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Beyond the Chemical Shift: Vibrationally Resolved Core-Level Photoelectron Spectra
of Adsorbed CO
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Vibrational fine structure has been observed in the C1s and O1s photoelectron lines of CO
adsorbed on Ni(100). This allows a detailed separation of vibrational and electronic contributions
to the line profile. The main line is found to represent the fully screened final state. The width
of the photoelectron lines is dominated by the intramolecular stretch mode, which strongly depends
on the chemical state of the adsorbate. The identification of the adiabatic transition makes the
determination of chemical shifts more precise. The equivalent core approximation is found to be highly
accurate and electronic and geometric equilibrium properties of the core-ionized adsorbate are extracted
[S0031-9007(98)06752-0]

PACS numbers: 82.80.Pv, 68.35.Ja, 79.60.Dp, 82.65.My
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The main reason for the impact of core-level photo
electron spectroscopy in its application to surfaces is t
utilization of the chemical shift [1–5]. Different specie
and adsorption sites are often easily identified from the
core-level binding energy positions [5]. However, there
additional, important chemical information available from
a detailed study of the line profile of the main lines usin
high resolution x-ray photoelectron spectroscopy (XPS
In the present Letter we show how the adsorption of C
in different chemical states modifies the vibrational fin
structure in the core-level spectra significantly.

The core-level line profile is due to electronic and v
brational contributions in a polyatomic system [5,6]. Fo
solids, surfaces, and adsorbates the general assump
has been that no detailed separation of the various c
tributions can be made [5,7–9], as they were thought
be both larger and more complex than in free molecule
where this separation is possible and frequently done [1
Recently, it has been shown that for adsorbates with h
drocarbon functional groups it is possible to resolve vibr
tional fine structure with large splittings [11]. The prese
work on CO adsorbed on Ni(100) shows that even mu
smaller core-level vibrational splittings in adsorbates c
be clearly resolved and that electronic and vibration
contributions can be separated. This leads to a sign
cantly enhanced understanding of the core-ionized ads
bate, allowing the extraction of additional information o
the electronic and geometric structure exceeding what w
possible with XPS previously.

The results show that the line profiles are dominated
the excitation of CO stretch vibrations. Other vibration
modes and electronic broadening contributions are sm
The much larger linewidth for the O1s spectra can be
traced back almost entirely to the higher excitation of th
intramolecular stretch for a core hole on the oxygen ato
than on the carbon atom. The XPS main line is foun
to represent the fully screened final state. By comparis
to independent information for adsorbed NO we find th
0 0031-9007y98y81(8)y1730(4)$15.00
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the equivalent core approximation [5] is valid to hig
accuracy; the electronic structure of the two species
nearly identical. Furthermore, the present findings provi
a general applicable line-shape parametrization based
a few, physically relevant parameters, relating to grou
state properties like bond lengths and force constants.

The XPS measurements were performed at the A
vanced Light Source, Lawrence Berkeley National Lab
ratory, by combining monochromatic soft x rays from
beam line 8.0 with a Scienta SES 200 electron an
lyzer [12]. The overall resolution was between 50 an
30 meV for 700 and 320 eV photon energy. All spe
tra were recorded at 80 K in normal emission with th
electric field vector of the synchrotron radiation norm
to the crystal surface. We prepared the COyNi(100) and
COyHyNi(100) phases as described elsewhere [13]. A
XPS spectrum of the clean Ni(100) surface was measu
for each excitation energy and subtracted from the a
sorbate covered one. For the least squares fits we
ployed Doniach-Sunjic line profiles [14,15] convolute
with Gaussian functions. For each vibrational progre
sion the same line profile was used for all componen
Vibrational energies and progressions were determined
evaluating numerous spectra with different excitation e
ergies well above threshold averaging out possible effe
due to photoelectron diffraction.

Figure 1 shows the C1s and O1s XPS spectra for
cs2 3 2dCOyNis100d, obtained at̄hv  320 and 700 eV,
respectively. The novel information is the well resolve
fine structure due to the excitation of vibrational motio
The C1s spectrum is dominated by the first vibrationa
component, whereas the O1s spectrum shows a rich pro-
gression. The C1s main line has a splitting of217.8 6

2.2 meV with the adiabatic transition at285.8 6 0.1 eV;
the O1s main line exhibits a splitting of173 6 8 meV with
the adiabatic transition at531.4 6 0.2 eV. These split-
tings are significantly reduced compared to the gas ph
values, where300 6 4 meV (C1s) and 226 6 7 meV
© 1998 The American Physical Society
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FIG. 1. C1s and O1s photoemission spectra ofcs2 3 2d
COyNis100d. Vibrational fine structure due to intramolecula
stretch; C1s 217.8 6 2.2 meV, O1s 173 6 8 meV. Adiabatic
transitions at285.8 6 0.1 eV sC1sd and531.4 6 0.2 eV sO1sd.

(O1s) have been reported [16]. The relative intensities
the various vibrational levels of the C1s main line exhibit a
strong photon energy dependence, which will be discus
elsewhere.

To determine which vibrational mode is excited in th
core-ionization event, we look at the ground state vib
tional modes of CO adsorbed on Ni(100) in thecs2 3 2d
superstructure. In this phase the molecule occupies, in
upright position, on top sites with the carbon end dow
[17,18]. The carbon-oxygen stretch, molecule-substr
stretch, and frustrated rotation have been measured
electron energy loss spectroscopy (EELS) to 256, 59
and 35 meV, respectively [18]. The frustrated trans
tional mode has been determined using inelastic heli
scattering to 3.5 meV [19]. The vibrational energy of th
core-ionized molecule will be slightly different but th
only mode close to our observed splitting is the carbo
oxygen stretch mode. To fit the vibrational compone
the following parameters were used: The lifetime broa
ening in the C1s and O1s levels has a FWHM of 92
[20,21] and 180 meV [22], respectively. The asymm
try index [15] is a  0.08. Additional Gaussian con-
tributions of 104 and 84 meV are needed to model
vibrational components in C1s and O1s, respectively.
These Gaussian contributions are larger than the exp
mental bandwidth between 30 and 50 meV, especially
the carbon spectrum. The additional broadening com
mainly from the low energy frustrated translational mod
which contributes significantly to the line profile [23,24
The electronic broadening contributions due to electro
hole pair shakeup processes are surprisingly weak for
cs2 3 2dCOyNis100d system with relatively small asym
r
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metric tails to higher binding energies, which is contra
to previous expectations [7–9]. However, electronic a
vibrational broadening is system dependent (Fig. 3).
vibrational fine structure was resolved, i.e., for weak
adsorbedcs2 3 2dCOyCus100d on top [17] with strong
shakeup contributions [25,26].

The excitation of vibrational motion is due to the fa
that the potential energy surfaces for the atomic mot
are different before and after ionization. The groun
state internuclear distance incs2 3 2dCOyNis100d has
been determined with electron diffraction techniques
be 1.13 Å [27,28]. The shape of the final state pote
tial energy surface is given by the observed positions
the vibrational sublevels in the XPS spectra. Within t
Franck-Condon picture [29] the only remaining param
ter, the displacement of the equilibrium distance,Dr, can
then be determined from the shape of the vibrational
velope. The decreased vibrational splitting relative to t
ground state adsorbate immediately shows that both i
izations lead to more shallow potential energy surfac
for the CO stretch vibration. The wider vibrational pro
jection in the O1s spectrum is due to the fact that the bon
is elongated more in this case, about 0.16 Å compared
0.039 Å for C1s ionization.

The detailed mapping of the final state properties allo
us to evaluate the equivalent core approximation [5]
a way not possible before. For adsorbates this appro
mation has been used only in a qualitative way. A m
jor complication is that there is no time for geometr
relaxation during the photoemission process. This impl
that the final state species is produced in the nonequi
rium geometry defined by the initial state. Now that th
vibrational fine structure is resolved, we can determine p
tential energy surfaces for the core-ionized species
extrapolate its equilibrium properties [30]. The accura
of this approach is tested by comparing the intramole
lar stretch energies between C1s ionized CO and ground
state NO, which is the appropriate molecule in the equiv
lent core approximation. The NO molecule occupi
on top sites in the NOyNi(100)-6L phase [17] like the
CO molecule on Ni(100) in thecs2 3 2d superstructure.
In this phase the ground state N-O stretch mode ha
vibrational energy of 208 meV [17,18]. When compa
ing the intramolecular stretch energies between C1s ion-
ized CO and NO, one has to correct for the differe
atomic masses. This has been done using a triato
(Ni,C,O) linear force model. We find excellent agreeme
between the measured vibrational energies of C1s core-
ionized cs2 3 2dCOyNis100d at 217.8 6 2 meV and the
renormalized ground state vibration in NOyNi(100)-6L at
218 meV. This demonstrates the very high accuracy
the equivalent core approximation for the bonding pro
erties. Furthermore, this proves in great detail the co
plete screening of the final state, yielding a neutralized c
excited final state. Our results also suggest that in term
adsorbate-adsorbate interactions and vibronic coupling
isolated NO impurity molecule amidst the CO adsorba
1731
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behaves essentially the same as being embedded in a
NO overlayer.

In the next step we have performed XPS measureme
for CO in different chemical states, characterized throug
chemically shifted core-level binding energies [13]. In
Fig. 2 the XPS spectrum of the carbon region of th
cs2

p
2 3

p
2 dR45± COyHyNis100d phase is shown. In

this coadsorption phase CO molecules occupy in uprig
position to equal parts fourfold hollow and top site
[31,32]. The chemical shift of 1.1 eV clearly separate
the C1s lines for CO on top and on hollow sites at 286.2
and 285.2 eV, respectively. The new feature is again th
within each C1s line vibrational fine structure is observed

In Fig. 3 the vibrational fine structure in the C1s line is
investigated as a function of substrate coordination. Th
spectra in Fig. 3 are the C1s main lines for cs2 3 2d
COyNis100d, COyHyNi(100) disordered, andcs2

p
2 3p

2 dR45± COyHyNi(100) with the CO molecules occupy-
ing top sites [17,18], twofold bridge sites [31], and fourfold
hollow sites [31,32], respectively. A lowering of the vi-
brational splitting in the C1s line is found with increasing
substrate coordination. In higher coordination sites the v
brational sublevels are less resolved. This is due to smal
vibrational splitting, but also due to larger additiona
broadening. The results from the numerical fits are sum
marized in Table I. The displacement of internuclear equ
librium distanceDr upon C1s ionization for adsorption
on bridge and hollow sites is 0.045 and 0.066 Å, respe
tively, in comparison to 0.039 Å for on top. As a resul
we find thatDr increases with substrate coordination.

Over the years, ground state vibrational spectrosco
has been used to derive local adsorption geometries
diatomic molecules on the basis of their intramolecula
stretch frequency. However, it has been shown recen
that the established correlation between adsorption s
and intramolecular stretch frequency does not hold f
all diatomic molecules [34–37], in particular, for NO
[34,35,38]. For CO adsorbed on Ni(100) the relationsh
between adsorption site and intermolecular stretch fr
quency is established [17,31,39]. Employing the equiv
lent core approximation and the known adsorptio
geometry of COyHyNi(100) in bridge and hollow sites
we attempt to assign NO adsorption sites by comparin

FIG. 2. CO adsorbed in top and hollow sites in the
COyHyNi(100) cs2

p
2 3

p
2 dR45± superstructure. Chemical

shift of 1.1 eV and additional vibrational fine structure.
1732
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vibrational splittings between C1s ionized CO and ground
state NO. Adjusting for the different nuclear masse
we predict from our C1s XPS measurements that the
NO vibrational stretch energies in the NOyHyNi(100)
system should be 175 and 150 meV for adsorption
bridge and hollow sites, respectively. EELS data fo
NOyHyNi(100)-0.5L shows a loss peak between 160
180 meV [40]. This is consistent with NO molecules i
bridge sites. For NO or NOyH on Ni(100) no adsorption
phase is found which exhibits an EELS peak at 150 me
This makes it—with all due caution—unlikely that NO
would adsorb on fourfold hollow sites on this surface
However, for 0.5 L NO on Ni(510), which is essentially
stepped (100) surface, a loss feature at 150 meV has b
observed and assigned to NO on highly coordinated s
edges [40].

In conclusion, we have observed vibrational fine stru
ture in the C1s and O1s photoelectron lines of adsorbed
CO and COyH on Ni(100). This allows us to separate
and quantify the most important contributions to the lin
profile. The XPS main line represents, in all essent
details, the fully screened final state. The line profile
dominated by the intramolecular stretch mode, where
electronic broadening contributions are surprisingly sma
The vibrational energy of the intramolecular stretch
found to vary for core-ionized CO in different chem
ical states, which are characterized by chemical shif
These can be determined more accurately as the adiab

FIG. 3. Vibrational fine structure as a function of substra
coordination. The C1s line for CO molecules on top, bridge,
and hollow sites. Photon energȳhv  320 eV for on top and
h̄v  426 eV otherwise.
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and

TABLE I. Summary of C1s photoemission data and Franck-Condon analysis with Morse
potentials. Anharmonicity values have been assumed from gas phase data [33] as 1.65
1.68 meV for the ground and C1s ionized states, respectively.

Vibrational splitting Branching ratio
Evib (meV) n0!n

0
i

n0!n
0
0

for i  1, 2 Dr sÅd
Ground state C1s ionized Experiment Calculation

EELS XPS

COyNis100d cs2 3 2d 256 [18] 217.8 6 2.2 0.305 6 0.047 0.301 0.039
Top 0.039 6 0.017 0.050

COyHyNi(100) 240 [31] 183.0 6 5 0.379 6 0.037 0.379 0.045
Disordered 0.071 6 0.032 0.069

Bridge

COyHyNi(100) 210 [31] 156.6 6 4 0.624 6 0.058 0.654 0.066
cs2

p
2 3

p
2 dR45± 0.271 6 0.079 0.232
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n

.

r-

.

n

,

es
s.
tch

ci.

.

i.
transitions are identified. We find the equivalent core a
proximation to be highly accurate for the core-ionize
adsorbate, and with the powerful tools of vibrationa
analysis potential energy surfaces and equilibrium geom
tries for the final state species are derived.
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