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INTRODUCTION

Recent experiments have provided evidence of a previoudy unconsidered resonant process between
interatomic eectronic levels[1]. The processis conceptually smilar to the well-known resonant phenomena
between electronic levels within asingle atom. However, the multiple atom nature of the new phenomenonis
expected to make the process useful asatool for studying near-neighbor bonding information.

The mechanism involved in multiple atom resonant photoemission (MARPE) is best introduced by
comparison with the familiar sngle atom case (SARPE). In the SARPE casg, it is known that as the photon
energy istuned across agiven leve in an atom, the photoemission from another less deeply bound level may be
significantly enhanced [2, 3, 5, 6]. Asan example, consider the case of atomic Mn shownin Fig. 1. Inthiscase,
the Mn3d photoemission is enhanced as the photon energy crosses the deeper Mn3p level. The Mn3p level is
excited into Mn3d but decays, producing an electron of the same energy asif the Mn3d had been directly
excited by the photon. This processis then providing a second coherent channd for the Mn3d to photod ectron
process. The figure presents experimentad [3] and theoreticd [5] resultsfor this particular process.

In the case of MARPE, wefind that the two levelsinvolved in the resonance do not need to be associated
with the same atom. In Fig. 2A, the processis diagramed for the case of Ol1sresonating with Mn2pg, 1. AS
depicted in the figure, the photon energy must be sufficient to excite the Mn2p,, and 2py, electronsinto aMn3d
level. The process couplesto the O1s when the Mn3d decays back to Mn2p, simultaneoudly producing an
electron from the Olsleved with the same energy asif the photon had directly excited an Ol1s dectron.

Asthe absorption edge of Mn2ps;, is crossed, we experimentdly find the Olsintensity to be enhanced by a
factor of about 11% when integrated over the entire range of the Mn2pz, contribution. For comparison, the
SARPE case shown in Fig. 1B indicates an overall enhancement of the Mn3d intensity of about 63% when
similarly integrated across the extent of the effect.

EXPERIMENT

All experimenta data was recorded at the Advanced Photoel ectron Spectrometer/Diffractometer on
beamline 9.3.2 of the Advanced Light Sourcein Berkeley [8,9]. The beamline alows photon energy to be
selected between 30 to 900 eV. For these experiments, linearly polarized light was chosen. Thisinstrument
allows significant degrees of freedom in the experimental geometry. A sample manipulator permits an arbitrary
sample angle reative to the spectrometer acceptance (or photon incidence). Furthermore, a rotatable Scienta
ES200 andyzer alowed the analyzer acceptance and photon incidence to be adjusted independent of the
manipulator degrees of freedom.

Samples used in this study were single crystal MnO(001), single crystal Fe,O3(001), and
L&y 7SrosMn0O5(001). Photod ectron diffraction measurements confirmed each sample to have a highly
ordered surface and allowed precise orientation of the sample geometry during subsequent measurements
[8].

For dlarity, we will discussthe experimenta method in the specific case of an MnO sample where the Ols
level (binding energy ~530eV) isin resonance with the Mn2ps, and 2py, levels (binding energies ~639 and
650eV). The details may betrivialy modified to apply to subsequent examples. We areinterested in the
variation of the O1s peak intengity as the photon energy is scanned through the Mn2p edge. We recorded an
O1s spectrum for incremental photon energies across the Mn 2p range: 634 to 657¢eV. For each peak, the
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Figure 1: :
A.Single Atom resonant photoemission (SARPE) for the case of Figur e 2 o
Mn3d emission from atomic Mn with the resonance occurring A.Multi-atom resonant photoemission for the case of Ols
viathemn3p level. The direct exditation isindicated by the emission from MnO, with the resonance occurring viathe
solid arrow from the Mn3d to the continuum while the resonant Mn2py; level (or a adightly higher photon energy, aso the
process is shown by the solid arrow between the Mn3p and 3d Mn2py, level). The solid arrow fromthe Olslevel tothe
levels and the dashed arrows representing the autoionization continuum indicates the direct excitation. The resonant
decay. processisindicated by the other arrows, showing aMn2p to
B. The measured variation of the Mn3d emission with photon Mn3d excitation along with the decay and coupling back to
energy (solid points) shown with Hartree-Fock (HF) and Olsto continuum excitation.
many-body perturbation theory (MBPT) theoretical models. B. Our measured variation of the Olsintensity over the Mn2ps,
By defining the nonresonant contribution by asmoothly and Mn2py, edg&s The nonresonant int_ensjty isgiven _by the
varying background through photon energy range of about 30 smc_Jotth varying background (dashec_j I|n_e) through this
to 87eV, wefind theintegrated resonant contribution to be 63% region. In this case, the resonant contribution is 11% above
above the nonresonant contribution. the nonresonant background.

inelastic background was then subtracted and the curvefit in order to obtain the peak intengity (area). Fig. 3A
shows examples of such fit curves for the particular cases of on- resonance and off-resonance. Thisintensity asa
function of excitation energy is plotted in Fig. 2B, showing the MARPE enhancement as adeviation froma
smooth non-resonant background. From this curve, we remove the contribution of the non-resonant background
by subtraction of a smooth polynomia and setting of the new basdineto unity as shownin Fig. 3C. Notein Fig.
3A that the O1s pesk lies on an inelagtic background whose magnitude varies across the Mn2p edge. The
variation of this background isameasure of the X-ray absorption of the Mn2p levelsasillustrated by Fig. 3B
where the background levd as afunction of photon energy is compared to previous measurement of the X-ray
absorption by Butorin, et d [7].

RESULTS

The three samples used in thisinvestigation alowed us to observe interatomic resonance between avariety
of levels. In the MnO sample, we measured the previoudy discussed O1s resonance with the Mn2ps;, and 2py,
levels. Asindicated in Fig. 3B and discussed above, our extracted X-ray absorption coefficient exhibits
excedlent agreement with previous work. Referring to Fig. 3C, the resonance contributes up to 43% to the Ols
photod ectron intensity with an overall enhancement of 11% acrossthe entire Mn2ps, level.

In the Fe&,0; sample, we observe the Ols resonance with the Fe2ps, and 2p;». Again, our X-ray absorption
coefficient matches previous work, in this case by Kuiper et d [10]. The resonance enhancement of the Ols
intendity ishere aslarge as 62% and integrates to 24% across the Fe2ps,, portion of the effect.



Figure3

A.O1s photoel ectron spectrataken on (hollow points) and off (solid points)
resonance, hu=640.2 eV and 637.6eV respectively. Note theincreased
inelastic background on resonance (dashed curves).

B. X-ray absorption coefficient for MnO, as measured in this study from the
energy dependence of the indastic background under the O1s pectra
(solid curve) and from ref.7 (dashed curve).

C.Olsintensties above ingastic background for norma emission asa
function of hu, with the smoothly varying nonresonant intensity at each
energy (see Fig2B) subtracted and set to unity. Notethe smilar results
for two different incident photon angles (solid and dashed curves).

D. X-ray absorption coefficient for Fe,O; over the Fe2ps, and 2py, levelsas
measured in thiswork (solid curve) and from ref. 10 (dashed curve).

E. Olsintensity in resonance with Fe2ps, and 2py» ¢ F&,Os after
normalization of the nonresonant contribution. Note the difference
between the solid and dashed curves, obtained at varied eectron entrance
angle and fixed photon-dectron angle.

The Lay7SresMnO; sample provided another example of
O1s resonating with the Mn2p levels. In this case, the effect
was as large as 33% and integrated to 17% over the Mn2pz,.
Resonance between the Ol1s and the La3ds,,3» leves
exhibited O1s enhancements of up to ~100% and an
integrated effect of 29% over the La3ds, edge. Finally,
resonance between the Mn2p and the La3ds,,3, levels show a
maximum and integrated enhancement of 60% and 20%,
respectively. In each case, we were able to demondirate
agreement of our own extracted X-ray absorption coefficient
with previousresults[11, 12, 13].

DISCUSSION

For each case considered above, the resonance
enhancement or MAPRE signal is seen to be asignificant
contribution to the non-resonant intensity. Through
monitoring of the inelastic background intensity upon
which the photoelectron peak lies, the X-ray absorption
coefficient of the level may be reliably extracted. Note
also the similarity between the x-ray absorption profile
and the MARPE profile. The MARPE signal closely if not
exactly follows the x-ray absorption in each case studied.

In Fig. 3C, note that the resonance profile has been
measured for two cases differing only in the incident
photon angle. Within the statistics of the experiment, the
curves are indistinguishable. Thisisimportant evidence
that the effect isin fact due to MARPE and not to any X-
ray attenuation length changes as the edge of the deeper
level is crossed.

In Fig. 3E, we demonstrate evidence for angular
dependence in the resonance effect. For two different
photoel ectron emission angles, the resonance curves have
similar, but obvious differences. Furthermore, the energy
integrated magnitude of the effect differs: over the Fe2ps,
portion of the curve, the normal emission case (6=90°)
shows an enhancement of 24% compared to 17% for the
45° off-normal emission case.
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CONCLUSIONS

Future study of this effect promises to be quite rewarding. The very existence of the MARPE effect,
especidly at the magnitudes so far observed, isinherently interesting. Further investigations of the effect
are therefore justifiable smply to further understand the basic process.

Even more interesting is the potential of this effect to be used as a quantitative tool in determining
near-neighbor bond information. Initial theoretical calculations have indicated that the resonance will be
primarily between near-neighbor atoms and the magnitude of that effect will be very sensitive to the
atomic separations.

In both cases, it will aso be interesting to observe the effect in new systems and with different
methods. Besides the photoel ectron spectroscopy used to record the presented data, one could observe the
secondary Auger electrons emitted in process. Similarly, the secondary fluorescent photons could also be
monitored, with the experiment then becoming much more bulk sensitive.
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