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NEXAFS experiment and multiple scattering calculations on KO2:
Effects on thep resonance in the solid phase
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The high-energy resolution OK-edge absorption near-edge x-ray absorption fine structure spectrum has been
measured forin situ prepared potassium superoxide. The experimental data have been analyzed in detail by
multiple scattering calculations using self-consistent field potentials. In particular, the so-calledp resonance at
the rising edge, which presents a double-peak structure, has been totally resolved and reproduced by the
calculations. This analysis indicates that the grown material is arranged in a KO2 structure with an O-O
distance between 1.31 and 1.34 Å. Moreover, the calculation demonstrates both a complete ionic character of
the bound between the O22 anion and K atoms and a strong interaction between the anion and solid-state
matrices.

DOI: 10.1103/PhysRevB.66.144109 PACS number~s!: 61.10.Ht, 78.70.Dm
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INTRODUCTION

The interest in the oxygen interaction with simple syste
is related to the understanding of the early stages of mole
lar dissociation and in particular of the oxidation proces
of surfaces.

The oxidation of alkali metals has being attracted mu
interest due to the properties of these metals as promote
many surface reactions. The simple electronic structure
alkali atoms facilitates the investigation of the atomistic
pects of the oxidation process. The alkali-oxide pha
diagrams1 indicate that the interaction of oxygen with alka
metals leads to the formation of different oxide species t
contain from atomic O22 to molecular O2

2 and O2
22 anions.

A systematic study of these compounds makes it possibl
monitor the geometrical distortion of the molecular bond a
the changes of the electronic properties due to the interac
with the solid matrices.

Previously, near-edge x-ray absorption fine struct
~NEXAFS! studies2,3 of the OK edge of Cs oxides found
considerable distortion of the O-O distance with respec
the free ion case in the CsO2 compound, contrary to the
Cs2O2 system that results in being slightly affected by t
solid-state interaction.

Pure forms of different potassium oxides are more di
cult to prepare than the cesium compounds. A simple ex
sure of K thin film to oxygen leads to a mixture of differe
molecular ions.1 Nevertheless, pure KO2 system can be
obtained4 following a different growth method, which is de
scribed in the experimental section.

We present here an oxygenK-edge NEXAFS study of the
pure phase system performed at high-energy resolution.
experimental data have been analyzed on the basis oab
initio multiple scattering~MS! calculations using potential
0163-1829/2002/66~14!/144109~4!/$20.00 66 1441
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and charge densities generated by the self-consistent
~SCF! procedure.5 The comparison between experimen
data and MS calculations indicates that the grown materia
in the pure K1O2

2 phase with an O-O distance ranging b
tween 1.31 and 1.34 Å, i.e., a distance larger than the va
in the free anion~1.29 Å!. Our analysis excludes both differ
ent structural models and fractional charge transfer from
atoms to O anions.

Moreover, the so-calledp-resonance feature, which is lo
cated below the rising edge due to the transitions to the c
tinuum levels, has been analyzed in detail. This has a
structure formed by two peaks. Special care has been ta
in measuring thep-resonance energy range in order to obta
the best signal-to-noise ratio. Although the polarization d
pendence analysis indicates ap character of this resonance
the large energy splitting shows a strong interaction betw
the anion and solid-state matrices.

EXPERIMENT

The experiment was performed at the VUV beam line
ELETTRA ~Italy!. NEXAFS measurements were performe
in the Auger yield electron mode of detection, with th
sample held at 120 K. The photon energy resolution w
below 0.2 eV at the OK edge.6 The base pressure of th
experimental chamber was about 8310210 mbar.

Potassium was evaporated from carefully outgas
SAES getter chromate sources onto a clean subs
@Si~100! and polycrystalline Cu#. The thickness of alkali-
metal films was calibrated from a quantitative analysis of
x-ray photoemission spectroscopy~XPS! peak intensity of
the K 2p and a substrate peak (Si 2p,Cu 3p) as a function of
the time of exposure.

The compound has been grownin situ directly on the
clean substrates or on the K film by means of deposition o
in oxygen atmosphere,pO2

>531025 mbar. A subsequen
©2002 The American Physical Society09-1
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annealing at 400 K was performed in order to get a p
superoxide thin film.4 These procedures lead to the formati
of pure KO2 species. XPS measurements of the O 1s core
level performedin situ showed only one component with
binding energy of 534.0 eV, confirming the presence of o
one pure phase, in agreement with Ref. 4. We have
formed the XAS measurements at different incident ang
The resulting spectra are independent of such an an
showing the polycrystalline nature of the grown compoun

The experimental spectra have been normalized to the
cident photon flux (I 0), which has been evaluated by th
drain current of a copper grid simultaneously measured w
the experimental points. The energy range of thep resonance
~shown in the inset of Fig. 1! has been carefully measure
summing up several scans and increasing the acquis
time of the single energy point.

The use of different substrates for growing the KO2 films
did not affect the NEXAFS spectra.

RESULTS AND DISCUSSION

Figure 1 shows the normalized experimental NEXA
data at the oxygenK edge for a sample grown by the metho
described in the previous section. The inset shows in de
the first feature, the so-calledp resonance, which presents
double-peak structure. Using photoemission spectrosc
we have found a value of the oxygen 1s binding energy of
about 534 eV in agreement with the fact the binding ene
of the superoxide anion O2

2 in alkali compounds has large
values than the binding energy of the other oxygen spe
O2

22 and O22. In particular, the XPS spectrum~not shown

FIG. 1. Oxygen K-edge NEXAFS spectrum of the samp
grown by codeposition of oxygen and potassium. In the inset
p-resonance region is reported in detail.
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here for brevity! exhibits a strong single peak at about 5
eV and a very weak peak at about 530.5 eV related to
peroxide species. The ratio of the area under the pea
about 16, indicating an almost pure superoxide phase
agreement with the results reported in Refs. 4 and 1.

The O K-edge spectrum for the KO2 system shows a
sharp feature at 531.8 eV and a group of three features
tween 534 and 545 eV. This spectrum is similar to the one
the CsO2 system. In this last case, SCF-MS calculations2,3

have assignedp-like ands-like characters to the resonanc
at about 531 and 537 eV, respectively.

In Fig. 2 the comparison between the experimental sp
trum and a set of MS calculations is reported. The ene
step is 1.3 eV in this case. The theoretical spectra are
tained by changing the O-O distance in the central oxyg
molecule, conserving the crystal structure. The atomic c
ter used in the calculations is formed by 82 atoms around
absorber, and it has been built following the KO2 symmetry
with the lattice constants given bya54.03 Å and c
56.69 Å.7 The simulations have been performed by usi
the programs developed by the theory group of the L
Laboratories5 within the muffin-tin approximation for the
shape of the potential. The exchange and correlation part
been calculated on the basis of the Hedin-Lundqvist appr
mation. Following the same method used in the cesium c

e

FIG. 2. OxygenK-edge SCF-MS calculations~solid lines! with
O-O distance in the KO2 model structure~cluster of 83 atoms! as a
parameter, compared with the NEXAFS of the codeposited sys
~dotted line!.
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the central O2
2 potential has been calculated for each clus

by SCF method imposing the formal valence of the an
and the presence of the core hole. Subsequently, this po
tial has been embedded in the total cluster to perform
whole calculation.3,8

All the structures present in the experimental spectrum
well reproduced by the calculation using the atomic clus
described before. This fact clearly indicates that in the fi
grown by codeposition the structure of the potassium su
oxide dominates in agreement with the XPS results. The O
distance changes strongly affect the energy separation
relative intensities of the different features present in
simulations. We have found that the best accordance with
experimental spectrum is achieved for an O-O distance
tween 1.31 and 1.34 Å. This value is bigger than the one
the free anion species, but lower than in CsO2 case.

The polarization analysis of the features between 534
545 eV indicates that the central peak at about 540 eV
dominated by thez component—i.e., parallel to the intermo
lecular axis—of the total cross section. This feature can
therefore identified as as resonance. Notice that for an O-
distance of 1.40 Å thes resonance becomes prominent a
more similar to the CsO2 case. The other two peaks at abo
536 and 547 eV are formed by a mixture ofxy- and
z-polarization components, indicating a strong contribut
of the atoms far from the absorber anion.

In Fig. 3 we show the comparison between two SCF c
culations performed with different charge transfer amo
QT . Both correspond to the cluster with an O-O distance
1.31 Å. Clearly, the whole low-energy region is strongly p
turbed for a charge transfer amount that goes fromQT
51e2 to QT50.5e2. In particular, in theQT50.5e2 case
the s resonance moves towards lower energies and the p
at 24 eV in the figure, which corresponds to the experime
tal feature at 536 eV, is completely absent. This last resu
in contrast with the experimental findings, as already
ported in the Cs-oxide case.3 This is not a surprising due to
the strong ionic character of these compounds.

The complete discussion about the resonances at a
531 eV is reported in the next paragraph.

p RESONANCE

In Fig. 4 the high-resolution OK-edge NEXAFS spec-
trum of KO2 in the pre-edge region is presented. In order
test the doublet nature of thep resonance we performe
several fits using both one and two Lorentzian functions
different backgrounds. One example of a doublet fit is a
reported in the figure. The two Lorentzian functions are se
rated by about 0.5 eV. It results that the fits obtained w
two Lorentzian are always better than the one obtained b
single function whatever background shape is used. This
sult clearly shows the presence of two peaks in this ene
region, in contrast with a simple interpretation based on m
lecular orbital scheme.

In order to understand the origin of this splitting we ha
performed a set of theoretical calculations looking carefu
in thep energy region. The energy step of the calculation
now 0.13 eV to check in detail the presence of possible
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peaks in the resonance. The SCF potential has been
formed using the three atoms O2

2K1 cluster with a charge
transferQT51e2. Figure 5 shows detailed calculations
the p-resonance energy region performed by using clus
with different number of atoms around the central O2

2K1

unit and an O-O distance of 1.31 Å. The splitting is abs

FIG. 3. OxygenK-edge SCF-MS calculations for an O-O di
tance of 1.31 Å and two different charge transfer amountsQT

51e2 andQT50.5e2.

FIG. 4. Fit of thep-resonance region in the OK-edge NEXAFS
spectrum. The two Lorentzians are separated by about 0.5 eV.
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for small cluster size, but it appears when the cluster radiu
above 4 Å—i.e., including other O-O groups in the clust
Further increasing the cluster size~up to 83 atoms! does not
change the theoretical result. The splitting is always pres
with the same energy separation. This is a clear indica
that in this ionic compound the splitting of thep resonance is
due to solid-state effects. In fact, only calculations perform
with a number of atoms above 28 present the splitting
served in the experimental data is reproduced with the r
energy separation. A 28-atom cluster is composed of
complete planes of the KO2 structure, resembling in this wa
the whole crystal with the same symmetry properties. T
same result is achieved with an O-O distance of 1.34 Å.

Further calculations show that for a charge transferQT
51e2 leads to a single feature only for an O-O distances
1.28 Å, while a charge transfer less than one electron indu
a splitting only for an O-O distance greater than 1.40 Å.

*Permanent address: TASC-INFM, S.S. 14, Km 163.5 Basovi
Trieste, Italy.
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any case the polarization analysis indicates az component,
confirming ap-like symmetry.

Chemisorbed O2 on a Pt~111! surface9,10 is another ex-
ample of a splitting in thep* resonance involving thep
empty orbitals. For that system a superoxo-like molecu
configuration has been assigned, and the existence of
splitting was attributed to two differentp states parallel and
orthogonal to the O-O anion axis~and located at 530.3 eV
normal incidence and 530.9 eV at grazing, respectively! due
to a different amount of charge transferred from the s
strate.

In the present case this picture must be excluded, bec
in the complete ionic electronic configuration of the O2

2

molecular anion@1s2(2sg)2(2su* )2(3sg)2(1pu)4(1pg* )3#
there is only one emptyp molecular state. Moreover, ou
sample is polycrystalline and the O2

2 axis orientation with
respect to the lightE vector cannot be fixed.

We conclude that the origin of thep* -like resonance
splitting in the KO2 case is due to the scattering paths
volving other oxygen atoms embedded in a crystalline so
matrix and hence to a strong solid-state effect revealed o
by high-resolution measurements.

CONCLUSIONS

We have shown that the structural and electronic chan
of potassium-superoxide can be detected by the NEXA
technique. By comparison with MS simulations we have d
termined that the O-O distance in the O2 molecular group in
the KO2 compound is between 1.30 and 1.35 Å.

Multiple scattering analysis of the OK-edge NEXAFS
spectra, taking into account a model including atoms ly
up to 8 Å from the central O atom, can give structural info
mation on the O-O anion distances. Thep-resonance split-
ting above the OK edge is found to be due to a multipl
scattering path involving O atoms arranged in O-O group
i.e., to a solid-state effect.
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