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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 thes @nd Qs 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

The main reason for the impact of core-level photo-the equivalent core approximation [5] is valid to high
electron spectroscopy in its application to surfaces is thaccuracy; the electronic structure of the two species is
utilization of the chemical shift [1-5]. Different species nearly identical. Furthermore, the present findings provide
and adsorption sites are often easily identified from theia general applicable line-shape parametrization based on
core-level binding energy positions [5]. However, there isa few, physically relevant parameters, relating to ground
additional, important chemical information available from state properties like bond lengths and force constants.

a detailed study of the line profile of the main lines using The XPS measurements were performed at the Ad-
high resolution x-ray photoelectron spectroscopy (XPS)vanced Light Source, Lawrence Berkeley National Labo-

In the present Letter we show how the adsorption of CQratory, by combining monochromatic soft x rays from
in different chemical states modifies the vibrational finebeam line 8.0 with a Scienta SES 200 electron ana
structure in the core-level spectra significantly. lyzer [12]. The overall resolution was between 50 and

The core-level line profile is due to electronic and vi- 30 meV for 700 and 320 eV photon energy. All spec-
brational contributions in a polyatomic system [5,6]. Fortra were recorded at 80 K in normal emission with the
solids, surfaces, and adsorbates the general assumptielectric field vector of the synchrotron radiation normal
has been that no detailed separation of the various cote the crystal surface. We prepared the AN{100) and
tributions can be made [5,7-9], as they were thought t&€€O/H/Ni(100) phases as described elsewhere [13]. An
be both larger and more complex than in free moleculesXPS spectrum of the clean Ni(100) surface was measured
where this separation is possible and frequently done [10for each excitation energy and subtracted from the ad-
Recently, it has been shown that for adsorbates with hysorbate covered one. For the least squares fits we em-
drocarbon functional groups it is possible to resolve vibraployed Doniach-Sunjic line profiles [14,15] convoluted
tional fine structure with large splittings [11]. The presentwith Gaussian functions. For each vibrational progres-
work on CO adsorbed on Ni(100) shows that even muclsion the same line profile was used for all components.
smaller core-level vibrational splittings in adsorbates carVibrational energies and progressions were determined by
be clearly resolved and that electronic and vibrationakvaluating numerous spectra with different excitation en-
contributions can be separated. This leads to a signifiergies well above threshold averaging out possible effects
cantly enhanced understanding of the core-ionized adsodue to photoelectron diffraction.
bate, allowing the extraction of additional information on Figure 1 shows the G and Os XPS spectra for
the electronic and geometric structure exceeding what wag2 X 2)CO/Ni(100), obtained atiw = 320 and 700 eV,
possible with XPS previously. respectively. The novel information is the well resolved

The results show that the line profiles are dominated byine structure due to the excitation of vibrational motion.
the excitation of CO stretch vibrations. Other vibrationalThe Cls spectrum is dominated by the first vibrational
modes and electronic broadening contributions are smaltomponent, whereas thel©spectrum shows a rich pro-
The much larger linewidth for the @ spectra can be gression. The € main line has a splitting o217.8 =
traced back almost entirely to the higher excitation of the2.2 meV with the adiabatic transition a85.8 + 0.1 eV;
intramolecular stretch for a core hole on the oxygen atonthe Ols main line exhibits a splitting of73 + 8 meV with
than on the carbon atom. The XPS main line is foundhe adiabatic transition &t31.4 = 0.2 eV. These split-
to represent the fully screened final state. By comparisotings are significantly reduced compared to the gas phase
to independent information for adsorbed NO we find thatvalues, where300 = 4 meV (Cls) and 226 = 7 meV
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. metric tails to higher binding energies, which is contrary
¢(2x2)COMNi(100) to previous expectations [7—9]. However, electronic and
C Yo ) vibrational broadening is system dependent (Fig. 3). No
O1s o xe Cls e . ;
Aw=700eV OO0 hw= 320 eV vibrational fine structure was resolved, i.e., for weakly

adsorbedc(2 X 2)CO/Cu(100) on top [17] with strong
shakeup contributions [25,26].

The excitation of vibrational motion is due to the fact
that the potential energy surfaces for the atomic motion
are different before and after ionization. The ground
state internuclear distance (2 X 2)CO/Ni(100) has
been determined with electron diffraction techniques to
be 1.13 A [27,28]. The shape of the final state poten-
tial energy surface is given by the observed positions of
the vibrational sublevels in the XPS spectra. Within the
Franck-Condon picture [29] the only remaining parame-
ter, the displacement of the equilibrium distange, can

Intensity (arb. units)

: - ‘4_. then be determined from the shape of the vibrational en-
533 532 286.5 285.5 velope. The decreased vibrational splitting relative to the
Binding Energy (eV) ground state adsorbate immediately shows that both ion-

. izations lead to more shallow potential energy surfaces
FIG. 1. Cls and Os photoemission spectra of(2 X 2 . . . . f
CO/Ni(100). Vibrationalpfine structure dﬁe to intra(molec)ular for Fhe _CO stretch V'brat'o_n' The wider vibrational pro-
stretch: Qs 217.8 + 2.2 meV, Ols 173 = 8 meV. Adiabatic Jectioninthe Qs spectrum is due to the fact that the bond
transitions aR85.8 = 0.1 eV (Cls) and531.4 = 0.2 eV (Ols). is elongated more in this case, about 0.16 A compared to
0.039 A for Cls ionization.
The detailed mapping of the final state properties allows
(Ols) have been reported [16]. The relative intensities ofus to evaluate the equivalent core approximation [5] in
the various vibrational levels of thel€main line exhibita a way not possible before. For adsorbates this approxi-
strong photon energy dependence, which will be discusseaiation has been used only in a qualitative way. A ma-
elsewhere. jor complication is that there is no time for geometric
To determine which vibrational mode is excited in therelaxation during the photoemission process. This implies
core-ionization event, we look at the ground state vibrathat the final state species is produced in the nonequilib-
tional modes of CO adsorbed on Ni(100) in th@ X 2)  rium geometry defined by the initial state. Now that the
superstructure. In this phase the molecule occupies, in arbrational fine structure is resolved, we can determine po-
upright position, on top sites with the carbon end downtential energy surfaces for the core-ionized species and
[17,18]. The carbon-oxygen stretch, molecule-substratextrapolate its equilibrium properties [30]. The accuracy
stretch, and frustrated rotation have been measured withf this approach is tested by comparing the intramolecu-
electron energy loss spectroscopy (EELS) to 256, 59.9ar stretch energies betweer Lionized CO and ground
and 35 meV, respectively [18]. The frustrated translastate NO, which is the appropriate molecule in the equiva-
tional mode has been determined using inelastic heliunent core approximation. The NO molecule occupies
scattering to 3.5 meV [19]. The vibrational energy of theon top sites in the NZNi(100)-6L phase [17] like the
core-ionized molecule will be slightly different but the CO molecule on Ni(100) in the(2 X 2) superstructure.
only mode close to our observed splitting is the carbonin this phase the ground state N-O stretch mode has a
oxygen stretch mode. To fit the vibrational componentsvibrational energy of 208 meV [17,18]. When compar-
the following parameters were used: The lifetime broading the intramolecular stretch energies betwedn ©n-
ening in the Gs and Os levels has a FWHM of 92 ized CO and NO, one has to correct for the different
[20,21] and 180 meV [22], respectively. The asymme-atomic masses. This has been done using a triatomic
try index [15] is @ = 0.08. Additional Gaussian con- (Ni,C,O) linear force model. We find excellent agreement
tributions of 104 and 84 meV are needed to model thébetween the measured vibrational energies df €ore-
vibrational components in & and O, respectively. ionizedc(2 X 2)CO/Ni(100) at217.8 = 2 meV and the
These Gaussian contributions are larger than the expenienormalized ground state vibration in MRi(100)-6L at
mental bandwidth between 30 and 50 meV, especially ir218 meV. This demonstrates the very high accuracy of
the carbon spectrum. The additional broadening comethe equivalent core approximation for the bonding prop-
mainly from the low energy frustrated translational mode.erties. Furthermore, this proves in great detail the com-
which contributes significantly to the line profile [23,24]. plete screening of the final state, yielding a neutralized core
The electronic broadening contributions due to electronexcited final state. Our results also suggest that in terms of
hole pair shakeup processes are surprisingly weak for thedsorbate-adsorbate interactions and vibronic coupling an
c(2 X 2)CO/Ni(100) system with relatively small asym- isolated NO impurity molecule amidst the CO adsorbate
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behaves essentially the same as being embedded in a fulbrational splittings between IG ionized CO and ground
NO overlayer. state NO. Adjusting for the different nuclear masses,
In the next step we have performed XPS measurementge predict from our Cs XPS measurements that the
for CO in different chemical states, characterized throughlNO vibrational stretch energies in the MB/Ni(100)
chemically shifted core-level binding energies [13]. Insystem should be 175 and 150 meV for adsorption in
Fig. 2 the XPS spectrum of the carbon region of thebridge and hollow sites, respectively. EELS data for
¢(2+/2 X \/2)R45° CO/H/Ni(100) phase is shown. In NO/H/Ni(100)-0.8. shows a loss peak between 160—
this coadsorption phase CO molecules occupy in upright80 meV [40]. This is consistent with NO molecules in
position to equal parts fourfold hollow and top sitesbridge sites. For NO or NZH on Ni(100) no adsorption
[31,32]. The chemical shift of 1.1 eV clearly separatesphase is found which exhibits an EELS peak at 150 meV.
the Cls lines for CO on top and on hollow sites at 286.2 This makes it—with all due caution—unlikely that NO
and 285.2 eV, respectively. The new feature is again thawould adsorb on fourfold hollow sites on this surface.
within each Qs line vibrational fine structure is observed. However, for 0.5 L NO on Ni(510), which is essentially a
In Fig. 3 the vibrational fine structure in thelCline is  stepped (100) surface, a loss feature at 150 meV has been
investigated as a function of substrate coordination. Thebserved and assigned to NO on highly coordinated step
spectra in Fig. 3 are the I& main lines forc(2 X 2)  edges [40].
CO/Ni(100), CO/H/Ni(100) disordered, and(2v2 X In conclusion, we have observed vibrational fine struc-
V2)R45° CO/H/Ni(100) with the CO molecules occupy- ture in the Qs and Ols photoelectron lines of adsorbed
ing top sites [17,18], twofold bridge sites [31], and fourfold CO and CQH on Ni(100). This allows us to separate
hollow sites [31,32], respectively. A lowering of the vi- and quantify the most important contributions to the line
brational splitting in the Cs line is found with increasing profile. The XPS main line represents, in all essential
substrate coordination. In higher coordination sites the videtails, the fully screened final state. The line profile is
brational sublevels are less resolved. This is due to smalletominated by the intramolecular stretch mode, whereas
vibrational splitting, but also due to larger additional electronic broadening contributions are surprisingly small.
broadening. The results from the numerical fits are sumThe vibrational energy of the intramolecular stretch is
marized in Table |. The displacement of internuclear equifound to vary for core-ionized CO in different chem-
librium distanceAr upon Cls ionization for adsorption ical states, which are characterized by chemical shifts.
on bridge and hollow sites is 0.045 and 0.066 A, respecThese can be determined more accurately as the adiabatic
tively, in comparison to 0.039 A for on top. As a result
we find thatAr increases with substrate coordination.
Over the years, ground state vibrational spectroscopy

has been used to derive local adsorption geometries of Cls
diatomic molecules on the basis of their intramolecular V=0
stretch frequency. However, it has been shown recently CO on Ni(100)
that the established correlation between adsorption site
and intramolecular stretch frequency does not hold for Site V=1
all diatomic molecules [34—-37], in particular, for NO
[34,35,38]. For CO adsorbed on Ni(100) the relationship 2| @® .
between adsorption site and intermolecular stretch fre- S V=2 S reTen
quency is established [17,31,39]. Employing the equiva- % vi=3 ’
lent core approximation and the known adsorption e [ S I P
geometry of C@H/Ni(100) in bridge and hollow sites ‘é i
we attempt to assign NO adsorption sites by comparing g |
= GO
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FIG. 3. Vibrational fine structure as a function of substrate
FIG. 2. CO adsorbed in top and hollow sites in the coordination. The Cs line for CO molecules on top, bridge,
CO/H/Ni(100) c¢(2+/2 X +/2)R45° superstructure. Chemical and hollow sites. Photon enerdyws = 320 eV for on top and
shift of 1.1 eV and additional vibrational fine structure. hw = 426 eV otherwise.

1732



VOLUME 81, NUMBER 8 PHYSICAL REVIEW LETTERS 24 AGUST 1998

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

Vibrational splitting Branching ratio
E.i, (MeV) % fori = 1,2 Ar (R)
Ground state s ionized Experironent Calculation
EELS XPS
CO/Ni(100) ¢(2 X 2) 256 [18] 217.8 = 2.2 0.305 = 0.047 0.301 0.039
Top 0.039 = 0.017 0.050
CO/H/Ni(100) 240 [31] 18305  0.379 = 0.037 0.379 0.045
Disordered 0.071 = 0.032 0.069
Bridge
CO/H/Ni(100) 210[31] 156.6 =4  0.624 = 0.058 0.654 0.066
c(2v2 X \/2)R45° 0.271 = 0.079 0.232
Hollow
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