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The high-energy resolution R-edge absorption near-edge x-ray absorption fine structure spectrum has been
measured foin 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-«caiednance 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 inj,astf@ture with an O-O
distance between 1.31 and 1.34 A. Moreover, the calculation demonstrates both a complete ionic character of
the bound between the?0 anion and K atoms and a strong interaction between the anion and solid-state
matrices.
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INTRODUCTION and charge densities generated by the self-consistent field
(SCPH procedure. The comparison between experimental
The interest in the oxygen interaction with simple systemglata and MS calculations indicates that the grown material is
is related to the understanding of the early stages of molecd® the pure K'O,™ phase with an O-O distance ranging be-

lar dissociation and in particular of the oxidation processedween 1.31 and 1.34 A, i.e., a distance larger than the value
of surfaces P P %n the free anior(1.29 A). Our analysis excludes both differ-

The oxidation of alkali metals has being attracted muchgn(;[ns];rl:gtuorazlilnrig%iels and fractional charge transfer from K
interest due to the properties of these metals as promoters o} Moreover. the sé-called-—resonance feature. which is lo-

many surface reactions. The simple electronic structure ofated below the rising edge due to the transitions to the con-
alkali atoms facilitates the investigation of the atomistic astinuum levels, has been ana|yzed in detail. This has a fine
pects of the oxidation process. The alkali-oxide phasestructure formed by two peaks. Special care has been taken
diagrams indicate that the interaction of oxygen with alkali in measuring ther-resonance energy range in order to obtain
metals leads to the formation of different oxide species thathe best signal-to-noise ratio. Although the polarization de-
contain from atomic & to molecular @~ and G?~ anions.  pendence analysis indicatesracharacter of this resonance,

A systematic study of these compounds makes it possible tthe large energy splitting shows a strong interaction between
monitor the geometrical distortion of the molecular bond andthe anion and solid-state matrices.

the changes of the electronic properties due to the interaction
with the solid matrices.

Previously, near-edge x-ray absorption fine structure The experiment was performed at the VUV beam line of
(NEXAFS) studie$” of the OK edge of Cs oxides found a ELETTRA (Italy). NEXAFS measurements were performed
considerable distortion of the O-O distance with respect tan the Auger yield electron mode of detection, with the
the free ion case in the CgQtompound, contrary to the sample held at 120 K. The photon energy resolution was
Cs,0, system that results in being slightly affected by thebelow 0.2 eV at the (K edge® The base pressure of the
solid-state interaction. experimental chamber was aboux 80 ° mbar.

Pure forms of different potassium oxides are more diffi- Potassium was evaporated from carefully outgassed
cult to prepare than the cesium compounds. A simple expocSAES getter chromate sources onto a clean substrate
sure of K thin film to oxygen leads to a mixture of different [Si(100 and polycrystalline Cli The thickness of alkali-
molecular iong. Nevertheless, pure KOsystem can be metal films was calibrated from a quantitative analysis of the
obtained following a different growth method, which is de- x-ray photoemission spectroscog¥PS) peak intensity of
scribed in the experimental section. the K 2p and a substrate peak (3, Zu 3p) as a function of

We present here an oxygé&hedge NEXAFS study of the the time of exposure.
pure phase system performed at high-energy resolution. The The compound has been grovim situ directly on the
experimental data have been analyzed on the bas@bof clean substrates or on the K film by means of deposition of K
initio multiple scatteringMS) calculations using potentials in oxygen atmospherg)o,=5X% 10 ° mbar. A subsequent
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FIG. 1. OxygenK-edge NEXAFS spectrum of the sample -
grown by codeposition of oxygen and potassium. In the inset the L e et EE B RN B

m-resonance region is reported in detail. -10 -5 0 5 10 15

E-Eo (eV)
annealing at 400 K was performed in order to get a pure

superoxide thin filnf. These procedures lead to the formation g 2 OxygenK-edge SCF-MS calculatior(solid lineg with
of pure KO, species. XPS measurements of the ©cbre 0.0 distance in the KOmodel structurdcluster of 83 atomsas a

level performedn situ showed only one component with & parameter, compared with the NEXAFS of the codeposited system
binding energy of 534.0 eV, confirming the presence of only(dotted line.

one pure phase, in agreement with Ref. 4. We have per-

formed the XAS measurements at different incident angleshere for brevity exhibits a strong single peak at about 534

The resulting spectra are independent of such an angleV and a very weak peak at about 530.5 eV related to the

showing the polycrystalline nature of the grown compound.peroxide species. The ratio of the area under the peak is
The experimental spectra have been normalized to the irabout 16, indicating an almost pure superoxide phase, in

cident photon flux (y), which has been evaluated by the agreement with the results reported in Refs. 4 and 1.

drain current of a copper grid simultaneously measured with The O K-edge spectrum for the KOsystem shows a

the experimental points. The energy range of#tresonance sharp feature at 531.8 eV and a group of three features be-

(shown in the inset of Fig.)lhas been carefully measured, tween 534 and 545 eV. This spectrum is similar to the one of

summing up several scans and increasing the acquisitiothe CsQ system. In this last case, SCF-MS calculatfohs

time of the single energy point. have assigneer-like and o-like characters to the resonances
The use of different substrates for growing the J}ims  at about 531 and 537 eV, respectively.
did not affect the NEXAFS spectra. In Fig. 2 the comparison between the experimental spec-
trum and a set of MS calculations is reported. The energy
RESULTS AND DISCUSSION step is 1.3 eV in this case. The theoretical spectra are ob-

tained by changing the O-O distance in the central oxygen

Figure 1 shows the normalized experimental NEXAFSmolecule, conserving the crystal structure. The atomic clus-
data at the oxygeK edge for a sample grown by the method ter used in the calculations is formed by 82 atoms around the
described in the previous section. The inset shows in detadbsorber, and it has been built following the K&ymmetry
the first feature, the so-called resonance, which presents a with the lattice constants given bwp=4.03A and ¢
double-peak structure. Using photoemission spectroscopy: 6.69 A.” The simulations have been performed by using
we have found a value of the oxyges binding energy of the programs developed by the theory group of the LNF
about 534 eV in agreement with the fact the binding energy.aboratorie3 within the muffin-tin approximation for the
of the superoxide anion O in alkali compounds has larger shape of the potential. The exchange and correlation part has
values than the binding energy of the other oxygen specielseen calculated on the basis of the Hedin-Lundqvist approxi-
0,2 and G . In particular, the XPS spectrumnot shown mation. Following the same method used in the cesium case,
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the central @ potential has been calculated for each cluster
by SCF method imposing the formal valence of the anion
and the presence of the core hole. Subsequently, this poten-
tial has been embedded in the total cluster to perform the
whole calculatior?®

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

The polarization analysis of the features between 534 and
545 eV indicates that the central peak at about 540 eV is
dominated by the component—i.e., parallel to the intermo-
lecular axis—of the total cross section. This feature can be SR T e
therefore identified as a resonance. Notice that for an O-O -10 -5 0 5 10 15
distance of 1.40 A ther resonance becomes prominent and
more similar to the Cs©case. The other two peaks at about E-E (eV)

536 and 547 eV are formed by a mixture &f- and 0
z-polarization components, indicating a strong contribution FIG. 3. OxygenK-edge SCF-MS calculations for an O-O dis-
of the atoms far from the absorber anion. tance of 1.31 A and two different charge transfer amou@is

In Fig. 3 we show the comparison between two SCF cal=1e™ andQ;=0.5¢".
culations performed with different charge transfer amount
Q+. Both correspond to the cluster with an O-O distance ofpeaks in the resonance. The SCF potential has been per-
1.31 A. Clearly, the whole low-energy region is strongly per-formed using the three atoms,OK* cluster with a charge
turbed for a charge transfer amount that goes frQn  transferQ;=1e . Figure 5 shows detailed calculations in
=1le to Qr=0.5%". In particular, in theQy=0.5e" case the w-resonance energy region performed by using clusters
the o resonance moves towards lower energies and the peafith different number of atoms around the centrgl ®& "

at —4 eV in the figure, which corresponds to the experimen-unit and an O-O distance of 1.31 A. The splitting is absent
tal feature at 536 eV, is completely absent. This last result is

in contrast with the experimental findings, as already re-
ported in the Cs-oxide caseThis is not a surprising due to
the strong ionic character of these compounds.

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

R 1314 -
0-0 1

Absorption (arb. units)

7 RESONANCE

In Fig. 4 the high-resolution GKX-edge NEXAFS spec-
trum of KO, in the pre-edge region is presented. In order to
test the doublet nature of the resonance we performed
several fits using both one and two Lorentzian functions and
different backgrounds. One example of a doublet fit is also
reported in the figure. The two Lorentzian functions are sepa-
rated by about 0.5 eV. It results that the fits obtained with
two Lorentzian are always better than the one obtained by a
single function whatever background shape is used. This re-
sult clearly shows the presence of two peaks in this energy
region, in contrast with a simple interpretation based on mo-
lecular orbital scheme. 529 330 531 532 533

In order to understand the origin of this splitting we have E-E,_(eV)
performed a set of theoretical calculations looking carefully !
in the 7 energy region. The energy step of the calculations is FIG. 4. Fit of them-resonance region in the K-edge NEXAFS
now 0.13 eV to check in detail the presence of possible twapectrum. The two Lorentzians are separated by about 0.5 eV.

Absorption (arb. units)
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A any case the polarization analysis indicatez @mponent,
confirming an-like symmetry.

Chemisorbed @ on a Pt111) surfacé'®is another ex-
ample of a splitting in ther* resonance involving ther
| empty orbitals. For that system a superoxo-like molecular
28 atoms | configuration has been assigned, and the existence of the
splitting was attributed to two different states parallel and
orthogonal to the O-O anion axignd located at 530.3 eV
normal incidence and 530.9 eV at grazing, respectjvelbe
to a different amount of charge transferred from the sub-
strate.

In the present case this picture must be excluded, because
in the complete ionic electronic configuration of the O
molecular anion[1s*(204)*(207)?(30¢)*(1my)*(175)°]
there is only one emptyr molecular state. Moreover, our
sample is polycrystalline and the,O axis orientation with
| respect to the lighE vector cannot be fixed.
L | We conclude that the origin of ther*-like resonance
- . splitting in the KGQ case is due to the scattering paths in-
i /N , . . . 1 volving other oxygen atoms embedded in a crystalline solid
75 7 68 -6 -55 -85 45 -4 matrix and hence to a strong solid-state effect revealed only
by high-resolution measurements.

11 atoms )

Absorption (arb. units)

7 atoms

E-E, (eV)

FIG. 5. SCF calculations in the-resonance region by using CONCLUSIONS

different numbers of atoms around the absorber with the, KO \w\e have shown that the structural and electronic changes
geometry. of potassium-superoxide can be detected by the NEXAFS
technique. By comparison with MS simulations we have de-
for small cluster size, but it appears when the cluster radius igermined that the O-O distance in the @olecular group in
above 4 A—i.e., including other O-O groups in the cluster.the KO, compound is between 1.30 and 1.35 A.
Further increasing the cluster siggp to 83 atomsdoes not Multiple scattering analysis of the ®&-edge NEXAFS
change the theoretical result. The splitting is always presergpectra, taking into account a model including atoms lying
with the same energy separation. This is a clear indicatiomp to 8 A from the central O atom, can give structural infor-
that in this ionic compound the splitting of theresonance is mation on the O-O anion distances. Theesonance split-
due to solid-state effects. In fact, only calculations performeding above the OK edge is found to be due to a multiple
with a number of atoms above 28 present the splitting obscattering path involving O atoms arranged in O-O group—
served in the experimental data is reproduced with the righte., to a solid-state effect.
energy separation. A 28-atom cluster is composed of two
complete planes of the KGstructure, resembling in this way
the whole crystal with the same symmetry properties. The
same result is achieved with an O-O distance of 1.34 A. One of the author$Z.Y.W.) acknowledges the financial
Further calculations show that for a charge tran€der  support of the 100-Talent Research Program of the Chinese
=1le" leads to a single feature only for an O-O distances ofAcademy of Sciences and of the Outstanding Youth Fund
1.28 A, while a charge transfer less than one electron induce®o. 10125523 of the National Natural Science Foundation
a splitting only for an O-O distance greater than 1.40 A. Inof China.
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