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Orientation-Dependent Final-State EH'ects in Photoelectron Spectra of Physisorbed Molecules
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We report high-resolution core- and valence-level photoemission and core-to-valence x-ray-absorption
spectra of O. physisorbed on graphite. The submonolayer h-(2 orientational phase transition is manifest
in the core-level spectrum as an extra broadening of each component of the paramagnetically split 0 ls
doublet. This phase transition is not visible in the 1H~ valence spectrum or the Is 1Hg absorption line.
The results reAect the detailed shape of the charge distribution in the final state of the molecule. We
suggest that the population of low-frequency librational modes makes an important contribution to the
core-level linewidths.

PACS numbers: 68.35.Rh, 68.35.Bs, 68.35.Ja, 79.60.Gs

The role of final-state effects in photoemission from ad-
sorbed molecules is a subject of considerable interest
[1-3]. It has now been convincingly established that the
shifts in binding energy, relative to the gas phase, of both
the core and valence levels observed in photoemission
studies of atoms and molecules weakly bound to metallic
surfaces contain important contributions from final-state
effects, in particular, from image screening of the posi-
tively charged ion produced by emission of the photoelec-
tron [4]. Similarly, this screening contributes to the
shifts in energy of the molecular negative-ion states ob-
served as resonances in electron energy-loss spectroscopy
studies [5,6] of physisorbed molecules on metallic sur-
faces. For a given ionic state in an adsorbed atom [4] or
adsorbed molecule of fixed orientation [7], the shift in en-

ergy of the positive or negative ion as a function of dis-
tance from the metal is accurately modeled by treating
the ion as a point charge in a classical image potential.
In this Letter we present experimental results which
show, however, that the precise spatial distribution of the
charge in different ionic states of a given molecule, to-
gether with the orientation of the molecule, determines
the manner in which these states couple to the metallic
screening potential. We exploit these effects to demon-
strate how core-level x-ray photoelectron spectroscopy
(XPS) can be used to locate an orientational phase tran-
sition (even) in a physisorbed molecular monolayer. We
investigate in a systematic fashion the energy shifts and
line-shape perturbations of the core (ls) and valence
(lfis) levels in photoemission from O~ physisorbed on

graphite, as well as the x-ray-absorption ( I s 1 IIs)
spectrum. In the case of the core-ionized molecule, the
positive charge distribution of the final state is asym-
metric (due to the localization of the core hole), so that
the submonolayer phase transition [8,9] in the Oz/graph-
ite system from the low-coverage 6 phase (molecules ly-

ing down) to the higher-coverage $2 phase (standing up)
manifests itself in the 0 ls line shape. The 6-(2 phase
transition is invisible in the valence-ionized spectrum
(symmetric positive charge distribution) and the x-ray-
absorption line (neutral final state). The asymmetry of
the positive final state in the core-level spectrum is also

02/Graphite

Ols

Vl

2 NIL

J3
Q

ch
K
Ud

K

Shifted
gas phase

.-=" l

540 538 536 534

BI N D I NG ENE RGY (eV}
FIG. 1. 0 1s x-ray photoemission spectrum of molecular O.

physisorbed on graphite in the monolayer 6 and g2 phases and

the bilayer. The corresponding gas-phase spectrum (Ref. [12])
is shown for comparison.

found to lead to a significant extra broadening of the
spectral lines in all surface phases.

The photoelectron spectrometer has been described
previously [10]. The overall instrumental resolution was
0.25 eV for XPS and 0. 1 eV for ultraviolet photoemission
spectroscopy (UPS). The x-ray absorption (XAS) spec-
tra were recorded at MAX-Lab with an overall resolution
of 0.3 eV [11]. All measurements were performed at 25
K.

Figure 1 shows the x-ray photoemission spectrum of
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the 0 ls core level obtained at three diAerent coverages
of Oq on (highly oriented pyrolitic) graphite, correspond-

ing to the saturated subrnonolayer 6 phase, the monolayer

g2 phase, and the bilayer. The (shifted) gas-phase spec-
trum [12] (instrumental resolution 0.3 eV) is also repro-
duced for comparison. In general terms, one is struck by
the broad similarity between the surface and gas-phase
spectra. In particular, the paramagnetic splitting of the
core line in the gas phase, arising from two final states
with different spins ( Z and Z), is preserved on the sur-

face, even in the 6' phase where antiferromagnetic order-

ing of the magnetic moments of the paramagnetic Oq

molecules has been predicted [13]. The value of the
paramagnetic splitting in the XPS spectrum, 1.2 eV, may
be compared with the larger paramagnetic splitting, 3 eV,
proposed by Wurth et al. [14] in their interpretation of
the near-edge x-ray-absorption fine structure (NEXAFS)
spectrum of physisorbed 02 on Pt(l I I). Regarding the
details of the spectra in Fig. I, three key points can be
made: (i) There is a binding-energy shift, with respect to
the gas phase, of (both components of) the Is line in each
of the surface phases, 1.5 eV in the 8 and g phases, and

1.2 eV in the bilayer phase (the binding energy, with

respect to the Fermi level, of the stronger component of
the doublet is 537.4 eV in the 8 and ( phases, 537.7 eV in

the bilayer, and 538.9 eV in the gas phase, assuming the
graphite work function is 4.5 eV). (ii) The width of each
component of the doublet is substantially increased in

each of the surface phases compared with the gas phase
(where the measured width is 0.41 eV [15]). (iii) The
measured width [full width at half maximum (FWHM)]
of each of the lines in the g2 phase (1.05 eV) is

significantly larger than that in the b phase (0.75 eV),
i.e., the b-(2 orientational phase transition manifests it-

self in the core-level spectrum. The binding-energy shift

between the monolayer and the bilayer is used to define

monolayer (i.e., g2 phase) completion [4]; the coverage
needed to prepare the saturated 8' phase is then derived

from the relative densities of these phases [16], and

confirmed by NEXAFS [17]. We shall return to a dis-

cussion of the detailed shifts and broadenings of the Is
lines after a description of the spectral lines seen in x-

ray-absorption spectroscopy and ultraviolet photoemission

spectroscopy.
Figure 2 shows the x-ray-absorption line corresponding

to the core-to-valence, 1s 1', intramolecular elec-
tronic excitation. Data for both the b phase and the g2
phase are shown, together with the (shifted) gas-phase
spectrum [18] for comparison. The peak in the absorp-
tion line in each phase is shifted by 0.3 eV in energy with

respect to the gas phase, a modest shift which can be at-
tributed to the lack of a precise calibration in the gas-
phase work [19]. The absence of any large shift, com-
pared with those seen in the XPS spectra, exposes the
role played by the final state in the excitation process; im-

age potential screening (by the substrate) and polariza-
tion screening (by the coadsorbed 02 molecules) substan-
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tially shift the energy of the positively ionized final state
in XPS compared with the neutral final state in XAS. Of
particular significance in Fig. 2 is that the absorption line
looks virtually identical in the 8 and (2 phases (and is

very similar to that seen in the gas-phase spectrum), i.e.,

the b'-g2 orientational phase transition is not manifest in

the x-ray-absorption spectrum. The measured linewidth
(FWHM) of 0.87 eV in both phases on the surface com-
pared with 0.84 eV in the gas is attributable to the higher
resolution in the gas-phase spectrum and represents a
very small perturbation upon adsorption [20].

In Fig. 3 we present the UPS spectra of the 1Hg
valence level of O~ in the 6, (2, and bilayer phases on

graphite, and also show the corresponding gas-phase
spectrum [21] (shifted by 1.3 eV). The gas-phase data
show the well-established vibrational fine structure aris-
ing from the population of vibrational levels of the posi-
tively ionized H~ final state in the photoemission process
[22]. Figure 3 demonstrates that this fine structure is

preserved in the physisorbed phases, though the individu-
al peaks in the fine structure are broadened, and the dis-
tribution of intensity among these peaks is different [22].
The valence-level spectra of the 8 and (2 phases are vir-

tually identical, i.e., the 6-g2 phase transition is not mani-
fest in the valence-level photoemission spectrum. The
measured width (FWHM) of the vibrational peaks is ap-
proximately 0.25 eV in both the 8 and g2 phases, com-
pared with the much sharper lines in the gas phase.

The increase in the width of the H~ vibronic peaks in

the O~ monolayer phases over the gas phase compares
with the negligible change in the width of the 1s 1H~
XAS line upon adsorption, and with the larger broaden-
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FIG. 2. X-ray-absorption spectrum of 02 physisorbed on
graphite in the b and g2 phases showing the 0 ls Iflg ab-
sorption line. The corresponding gas-phase spectrum (Ref.
{18})is shown for comparison.
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FIG. 3. Ultraviolet photoemission spectrum of O. phys-
isorbed on graphite in the 6 and g2 phases and in the bilayer.
The corresponding gas-phase spectrum (Ref. [2I]) is shown for
comparison.

ing, by about 0.5 and 1 eV, respectively, of the ls XPS
line in the 6 and g2 phases over that in the gas phase.
The line shape in these various spectroscopies is therefore
seen to be highly sensitive to the final state produced by
excitation or removal of the electron. This observation
forms a starting point in addressing the question of why
the &(2 phase transition is evident in the core-level pho-
toemission spectrum but not in the valence-level photo-
emission spectrum or in the core-to-valence absorption
spectrum. It also allows us to account for the substantial
extra broadening of the 0 ls XPS line in the physisorbed
phases compared with the gas phase.

We propose that the key reason why the 8-(2 orienta-
tional phase transition of the Oz monolayer is seen only in

the core-level XPS spectrum is that in this case the final

state is positively charged and, because of the localization
of the core hole on one or other of the oxygen atoms in

the molecule, asymmetric [23]. By contrast, the final

state in the XAS spectrum is neutral, while in the UPS
case, though the fina state is positively charged, the delo-
calization of the valence hole means that the charge dis-
tribution is highly symmetric with respect to inversion

through the center of the molecule. The positively
charged final state leads to strong image potential (and
polarization) screening of the final state in the core-level
spectrum; the asymmetry of the charge distribution
means that this screening is sensitive to the orientation of
the molecule on the surface. Thus, in the b phase the Oq
molecules are lying down and core holes localized on ei-
ther of the two oxygen atoms in an Op molecule are

equivalent. By contrast, in the ('2 phase the 02 molecules
are standing up and the core hole localized on the oxygen
atom further from the surface is screened in a different
fashion from the core hole on the other oxygen atom. In

particular, the degree of screening by the metallic image
potential will be a function of distance from the surface.
One can thus envisage that the broad lines in the core-
level spectrum of the g2 phase arise from the superposi-
tion of two core-level spectra reflecting the different
core-hole locations. The delocalization of the final-state
positive charge in the valence-level spectrum quenches
the sensitivity of the UPS line shape to the orientation of
the molecule, while the neutral final state in the absorp-
tion spectrum means that screening of the final state is
weak whatever the orientation of the molecule.

To address the question of why the core-level spectrum
is more substantially broadened in comparison with the
gas phase, in all surface phases, than the valence or ab-
sorption spectrum, we have to consider the detailed mech-
anism by which the proposed image screening operates.
A number of mechanisms have been suggested to account
for the universal broadening observed in the photoemis-
sion lines of adsorbed species [24]. In physisorbed species
the range of possibilities is narrowed because there is no
bonding overlap with the substrate. It has been shown
that lifetime broadening makes only a small contribution
to the widths in physisorbed molecules [2,25]. The exci-
tation of electron-hole-pair excitations in the metallic
substrate can also be discounted as the major cause of the
broadening of the 0 Is line (Fig. I) because the width of
the C Is line in graphite itself [26], where one would ex-
pect the contribution of electron-hole pairs to be mani-
fest, is only 0.28 eV [27]. Further, electron-hole-pair
broadening should be evident in the 1H~ valence line
(Fig. 2) as well as in the 0 Is line, so does not account
for the larger width of the core lines. Other mechanisms
proposed to account for the widths of valence-band
features [1,2] would broaden the oxygen valence level

rather than the core level.
One further mechanism advanced to account for line

broadening in adsorbed atoms and molecules is the popu-
lation of closely spaced (unresolved) vibronic bands in the
final state [3,28]. These closely spaced vibrational levels

represent the new low-frequency frustrated translational
and rotational modes which arise when a molecule is

bound to a surface and surrounded by neighboring mole-
cules, and the population of these states is analogous to
the population of the intramolecular vibrational modes in

the UPS I Hx spectrum (Fig. 2). In quantum mechanical
terms, this mechanism corresponds to the excitation of
quantized vibrational motion in the final state. Classical-
ly, the broadening can be understood as an averaging of
the image potential and polarization screening of the ion-
ized final state as the ionized atom or molecule slowly vi-

brates. Because this mechanism depends on the local de-
tails of the potential energy surface on which the atoms in

question vibrate, it can in principle explain the substantial
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broadening of the 0 Is level in the absence of a similar
broadening in the C Is level of the graphite substrate or
in the Ar 2p core level. If we suppose that the large-
amplitude low-frequency modes needed for this mecha-
nism are hindered rotational (i.e., librational) modes
rather than hindered translational (i.e., vibrational)
modes, this mechanism can also account for the more
substantial broadening of the XPS spectrum compared
with the UPS spectrum. In the screening-average pic-
ture, the energy of the molecular ion with a symmetric
charge distribution (UPS final state) does not change
much as the molecule slowly librates on the surface,
whereas the energy of the ion with an asymmetric charge
distribution (XPS final state) is more sensitive to the
orientation of the molecule. Mean-field calculations [29]
of the librational motion in the 6 phase of 02 on graphite
indicate two librational modes, one parallel to the surface
(with frequency 4.5 meV) and one perpendicular to the
surface (7.5 meV), with root-mean-square amplitudes of
the order of IO' in each case at 20 K. Resonance elec-
tron energy-loss spectroscopy [8] and near-edge x-ray-
absorption fine structure measurements [I6] indicate pos-
sibly larger tilts of around 20' in both the 6' and (2
phases. These modes are the contenders for the libra-
tional-mode broadening mechanism which we suggest
may account for the observed results. Clearly, detailed
theoretical modeling of this new effect would be very
desirable [30].
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