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We have investigated photoabsorption, N 1s photoelectron emission, and photon-stimulated desorption
sPSDd of N+ ions, from N2 molecules perpendicularly chemisorbed on Nis111d surfaces, in the energy range of
the Ni 2p3/2,1/2excitations. For this system, N 1s photoemission monitors single-core-hole production, whereas
PSD of N+ is mainly due to excitation of multiply excited N 1s core-hole states. The amplitude variations of
these two signals and the kinetic energy distributionssKED’sd of the N+ ions were recorded as functions of the
photon energy. In addition, we measured the amplitude variations of PE and PSD as a function of the photon
incidence angle, which was varied from grazings7° with respect to the surfaced to steeper angless43° and 50°
with respect to the surfaced. For grazing incidence, strong variations of both the photoelectron and the N+

signals with photon energy and angle of incidence were found in the Ni 2p region which are compatible with
x-ray optical sdielectricd effects, one manifestation of multiatom resonant photoemission. The N+ KED’s,
which are known to depend strongly on the nature of the electronic excitation responsible, did not change
across the Ni 2p3/2 threshold, which excludes any type of state selectivity in the interatomic core-coupling
effects observed. For N 1s photoemission, a first analysis of our data suggests a variation of the N 1s signal at
the Ni 2p edges also for steeper angles of light incidence, of comparable magnitude to that at grazing inci-
dence. However, more careful x-ray photoelectron spectroscopy experiments and the investigation of electroni-
cally stimulated desorption of neutral N2 molecules and N atoms reveal that these effects are due to a strong
increase of beam damage when passing the Ni 2p edge; these effects could be reduced by rapidly scanning the
sample under the beam. We thus conclude that for high angles of incidence most of the Ni 2p-related changes
in our N 1s photoemission signal are due to beam damage.

DOI: 10.1103/PhysRevB.71.125409 PACS numberssd: 78.70.2g, 78.68.1m, 79.60.2i, 79.20.La

I. INTRODUCTION

Resonant coupling phenomena in the vicinity of elec-
tronic excitation thresholds have become an indispensable
tool for the investigation of electronic interactions in matter.
When the same final excited state can be reached either di-
rectly or via a discrete resonance, the interference of these
paths leads to distinct features in the observed cross
sections.1 The effect is well understood for core excitations
of single atoms, in which the coupling is intraatomic. The
resonant behavior is experimentally observed by monitoring
the photon energy-dependent cross sections directly by pho-
toemissionsPEd or indirectly by decay phenomenasdecay
electrons, fluorescence photons, or stimulated ion or atom
emissiond across the photon energy corresponding to the
resonance energy. For example, valence electron photoemis-

sion in resonance with core-level excitation to a discrete
level is one particularly illustrative example.1 The resulting
resonance shapes have been successfully represented by
Fano profiles, the appropriate form for two interfering
quantum-mechanical emission channels: one nonresonant
and one resonant.2,3 For systems consisting of more than one
kind of atom, such processes are commonly described as
intra-atomicprocesses; by contrast, prior work suggests that
interatomic core-level coupling and decay via the Auger
process4 should be very weak because of the small expected
wave function overlap. Nonetheless, the Coulomb interaction
responsible for such effects decays relatively slowly with
distance, so one can ask whether such interatomic effects
should be seen in photoemission. Recently, in fact, strong
effects of such coupling have been reported in heteronuclear
solids se.g., with two atomsA andBd, for which the photo-
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emission cross section of atomA is affected by crossing a
core-level x-ray absorption resonance of atomB; these ef-
fects have been termedmultiatom resonant photoemission
sMARPEd.5–11

Attempts by various groups to measure these effects led
initially to varying conclusions, but by now a consistent pic-
ture for photoemission from bulk solids has emerged. As
detected via the photoemission channel, MARPE effects
were originally observed in MnO, Fe2O3, and
La0.7Sr0.3MnO3 sRefs. 5–8d as strong resonant enhancements
that very closely followed the associated x-ray absorption
coefficients; however, it was subsequently realized that these
experiments on bulk samples had suffered from detector non-
linearities which dominated the apparent MARPE effects and
distorted their shapes.9–11 Some of the first conclusions con-
cerning the magnitudes and potential utility of these effects
were thus not correct. Experimental results for MnO with
accurate detector nonlinearity correction have been
published,9 and the observed interatomic resonant effects
have been described in terms of both a microscopic
quantum-mechanical theoretical picture and a more empiri-
cal resonant x-ray optical or dielectric model.7,9 Similar early
experiments on bulk MnCl2,CrCl2,VCl2, and KCl showed
enhancements of the Cl 2p photoelectrons between 29%
sMnCl2d and 11%sKCld for metal 2p excitation,12 but these
also appear to have been affected by the same detector
nonlinearities.9 Prompted by early MARPE measurements on
an adsorbate system N2/Nis100d,13 these limitations on the
quantitative analysis of MARPE were identified in a system-
atic investigation of the detector nonlinearities for chemi-
sorbed O/Nis100d,14 reducing the uncorrected O 1s–Ni L3

MARPE resonance of 140% to less than 2% ±5% for angles
of x-ray incidence higher than 20°. Bulk NiO and CuO have
also been studied,15 and for these cases the O 1s photoemis-
sion from NiO did not showany modulation at the Ni 2p2,3
thresholds, whereas that from CuO showed a decreased in-
tensity or “antiresonance” at the Cu 2p edge. A microscopic
theory of the effect in CuO involving resonant x-ray scatter-
ing sa close relative of the x-ray optical approachd correctly
predicted the observed profile15 and is in qualitative agree-
ment with the results for MnO.9 A very recent detailed rein-
vestigation of NiO at more grazing incidence angles has also
concluded that such effects can indeed be observed for this
case and that the observed modulations can be explained by
the resonant x-ray opticalsdielectricd model, with the earlier
nonobservation of any effects being due to the steep inci-
dence angle used.11,16

MARPE experiments based on core-holedecaymeasure-
mentsse.g., soft x-ray or Auger electron emissiond have also
provided mixed conclusions. Large enhancementssby 90%–
100%d were reported for O 1s soft x rays and Auger elec-
trons at the metal 2p edges in MnO and Fe2O3,
respectively,17 but these have also subsequently been attrib-
uted to detector nonlinearities in measuring the x-ray absorp-
tion coefficient.9,11 For soft x-ray emission from LaF3 and
TixNb1−xC, no enhancement of the F and CKa fluorescence
was seen for resonant LaM4,5 and TiL2,3 excitations, respec-
tively, but rather only effects explainable via x-ray optics.18

However, we note that such x-ray optical effects are in fact
manifestations of the same set of phenomena that have been

used to explain the variation of photoemission intensities
with photon energy9,11 and are as such MARPE effects as
viewed by another detection mode.

For complete clarity, we also note that the x-ray optical
model implies that the effects of scanning through a reso-
nance alter the excitation step by changing the orientation
and strength of the electric field in the near-surface region
that is active in electron excitation. If we average over radia-
tion polarization effects, the excitation strength will be pro-
portional to the square of the electric field strength times a
photoabsorption cross section for a given process, even
though the cross section must in its most precise form be
calculated as the square of the matrix element for a given
polarization.

In what follows, we ask which interatomic resonant ef-
fects are observable in photoexcitation of an adsorbate, via
photoelectron and desorbed ion detection. In particular we
explore whether effects are present that go beyond those de-
scribable via resonant x-ray optical theory. However, we
should quickly note that, since the x-ray optical constants are
determined by the collective effects of all excitation pro-
cesses occurring at a given photon energy, it is only via very
specific short-range local-field or overlap effects, perhaps
specific to the surface region, that MARPE effects may be
different from those predicted by x-ray optical theory. A key
experimental complication in observing such distinct short-
range interatomic core-hole coupling, aside fromsand aggra-
vatingd the aforementioned possible detector nonlinearities,
is the strong variation of the optical constants across the
absorption resonance of atomB, which changes the ratio of
transmitted to reflected photon flux, the phase of the x-ray
wave at the surface, and its penetration depth.7,9,11 These
effects, which in fact represent an integration over long-
range and short-range effects, can be understood in terms of
a dielectric theory of x-ray optics. The distinction and sepa-
ration of short-range interatomic core-hole coupling from
these at-first-sight-simpler dielectric effects requires a de-
tailed understanding of the dielectric properties of the
samples under resonant excitation, as well as very careful
measurements. Considerable effort has been devoted recently
to the successful development of codes for classical dielec-
tric theory as well as of a more refined microscopic theory of
such core-hole coupling.7,9,11We have here made use of only
the dielectric theory in analyzing our data, but hope that our
results stimulate future analysis via a more revealing micro-
scopic quantum-mechanical approach.

Improvement in our understanding of these effects and of
their differentiation requires experimental data for simple
systems which minimize the influences of electron transport
and x-ray penetration. Such a system is a well-ordered
monolayer of an adsorbate acting as excitation siteA, on a
single-crystal substrate consisting of resonating atomsB. We
have chosen N2 chemisorbed in a vertical orientation and in
a well-orderedsÎ33Î3d superstructure on Nis111d,19 since
this layer is well defined and because the presence of two
inequivalent N atoms should provide further length-scale in-
formation on any local coupling effect. For clearest exclu-
sion of detector peculiarities we observed the resonant be-
havior in two channels: N 1s PE and photon-stimulated
desorptionsPSDd of N+ ions, at grazing and nongrazing in-
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cidence angles. The intensity of photoemission monitors the
N 1s ssingled core-hole cross section at different angles of
incidence. From prior work, one expects to suppress contri-
butions from dielectric x-ray optical effects in photoemission
measurements at steepersthat is, nongrazingd angles of
incidence.9,16 PSD of N+ ions from molecularly chemisorbed
nitrogen in the N 1s region is by contrast very weak follow-
ing single-core excitations; it is mainly brought about by
overlapping bound and continuum multielectron excitations
of the nitrogen molecule which set in several tens of eV
beyond thefN 1sg edge.20 Furthermore, previous PSD work20

has shown an enhancement of the PSD yield of N+ ions from
N2 on the Rus001d surface at the Ru 3p thresholds, which are
energetically degenerate with those multiple N 1s excitations
and possibly could couple with them. Because of slight dif-
ferences in energy positions and peak shapes seen in photo-
absorption on the one hand and N+ PSD on the other, we had
tentatively explained our finding in terms of short-range
MARPE involving the Ru 3p resonances in Ru surface atoms
and the N 1s-derived continuum states of the N2 molecule.20

PSD of ions is of particular interest for the detection of
MARPE because the background signal is negligible and in-
fluences of detector nonlinearities do not exist, indicating
that PSD has the potential to monitor interatomic core-hole
coupling with a minimum of extraneous disturbances. The
understanding of effects oftotal photodesorptionsleading
predominantly to the neutral desorption products, N2 mol-
ecules and N atomsd, on the other hand, is—as will be
shown—nonetheless important if one is to fully exclude spu-
rious effects caused by radiation damage, and this is also true
in the PE measurements.

An even clearer case than N2/Ru for detecting distinct
short-range MARPE effects beyond the dielectric x-ray opti-
cal description appears to be N2 adsorbed on Nis111d. This
adsorbate system is well characterized and understood, and
the Ni 2p3/2,1/2 threshold resonances are very strong. In this
study, we therefore investigated N 1s photoemission and N+

ion desorption from this system at grazing and steep angles
of light incidence, in the photon energy range 835—870 eV
crossing the Ni 2p3/2,1/2 edges. For better characterization of
the PSD ion signal and its origin, we also measured the ki-
netic energy distributionssKED’sd of the N+ ions at various
photon energies, which are indicative of the shapes of the
potential energy curves of the excited states leading to de-
sorption and therefore vary strongly if different excited states
are responsible for ion emission.21,22 When effects of radia-
tion damage became obvious in our PE results, we also in-
vestigated the desorption of N2 molecules in the same range
sas stressed, neutral desorption is the main signal accompa-
nying the photoinduced destruction of the adsorbate layerd.

II. EXPERIMENT

The experiments were performed at beamlines BW3 at
HASYLAB/Hamburg sN+-PSD and N 1s PEd, UE56-PGM
sKEDs of N+ PSDd and U41-PGMsN 1s PE and PSD of
neutralsd at BESSY/Berlin, and SuperESCA at ELETTRA/
Trieste sN 1s PEd. N2 was adsorbed onto the cleans111d
surface of an approximately 5-nm-thick Ni film epitaxially

grown on a Rus001d substrate23 for the grazing incidences7°
to the surface,Az polarizationd measurements done in Ham-
burg and Berlin and for all experiments done in Triestes50°
to the surfaced. For the steeper incidence done in Berlins43°
to the surfaced, the N2 layer was adsorbed on a Nis111d
single crystal. To obtain perfect ordering of the adlayer and a
maximum amount of the perpendicularly chemisorbed N2,
the nitrogen was dosed while cooling the samples from 150
to less than 50 K. Subsequent heating to 78 K removed phy-
sisorbed N2, leaving perpendicularly chemisorbed
N2/Nis111d,19 as corroborated by polarization-dependent
x-ray absorption spectrasXASd of the bound N 1s resonance.
At all beamlines, detector nonlinearities in photoemission
were no problem because they were operated more than a
factor of 10 away from the onset of saturation and the detec-
tors utilized exhibit none of the low-count-rate quadratic
nonlinearity which affected some prior MARPE
experiments.5,7,10,12 XAS were monitored with partial elec-
tron yield sPEY, at HASYLAB and BESSYd as well as with
total electron yieldsTEY, at BESSY and ELETTRAd. The
PSD ion yield, which poses no detector problems because of
its weakness, was measured with a quadrupole mass spec-
trometer sHASYLAB d and with a time-of-flight detector
sBESSY; see belowd. When the influence of beam damage
became obvious, we scanned the sample mechanically
through the beam so as to continuously expose new surface.
A time-of-flight detector was also used to record kinetic en-
ergies of the desorbing ions21 in single-bunch beamtime
sUE56-PGM, BESSYd with one consequence being a suffi-
ciently small photon flux that no beam damage occurred un-
der these conditions. The yields of desorbing N2 molecules
and N atoms were measured with a different quadrupole de-
tector which possesses a high efficiency ionization chamber
in a cryopumping surrounding; apparatus and procedures
have been described before in detail.24

III. RESULTS AND INTERPRETATION

In Fig. 1, N 1s PE spectra measured with photon energies
varying across the Ni 2p3/2 photoabsorption threshold under
grazing light incidences7° to the surface, so essentiallyz
polarization ifz is along the surface normald are shown. The
spectra have been normalized to the incident photon flux
measured with a gold photodiode. The spectra were shifted
to obtain identical pre-peak levels. Each XPS spectrum
shows a higher-kinetic-energy doublet due to the two chemi-
cally inequivalent inner and outer nitrogen atoms, separated
by a chemical shift of 1.3 eV. This doublet is accompanied
by a strong many-electron satellite structure towards lower
kinetic energies. In agreement with previous MARPE-related
measurements on N2/Nis100d,13 we observe no significant
variation of the shape of the N 1s spectral function for the
different photon energies; the intensity ratio between the two
N 1s PE signals is constant within experimental uncertainty.
However, the total N 1s intensity as derived from the area
enclosed in the background-subtracted spectra varies signifi-
cantly as a function of photon energy in the range of the Ni
2p3/2 edge, exhibiting a distinct minimum at around a kinetic
energy of 447.3 eV. Qualitatively similar results were ob-
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tained on scanning through the Ni 2p1/2 edge, but here with a
less dramatic change in intensity. The same conditions were
used for measurement of the N+ ion PSD yield.

Figure 2 combines the results of different measurements
and summarizes the N 1s PE, the N+ PSD, and Ni 2p XAS
resultssas measured via PEYd. The scale here is with respect
to the Ni 2p3/2 absorption peak located at 852.5. PE measure-
ments are shown for two different angles of photon inci-
dence. At grazing incidences7° with respect to the surfaced
dips of about 43% and 34% of the prethreshold intensity are
observed at the Ni 2p3/2 edge for the N 1s and the N+ signals,
respectively. The PE and PSD signalssboth obtained at
DESY, with the same setupd differ somewhat in shape: the
minimum of the PSD signal is shifted to lower energy from
that of the PE trace by 0.3 eV, and its leading edge is less
steep. Both PE and PSD profiles could be well fitted by Fano

line shapes, but we stress that this is a purely empirical fit of
this function to the data. We emphasize that for grazing in-
cidence, the PSD data have been recorded simultaneously
with the XAS measurement, thus eliminating any differential
energy calibration errors. At the Ni 2p1/2 edge the PE and
PSD signals differ much less, but since the effects are
smaller, resolving differences is more difficult.

Figure 2 also contains the first PE results obtained at
ELETTRA using a steep angle of incidences50° to the sur-
faced. As seen, the raw data showed a clear dip at the 2p3/2
edge, quite similar to the results for an angle of 7°. So a first
possible conclusion is that there exist MARPE effects be-
yond dielectric x-ray optics since no appreciable effect at
steep angles is expected from this mechanism, as we will
illustrate later with theoretical calculations. However, the
steeply falling background across the 2p3/2 region for 50°
incidence—in contrast to the 7° case—already indicates the
likelihood of contributions from a coverage decrease—i.e.,
beam damage—of the N2 layer in this case. Local beam
damage is in general expected to appear as an energy-
dependent signal decrease which can be significantly en-
hanced on passing through an absorption resonance. Thus,
such effects can mimic the behavior of a negative cross sec-
tion variation by MARPE. Indeed, when we scanned the
beam over the surface with varying speed, we found a
strongly varying decrease of PE signal strength with scan-
ning velocity. Figure 3 shows these data, which were taken at
BESSY at an angle of incidence of 43°. The solid line is the
N 1s spectrum off resonance, which is compared in each case
to a spectrum at a different scanning rate. For the fastest
scanning rate shown of 2.7 mm/min, which amounts to
shifting the beam by its diameter about every 2 s, the two

FIG. 1. N 1s PE spectra of N2/Nis111d for photon energies
varying across the Ni 2p3/2 edgesarrowd, measured with grazing
light incidence s7° to the surface, predominantly z
=normal polarizationd. The XPS main lines of the two chemically
shifted N atoms are shown as solid lines; shake-up/screening satel-
lite features as dashed lines.

FIG. 2. PhotoabsorptionsXAS, solid line; grazing incidenced,
N+ PSD sdashed line; grazing incidenced, and N 1s photoemission
in the Ni 2p3/2 region s7° grazing photon incidence: solid circles;
nongrazing at 50°: crossesd. Photon energyhn relative to the Ni
2p3/2 edge at 852.3 eV;z polarizationd.

FIG. 3. Dependence of the PE signalsat low resolution for fast
energy scanningd on the velocity of moving the synchrotron light
beam over the surface, at a steep angle of incidences43°d. For each
velocity, the line represents the measurement for an energy below
the Ni resonance and the points that on resonance. Their difference
is then an indication of the removal of adsorbate. The strong influ-
ence of beam damage is obvious.
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sets of data are essentially in agreement, but for anything
slower than this, the effect of desorption is evident. These
decreases of signal are due to a proportional decrease in the
local N2 coverage seen by the beam. We also find that almost
all of the removed molecules appear in the gas phase as
neutral molecules. As displayed in Fig. 4, the N2 PSD yield
follows closely the TEY curve, especially as photon energy
passes directly over the Ni 2p3/2 edge. This shows that the
main mechanism for desorption of neutral molecules and,
since this is by far the strongest channel, also of adsorbate
coverage depletion, is XESDsx-ray induced electron stimu-
lated desorptiond by outgoing photo-, Auger, and secondary
electrons.

It is clear, then, that, if the sample is physically scanned
through the beam during measurement, but under conditions
for which the radiation-induced decrease of coverageswhich
is directly determined by the damage cross sectiond changes
strongly with energy, the signal will trace the inverted de-
sorption cross section. From our data, we conclude that most
sca. 95%d of the apparent MARPE effects seen at steep
angles of incidence in the PE signal are due to this radiation-
induced decrease of coverage during measurement. Due to
the combined uncertainties in both the raw data on and off
resonancescf. Fig. 3d and the resulting difference signal, we
cannot exclude the existence of a small true MARPE effect
on the PE signal over the Ni 2p edges for steep angles of
incidence, as seen recently, e.g., at such higher angles in O
1s emission from bulk NiO.11,16 For the grazing-angle mea-
surements, we estimate that about half the raw effect seen is
caused by beam damage and the other half is a true cross-
section response.

As pointed out above, the N+ ion yields should not be
influenced by these depletion effects, as they were taken at
much smaller light intensities. Figure 5sad shows results for a
number of angles close to grazing lightslight polarization
along thez directiond and Fig. 5sbd one curve for steep inci-
dence. These curves depend strongly on incidence angle, and
for the grazing angles, we find a strong suppression of the N+

signal at both Ni 2p resonances, with a form for the lowest
angles that resembles the inverse of the absorption coeffi-
cient and for higher angles around 7°–9° more resembles
decreasing-then-increasing Fano-type profiles. This general
behavior is also expected from dielectric theory.9,11,16At the
steep angle shown in the lower panel, however, only a small
peak mimicking the direct XAS curve occurs on a large
background. The steep-angle response can be explained es-
sentially by XESD. A small Fano-type response could be
hidden below it, but again we estimate that its strength could
be at most 5% of the overall effect.

We have also measured the ion KED’s at various photon
energies in the same range for grazing incidencessee Fig. 6d.
It can be seen that the normalized curves lie exactly on top of
each other. It is well established for O+ PSD from
CO/Rus001d sRefs. 21 and 22d that the KED’s change
strongly when the excited state causing the ion desorption
changes; very similar results have been obtained for N+ PSD
from chemisorbed N2.

25 Thus we conclude from this con-
stancy of the KED’s that, if a MARPE effect is responsible
for the intensity variations seen in PE and N+ desorption, this
effect is not state selective. Below the N 1s multiple
shake-up / shake-off regionsabout 420 eVd the ion signal is

FIG. 4. XAS signalssTEY: total electron yield open circles;
PEY: partial electron yield, cutoff at a maximum kinetic energy of
350 eV, solid circlesd compared to the signal from desorbing neutral
N2 molecules, at the Ni 2p3/2 edge. Data obtained with grazing light
incidence andz polarization.

FIG. 5. N+ PSD at the Ni 2p3/2 edge for a number of light
incidence angles close to grazingsad and at a steep angles43°d sbd.
The strongly angle-dependent Fano-type curves at grazing and the
small, absorptionlike response at the steep angle are clearly seen.
Note the strong background suppression insbd which shows the
very small degree of enhancement of only about 10%.
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very small. Also, in the case of N+ PSD from RusRef. 25d
the KED’s measured with photon energies above 800 eV—
i.e., in a range where there areno core thresholds—were
very similar to those found here, which corroborates the mo-
lecular origin of those ions. Therefore, strong contributions
from XESD via valence excitations or one hole N 1s ioniza-
tion of the N2 molecule by outgoing electrons can be ex-
cluded for the N+ channel, in agreement with the small effect
shown by the 50° N+ curve of Fig. 5.

IV. DISCUSSION AND COMPARISON TO DIELECTRIC
MODEL CALCULATIONS

We have already concluded from our results thatsad a true
response of the N 1s-related signals at the Ni 2p thresholds
occurs only at grazing angles; the effects seen at steep light
incidence are due to beam damagesPEd and XESD sN+

ionsd; sbd there is no discernible difference in the PE effect
for the two different N atoms;scd there is no change of the
N+ KEDs across the Ni 2p thresholds which means that there
is no change in the dissociative final state in this range; this
is most easily explained if the effect is due to x-ray optics at
grazing, with a small contribution of XESD at steep inci-
dence angles.

We nevertheless examine the overall situation from a
broader perspective to make sure that all important factors
have been considered.

In principle our findings could contain possible contribu-
tions from three different mechanisms:9 sid the variation of
the effective photon field at the surface due to the dielectric
response of the sample, which is equivalent to a longer-range
dielectric x-ray optical effect,sii d a shorter-range interatomic
core-hole coupling and decay between the N 1s and the Ni
2p core levels that must be treated by going beyond the
dielectric picture and into a microscopic theory, andsiii d pho-
ton energy-dependent photoelectron diffraction. We note that
item sii d could consist of local-field influences which might
be accessible in a more detailed x-ray optical treatment and
which could have their origins in local orbital overlap ef-
fects. Of course, a high-level theory would contain all three
of these contributions, and the separation of the first two
contributions might be considered as similar to the concep-

tual separation of extrinsic and intrinsic coupled excitations
swith or without their cross termsd in core electron emission.
We do believe, however, that such a conceptual separation
between long-range and short-range contributions—if it is
possible—would contribute more to a detailed understanding
than a complete theory without differentiation.

Item siii d, photoelectron diffraction, can be excluded as
the explanation of the observed abrupt changessdipsd at the
Ni 2p3/2 edges, because at a kinetic energy of the photoelec-
trons exceeding 400 eV, photon-energy-dependent variations
due to diffraction are very gradual on a scale of a few eV;
also, they would be accompanied by an intensity variation
between the N 1s photoemission of the two inequivalent N
atoms, which is not observed.

As noted in the introduction, the effective x-ray field
across the adsorbate layer is expected to change at the sub-
strate edge, particularly for grazing incidence. Detailed ex-
pressions for calculating such effects for PE from a uniform
semi-infinite substratesin the dielectric modeld have been
given elsewhere.7,9,11Here we have used a more general pro-
gram due to Yang including all possible single and multiple
reflections at any interfaces present, but still in the dielectric
model.26 Our XAS experimental results were used to derive
the Ni dielectric constant via Kramers-Kronig analysis; the
nonresonant constant for N2 was taken from standard
tabulations.27 Figure 7 shows the N 1s intensities thus calcu-
lated for a monolayer of N2 deposited on a 5-nm layer of Ni
which is in turn deposited on a semi-infinite Ru crystal, at
different incidence angles. For each range, a family of curves
spanning the nominal value of the incidence angle is dis-
played. For the grazing-incidence case, Fig. 7sad shows that
there are significant modulations across the Ni 2p3/2 edge
which strongly depend on photon energy and the angle of
incidence. These modulations are approximately ±10%
within ±2° of the nominal experimental angle and are
brought about by rapid phase and amplitude variations of the
x-ray wave in the surface region, including the superposition
of wave components reflected from the vacuum-Ni and
Ni/Ru interfaces. For the 2p1/2 threshold resonance above
the 2p3/2 edge these variations are only roughly1/3–1/5 as
large.

In fact, the superposition of wave components arising
from the two interfaces is expected to produce a set of peaks
or dips in reflectivity in accordance with a Bragg-like rela-
tionship nlhn=2dNisinuhn,n, where n=1,2,3,… ,lhn is the
x-ray wavelength anddNi is the thickness of the Ni layer.28

These features are often referred to as Kiessig fringes.28 Cal-
culations of reflectivity for our system of
3.1 Å N2/50 Å Ni/semi-infinite Rusnot shown hered do in-
deed show such features. For example, at the Ni 2p3/2 reso-
nance energy, minima of reflectivity are found at angles
which are roughly multiples of 9° for our nominal layer
thickness. However, for our specific choices of angles of
incidence in the photoemission measurements,uhn=7°, 40°,
and 50°, the reflectivity is found to be close to that of a
semi-infinite Ni layer. Furthermore, the actual layer thickness
may deviate from the nominal thickness by +/− a few atomic
layers, and it is likely that there is some variation of the
thickness which will broaden the response. Therefore we do
not expect these structures to play a major role in the

FIG. 6. Kinetic energy distributionssKED’sd of N+ ions at a
number of photon energies in the Ni 2p3/2 range, normalized at the
maximum. Their equality is obvious.
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MARPE effects observed. In general, however, such Kiessig
fringes need to be considered for any analysis of angle-
dependent photoemission intensities from a nanometer-scale
multilayer structure.

Comparing the experimental data in Figs. 2 and 5 to the
dielectric x-ray optical calculations in Fig. 7sad, we conclude
that for grazing incidence, straightforward x-ray optics will
contribute considerably to the signal modulations found in
both PE and PSD. We further note from these curves that the
differences in the spectral shapes found in PE and PSD are
most probably not significant because small errors in adjust-
ing the angular orientation of the sample with respect to the
photon beam suffice to explain them. In this connection we
reiterate that, although XAS and PSD were measured simul-
taneously, so that exact energyand angle were identical, it
was not possible to simultaneously measure PE and PSD. As

Fig. 7sad shows, the dielectric x-ray optical effects below the
Ni 2p3/2 edge are a strong function of angle, largely due to
reflection at the rear Ni/Ru interface; Fig. 5sad bears this out
for experiment. Inspection of the theoretical results shows
that the field changes in front of the surface on a scale of 0.2
nm are very small, which explains the identical effect seen in
the change of PE for the two N atoms and associated with
the field enhancementsFig. 1d.

The situation is totally different for steeper photon inci-
dence, on which emphasis is put in the calculations shown in
Fig. 7sbd. Here, reflection of the x-ray wave at both the sur-
face and the rear interface is negligible even at the substrate
thresholds, and the variation of the N 1s intensity across the
Ni 2p3/2 edges predicted by the dielectric theory is below 1%
for angles beyond 40°. Thus, any effects seen in this angle
range or higher might be due to effects that go beyond the
dielectric model and might be more associated with short-
range interatomic coupling. As shown in Sec. III, we cannot
exclude such an effect of the order of at most 5%, but the
data are also consistent with no effect at all.

We therefore conclude that our results for N 1s excitation
at the Ni 2p thresholds in the adsorbate system N2 on
Nis111d are consistent with MARPE effects such as those
seen previously for MnO, CuO, and NiO and which are due
to field enhancement describable in terms of a resonant x-ray
optical or dielectric model. We can put an upper limit of at
most 5% on any effects going beyond the dielectric model.
Initial indications of much bigger effects in our data have
been traced back to beam damage. This again illustrates the
extreme sensitivity of MARPE-type measurements to differ-
ent types of experimental artifacts which can only be elimi-
nated by very careful and detailed experimentation.

V. SUMMARY

In summary, for well-defined adsorbed layers of N2 on
Nis111d films, we have found responses which qualitatively
look like Fano resonances at the Ni 2p3/2 edge, both in N 1s
photoemission and in N+ photodesorption. In the case of PE,
these raw data have been found to be strongly influenced by
radiation damage—i.e., by stimulated desorptionsmostly as
neutral N2 moleculesd due to the outgoing electronssphoto,
Auger, secondaryd created by the photons absorbed in the
bulk; this leads to strong coverage changes during measure-
ment across the Ni resonances. Since the yield of these sev-
eral types of electrons created by photoabsorption changes
drastically at the Ni 2p3/2 edge and since this also happens
for both grazing and steep angles of light incidence, this
effect unfortunately leads to signal variations which, without
correction, would appear to be evidence of MARPE-like in-
tensity variations beyond a description in terms of x-ray op-
tics. For the PE measurements, the extent of the artifacts
induced in this way has been shown via comparison to x-ray
optical calculations to be at least 95% of the raw effect for
steep angles of incidences40°–50°d; for grazing angles, it
constitutes up to half the raw effect. The true effect remain-
ing for grazing incidence can be well understood as the con-
sequence of dielectric x-ray optics—i.e., the change of am-
plitude and phase of the electromagnetic radiation in the

FIG. 7. Calculated modulations of the N 1s PE signal from a
monolayers0.3 nmd of N2 on a 5-nm Ni film deposited on Ru,
according to resonant x-ray opticalsdielectricd theory sRefs. 7, 9,
11, and 26d, as a function of photon energy in the Ni 2p3/2 range for
various angles of photon incidence:sad for grazing incidence
angles, sbd for a wide range of angles including nongrazing
incidence.
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region of the very strong Ni resonances as described by the
long-range dielectric response. These changes influence the
PE signal strength directly; for the case of the N+ emission,
the responsible effect is a corresponding change of the inten-
sity of outgoing electronssphotoelectrons and Auger elec-
trons; low-energy secondaries are less efficientd, leading to a
small increase of ion emission caused by XESD. Quantita-
tive deviations of the theoretical curves from the experimen-
tal values for grazing incidence, as well as between PE and
PSD, may be due to small angle errors of a few degrees and
averaging over a range of thicknesses for the case of thin Ni
layer, which are difficult to avoid in our setup. The possible
range of an effect at steep anglessat most 5% of the raw
effectd, where the dielectric x-ray optical effect is close to
zero, is in the range where present theory would predict a
weak interatomic core hole coupling between the Ni 2p
bound-to-bound excited states on the one side and the N 1s
one-holesPEd and multiholesPSDd electron states on the
other. Thus, agreement between experiment and the present
state of theory is obtained.

We might add that these conclusions could only be
reached by very extensive and careful experimentation and

exclusion of artifacts. In the latter respect, MARPE—and
especially any strictly local manifestations of it—has again
shown itself to be an effect which can easily be confused
with other phenomena occurring as absorption edges are
crossed.
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