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Search for a local effect in multiatom resonant core excitation in a surface species: Photoemission
and photon-stimulated desorption from N, on Ni(111)
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We have investigated photoabsorption, N ghotoelectron emission, and photon-stimulated desorption
(PSD of N* ions, from N, molecules perpendicularly chemisorbed ofINIl) surfaces, in the energy range of
the Ni 2p3, 1o €Xcitations. For this system, Ns photoemission monitors single-core-hole production, whereas
PSD of N is mainly due to excitation of multiply excited Nsore-hole states. The amplitude variations of
these two signals and the kinetic energy distributid€sD’s) 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 grazii7§ with respect to the surfate steeper angle@3°® and 50°
with respect to the surfageFor grazing incidence, strong variations of both the photoelectron and ‘the N
signals with photon energy and angle of incidence were found in thgpMégion which are compatible with
x-ray optical (dielectrig effects, one manifestation of multiatom resonant photoemission. Th&ED's,
which are known to depend strongly on the nature of the electronic excitation responsible, did not change
across the Ni B3, threshold, which excludes any type of state selectivity in the interatomic core-coupling
effects observed. For Nslphotoemission, a first analysis of our data suggests a variation of tteesigrial 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 neutrabMnolecules and N atoms reveal that these effects are due to a strong
increase of beam damage when passing thepgNide; these effects could be reduced by rapidly scanning the
sample under the beam. We thus conclude that for high angles of incidence most of thedNited changes
in our N 1s photoemission signal are due to beam damage.
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[. INTRODUCTION sion in resonance with core-level excitation to a discrete
level is one particularly illustrative exampleThe resulting
Resonant coupling phenomena in the vicinity of elec-resonance shapes have been successfully represented by
tronic excitation thresholds have become an indispensableano profiles, the appropriate form for two interfering
tool for the investigation of electronic interactions in matter.quantum-mechanical emission channels: one nonresonant
When the same final excited state can be reached either dind one resonaits For systems consisting of more than one
rectly or via a discrete resonance, the interference of theddnd of atom, such processes are commonly described as
paths leads to distinct features in the observed croswtra-atomicprocesses; by contrast, prior work suggests that
sections: The effect is well understood for core excitations interatomic core-level coupling and decay via the Auger
of single atoms, in which the coupling is intraatomic. The proces$ should be very weak because of the small expected
resonant behavior is experimentally observed by monitoringvave function overlap. Nonetheless, the Coulomb interaction
the photon energy-dependent cross sections directly by pheesponsible for such effects decays relatively slowly with
toemission(PE) or indirectly by decay phenomen@ecay distance, so one can ask whether such interatomic effects
electrons, fluorescence photons, or stimulated ion or atorshould be seen in photoemission. Recently, in fact, strong
emission across the photon energy corresponding to theeffects of such coupling have been reported in heteronuclear
resonance energy. For example, valence electron photoemiselids (e.g., with two atom#A andB), for which the photo-
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emission cross section of atois affected by crossing a used to explain the variation of photoemission intensities
core-level x-ray absorption resonance of atBmthese ef- with photon energy!! and are as such MARPE effects as
fects have been termenhultiatom resonant photoemission viewed by another detection mode.
(MARPE) 511 For complete clarity, we also note that the x-ray optical
Attempts by various groups to measure these effects lethodel implies that the effects of scanning through a reso-
initially to varying conclusions, but by now a consistent pic- nance alter the excitation step by changing the orientation
ture for photoemission from bulk solids has emerged. Asand strength of the electric field in the near-surface region
detected via the photoemission channel, MARPE effectshat is active in electron excitation. If we average over radia-
were originally observed in MnO, BE@; and tion polarization effects, the excitation strength will be pro-
Lay ;Sip sMnO; (Refs. 5-8 as strong resonant enhancementsportional to the square of the electric field strength times a
that very closely followed the associated x-ray absorptiorphotoabsorption cross section for a given process, even
coefficients; however, it was subsequently realized that thestaough the cross section must in its most precise form be
experiments on bulk samples had suffered from detector norealculated as the square of the matrix element for a given
linearities which dominated the apparent MARPE effects angbolarization.
distorted their shapési! Some of the first conclusions con- In what follows, we ask which interatomic resonant ef-
cerning the magnitudes and potential utility of these effectdects are observable in photoexcitation of an adsorbate, via
were thus not correct. Experimental results for MnO withphotoelectron and desorbed ion detection. In particular we
accurate detector nonlinearity correction have beerexplore whether effects are present that go beyond those de-
published? and the observed interatomic resonant effectscribable via resonant x-ray optical theory. However, we
have been described in terms of both a microscopishould quickly note that, since the x-ray optical constants are
quantum-mechanical theoretical picture and a more empiridetermined by the collective effects of all excitation pro-
cal resonant x-ray optical or dielectric modélSimilar early  cesses occurring at a given photon energy, it is only via very
experiments on bulk MnG|CrCl,,VCl,, and KCI showed specific short-range local-field or overlap effects, perhaps
enhancements of the Clp2photoelectrons between 29% specific to the surface region, that MARPE effects may be
(MnCl) and 11%(KCl) for metal 2 excitation}? but these  different from those predicted by x-ray optical theory. A key
also appear to have been affected by the same detectexperimental complication in observing such distinct short-
nonlinearities’ Prompted by early MARPE measurements onrange interatomic core-hole coupling, aside fréand aggra-
an adsorbate system,MNi(100),* these limitations on the vating the aforementioned possible detector nonlinearities,
guantitative analysis of MARPE were identified in a system-is the strong variation of the optical constants across the
atic investigation of the detector nonlinearities for chemi-absorption resonance of atoi) which changes the ratio of
sorbed O/Ni100,'* reducing the uncorrected Os4ANi L;  transmitted to reflected photon flux, the phase of the x-ray
MARPE resonance of 140% to less than 2% +5% for anglesvave at the surface, and its penetration dégtht These
of x-ray incidence higher than 20°. Bulk NiO and CuO haveeffects, which in fact represent an integration over long-
also been studietf,and for these cases the @ fihotoemis- range and short-range effects, can be understood in terms of
sion from NiO did not shovany modulation at the Ni @, ; & dielectric theory of x-ray optics. The distinction and sepa-
thresholds, whereas that from CuO showed a decreased iration of short-range interatomic core-hole coupling from
tensity or “antiresonance” at the Cy 2dge. A microscopic these at-first-sight-simpler dielectric effects requires a de-
theory of the effect in CuO involving resonant x-ray scatter-tailed understanding of the dielectric properties of the
ing (a close relative of the x-ray optical approaciorrectly  samples under resonant excitation, as well as very careful
predicted the observed profifeand is in qualitative agree- measurements. Considerable effort has been devoted recently
ment with the results for Mn®A very recent detailed rein- to the successful development of codes for classical dielec-
vestigation of NiO at more grazing incidence angles has alstric theory as well as of a more refined microscopic theory of
concluded that such effects can indeed be observed for thiguch core-hole coupling®*'We have here made use of only
case and that the observed modulations can be explained Itiye dielectric theory in analyzing our data, but hope that our
the resonant x-ray opticétlielectrio model, with the earlier results stimulate future analysis via a more revealing micro-
nonobservation of any effects being due to the steep inciscopic quantum-mechanical approach.
dence angle used:'® Improvement in our understanding of these effects and of
MARPE experiments based on core-hdecaymeasure- their differentiation requires experimental data for simple
ments(e.g., soft x-ray or Auger electron emissjdmave also  systems which minimize the influences of electron transport
provided mixed conclusions. Large enhanceméimys90%— and x-ray penetration. Such a system is a well-ordered
100% were reported for O 4 soft x rays and Auger elec- monolayer of an adsorbate acting as excitation Ajten a
trons at the metal 2 edges in MnO and RO, single-crystal substrate consisting of resonating atBma/e
respectively,’ but these have also subsequently been attribhave chosen Nchemisorbed in a vertical orientation and in
uted to detector nonlinearities in measuring the x-ray absorpa well-ordered(y3 X \3) superstructure on Ki11),1° since
tion coefficient?! For soft x-ray emission from LafFand this layer is well defined and because the presence of two
Ti,Nb;_,C, no enhancement of the F andk& fluorescence inequivalent N atoms should provide further length-scale in-
was seen for resonant I, s and TiL, ; excitations, respec- formation on any local coupling effect. For clearest exclu-
tively, but rather only effects explainable via x-ray optles. sion of detector peculiarities we observed the resonant be-
However, we note that such x-ray optical effects are in fachavior in two channels: N & PE and photon-stimulated
manifestations of the same set of phenomena that have bedasorption(PSD of N* ions, at grazing and nongrazing in-
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cidence angles. The intensity of photoemission monitors thgrown on a R(001) substraté for the grazing incidencér®
N 1s (single core-hole cross section at different angles ofto the surfaceA, polarization measurements done in Ham-
incidence. From prior work, one expects to suppress contriburg and Berlin and for all experiments done in Tried&@°
butions from dielectric x-ray optical effects in photoemissionto the surfacg For the steeper incidence done in Bef#3°
measurements at steep@hat is, nongrazing angles of to the surfacg the N, layer was adsorbed on a (ML)
incidence?'8PSD of N' ions from molecularly chemisorbed single crystal. To obtain perfect ordering of the adlayer and a
nitrogen in the N & region is by contrast very weak follow- maximum amount of the perpendicularly chemisorbeg N
ing single-core excitations; it is mainly brought about by the nitrogen was dosed while cooling the samples from 150
overlapping bound and continuum multielectron excitationgo less than 50 K. Subsequent heating to 78 K removed phy-
of the nitrogen molecule which set in several tens of eVsisorbed N, leaving perpendicularly chemisorbed
beyond thgN 1s] edge?® Furthermore, previous PSD wafk  N,/Ni(111),'° as corroborated by polarization-dependent
has shown an enhancement of the PSD yield bfdds from  x-ray absorption spectiéAS) of the bound N & resonance.
N, on the R(00) surface at the RuBthresholds, which are At all beamlines, detector nonlinearities in photoemission
energetically degenerate with those multiple fekcitations  were no problem because they were operated more than a
and possibly could couple with them. Because of slight dif-factor of 10 away from the onset of saturation and the detec-
ferences in energy positions and peak shapes seen in photors utilized exhibit none of the low-count-rate quadratic
absorption on the one hand and RSD on the other, we had nonlinearity which affected some prior MARPE
tentatively explained our finding in terms of short-rangeexperiments$:”1912XAS were monitored with partial elec-
MARPE involving the Ru P resonances in Ru surface atoms tron yield (PEY, at HASYLAB and BESSY as well as with
and the N &-derived continuum states of the, Molecule?®  total electron yield(TEY, at BESSY and ELETTRA The
PSD of ions is of particular interest for the detection of PSD ion yield, which poses no detector problems because of
MARPE because the background signal is negligible and inits weakness, was measured with a quadrupole mass spec-
fluences of detector nonlinearities do not exist, indicatingtrometer (HASYLAB) and with a time-of-flight detector
that PSD has the potential to monitor interatomic core-hol§BESSY; see beloy When the influence of beam damage
coupling with a minimum of extraneous disturbances. Thebecame obvious, we scanned the sample mechanically
understanding of effects dbtal photodesorption(leading  through the beam so as to continuously expose new surface.
predominantly to the neutral desorption products, Mol- A time-of-flight detector was also used to record kinetic en-
ecules and N atomson the other hand, is—as will be ergies of the desorbing iofisin single-bunch beamtime
shown—nonetheless important if one is to fully exclude spu{UE56-PGM, BESSY with one consequence being a suffi-
rious effects caused by radiation damage, and this is also trugently small photon flux that no beam damage occurred un-
in the PE measurements. der these conditions. The yields of desorbing iNolecules

An even clearer case than,NRu for detecting distinct and N atoms were measured with a different quadrupole de-
short-range MARPE effects beyond the dielectric x-ray opti-tector which possesses a high efficiency ionization chamber
cal description appears to be, Mdsorbed on Ni111). This in a cryopumping surrounding; apparatus and procedures
adsorbate system is well characterized and understood, amdve been described before in detéil.
the Ni 2p3/, 1/, threshold resonances are very strong. In this
study, we therefore investigated N fthotoemission and N
ion desorption from this system at grazing and steep angles
of light incidence, in the photon energy range 835—870 eV |n Fig. 1, N 1s PE spectra measured with photon energies
crossing the Ni B, 1o edges. For better characterization of varying across the Ni&;,, photoabsorption threshold under
the PSD ion signal and its origin, we also measured the kigrazing ||ght incidencd7° to the surface, so essentiaﬂy
netic energy distribution§KED's) of the N' ions at various polarization ifz is along the surface normaare shown. The
photon energies, which are indicative of the shapes of thepectra have been normalized to the incident photon flux
potential energy curves of the excited states leading to demeasured with a gold photodiode. The spectra were shifted
sorption and therefore vary strongly if different excited stateso obtain identical pre-peak levels. Each XPS spectrum
are responsible for ion emissiéh?? When effects of radia- shows a higher-kinetic-energy doublet due to the two chemi-
tion damage became obvious in our PE results, we also ircally inequivalent inner and outer nitrogen atoms, separated
vestigated the desorption of;Mnolecules in the same range by a chemical shift of 1.3 eV. This doublet is accompanied
(as stressed, neutral desorption is the main signal accomppy a strong many-electron satellite structure towards lower
nying the photoinduced destruction of the adsorbate Jayer kinetic energies. In agreement with previous MARPE-related
measurements on MNi(100),'® we observe no significant
variation of the shape of the Nslspectral function for the
different photon energies; the intensity ratio between the two

The experiments were performed at beamlines BW3 al 1s PE signals is constant within experimental uncertainty.
HASYLAB/Hamburg (N*-PSD and N & PE), UE56-PGM  However, the total N 4 intensity as derived from the area
(KEDs of N" PSD and U41-PGM(N 1s PE and PSD of enclosed in the background-subtracted spectra varies signifi-
neutral$ at BESSY/Berlin, and SuperESCA at ELETTRA/ cantly as a function of photon energy in the range of the Ni
Trieste (N 1s PE). N, was adsorbed onto the cledhll) 2ps» edge, exhibiting a distinct minimum at around a kinetic
surface of an approximately 5-nm-thick Ni film epitaxially energy of 447.3 eV. Qualitatively similar results were ob-

IIl. RESULTS AND INTERPRETATION

Il. EXPERIMENT
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FIG. 1. N Is PE spectra of BNi(111) for photon energies 10 5 0o 5 10
varying across the Ni %, edge(arrow), measured with grazing AE, [eV]

light incidence (7° to the surface, predominantlyz
=normal polarization The XPS main lines of the two chemically FIG. 3. Dependence of the PE sigriat low resolution for fast
shifted N atoms are shown as solid lines; shake-up/screening satednergy scanningon the velocity of moving the synchrotron light
lite features as dashed lines. beam over the surface, at a steep angle of incidé#89. For each
velocity, the line represents the measurement for an energy below
tained on scanning through the Nag, edge, but here with a the Ni resonance and the points that on resonance. Their difference
less dramatic change in intensity. The same conditions wer@ then an indication of the removal of adsorbate. The strong influ-
used for measurement of the" don PSD yield. ence of beam damage is obvious.
Figure 2 combines the results of different measurements
and summarizes the NsPPE, the N PSD, and Ni p XAS  |ine shapes, but we stress that this is a purely empirical fit of
results(as measured via PEYThe scale here is with respect this function to the data. We emphasize that for grazing in-
to the Ni 23/, absorption peak located at 852.5. PE measurecidence, the PSD data have been recorded simultaneously
ments are shown for two different angles of photon inci-with the XAS measurement, thus eliminating any differential
dence. At grazing incideno@® with respect to the surfate energy calibration errors. At the Nipg,, edge the PE and
dips of about 43% and 34% of the prethreshold intensity arSp signals differ much less, but since the effects are
observed at the Nif,, edge for the N $and the N signals,  smaller, resolving differences is more difficult.
respectively. The PE and PSD signdlsoth obtained at Figure 2 also contains the first PE results obtained at
DESY, with the same setyiffer somewhat in shape: the ELETTRA using a steep angle of incidentg0° to the sur-
minimum of the PSD signal is shifted to lower energy fromfacg. As seen, the raw data showed a clear dip at fhg,2
that of the PE trace by 0.3 eV, and its leading edge is lesgdge, quite similar to the results for an angle of 7°. So a first
steep. Both PE and PSD profiles could be well fitted by Fangossible conclusion is that there exist MARPE effects be-
yond dielectric x-ray optics since no appreciable effect at
50% ) steep angles is expected from this mechanism, as we will
10 T N,/Ni(111) illustrate later with theoretical calculations. However, the
steeply falling background across th@s2 region for 50°

12 T T T T T 1.2

J 08 incidence—in contrast to the 7° case—already indicates the
'g likelihood of contributions from a coverage decrease—i.e.,
< 06 beam damage—of the JNlayer in this case. Local beam
? damage is in general expected to appear as an energy-
o 04 dependent signal decrease which can be significantly en-
v hanced on passing through an absorption resonance. Thus,
0.2 * such effects can mimic the behavior of a negative cross sec-
00 . ’F ' , , tion variation by MARPE. Indeed, when we scanned the
' -10 0 10 20 30 beam over the surface with varying speed, we found a
h"‘Estpm (eV) strongly varying decrease of PE signal strength with scan-

ning velocity. Figure 3 shows these data, which were taken at
FIG. 2. PhotoabsorptioiXAS, solid line; grazing incidenge BESSY at an angle of incidence of 43°. The solid line is the
N* PSD (dashed line; grazing incidenceand N & photoemission N 1s spectrum off resonance, which is compared in each case
in the Ni 2p5, region (7° grazing photon incidence: solid circles; t0 a spectrum at a different scanning rate. For the fastest
nongrazing at 50°: crossesPhoton energyhv relative to the Ni scanning rate shown of 2.7 mm/min, which amounts to
2psj» edge at 852.3 eVz polarization. shifting the beam by its diameter about every 2 s, the two
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FIG. 4. XAS signals(TEY: total electron yield open circles;
PEY: partial electron yield, cutoff at a maximum kinetic energy of
350 eV, solid circlescompared to the signal from desorbing neutral 1.0 (b) N* PSD from
N, molecules, at the Nif%,, edge. Data obtained with grazing light Nz/Ni(1 11)

incidence and polarization.

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 th
local N, coverage seen by the beam. We also find that almost
all of the removed molecules appear in the gas phase a¢
neutral molecules. As displayed in Fig. 4, the RSD yield T -

- -5 0
follows closely the TEY curve, especially as photon energy Fio-E
passes directly over the Nipg, edge. This shows that the

main mechanism for desorption of neutral molecules and, FIG. 5. N* PSD at the Ni Py, edge for a number of light

since this is by far the strongest _channel, also of ad_sorbaggcidence angles close to grazifa and at a steep angi@3°) (b).
coverage depletion, is XES[x-ray induced electron stimu- g strongly angle-dependent Fano-type curves at grazing and the
lated desorptionby outgoing photo-, Auger, and secondary gmaji, absorptionlike response at the steep angle are clearly seen.
electrons. Note the strong background suppression(lin which shows the

It is clear, then, that, if the sample is physically scanned,ery small degree of enhancement of only about 10%.
through the beam during measurement, but under conditions

for which the radiation-induced decrease of cover@ggich  signal at both Ni p resonances, with a form for the lowest
is directly determined by the damage cross segtatranges angles that resembles the inverse of the absorption coeffi-
strongly with energy, the signal will trace the inverted de-cient and for higher angles around 7°—9° more resembles
sorption cross section. From our data, we conclude that mostecreasing-then-increasing Fano-type profiles. This general
(ca. 95% of the apparent MARPE effects seen at steepbehavior is also expected from dielectric thedbty16At the
angles of incidence in the PE signal are due to this radiationsteep angle shown in the lower panel, however, only a small
induced decrease of coverage during measurement. Due peak mimicking the direct XAS curve occurs on a large
the combined uncertainties in both the raw data on and ofbackground. The steep-angle response can be explained es-
resonancécf. Fig. 3) and the resulting difference signal, we sentially by XESD. A small Fano-type response could be
cannot exclude the existence of a small true MARPE effechidden below it, but again we estimate that its strength could
on the PE signal over the Nip2edges for steep angles of be at most 5% of the overall effect.
incidence, as seen recently, e.g., at such higher angles in O We have also measured the ion KED's at various photon
1s emission from bulk NiG‘}16 For the grazing-angle mea- energies in the same range for grazing incideisee Fig. 6.
surements, we estimate that about half the raw effect seen Iscan be seen that the normalized curves lie exactly on top of
caused by beam damage and the other half is a true crossach other. It is well established for *fOPSD from
section response. CO/RuU00]) (Refs. 21 and 2R that the KED’s change

As pointed out above, the Nion yields should not be strongly when the excited state causing the ion desorption
influenced by these depletion effects, as they were taken ahanges; very similar results have been obtained foPSD
much smaller light intensities. Figuréz shows results fora from chemisorbed N?® Thus we conclude from this con-
number of angles close to grazing ligliight polarization  stancy of the KED’s that, if a MARPE effect is responsible
along thez direction and Fig. §b) one curve for steep inci- for the intensity variations seen in PE and desorption, this
dence. These curves depend strongly on incidence angle, aeffect is not state selective. Below the Nslmultiple
for the grazing angles, we find a strong suppression of the Nshake-up / shake-off regio@bout 420 eV the ion signal is

o.gqyf\ri\u'\;

N’ Signal (arb. u.)

WW

Ni2p,, (eV)

0
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tual separation of extrinsic and intrinsic coupled excitations
N* PSD from NNi(111) (with or without their cross termsn core electron emission.

z 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
05l than a complete theory without differentiation.

Item (iii), photoelectron diffraction, can be excluded as
the explanation of the observed abrupt changégss at the
Ni 2pg/, 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,
0 5 10 15 ; ; ‘ o
RingiiofErisngy (a1 also, they would be accompanied by an intensity variation
9 between the N 4 photoemission of the two inequivalent N
FIG. 6. Kinetic energy distribution$KED’s) of N* ions at a atoms, which is not observed.

number of photon energies in the Nbg, range, normalized at the ~ AS noted in the introduction, the effective x-ray field
maximum. Their equality is obvious. 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 substratéin the dielectric model have been

the KED’s measured with photon energies above 800 ev_given elsewherd?1'Here we have used a more general pro-

.e., in a range where there am® core thresholds—were .00 gue to Yang including all possible single and multiple

very similar to those found here, which corroborates the MOtefiections at any interfaces present, but still in the dielectric

lecular origin of those ions. Therefore, strong contributions,, 426 Our XAS experimental results were used to derive

from XESD via valence excitations or one hole Ni#niza- ¢ Nj dielectric constant via Kramers-Kronig analysis; the
tion of the N, molecule by outgoing electrons can be ex-pqnresonant constant for ,Nwas taken from standard

cluded for the N channel, in agreement with the small effect tabulation€’ Figure 7 shows the Nslintensities thus calcu-

shown by the 50° N curve of Fig. 5. lated for a monolayer of Ndeposited on a 5-nm layer of Ni
which is in turn deposited on a semi-infinite Ru crystal, at
IV, DISCUSSION AND COMPARISON TO DIELECTRIC different incidence angles. For each range, a family of curves
MODEL CALCULATIONS spanning the nomln_al v_alu_e of the |nC|dgnce angle is dis-
played. For the grazing-incidence case, Fi@) Bhows that
We have already concluded from our results {laag true  there are significant modulations across the IHi2edge
response of the Ndlrelated signals at the Ni2thresholds  which strongly depend on photon energy and the angle of
occurs only at grazing angles; the effects seen at steep ligiticidence. These modulations are approximately +10%
incidence are due to beam dama@E and XESD (N*  within +2° of the nominal experimental angle and are
ions); (b) there is no discernible difference in the PE effectbrought about by rapid phase and amplitude variations of the
for the two different N atoms(c) there is no change of the x-ray wave in the surface region, including the superposition
N* KEDs across the Nithresholds which means that there of wave components reflected from the vacuum-Ni and
is no change in the dissociative final state in this range; thifNi/Ru interfaces. For the £, threshold resonance above
is most easily explained if the effect is due to x-ray optics atthe 2p5,, edge these variations are only roughl§3—1/5 as
grazing, with a small contribution of XESD at steep inci- large.
dence angles. In fact, the superposition of wave components arising
We nevertheless examine the overall situation from d&rom the two interfaces is expected to produce a set of peaks
broader perspective to make sure that all important factorer dips in reflectivity in accordance with a Bragg-like rela-
have been considered. tionship n\y,=2dy;sin 6, wheren=1,2,3,.. X\, is the
In principle our findings could contain possible contribu- x-ray wavelength andl; is the thickness of the Ni layé?.
tions from three different mechanisifigi) the variation of ~ These features are often referred to as Kiessig frifg€sl-
the effective photon field at the surface due to the dielectriculations  of  reflectivity for our system  of
response of the sample, which is equivalent to a longer-rangg.1 A N,/50 A Ni/semi-infinite Ru(not shown heredo in-
dielectric x-ray optical effectji) a shorter-range interatomic deed show such features. For example, at the pyj,2eso-
core-hole coupling and decay between the dNahd the Ni  nance energy, minima of reflectivity are found at angles
2p core levels that must be treated by going beyond thavhich are roughly multiples of 9° for our nominal layer
dielectric picture and into a microscopic theory, &iid pho-  thickness. However, for our specific choices of angles of
ton energy-dependent photoelectron diffraction. We note thahcidence in the photoemission measuremefitss7°, 40°,
item (ii) could consist of local-field influences which might and 50°, the reflectivity is found to be close to that of a
be accessible in a more detailed x-ray optical treatment angemi-infinite Ni layer. Furthermore, the actual layer thickness
which could have their origins in local orbital overlap ef- may deviate from the nominal thickness by +/- a few atomic
fects. Of course, a high-level theory would contain all threelayers, and it is likely that there is some variation of the
of these contributions, and the separation of the first twahickness which will broaden the response. Therefore we do
contributions might be considered as similar to the concepnot expect these structures to play a major role in the

1.0F

N Yield (normalized)

0.0

very small. Also, in the case of NPSD from Ru(Ref. 25
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= b v — i Fig. 7(a) shows, the dielectric x-ray optical effects below the
= 5.5x10° 3.1 AN2/50 A NilRu (a)‘ Ni 2pg/, edge are a strong function of angle, largely due to
5.0x10° I = ' reflection at the rear Ni/Ru interface; Figiabbears this out
X \\ 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 enhancemertFig. 1).

The situation is totally different for steeper photon inci-
dence, on which emphasis is put in the calculations shown in

4.5x10°
4.0x10°

3.5x10°

——g, =5° ——0, =6.5°

N1s Photoelectron Intensity (arb

3.0x10° ——p, =5.5—4—@ =7° o =853 Fig. 7(b). Here, reflection of the x-ray wave at both the sur-
10°F em=6° 9'"=7.5o em=9°j face and the rear interface is negligible even at the substrate
25010 L, W " e thresholds, and the variation of the I§ ihtensity across the
850 860 870 880 890 Ni 2p3/, edges predicted by the dielectric theory is below 1%
Photon Energy (eV) 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. lll, we cannot
exclude such an effect of the order of at most 5%, but the
T T T T data are also consistent with no effect at all.
5.0510° 31A N5/50 A Ni/Ru (b)_ We therefore conclude that our results for Bleixcitation

at the Ni 2 thresholds in the adsorbate system3 bh
Ni(111) 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.

4.8x10°

4.6x10°

4.4x10°

N1s Photoelectron Intensity (arb. u.)

850 860 870 880 890

Photon Energy (eV) V. SUMMARY
FIG. 7. Calculated modulations of the Ns PE signal from a In summary, for well-defined adsorbed layers of dh

monolayer(0.3 nm of N, on a 5-nm Ni film deposited on Ru, Ni(111) films, we have found responses which qualitatively
according to resonant x-ray opticédielectrig theory (Refs. 7, 9,  look like Fano resonances at the Niz% edge, both in N &
11, and 28, as a function of photon energy in the Nig, range for ~ photoemission and in Nphotodesorption. In the case of PE,
various angles of photon incidencéa) for grazing incidence these raw data have been found to be strongly influenced by
angles, (b) for a wide range of angles including nongrazing radiation damage—i.e., by stimulated desorptiorostly as
incidence. neutral N, molecule$ due to the outgoing electror{photo,
Auger, secondapycreated by the photons absorbed in the
MARPE effects observed. In general, however, such Kiessiulk; this leads to strong coverage changes during measure-
fringes need to be considered for any analysis of anglement across the Ni resonances. Since the yield of these sev-
dependent photoemission intensities from a nanometer-scaggal types of electrons created by photoabsorption changes
multilayer structure. drastically at the Ni B3, edge and since this also happens
Comparing the experimental data in Figs. 2 and 5 to thdor both grazing and steep angles of light incidence, this
dielectric x-ray optical calculations in Fig(&), we conclude effect unfortunately leads to signal variations which, without
that for grazing incidence, straightforward x-ray optics will correction, would appear to be evidence of MARPE-like in-
contribute considerably to the signal modulations found intensity variations beyond a description in terms of x-ray op-
both PE and PSD. We further note from these curves that thiics. For the PE measurements, the extent of the artifacts
differences in the spectral shapes found in PE and PSD afsduced in this way has been shown via comparison to x-ray
most probably not significant because small errors in adjusteptical calculations to be at least 95% of the raw effect for
ing the angular orientation of the sample with respect to thesteep angles of incidendg0°-509; for grazing angles, it
photon beam suffice to explain them. In this connection weconstitutes up to half the raw effect. The true effect remain-
reiterate that, although XAS and PSD were measured simulng for grazing incidence can be well understood as the con-
taneously, so that exact energpd angle were identical, it sequence of dielectric x-ray optics—i.e., the change of am-
was not possible to simultaneously measure PE and PSD. Aditude and phase of the electromagnetic radiation in the
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region of the very strong Ni resonances as described by thexclusion of artifacts. In the latter respect, MARPE—and
long-range dielectric response. These changes influence tlespecially any strictly local manifestations of it—has again
PE signal strength directly; for the case of thé &nission,  shown itself to be an effect which can easily be confused
the responsible effect is a corresponding change of the intefwith other phenomena occurring as absorption edges are
sity of outgoing electrongphotoelectrons and Auger elec- crossed.
trons; low-energy secondaries are less effigidaading to a
small increase of ion emission caused by XESD. Quantita-
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