. Basically, four features
are observed in the data. At the highest binding energy,
the XPS spectrum of molecular oxygen is observed, fol-
lowed by the superoxide, the peroxide, and finally various
"oxide" phases. The justification for these identifications
is addressed in the discussion. In Fig. 3, a summary of
the various peak positions is presented. Before consider-
ing the interpretation of the data, a description of the
characteristic spectra and referencing of the XPS spec-
trum is given in the following subsections.

A. Oxygen 1s spectra and referencing 1. Molecular oxygen

The main results of this work, which are shown in
Figs. 1 and 2, give the 0 1s spectrum for oxygen con-
densed on various metals, and also for the reverse experi-
rnent, where metals are deposited on solid oxygen. In the
metal-rich regime, when oxygen is first condensed on the
metal, the "oxide" is the first species that is observed.
With further condensation of Oz the "oxide" peak stays
essentially constant and other peaks appear until the

The 0 1s features of solid molecular oxygen are seen in
the range 541 —538 eV when referenced to the Fermi level
of the metal substrate. The ionization potential of the 1s
core level of the oxygen molecule is 543 eV, and the ob-
served differences from this value on various substrates
can be explained as follows. When a noninteracting rare
gas or molecular solid is condensed on the surface of a
metal, the vacuum level of the molecule and the metal
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FIG. 3. Summary of various oxygen-related peak positions
(rectangular bars) obtained from Figs. 1 and 2. The dashed lines
are guides for the eye. The data listed on the left-hand side are
the work functions of various metals as denoted on the right-
hand side.

FIG. 2. Al Ka XPS spectra of 0 1s core level for various in-

dicated metals deposited into solid oxygen at 35 K or below.

The temperature for the K and Cs substrates was about 35 K
and only about a monolayer of 0& was present when the metals

were deposited. In these spectra the superoxide becomes much

more pronounced than in Fig. 1, where 0& is condensed on the

metal. In this case the metal is a dilute species in the phy-

sisorbed 02,

align. ' As long as there is no charge transfer, this will be
the case. Because of this, if, for example, the work func-
tion of the metal is about 4 eV, the 0 1s peak of molecu-
lar oxygen will appear at 539 eV when referenced to the
Fermi level of the substrate. In a photoemission mea-
surement, where the sample and analyzer are grounded,
the Fermi leve1 of the substrate always appears at the
same position, even when the substrate is changed. Since
the vacuum level changes for the various metal substrates
relative to the system ground, the 0 1s is binding energies
of adsorbates which are fixed to the substrate vacuum
level also change relative to the Fermi level, and this vari-
ation is what is observed. The work function of various
metals' studied in this work are listed on the left-hand
side of Fig. 3. The data represented by open rectangles in
Fig. 3 are obtained by adding the work function of the
corresponding metal substrate to the binding energy of
the molecular-oxygen 1s core level measured from the
Fermi level. Clearly, the data in Fig. 3 for molecular ox-
ygen on the different metal substrates are consistent with
vacuum-level alignment. The small deviation seen for
some data points is most likely due to the changes in the
work function when oxygen is condensed on the metal
substrate. Comparison of Figs. 2 and 1 reveals that the
molecular-oxygen 1s peak shifts to lower binding energy
in most cases when metal is deposited into the solid oxy-
gen layer and new features appear. In contrast, the "ox-
ide" peak from the underlying substrate does not shift.
The shift of the molecular-oxygen features can be attri-
buted to the removal of surface charge when the metal is
deposited on the 02 layer, or possibly to better screening
of the 0 1s core hole. The substrate-oxide features are
under the surface charge sheet and the photoemission
spectra would not be affected as much as the molecular
oxygen. However, it is possible that the change in the
vacuum level of the substrate upon the formation of the
new species shifts the molecular-oxygen levels. Because
of the alignment to the vacuum level, the peak position of
molecular oxygen will be sensitive to the variation of the
work function. For this reason, the data for molecular
oxygen shown by the solid rectangles in Fig. 3, were tak-
en from Fig. 1, whereas the data for the other features
were taken from Fig. 2, where the data for metal on solid
oxygen is given. It is only in this case the superoxide and
peroxide features usually appear.

2. Superoxide and peroxide

A major result of these studies is the feature at about
535 eV which is attributed to the superoxide' where one
electron is formally given to the oxygen molecule.
Another feature in the regime from 531.5 to 533 eV is at-
tributed to the peroxide, where two electrons are given to
the oxygen molecule. We emphasize that we are not con-
cerned with actual charge transfer, and discussions of
electron donation are in the spirit of formal oxidation
states. The justification for the assignment of these
species will be discussed below, and the rest of the discus-
sion here concerns the constancy of the XPS features. At
first glance, the variation of the superoxide peak position
appears similar to that of the solid molecular oxygen;
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therefore, it might appear that the assumption of
vacuum-level alignment for the superoxide feature is
plausible. To verify the referencing for the superoxide
species, we have performed an experiment in which the
Li-superoxide species were formed over Ag and Li sub-
strates, respectively, and although the 0 1s peak for 02
shifted, the same peak position for the superoxide was ob-
served. This proves conclusively that the conjecture
mentioned above cannot be true, since the vacuum levels
of Ag and Li differ by about 2 eV. It would appear that
in the case of the superoxide the constancy of the XPS
peak position implies, as in the case of a metallic clus-
ter, ' that the Fermi level of the superoxide must be
aligned to the Fermi level of the substrate. This means
that there must be states around a Fermi level that can be
"pinned" to the substrate Fermi level. For this to hap-
pen, the superoxide species must not be just single
species, but a cluster of a superoxide phase which has
enough states in the gap to provide alignment to the sub-
strate Fermi level. This problem of referencing and the
connection to the substrate is discussed in Ref. 14.

The peroxide case is thought to be similar. There is
more variation in the XPS peak position than the su-
peroxide, but since the variation does not correlate with
what one would expect from the substrate work-function
variation, we still argue that there is alignment to the
Fermi level. The small variation in the peak position
might, in fact, be due to variations in the amount of
charge transferred to the oxygen molecule, even though
the formal oxidation state is Oz for peroxide. Since the
oxygen molecule is close to dissociation in this
configuration, there may also be variations in the bond
length for the peroxides of different metals. In general, as
more charge is transferred to the oxygen molecule, the
core-level features shift to lower binding energy. It is
then somewhat perplexing that the peroxide of Ag has
the lowest binding energy. Possibly this case is charac-
teristic of some state which is very close to dissociating
into the atomic species.

3. The oxide

As already mentioned, the oxide features are first ob-
served when oxygen is initially condensed on the clean
metal films. It is interesting that in this regime significant
shifts are observed for the 0 1s peak positions of K and
Cs oxides, as compared to Li, ' Cu, and most other ox-
ides. We attribute this to the fact that oxygen may go
under the surface in the case of Cs (Ref. 4) and K, and
this may lead to a more shallow binding energy because
of the more effective screening in the metal. In the case
of Li we argue that the lattice parameter is small enough,
so the oxide remains on the surface and the characteristic
binding energy of about 530 eV of the 0 1s peak is found.
It should be mentioned that Oz on K was studied previ-
ously by Petersson and Karlsson. They identify an oxide
species at 528 eV which is consistent with our work.
However, they also identify a species at 531.9 eV as
molecular oxygen that is physiorbed. This is not quite
right, since the present work shows the molecular species
at 532 eV not physisorbed, but is probably a peroxide

species where charge is exchanged with the substrate. As
previously discussed, the XPS peak for the physisorbed
oxygen appears in the range 538—541 eV.

In concluding this subsection, we note that the oxide
features do not correlate with the variation of the vacu-
um level. That is, a lower work function should make the
peaks appear deeper, whereas for the case of Cs and K,
with the lowest work functions, the oxide peaks have the
lowest binding energies. In this case we argue that there
is Fermi-level alignment, but there are many different ox-
ides that can form with oxygen in the 0 oxidation
state.

B. Valence-band spectra
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FIG. 4. Valence-band spectra taken at 95 eV photon energy
for 0&/Cs at 35 K. The spectra are normalized to equal peak
height of the Cs 5p level.

Although the work described above is fairly new, there
are more detailed studies of the valence band of alkali
metals after exposure to oxygen. Our own work parallels
very closely the work of Woratschek et al., ' who studied
both photoemission and deexcitation spectroscopy of the
interaction of 0 and Cs. They found that small doses of
oxygen caused the formation of 0 ions which are un-
der the surface and yield a photoemission feature at
about 2.9 eV. Further exposure leads to Csz02 (the
peroxide) with new features near 8 eV. Finally, the sur-
face layer is completely transformed into Cs02 (the su-

peroxide), which then retards further oxygen penetration
into the bulk. Of course, as the exposure increases, some
of the initial peak positions are modified, but basically the
situation is as described here. Our own data shown in
Fig. 4 very closely parallel the data of Woratschek et al. ,
even though our data were taken at about 35 K. Further-
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ide, but in this case it may simply be that a single Ag
atom is not active enough in a chemical sense to donate
an electron to an Oz molecule.

C. Intensities and line shifts

Figure 8 shows intensity versus oxygen exposure for
peaks A, B, and C as denoted in Fig. 6. It can be seen
that peak 3 decreases in intensity with increasing oxygen
exposure in the regime where B and C remain constant.
In this regime, superoxide, peroxide and molecular-
oxygen species are evident in the XPS spectra. This is
also consistent with A being an 0 species in the metal,
which gets covered with successive products rather than
the 1vr level for the superoxide as suggested by Bertel
et al. In this subsection we also brieAy point out that
upon exposure to oxygen there is a significant increase in
the photoemission intensity for both the alkali-metal and
Ba core levels. As shown in Fig. 8, curve C, dramatic
changes in intensity were observed at low coverages of
oxygen, and the intensity of the K 3p level saturated
above 1 L (1 langmuir —= 10 Torrs) oxygen exposure.
Similar effects are observed in work on Na. There is also
a shift to lower binding energy in some of the metal core-
level peaks, especially in the case of Ba. Wertheim" has
already discussed these shifts in the case of Ba and attri-
butes them to a configuration change in the metal orbit-
als, and, in particular, to a change in the occupancy of
the 5d orbitals. The data shown in Fig. 7 are somewhat
anomalous in this regard. The initial amounts of oxygen
on Ba yield an "oxide" feature at about 5 eV and mea-
surements of the 0 1s levels show a feature at 530 eV
characteristic of the oxide, It is only when more oxygen
is condensed on the surface that there is a shift to lower
binding energy of the valence-band feature and, also, the
Ba 5p and 5s, as well as the 3d and 4d, levels (not shown
here). Also, at the same coverage the 0 is levels also
shift to lower binding energy. This could just be a matter
of obtaining enough oxide on top of the bulk Ba to see a
significant shift. However, the fact that the oxygen
features also shift brings up the alternate possibility that
there is a change in final-state screening. '

150—

125—

~ 100-
LLI

K

75—
LLj~ 50-

5 10 15 20 25 30 35
OXYGEN EXPOSURE (longmuir)

FIG. 8. Peak area vs oxygen exposure (1 langmuir =—10
Torr s) for peaks A, B, and C as denoted in Fig .6.

IV. DISCUSSION

A basic result of this paper is that the photoemission
peak observed at about 535 eV is due to a superoxide
species where an electron is donated to an oxygen rnole-
cule. There is no actual identification of this species, but
the following arguments make it plausible. First, this ox-
ygen species is at the highest binding energy besides the
molecular-oxygen feature, and this means that this oxy-
gen species has the smallest amount of charge per oxygen
atom with the exception of molecular oxygen. Of course,
of all the charged species we have discussed, the superox-
ide, indeed, has the smallest charge. Secondly, there is
the plausibility argument based on the phase diagram.
When oxygen is first put on the metal, the most metal-
rich species forms, i.e., the oxide phases, followed by the
next most oxygen-rich compound, the peroxide, and final-

ly the superoxide. In the case of Li, detailed measure-
ments' were done for the reverse case; we found that the
first species that forms when metals are put on solid oxy-
gen, i.e., the most oxygen-rich environment, is the su-

peroxide, followed by peroxide, and finally the oxide.
This picture is also found for experiments on other alkali
metals, and, in particular, for Cs and K. We have ex-
cluded the ozonide, since its existence here seem improb-
able. It would appear most plausible that the initial met-
al in an oxygen-rich environment would donate an elec-
tron to the molecule rather than making the more com-
plex ozonide where dissociation must also occur. Bertel
et a/. have also argued against the existence of the ozo-
nide in their experiments on the interaction of oxygen
with alkali metals. It has already been mentioned that
the constancy of the superoxide position with respect to
the substrate Fermi level, even for different vacuum lev-

els, implies a small cluster with states near the Fermi lev-

el, so there can be equilibration with the substrate chemi-
cal potential.

The case of the peroxide is somewhat more complex.
In this case there is a variation in the energy of the 0 1s
feature, and presumably this is due to some variation in
either the actual charge donated to the molecule or to a
variation in the bond length between the oxygen atoms,
or between the molecule and the metal. It is clear from
Fig. 3 that this feature at 531.5 eV for Ag is closer to a
peroxide or oxide feature and is not associated with the
superoxide. In studies of molecular oxygen on Ag,
Campbell and others' have attributed this feature to the
superoxide. This in itself is not a particularly important
point, except that in work on high-T, superconductors
the observation of a species at this energy is taken as evi-
dence for the superoxide, and Refs. 8 and 17 are given as
the basis of the identification.

It is interesting that both the peroxide and superoxide
species have been invoked to explain some of the features
in the XPS spectra of the hiigh-temperature supercon-
ductors. For the case of peroxide the identification at 532
eV is reasonable, except that it is clear that the observed
features were not characteristic of the clean-surface and
bulk superconductors. In the case of the superoxide, a
somewhat smaller situation exists, and from the work
presented here we emphasize that any superoxide species
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should occur near 535 eV, and the feature observed at
532 eV in Ref. 7 is not superoxide.

In the case of the 0 species we have been content to
point out that the feature at 528 eV found for Cs and K is
consistent with the picture of previous investigators
where oxygen goes into the metal and many different
phases can form. Of course, it is somewhat interesting
that this can happen at cryogenic temperatures. On the
other hand, some of the oxides, like Li, Cu, and Ag, for
example, show a feature at 530 eV and we argue that this
is because the oxygen does not go into the bulk metal. It
is interesting to note that different 0 1s peak positions of
the 0 species due to two different environments are
also observed in the high-T, superconductors. Fowler
et al. ' report that high-quality metallic superconducting
YBa,Cu307 single crystals have the 0 1s feature near 528
eV, whereas for the nonsuperconducting material it is
near 529 eV or above. Thus in these cases, and probably
in others, the 0 species in a metallic environment ap-
pears at the same binding energy in the 0 1s spectra.

In summary, the present work provides data showing
characteristic features in the photoemission spectra of
metals reacted with oxygen at 35 K or below. In some
cases metastable species (i.e., superoxide or peroxide) are

formed, and at least in the cases of Li and La the su-
peroxide species are not stable at room temperature.
These metastable species may be further reacted with Cu
or Ni to form other species and these experiments are un-
derway. It should be pointed out that although the pho-
toemission spectra can enumerate the different species,
there is little "fine" structure to identify specific com-
pound formation, and most oxides appear fairly similar
with a feature in the 530-eV region. On the other hand,
absorption spectra of the 0 K edge show a wealth of in-
formation about holes and other features of oxide materi-
als, and further experiments will exploit this.
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