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Determination of the Exchange Splitting of the Shape Resonance of O, Using the Core Hole
Decay Spectrum as a “Fingerprint”
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We have determined the exchange splitting of the 10, ~'30, shape resonance excitation of gas phase
O2, which cannot unambiguously be identified using conventional absorption spectroscopy. By identify-
ing the electronic decay spectrum of the shape resonance excitation we could separately monitor the de-
cay of the o* shape resonance and the Rydberg states. Using this fingerprint method we measured the
pure core to 30, bound state absorption spectrum in partial secondary electron yield spectroscopy.

PACS numbers: 33.60.—q, 33.70.—w, 34.50.Gb

Spectroscopy of deep-lying electronic levels of small
molecules gives unique insight into the electronic and
geometric structure as well as the dynamics of the elec-
tronic interactions. Additionally, inner-shell absorption
measurements provide a testing scheme for various
molecular calculations. The understanding of the x-ray
absorption spectra of small gas phase molecules and the
excited states involved is also a challenge in chemistry
and physics with regard to understanding the interactions
of molecular adsorbates on surfaces.

In this context a longstanding debate is going on about
the interpretation of the K-shell near-edge x-ray-
absorption fine-structure (NEXAFS) spectra of gas
phase and adsorbed O,. Because of the overlap of the o*
shape resonance with various Rydberg transitions [1,2] it
is not possible to definitely assign the conventional NEX-
AFS spectrum. Therefore the exact location and the
determination of the magnitude of the magnetic exchange
splitting of the ¢* shape resonance cannot be unambigu-
ously given. Wurth et al. [3] argued that the double
structure in the NEXAFS spectrum [Fig. 1(a)], between
538 and 544 eV exhibiting an energy difference of about
3 eV, arises due to the large exchange splitting of the o*
shape resonance. The interpretation of Ruckman et al.
[4] is based on a much smaller calculated exchange split-
ting (0.4 eV) of the shape resonance locating both com-
ponents in one of the features. The two interpretations
lead the two groups to contradicting conclusions about
the electronic interactions upon adsorption and in
different chemical environments. Changes in the NEX-
AFS spectra were interpreted as a quenching of either the
exchange splitting [3] or the Rydberg states [4]. Both
groups base their interpretation on theoretical results.
The different theories, however, reveal contradicting
values for the splitting, ranging from 0.4 to 2.75 eV
[3-51.

Here we present a method leading to the direct inter-
pretation of the NEXAFS spectrum of free O,. To solve
this problem we identified and separated the substantially
different o* and Rydberg core excited states in deexcita-
tion electron spectroscopy (DES) [6]. We offer a simple
interpretation of the complex structured deexcitation
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spectra excited between 538 and 544 eV distinguishing
between the decay of the excited o* shape resonance and
of the Rydberg states. Upon identification of the unique
decay spectrum of the shape resonance we then monitor
the transition to the o* shape resonance separately using
partial electron yield measurements. Thus we are able to
give an unambiguous interpretation of the NEXAFS
spectrum of O,.

All spectra were taken at the high resolution X1B un-
dulator beamline [7] at the NSLS of Brookhaven Nation-
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FIG. 1. (a) K-shell NEXAFS spectrum of gas phase O, to-
gether with a schematic level scheme indicating the exchange
split Rydberg series and the 17, and 30, orbitals. The energy
region of the Rydberg transitions and the o* shape resonance is
boxed by a rectangular. The two main components are labeled
by A and B. The high resolution NEXAFS spectrum in the top
region of the boxed area is taken from Ref. [8]. The six lines
are representing the excitation energies for the DES spectra in
Fig. 2. (b) The partial (full line) and total electron yield spec-
tra (dashed line) of the Rydberg transitions and the o* shape
resonance. The partial yield spectrum is taken at a final state
energy of 510.3 eV.
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al Laboratory. The spherical grating monochromator
(SGM) was set to a photon resolution of 0.5 eV for the
accumulation of the deexcitation spectra by a commercial
double pass cylindrical mirror analyzer (DPCMA) with
the energy resolution set to 1 eV. The electron yield
spectra were measured with a kinetic energy window of 2
eV. The kinetic energy scale was calibrated by compar-
ison with the O, Auger spectrum of Moddeman et al. [8].

The complex high resolution NEXAFS spectrum of
gas phase O, [9] in the energy region between 538 and
544 eV is shown in Fig. 1(a) in the top region of the en-
closed area. The Rydberg-type core excitations which
converge to the T~ (543.1 ¢V) and 22~ (544.2 e¢V) ion-
ization thresholds [10] appear in the energy region of the
two broad features which are labeled A and B. The ex-
change splitting between the Rydberg levels in the two di-
pole allowed Rydberg series is assumed to be close to the
multiplet splitting of the ionic states [10] since the in-
teraction between the Rydberg electron and the remain-
ing electrons is insignificant for the spin interaction. As
already mentioned, these structures A and B are also in-
terpreted as transitions into the antibonding molecular
3o, orbital. As given by the dipole selection rules there
are, as in the case of the Rydberg transitions, two possible
spin state configurations in this ¢* shape resonance
where the excited electron can couple to either a doublet
(32 7) or a quartet (*T ™) parental ion core. In both
cases, to avoid a change of the overall multiplicity during
the absorption step, the excited 30, electron must possess
the opposite spin direction compared to the remaining
core electron in the 10, orbital.

Below we show that the two exchange split states are
not to be associated with the splitting between structure
A and B, but are both contributing to structure A. With
the help of the technique of DES, the difference between
the molecular orbitals and Rydberg states becomes dis-
tinctly apparent. It was demonstrated for gas phase N,
[11] that the shape of the decay spectra differs consider-
ably if the excited state is of Rydberg or molecular orbit-
al type. The multiplet coupling in N is clearly different
for the decay of the Rydberg state excitations in compar-
ison with the z* transition. The decay of various excited
Rydberg orbitals are dominated by different 24 1p (two-
hole one-particle) final states, where the excited electron
takes part only as a passive spectator during the transi-
tion to the final state. The overall shape looks like a nor-
mal Auger spectrum, only shifted to higher kinetic ener-
gies in comparison with the double ionized Auger final
state. This is due to the difference in the Coulomb
screening of the Rydberg electron in the initial and final
state. In contrast, a primary excited molecular state, as
for example the n* state of N, shows a completely
different decay spectrum due to the strong interaction be-
tween the excited, comparatively compact valence orbit-
als and the rest of the electron system. The situation for
O, is quite similar by inspection of the totally different
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decay spectra of the molecular z* resonance [Fig. 2(a)]
and the Auger spectrum [Fig. 2(h)]. In contrast, the de-
cay spectra excited in the energy range between the n*
and the ionization limit [Figs. 2(b)-2(g)] are very com-
plex for O, due to the overlapping of different Rydberg
states and the o* resonance, whereas in N, the o* shape
resonance is located in the continuum.

In Figs. 2(b)-2(g) the measured decay spectra of O,
are shown, which are excited at characteristic energies
within feature A at 539.2, 539.7, and 540.1 eV and at
three different photon energies of feature B at 541.4,
542.4, and 543.4 eV. The spectra are much more com-
plex than the corresponding spectra of N, [10]. For ex-
ample, the deexcitation spectra in Figs. 2(e) and 2(d) re-
veal four or even six major features in the kinetic energy
range between 490 and 515 eV. In comparison, the
Auger spectrum of O,, shown in Fig. 2(h), is character-
ized by three major features between 490 and 501 eV ki-
netic energy and another peak at 476 eV. The deexcita-
tion spectrum of the well separated z* orbital is shown in
Fig. 2(a) to demonstrate the quite different decay of a
molecular excited state. The number of the observed
structures and the overall shape of the deexcitation spec-
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FIG. 2. Deexcitation spectra of O, taken at six different ex-
citation energies depicted in Fig. 1(a). The spectrum of the »*
decay is shown in (a) excited at 530.8 eV and the Auger spec-
trum is seen in (h).
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tra excited between 538 and 544 eV all vary quite re-
markably upon only small changes of the excitation ener-
8y.

Below we propose an interpretation of the main
features observable in the deexcitation spectra without at-
tempting a full assignment of these spectra, which will be
left as a challenge to the theorists. We start our discus-
sion with the deexcitation spectrum excited most closely
to the doublet ionization limit in Fig. 2(g). This deexci-
tation spectrum excited at the photon energy of 543.4 eV
is very close in overall shape to the Auger spectrum in
Fig. 2(h). It is only shifted 1 eV to higher kinetic energy
and the second high kinetic energy peak at 495 eV is
somewhat higher in intensity. Following the above dis-
cussion we can safely assume that this deexcitation spec-
trum represents the electronic decay of an excited Ryd-
berg state.

Going to lower excitation energies we observe in Fig.
2(f) and particularly in Fig. 2(e) increasingly more com-
plex deexcitation spectra. Whereas the deexcitation spec-
trum excited at 542.1 eV shows a strong similarity to the
Auger spectrum, the deexcitation spectrum in Fig. 2(e) is
characterized by two additional peaks at 482 and 506 eV.
This latter peak is already seen in Fig. 2(f) as a small ris-
ing component. In order to explain the complex deexcita-
tion spectra of Fig. 2(e) we used the simple idea to de-
scribe it as a superposition of at least two of the identified
single excited Rydberg deexcitation spectra in Fig. 2(g).
As an indicator for the number of the simultaneous excit-
ed states we used the well separated triangular structure
between 470 and 485 eV kinetic energy. By a combina-
tion of two of the representative deexcitation spectra of
the purely excited Rydberg state in Fig. 2(g) we can easi-
ly construct the complex spectra seen in Fig. 2(e). This is
graphically demonstrated in Fig. 3(a). Following this
discussion the deexcitation spectrum shown in Fig. 2(f) is
then mainly dominated by a single excited Rydberg state
with a minor component at 506 eV arising due to a simul-
taneous excited second Rydberg level.

Before discussing the details let us try to use this quite
simple model to also explain the spectrum excited at
540.1 eV within feature A. Because of the two triangular
shaped peaks between 475 and 482 eV the complex spec-
trum seen in Fig. 2(d) could be a composition of two ex-
cited states. A combination of two Rydberg excited deex-
citation spectra fails completely in reproducing the spec-
trum of Fig. 2(d). However, this can be achieved by a
superposition of one Rydberg excited spectrum of Fig.
2(g) with the quite different deexcitation spectrum of
Fig. 2(c). By adding these two spectra on the correct en-
ergy scale the decay spectrum shown in Fig. 2(d) is quite
well reproduced. The artificially constructed decay spec-
trum is shown in Fig. 3(b).

To add the spectra on the correct energy scale we have
to shift the Rydberg excited spectrum in Fig. 2(g) to the
corresponding kinetic energy for all constructed spectra.
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FIG. 3. The graphical constructed deexcitation spectra (line)
of (d) and (e) of Fig. 2. The experimental spectra excited at
540.1 and 541.1 eV are shown as dashed lines.

This shift arises due to the Coulomb screening of the
lower excited Rydberg states. To get the correct shift we
assumed a linear approximation for the screening ability
as a function of the binding energy of the spectator elec-
tron in the core excited state. This linearity was found
out empirically for N, and various azabenzenes [12]. In
a semiempirical calculation this was also shown for N,O
[13]. We assumed that the multiplet splitting of the
Rydberg states is equal to the splitting of the core ionized
states.

The deexcitation spectrum in Fig. 2(b) and particular
in Fig. 2(c) brings forward no recognizable similarity to
the Auger spectrum or to a Rydberg decay. As in the
case of the 7* deexcitation spectrum in Fig. 2(a) it is not
possible either to reproduce the spectrum in Fig. 2(c) by
a simple superposition of different deexcitation spectra as
it was described for the higher excited deexcitation spec-
tra. This excludes the decay of an atomiclike state and
we assign it to the decay of the o* shape resonance since
no other molecular excitations are predicted in this ener-
gy region.

We see that all deexcitation spectra which are excited
at a corresponding energy within feature B are resembled
by a decay of one or more Rydberg states whereas the
deexcitation spectra for the chosen excitation energies
within feature A are always associated with the decay of
the shape resonance.

Having identified the characteristic fingerprint of the
decay of the o™ shape resonance seen in Fig. 2(c) we can
now come back to the question of the magnitude of the
magnetic exchange splitting. To do this we monitored the
absorption spectrum determined only by the excitation to
the shape resonance. With the chosen specific final state
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energy at 510.3 eV, which is characteristic for the decay
spectrum of the o* shape resonance in Fig. 2(c), it is pos-
sible to measure such a characteristic partial yield spec-
trum. The final state energy of 510.3 eV for the decay of
the ¢* shape resonance was the observed highest kinetic
energy peak in all decay spectra, except of the transition
energies corresponding to the lowest 1h final states. For
this reason no decay signals resulting from any other ex-
citation can be measured in the partial yield spectrum be-
side a small extent of inelastic scattered electrons origi-
nating from the weak participator transitions to the lh
states with the lowest binding energies. The partial elec-
tron yield spectrum shown in Fig. 1(b) reveals only the
broad feature A. Therefore the shape resonance excita-
tion unambiguously only contributes to the lower energy
feature A of the NEXAFS spectrum. For comparison,
the total yield spectrum taken under the same conditions
is superimposed on the partial yield spectrum in Fig.
1(b).

The absorption spectrum in Fig. 1(b) clearly demon-
strates that both components of the ¢* shape resonance
are embedded only in structure A. We find that the par-
tial yield spectrum has a pronounced double structure.
We assign the splitting of 0.6 eV to the exchange splitting
of the 1s ~'30, state. Our experimentally determined
splitting is significantly lower than the recently calculated
values of 1.2 eV [3] and 2.75 eV [5] for gas phase O,. In
comparison, the calculated splitting of 0.4 eV [4] is close
to our value. The large variation in the predicted values
partially reflects the theoretical difficulties in treating the
Coulomb and exchange interaction in the core hole excit-
ed states. Biased by the theoretical values different as-
signments have been proposed, and this has led to the
general confusion that we have resolved with our method.

Our result also implies that Rydberg excitations fully
dominate structure B in the absorption spectrum. This
supports the observation that this feature is attenuated in
the absorption spectra of condensed O, [14]. Such a
quenching should be expected for the Rydberg excitations
but not for the o* shape resonance, which is much less
affected by the interaction in the solid phase.

In conclusion, we have measured the exchange splitting
of the log— 30, state for gas phase O, to be 0.6 eV.
This was done by partial secondary electron yield mea-
surements at a specific final state energy. This energy
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could be chosen after the identification of the electronic
decay spectrum characteristic for the o* shape reso-
nance. Therefore the line shape of the core to valence
transition could be recorded in the yield spectrum without
the influence of the overlapping Rydberg orbital excita-
tions.

[1] A. Gerwer, C. Asaro, B. V. McKoy, and P. W. Langhoff,
J. Chem. Phys. 72, 713 (1980).

[2] A. P. Hitchcock and C. E. Brion, J. Electron. Spectrosc.
18, 1 (1974).

[3] W. Wurth, J. Stohr, P. Feulner, X. Pan, K. R. Bau-
chspiess, Y. Baba, E. Hudel, G. Rocker, and D. Menzel,
Phys. Rev. Lett. 65, 2426 (1990).

[4] M. W. Rockman, Jie Chen, S. L. Qiu, P. Kuiper, and M.
Strongin, Phys. Rev. Lett. 67, 2533 (1991).

[5] N. Kosugi, E. Shigemasa, and A. Yagishita, Chem. Phys.
Lett. 190, 481 (1992).

[6] W. Eberhardt, J. Stohr, J. Feldhaus, and E. W. Plummer,
Phys. Rev. Lett. 51, 2370 (1983); L. Ungier and T. D.
Thomas, Phys. Rev. Lett. 53, 435 (1984); W. Eberhardt,
E. W. Plummer, C. T. Chen, and W. K. Ford, Aust. J.
Phys. 39, 853 (1986).

[71 K. J. Randall, J. Feldhaus, W. Erlebach, A. M.
Bradshaw, W. Eberhardt, Y. Ma, and P. D. Johnson, Rev.
Sci. Instrum. 63, 1367 (1992).

[8] W. E. Moddeman, T. A. Carlson, M. O. Krause, B. P.
Pullen, W. E. Bull, and G. K. Schweitzer, J. Chem. Phys.
55,2317 (1971).

[9] K. J. Randall, J. Feldhaus, W. Erlebach, A. M.
Bradshaw, W. Eberhardt, Z. Xu, Y. Ma, and P. D.
Johnson, Synchrotron Radiation News 4, 19 (1991).

[10] K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P.
F. Heden, K. Hamrin, U. Gelius, T. Bergmark, L. O.
Werme, R. Manne, and Y. Baer, ESCA Applied to Free
Molecules (North-Holland, Amsterdam, 1969).

[11] W. Eberhardt, J-E. Rubensson, K. J. Randall, J.
Feldhaus, A. L. D. Kilcoyne, A. M. Bradshaw, Z. Xu, P.
D. Johnson, and Y. Ma, Phys. Scr. T41, 143 (1992).

[12] W. Eberhardt, R. Dudde, M. L. M. Rocco, E. E. Koch,
and S. Bernstoff, J. Electron. Spectrosc. 51, 373 (1990).

[13] F. P. Larkins, W. Eberhardt, I. W. Lyo, R. Murphy, and
E. W. Plummer, J. Chem. Phys. 99, 2948 (1987).

[14] M. W. Ruckman, S. L. Qiu, J. Chen, and M. Strongin,
Phys. Rev. B 43, 8603 (1991).



