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Physisorbed N> on Ni(111) has been studied by uv photoemission using rare-gas spacer layers. For
1, ionization, vibrational fine structure has been resolved experimentally and analyzed in detail. The
line shape of the electronic levels cannot be described by simple broadening of the corresponding gas-
phase spectrum. Nearly no Lorentzian lifetime broadening could be observed; rather the vibrational
peaks have a Gaussian line shape (narrowest FWHM, 0.21 eV). The observed peculiarities can be un-
derstood within a hopping model taking into account the deexcitation of the ionized molecule by hole

transfer to neighbors.
PACS numbers: 79.60.Gs, 68.35.Ja, 73.20.Jc

The origin of the broadening of photoemission line
shapes is one of the fundamental questions in solid-state
and surface analysis. If the various contributions were
known in detail or could be derived by careful analysis,
one could get additional information about the systems
studied. However, in many cases, in particular for most
adsorbates, rather broad lines are observed whose
analysis is difficult or impossible. Thus many spectral
details that are observable in high-resolution data of iso-
lated (i.e., gas-phase) molecules or atoms are lost when
these are condensed or adsorbed on a surface. The ma-
jor contribution to this so-called “solid-state broadening
effect” is generally believed to be of Lorentzian type, i.e.,
to be due to a reduction of the hole lifetime in the photo-
emission final state upon adsorption. Various other con-
tributions, apart from the obvious instrumental effects,
have been suggested, such as coupling to vibrations, sub-
strate phonons, adsorbate dipoles, electron-hole excita-
tions, variation of the local potential because of site inho-
mogeneities, variation of screening due to vibrations or
different adsorption sites, etc.'~ Experimentally none of
these contributions could yet be isolated or excluded,3-°
and often, in particular for adsorbed molecules, these
contributions are insufficient to explain the whole line-
width.

Therefore, we have started a detailed investigation by
choosing an adsorbate model system, for which the
influence of the metallic substrate can stepwise be re-
duced by spacer monolayers of inert rare-gas atoms like
Xe and Ar. As adsorbate the relatively inert molecule
N, has been taken because of the large separation of the
vibrational levels of its uv-photoemission-spectroscopy
(UPS) peaks, which turned out to be important for the
analysis. It is well known that uv-photoemission spectra
of molecules in the gas phase show a characteristic
“splitting” of the valence levels due to vibrational excita-
tion of the ionic final state. This fine structure is sensi-
tive to the bonding character of the ionized orbital and

allows one to derive details of the intramolecular poten-
tial.” In general, this information is lost in the adsorbate
phase due to the above-mentioned broadening effect.
The smallest ever reported broadening of adsorbate pho-
toemission peaks was found for the 1x, level of O, phy-
sisorbed on graphite.® But also for this system the width
of ~0.3 eV was still larger than the vibrational splitting
of 0.22 eV, and hence a detailed line-shape analysis was
impossible.

In the present example, N, on Ni(111), we were able
to reduce the overall broadening to 0.21 eV as compared
to the vibrational splitting of the 1z, ionized state of
0.22 eV by utilizing a homogeneous monolayer of Xe as
spacer for reduction of the substrate influence. Hence,
more details can be directly derived from the original
data, and more reliable information can be obtained by a
numerical line-shape analysis. The results are surprising
in many respects. They show that in general even the
line shapes of physisorbates cannot generally be de-
scribed by simple convolution of gas-phase data with
some broadening function, but that the deexcitation pro-
cess must be taken into account. Since suitable theoreti-
cal predictions are presently missing, we suggest a hop-
ping model which enables a good description of our ex-
perimental results. The remaining general broadening is
found to be mainly Gaussian. Lorentzian lifetime
broadening can definitely be excluded as a major contri-
bution. These results are believed to be important not
only for the interpretation of UPS spectra from such
weakly bound molecular layers but also for a general un-
derstanding of electron spectroscopies.

The experiments were performed at a base pressure of
3x10 "' mbar in a modified VG ESCA III chamber,
equipped with standard facilities for x-ray photoemission
spectroscopy and monochromatized UPS and with a
quadrupole mass spectrometer for temperature-
programed desorption. The experimental resolution for
uv-photoemission Hel spectra (hv=21.22 eV) was 0.09
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eV. Sample cooling to < 20 K was achieved with a He-
flow cryostat. The composed layers were prepared by ex-
posing the clean Ni(111) surface to >10'> Ar or Xe
atoms/cm? through a capillary-array beam doser. After
thermal desorption of multilayer Ar or Xe atoms a
homogeneous rare-gas monolayer was obtained, which
was subsequently exposed to 1.2x10'® N, molecules/cm?
(=3.1 langmuirs). The N, monolayer on top of the
rare-gas monolayer was again obtained by thermal
desorption of multilayer N, (desorption temperature
Tmax =28 K). N, desorption spectra taken after com-
pletion of UPS measurements showed only one sharp
peak at Tn.x =31 K, indicating that no intermixing be-
tween the layers occurs. For the preparation procedure a
microproceesor-controlled heating facility was required
for optimum reproducibility and precise temperature
control.

In Fig. 1, Hel spectra of N, adsorbed on different un-
derlayers (a)-(c) and of isolated” N, (d) are compared.
The gas-phase spectrum (d) shows a pronounced vibra-
tional splitting of the UPS peaks, especially of that of
the bonding 1m, orbital. The peak width
(FWHM =< 0.05 eV) is limited in this case by experi-
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FIG. 1. Comparison of UPS Hel spectra of No. (a) N,

monolayer on Ni(111) consisting of an ordered 1:1 mixture of
chemisorbed and physisorbed N, (line represents background
of pure cs-N> state); (b) N, monolayer on a monatomic Ar-
spacer layer (line represents background of Ar monolayer); (c)
N, on Xe-spacer layer; (d) isolated N in the gas phase, taken
from Ref. 7 and shifted by 6.15 eV to align with (c).

mental resolution.” Without a rare-gas spacer layer (a)
the adsorption of N, on Ni(111) leads to an ordered
mixture of a chemisorbed (cs-N,) and a physisorbed
(ps-N,) species for the saturated monolayer.® While the
chemisorption bond of the cs-N, species to the metal re-
sults in a complete rearrangement of its outer valence or-
bitals, the three peaks in the spectrum of the ps-N;
species correspond to the 20,, 17,, and 30, orbitals also
seen for isolated N,.® Relative peak separations and rel-
ative peak intensities are very similar in the gas phase
(d) and the physisorbed state (a), but the peaks of ps-N;
show a large common broadening of > 0.3 eV. Thus the
vibrational splitting observed for the gas-phase data is
unresolved.

The overall broadening is significantly reduced if N3 is
physisorbed on a monatomic rare-gas spacer layer [Figs.
1(b) and 1(c)]. In the case of N,/Xe/Ni(111) individual
vibrational states of the 1z, peak, corresponding to the
A M1, state of N, ¥, are clearly resolved (c). The spec-
trum of N/Ar/Ni(111) represents an intermediate case;
the 1z, peak does not display distinct vibrational states
but its shape unambiguously reflects the corresponding
vibrational structure.

We have analyzed the line shape of the 1z, peak in
great detail using different model functions. If the pho-
toemission process is fast compared to all other excita-
tions (“sudden approximation™), the line shape of a peak
corresponding to photoemission from a certain orbital is
determined by the overlap integral of the initial-state
and final-state wave functions |(¥;|¥,)|2. Separating
the electronic wave functions |¢) and the core functions
lv), lwd=ledlwo), |¥)=le) |y (Born-Opp-
enheimer approximation), the energy distribution of the
photoelectrons is given by

JE e a5 |* X 1 wol wi ) PEE+ES —ho). (1)

In general, the variation of the optical matrix element
Asi={¢s|A-P|p;) can be neglected over the vibra-
tional-band width (~1 eV) of one electronic state. Thus
the intensity of the nth vibrational peak with energy E,
is directly proportional to the Franck-Condon (FC) fac-
tor |[{wolwa) |2

If the interaction of the N, molecule with its neighbors
is small, the FC factors |{wo|w, )|? and the vibrational
energies E," of physisorbed N, should be very similar to
those of isolated N, and hence the adsorbate spectrum
should be equal to a broadened gas-phase spectrum. The
fit shown in Fig. 2(a) for N, physisorbed on a Xe mono-
layer demonstrates that this common assumption by no
means describes our data sufficiently. For the fit we have
taken the relative intensities |{wo|w,’)|? and energies
E," of the vibrational peaks from Ref. 7, and each peak
was represented by the same Gaussian line shape. The
synthetic spectrum was fitted with the right-hand side of
the measured data (leading edge at ~10.5 eV). The
lack of agreement between the fit and data in the left
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FIG. 2. Analytical fits of different model functions to the

1m, peak of No/Xe/Ni(111) (4201, state of N;). The fits

(a)-(c) are explained in the text. Dots represent measured

data points; lines give the fitted results. A linear background

was subtracted from the spectra prior to the fitting procedure,

in accordance with the experimental background [Xe/Ni(111)
spectruml].

part of the spectrum of Fig. 2(a) proves the failure of
this approach. Besides differences in the FC factors, a
closer look gives the impression that the vibrational split-
ting of physisorbed N, is increased as compared to iso-
lated N,.

The very good agreement at the leading edge of the
(n=0) vibrational level indicates that its shape is very
close to Gaussian. We have also tried Voigt functions
composed of Gaussians and Lorentzians and can give an
upper limit of 0.03 eV for the Lorentzian broadening of
the (n=0) peak, independent of the subtracted back-
ground function. In contrast to common belief, we ex-
pected this result since lifetime effects resulting in a
Lorentzian broadening should be of minor importance
for such a weakly bound adsorbate. It is nevertheless
very significant, since the surprisingly large linewidths of
physisorbates have often been (at least partly) attributed
to a reduced lifetime of the molecular ion caused by in-
teraction with the metallic substrate and with adsorbate
neighbors. 4~

In order to improve the agreement between the fit and
data and to shed light on the broadening mechanism we
tried a large number of fits with different combinations
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of variable and fixed fit parameters representing harmon-
ic and anharmonic (Morse) potentials. However, assum-
ing one final-state potential, only relatively poor agree-
ment between the fit and data can be achieved, even with
a large number of variable fit parameters. The fit depict-
ed in Fig. 2(b) is exemplary for this negative result. We
assumed a harmonic oscillator with equidistant levels;
Gaussian lines were used to describe the vibrational
peaks and all peak intensities were varied independently.
None of the parameters was related to isolated No.
Compared to Fig. 2(a) the agreement between the fit
and data is better in the region of high vibrational levels.
But the resulting peak width of 0.26 eV is obviously too
large to describe the (n=0) peak sufficiently, whereas it
is apparently still too small for the comparatively smooth
course of the experimental data points above 11 eV.

A much better description of the measured spectrum is
achieved by the fit shown in Fig. 2(c). This fit is based
on a superposition of two oscillators, i.e., two potential
curves. Using two oscillators it is possible to explain the
experimental results in a simple way and to fit the data
by very few parameters (only six, see below). As reason
for this superposition we suggest the following model.

A valence hole created by photoionization at =0 on
one N, molecule may be filled by electron transfer
(“hopping™) from a neighboring N, molecule. If this
hopping process of the hole in the two-dimensional ad-
sorbate layer occurs with a characteristic time constant
75, that is, of the same order as the vibration time
tvib=1/w ™, the final-state core functions | w.f) of Eq.
(1) are no longer stationary eigenstates of the ionic final
state with infinite lifetime as in the case of isolated N,.
Rather the wave functions |y, )=|n;*) must be re-
placed by a time-dependent description

Lyt @) =X e """ | n;xXn;* | 0). @)

At t =1, the hole is switched off but the neutral mole-
cule will not end up in the vibrational ground state |0).
It will find itself in a vibrationally excited state |m) with
the probability

Po(z)=|{m|yt () |?

=[>(m|n;*)e e i . |0) 2 3)

Thus the eigenstates describing the photoemission final
state y * of Eq. (1) contain vibrational excitations of the
ionized as well as of the neutral molecule. The contribu-
tion of vibrations of the neutral molecule depends on the
value of the hopping time 7, in relation to the vibration
time 7, =1/w™*. These can obviously be neglected in
the two limits 7, — 0 and t; — oo but not in the case
Th == Tvib.

The simplest possible representation of this hopping
model is that of a superposition of two harmonic oscilla-
tors as shown in Fig. 2(c). The very good agreement be-
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tween data and model is an indication for the applicabili-
ty of the latter. More arguments come from the fitted
results. For the fit shown in Fig. 2(c) the vibrational
spacings of both oscillators were varied independently;
the relative peak intensity was assumed to be a Poisson
distribution for each oscillator as theoretically expected
for a harmonic oscillator.® The resulting Gaussian peak
width of 0.21-0.22 eV fits the leading edge excellently.
The resulting vibrational spacings of 0.218 and 0.275 eV
for the two oscillators are rather close to the correspond-
ing values of isolated N, in the ionic 4 IT, (0.224 eV)
and in the neutral X 'z state (0.291 eV). Note that
this is a result of the fit based on two “unknown” oscilla-
tors which corroborates the model for the origin of this
superposition. From Eq. (3) it can be seen that the in-
tensity contribution of the vibrations of neutral N, de-
pends on the hopping time 7. If this is short compared
to /o™, higher vibrations of the neutral molecule will
hardly be excited. The hopping time resulting from our
best fit is 1.5% 10 ~'* sec which corresponds to 0.27y.

A statistical hopping process is only possible if there is
some overlap of the wave functions of neighboring mole-
cules as must be the case in a condensed monolayer. It
should be compared with a coherent description leading
to a two-dimensional band structure. Using angle-
resolved UPS, Schmeisser et al. have experimentally
resolved such a band structure for the 3o, level of phy-
sisorbed N, on graphite.' The maximum bandwidth
was found to be 0.4 eV. It is very likely that the relative-
ly broad 3o, peak seen in our spectra (Fig. 1) is also
influenced by band formation. The overlap of the = wave
functions must be much smaller, resulting in a band-
width clearly below the experimental resolution ( <O0.1
eV) of a normal UPS experiment such that neither
Schmeisser et al.'® nor we were able to observe it direct-
ly. However, the overlap should still be large enough to
allow a slow hopping at a time constant of ~10 ~'* sec.

Finally, we should comment on the remaining general
broadening of the spectrum of physisorbed N, as deter-
mined from the width of the (n=0) vibrational peak.
This width increases with decreasing thickness of the
rare-gas spacer layer. It is 0.21 eV in the case of the Xe
layer, 0.26 eV for Ar, and 0.35 eV for N; physisorbed
directly on the Ni(111) substrate. This broadening is
most likely due to variations of the effective potential
caused by site inhomogeneities and/or, more likely, by
different screening contributions arising from the slow vi-

brational motion of the physisorbates perpendicular to
the surface and relative to each other. It is reasonable
that this effect is smallest for the Xe layer and largest
for N, directly attached to the metal.

In summary, we have shown that the uv-photoemission
spectra of N, adsorbed on Ni(111) reveal considerable
fine structure if the influence of the substrate is reduced
by rare-gas spacer layers. A detailed analysis shows that
(a) the main common broadening function is dominated
by a Gaussian line shape (~0.2 eV) with a negligible
Lorentzian contribution (=<0.03 eV), (b) the experi-
mental data of adsorbates, even those of very weakly
bound physisorbates, cannot generally be described by a
simple broadening of the respective high-resolution gas-
phase data, and (c) the experimental line shape is best
reproduced by superposition of two harmonic oscillators.
As explanation for this finding we suggest a hopping
model for the photohole which leads to a mixing of the
final-state wave function with contributions from the ion-
ic and ground states, respectively.
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