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ABSTRACT: The vibrational features of carbon monoxide (CO)
adsorbed on Ir(111) were studied by means of high-resolution
core-level spectroscopy. By monitoring the Ir 4f7/2 core level as a
function of exposure, we proved that the CO adsorbs on the
surface always in on-top sites, in agreement with the results of
vibrational spectroscopy techniques and density functional theory
studies. The C 1s vibrational splittings measured for the p(√3 ×
√3)R30° (233.4 ± 0.5 meV) and c(4 × 2√3)rect (231.4 ± 0.4
meV) structures were in good agreement with the Z + 1 model.
Despite the very small error bar of the measurements, it was not
possibile to reveal any anharmonic contribution to the spectral
lineshape. We speculate that the contribution of the unresolved
vibrational mode of the frustrated translation or the effect of
phonon-mediated interaction with the substrate can account for the observation of this outcome.

■ INTRODUCTION

The investigation of vibrational properties of molecules and
solids typically relies on infrared-radiation spectroscopies or
monochromatized electron energy loss spectroscopy experi-
ments. However, since the pioneering experiments of Siegbahn
and co-workers in the 1970s,1−3 it has been understood that
the vibrational fine structure in simple molecules in the gas
phase also can be detected by means of high-resolution X-ray
photoelectron spectroscopy (HR-XPS). The photoionization
process is accompanied by vibrational excitation caused by the
presence of a localized hole that induces a strong rearrange-
ment of the electron density distribution in the excited
molecule. It has been observed for the specific case of carbon
monoxide (CO) that the vibrational fine structure is strongly
dependent on the photon energy of the X-radiation used for
the experiment. This happens particularly in the supra-
threshold region, where resonance effects may dominate over
those caused by the differential cross section. In the gas phase
this phenomenon is particularly enhanced for energies of
∼310−315 eV and leads to measurements of an energy of 301
± 3 meV between the ground state ν′ = 0 and the first excited
state ν′ = 1 of the carbon core-ionized CO molecule.4 This
value is in excellent agreement with the value predicted by the
Z + 1 equivalent core model of 307.5 meV.5

It is important to remark that, in the photoemission process,
unlike the case of vibrational spectroscopy techniques, the
measured vibrational excitation is the one corresponding to the
excited final state, while at the typical temperature of the

experiments almost all molecules occupy only the ground state.
These studies have been extended since the end of the 20th
century to molecules with hydrocarbon functional groups
chemisorbed on a variety of solid surfaces.6−13 Such knowledge
was instrumental in achieving crucial information on the
properties of the adsorbate−substrate bond for a possible use
in heterogeneous catalysis. Besides hydrocarbons, in which the
C−H bond leads to final-state vibrational frequencies on the
order of 350−400 meV, other chemisorbed molecules, such as
CO, have been investigated using HR-XPS. The outcomes of
these experiments showed smaller core-level vibrational
splitting. The first investigation of this kind aimed to
investigate the different adsorption sites of CO molecules on
the Ni(100) surface. Besides the well-known chemical shift in
the C 1s core level due to different adsorption sites, Föhlisch et
al.14 revealed that the final-state vibrational frequencies were
dependent on the specific adsorption configuration. In
particular, on Ni(100) vibrational splittings Evib equal to
217.8, 183, and 156.6 meV were found for on-top, bridge, and
four-fold adsorption configurations, respectively. Successive
investigations showed that vibrational splitting for molecules
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adsorbed at on-top sites depends on the substrate on which the
molecule is adsorbed, with values ranging from 200 up to 260
meV (see Table 1).

In this work we investigated the adsorption of CO on the
surface of Ir(111) through fast HR-XPS.20 The measurements
of the core-level shifts of the substrate atoms provided
information on the adsorption site of the CO molecules on
Ir(111). On the other hand, the C 1s high-resolution core-level
spectra of CO gave insight into the molecular vibrational
structure of the adsorbed molecules and the presence of
anharmonic contributions. It was expected that the anhar-
monic correction ωexe could contribute to the vibrational
frequency for a value of energy that was ∼1% with respect to
the vibrational splitting,21 which was equivalent to measure-
ment variations in C 1s core electron binding energies (ΔEb)
and required one to detect variations in binding energy on the
order of 3 meV.22 The achievement of such accuracy
constituted a considerable experimental challenge because it
demanded the measurement of C 1s core-level spectra with an
excellent signal-to-noise ratio, while retaining an overall energy
resolution considerably better than the vibrational splitting.
Moreover, to decrease the contribution of spectral broadening
caused by inhomogeneities (molecules in slightly different
chemical environment), it was necessary to prepare long-range
ordered surface layers with a low density of defects and with
excellent degree of cleanliness, where preferably only a single
adsorption site was occupied.
All of these conditions were satisfied for the adsorption of

CO on the Ir(111) surface, for which it was possible to prepare
large atomic terraces up to several hundreds of angstroms and
to form CO long-range ordered structures at different
coverages.23 In the first part of our study, we prepared two
structures with different periodicities and symmetries corre-
sponding to the 0.33 ML (p(√3 × √3)R30° structure) and
0.42 ML (c(4 × 2√3)rect structure) coverage of CO. In a
second step, by measuring the coverage dependence of Ir 4f7/2
core-level spectra, we verified in a direct way that the site of
CO adsorption is the on-top one for both ordered structures.
Last, we measured the vibrational fine structure associated with
the C 1s core level for both of the ordered structures that we
prepared, extracting the values of the adiabatic transitions
observed.

■ EXPERIMENTAL METHODS

Preliminary determination of the coverage-dependent adsorp-
tion configuration was carried out by means of low-energy
electron diffraction (LEED) experiments in the ultrahigh-
vacuum (UHV) chamber of the Nanoscale Materials
Laboratory of Elettra-Sincrotrone Trieste, a system that is
equipped with both rear-view LEED and Omicron spot-profile
analysis (SPA)-LEED. High-resolution core-level measure-
ments were performed at the SuperESCA beamline of the
Elettra synchrotron radiation facility in Trieste, Italy. The
photoemission spectra were collected by means of a Phoibos
150 mm mean radius hemispherical electron energy analyzer
from SPECS, equipped with an in-house developed delay line
detector. The overall experimental energy resolution (which
accounts for both the electron energy analyzer and the X-ray
monochromator) was always kept below 50 meV in all
measurements, as determined by probing the width of the
Fermi level of an Ag polycrystal.
An Ir(111) single crystal was mounted on a sample

manipulator with four degrees of freedom. The sample was
heated by electron bombardment from three hot tungsten
filaments mounted close to the sample back. The temperature
of the sample was monitored by means of two K-type
thermocouples directly spot-welded on the edges of the
specimen. The Ir surface was cleaned by repeated cycles of Ar
ion sputtering and flash annealing to 1400 K, followed by
annealing in O2 and in H2 gas.24,25 The surface long-range
order and cleanliness were checked by LEED, which resulted
in a sharp (1 × 1) pattern with low background intensity, and
by X-ray photoelectron spectroscopy (XPS), which showed
that adventitious Si, S, B, C, and any other contaminant were
under the detection limit. From the SPA-LEED analysis, we
estimated an average terrace width of ∼300 Å.
Ir 4f7/2 core-level spectra were acquired at T = 300 K using a

photon energy of 200 eV to ensure simultaneously high
photoelectron yields and high surface sensitivities. C 1s spectra
of adsorbed CO molecules were measured at T = 80 K and
with a photon energy of 307.5 eV to maximize the signal from
vibrationally split components, in close agreement to what has
been found in the case of the experiments performed on
Ru(0001).15 The photon energy hν = 307.5 eV was chosen in
the interval hν = 304−317.5 eV in order to minimize the
contribution of the background and maximize the possibility to
distinguish the vibrational component from the adiabatic peak
(see Figure S1 in the Supporting Information). As one can see
in Figure S1, the spectrum at hν = 307.5 eV represented the
best compromise to achieve such a goal. For each spectrum,
the photoemission intensity was normalized to the incoming
photon flux and the binding-energy (BE) scale was aligned to
the Fermi level of the Ir substrate. Doniach−Šunjic ́ line profiles
were used to fit each spectral component (which included a
Lorentzian width Γ and the Anderson asymmetry parameter
α), convoluted with a Gaussian distribution, which accounted
for the experimental, phonon, and inhomogeneous broad-
ening.26 For the Ir 4f7/2 core-level spectra measured at 200 eV
photon energy, the background was subtracted using a linear
fit, a widely accepted procedure for Ir(111).

■ RESULTS AND DISCUSSION

Long-Range Ordered CO-Induced Structures. The
ordered structures formed by CO on Ir(111) investigated in
this work corresponded to two different coverages. The low

Table 1. C 1s Vibrational Energies and Core Electron
Binding Energies As Probed by High-Resolution X-ray
Spectroscopy for CO Molecules Adsorbed in On-Top Sites
on Different Transition Metal Surfacesa

vibrational splitting (meV) adiabatic peak (eV) substrate reference

301.2 ± 0.4 285.8 ± 0.1 gas phase
217.8 ± 2.2 285.8 ± 0.1 Ni(100) 14
213 285.7 Ru(0001) 15
232 ± 2 286.04 Rh(111) 16
221 ± 4 285.68 Co(0001) 17
200 285.55 Pd(111) 18
260 286.7 Pt(111) 19
233.4 ± 0.5 286.23 ± 0.05 Ir(111) this work
231.4 ± 0.4 286.22 ± 0.05 Ir(111) this work

aReferences are reported in the last column. The two values referred
to in this work correspond to the two different coverages obtained for
CO on Ir(111).
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coverage phase, corresponding to the p(√3 × √3)R30°
periodicity,23,27−31 was obtained by using a strategy that
allowed for easy diffusion of CO molecules on the metal
surface, which consequently led to the formation of an
overlayer structure with better ordering. The CO exposure
started at a pressure of 4 × 10−8 mbar with the substrate at 620
K. Subsequently, the crystal was cooled (with a rate of 4 K/s)
down to 120 K, at which the CO exposure was stopped. Last,
the sample was flashed up to 590 K. The optimal temperature
for the final annealing procedure was chosen in the range 350−
670 K on the basis of the analysis of the intensity and full width
at half-maximum of the CO-induced electron diffraction spots,
measured at room temperature.
The high-coverage CO-induced ordered structure can be

described as a c(4 × 2√3)rect or, according to the Park

formalism, as a ( )3 1
1 3 structure. This phase was prepared

using the same procedure of the low-coverage structure but
with a different temperature for the final annealing (230 K).
The LEED pattern of the two structures, acquired at 80 K, is
reported in Figure S2. The CO-coverage calibration was
obtained assuming that the p(√3 × √3)R30° structure
corresponded to a coverage of 0.33 ML. On the basis of the C
1s photoemission measurements, we assigned to the c(4 ×
2√3)rect structure a coverage of 0.42 ML. Depending on the
number of CO molecules that one can add in the c(4 ×
2√3)rect unit cell above the minimum coverage of 0.125 ML,
i.e., 2 molecules for each 16 Ir atoms, one can form a c(4 ×
2√3)rect structure with the same symmetry and periodicity
but with a higher coverage. The inclusion of 7 atoms yielded a
stoichiometric ratio of 7 CO/16 Ir, i.e., with a coverage of
0.437 ML, which was very close to the value we found
experimentally.
Determination of the CO Adsorption Site. Prior to

investigating the vibrational properties of the CO molecules in
the two ordered structures, we provided further evidence that
CO adsorbed on Ir(111) in the on-top configuration,
independently from the coverage. Techniques such as high-
resolution electron energy loss spectroscopy (HR-EELS) and
infrared (IR) spectroscopy concluded that the CO molecules
preferred a single-site adsorption configuration, the on-top one,
a result that also was supported by theoretical calculations
performed within the density functional theory frame-
work.32−35 This outcome differed from that of Pt(111), for
which it was known that, although the on-top configuration
was preferred at low coverage, the CO molecules tended to
populate also the bridge sites at high coverages.36−38

The determination of the CO adsorption site was conducted
following a method already used to individuate the adsorption
site of atoms and molecules on transition metal surfaces. This
consisted of the analysis of the evolution of the coverage-
dependent intensities of the 3d5/2 and 4f7/2 surface core-level
shifted components for the 4d and 5d transition metal surfaces,
respectively.24,39,40

In the initial part of the investigation, a set of Ir 4f7/2 core-
level spectra was acquired at normal emission (hν = 200 eV)
after adsorption at T = 300 K of different amounts of CO up to
saturation, as shown in Figure 1. The spectrum of the clean
Ir(111) was characterized by two components that we assigned
to bulk (IrB component with binding energy (BE) = 60.802 ±
0.015 eV) and first-layer Ir atoms (IrS component with BE =
60.259 ± 0.015 eV) with a surface core-level shift (SCLS)
(that is, the BE difference between surface and bulk atoms)

equal to −543 ± 15 meV, in agreement with earlier
experiments.24,25 As for the adsorption of atoms and molecules
on many transition metal surfaces,41 the CO adsorption on
Ir(111) was characterized by a clear decrease in the
component IrS and the appearance of a new component IrCO
at a different BE. In our specific case we detected a new surface
core-level shifted component growing at +180 ± 15 meV, with
respect to IrB,which we attributed to the formation of the Ir−
CO bond. It is important to underline that, in the entire
coverage range from the clean surface until saturation, this was
the only additional component growing in the Ir 4f7/2
spectrum. This trend was analogous to the evolution of the
Pt 4f7/2 core-level spectra upon CO adsorption on Pt(111) at
low coverage.42 For that system, the SCLS corresponding to
the clean surface was −0.4 eV. Upon low coverage deposition
and formation of a (4 × 4) CO long-range ordered structure
with a coverage of 0.2 ML, where the CO molecules occupied
an on-top site, an additional component appeared at 71.91 eV,
i.e., at ∼1 eV higher BE than for the bulk component, while the
growth of a second peak at 71.23 eV was explained with the

Figure 1. Ir 4f7/2 core-level spectra from the Ir(111) surface acquired
at 200 eV photon energy and T = 300 K, after exposures of carbon
monoxide and a subsequent increase of the annealing temperature to
induce the partial CO desorption and produce coverages ranging from
0 to 0.42 ML. Three different components can be individuated,
originating from bulk atoms (light gray), clean surface atoms (dark
gray), and first-layer Ir atoms bonded to CO (red). The
corresponding sequence of C 1s core-level spectra of CO molecules,
used for coverage calibration, is reported in the top-right inset.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c09646
J. Phys. Chem. C 2022, 126, 1411−1419

1413

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09646/suppl_file/jp1c09646_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09646?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09646?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09646?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09646?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c09646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


occupation of a bridge site. This was a preliminary indication
that, unlike in the case of Pt(111), there was only one
configuration of CO adsorption on the surface of Ir(111). It is
interesting to report that the residuals of the fit improved by
imposing a linear overlay dependence on the position of the
bulk component (25 meV from clean to saturation), which
prompted the hypothesis that the second-layer atoms may have
been affected slightly by the adsorption of CO. It is realistic to
assume that Ir atoms adjacent to and underlying other Ir CO-
bound atoms could sense an electronic charge redistribution
and, hence, a first-to-second layer distance modification could
take place. On the other hand, the SCLS remained unaltered
(545 meV) within the error bar of 20 meV. The best line-shape
parameters for the bulk (IrB) and surface components (IrS and
IrCO) are reported in Table 2.

The larger value of the Anderson α parameter for the surface
components can be explained by the higher density of states
projected on the surface atoms, which may result in a larger
probability to create electron−hole pairs. However, it is to be
noted that the numeric value of α might be affected by the
choice of type of background (e.g., Shirley) used for the fit. For
all components the Gaussian contributions are clearly much
larger than the experimental resolution. It is worth noting that
the Gaussian contribution to the spectral line width is caused
by experimental broadening but also by phonon (thermal)
broadening and by broadening due to the inhomogeneity in
the systems (presence of nonequivalent configurations). These
effects are also expected to produce a larger Gaussian
contribution for the IrS components than for the IrB because

of the phonon broadening, as already observed for surfaces of
alkali43 and other transition metals.44,45 The reduced
Lorentzian width Γ of the new IrCO component could be
ascribed to the role played by the bond formed between Ir
atoms and CO in modifying the core−hole lifetime.
To determine in a direct way the CO adsorption site, a

sequence of Ir 4f7/2 core-level spectra (∼90 spectra, shown in
Figure 2a) were acquired while exposing the surface kept at T
= 300 K to increasing CO pressure, as reported in Figure 2b.
The pressure used for the uptake was quite low at the
beginning of the process in order to detect even minimal
modifications in the core-level lineshape, considering that the
adsorption process is quite fast. The pressure was then
increased up to 4 × 10−8 mbar, when the surface saturation for
room temperature was almost achieved.
The accurate preliminary determination of the core-level

lineshape achieved in the first part of our experiment (Figure
1) was pivotal to fit the whole series of spectra constraining the
lineshape parameter of the three Ir components while letting
only the intensity of the 3 peaks change as a free parameter of
the fit (together with a variable background, slope, and
intercept). The BE of the bulk component was varied in a
linear way according to the behavior for the high-resolution
spectra. The evolution of the bulk IrB and surface components
(IrS and IrCO), as a result of the fitting procedure, is reported in
Figure 2c−e. The decrease in the intensity of the IrB (Figure
2c) is easily attributable to the screening effect exerted by the
CO molecules adsorbed on the surface, which reduced the
probability of the photoelectrons emitted from the second and
deeper atomic layers reaching the detector. On the other hand,
the reduction of the IrS component (Figure 2d) was caused by
the reduction of the population of Ir atoms belonging to the
first layer that were clean, i.e., did not form any bonds with CO
molecules. At the same time, and as expected, the number of
atoms from the first surface layer bound to a CO molecule
increased as the amount of adsorbed CO increased (Figure
2e).
A series of C 1s core-level spectra during CO exposure was

collected contextually to the Ir 4f spectra (see Figure S3), so

Table 2. Ir 4f7/2 Lineshape Parameters (Lorentzian Width Γ,
Anderson α Asymmetry, Gaussian Width G for the Bulk,
Surface, and CO-Induced Surface Peaks

IrB IrS IrCO

Γ (meV) 297 249 179
α 0.091 0.209 0.209
G (meV) 144 202 224

Figure 2. (a) Sequence of Ir 4f7/2 core-level spectra from Ir(111) surface recorded at 200 eV photon energy and T = 300 K during the adsorption of
CO. (b) Evolution of the CO pressure during the uptake. (c) 2D plot of the results of the spectral analysis of the core-level spectra for the (c) IrB
component, (d) IrS surface component, and (e) IrCO component.
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that we could report the intensity trend of the IrS versus
exposure (normalized to 1 for the spectrum acquired on the
clean surface) as the CO coverage increased. Once we
obtained the two trends of IrS and C 1s versus exposure, we
used an interpolation process on the exposure data and
obtained the plot of the evolution of IrS vs CO coverage.
The evolution of IrS versus the CO coverage is shown in

Figure 3. From the graph it is evident that the intensity of this

component decreased linearly with increasing CO coverage, in
particular at the early stages of the adsorption process. A linear
fit of the curve was carried out in the initial part, more
specifically up to 0.05 ML coverage. The resulting value of the

slope of the curve in this range was = − ±∂
∂Θ 1.08 0.16IrS

CO
, i.e.,

a value fully compatible with the value of −1, which was
expected in the case of CO adsorption in on-top sites: for each
CO molecule adsorbed on Ir(111), one Ir atom of the clean
surface IrS was converted into IrCO. The data analysis on the
slope of the curve describing the trend of IrS was carried out
specifically at the beginning of the CO uptake. The motivation
behind it was the influence of photoelectron diffraction effects
taking place when the CO coverage increased. Consequently,
the intensity of the Ir surface atoms without an adsorbed CO
molecule (IrS) was affected by the presence of CO molecules
adsorbed on surface Ir first neighbors. Thus, if the CO
coverage was very large, the measured photoemission intensity
sourcing from IrS did not decay in a linear fashion.39,46

C 1s Vibrational Levels. To study the vibrational effects
and assess the presence of anharmonicity, we measured the C
1s spectra of the two structures at low and high CO coverages
at an energy of 307.5 eV while keeping the sample at T = 80 K.
The low-temperature measurements were essential to reduce
the phonon-induced broadening in the core levels. The spectra
obtained from this experiment are shown in Figure 4 (after
background subtraction) along with the results of the data
analysis including the different vibrational components and the
residuals.
The background was described with different polynomial

functions in order to take into account the presence of a large
amount of secondary electrons because the C 1s spectra were
acquired here with an electron kinetic energy of ∼20 eV. To do
this, we applied a mask to each spectrum in order to perform a

fit only in the regions where the background was dominant and
the C 1s spectral weight was strongly reduced, that is, at higher
(>287.3 eV) and lower (<285.5 eV) binding energies. The best
results, compatible with the strategy to minimize the number
of degrees of freedom, were obtained by using a third-degree
polynomial.
After background subtraction, we made a first fit considering

the presence of 4 components with the same lineshape. This
choice was justified by the fact that they appeared as the most
intense: the main component was the adiabatic peak (ν = 0 →
ν′ = 0 transition) at 286.227 eV, sided by three vibrational
replicas at higher BE due to the transitions from the ν = 0
initial state to the ν′ = 1, 2, and 3 excited states. However, to
reduce the modulation in the residual, especially in the low BE
range, we decided to add an additional component (always
with the same lineshape) that was visible in both spectra at
285.7 eV (indicated by a black arrow). We speculated that the
presence of this component was caused by CO molecules
adsorbed in other adsorption sites, in particular, in surface

Figure 3. CO-coverage-dependent intensity of the IrS component,
normalized to 1, as obtained by fitting the spectral sequence shown in

Figure 2a. The first derivative ∂
∂Θ

IrSurf

CO
, calculated for low coverage, is

equal to −1.08.

Figure 4. High-resolution C 1s core-level spectra for the (a) p(√3 ×
√3)R30° at 0.33 ML and (b) c(4 × 2√3)rect at 0.41 ML ordered
structures. The adiabatic peak is shown together with the replicas for
the various vibrational quantum excitations. The photon energy used
was hν = 307.5 eV. The black curves above each photoemission
spectrum are the fit residuals. The arrow at ∼285.7 eV indicates the
presence of a low-intensity component, which can be due to the
occupation of CO molecules of bridge, three-fold sites or defective
sites.
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defects, especially when the CO−metal bond was localized on
the monatomic steps or in the case of occupation of three-fold
or bridge sites, for which it is known that CO shows a value of
the C 1s BE that is always lower than that of the on-top site.
The initial-stage data analysis allowed us to understand that the
Anderson asymmetry parameter α tended to be always close to
zero. To avoid any meaningless result (extremely small value of
α parameter, but negative), we decided to keep the value of α
at zero. This value is not far from the one used by Smedh et al.
(0.04) for the case of CO adsorbed on Rh(111).16

The best estimate for the lineshape parameter, the position
of the vibrational components, and the relative error bars can
be obtained by analyzing the correlation that is commonly
found between the Lorentzian and Gaussian contributions to
the core-level spectral width. This effective method has been
successfully applied for other systems24,47 and consists of
evaluating the trend of the χ2 obtained from the single fits
when the two fitting parameters are simultaneously varied. We
constructed a two-dimensional grid centered on the best values
(Γbest = 185 meV, Gbest = 100 meV) obtained from the
previous fits. For each point of the n × m grid, corresponding
to a different pair of values of the Lorentzian and Gaussian
widths, a fit to the experimental data was performed. The fits
were performed while constraining the parameters Γn and Gm
to the value of each point in the grid and α = 0, while the other
parameters were left free. The purpose of this procedure was to
produce a χ2 contour plot and to build a two-dimensional map
of a third parameterin our specific case, the binding energy
of the adiabatic component and the quantum excitation
energiesin order to analyze their evolution as a function of
the parameters Γand G. For clarity, the maps plotted in color
scale reported in Figure 5 show the trend of the BE of the

adiabatic peak (a) and of first- (b), second- (c), and third- (d)
vibrational excitations, on which the contour plots of χ2/χmin

2

(black curves) are superimposed. We specifically show the case
of the p(√3 × √3)R30° structure, but the same line of
reasoning applies identically to the c(4 × 2√3)rect structure.
This method is also very useful for evaluating the error bar

that affects the fitting parameters: the region where the χ2 lays
within 5% from its minimum value (χ2/χmin

2 < 1.05) allows the

calculation of the corresponding range of variations in the
fitting coefficients. Moreover, it is possible to appreciate from
the observation of the contour lines the correlation between
the Gaussian and Lorentzian parameters, which can be inferred
from the presence of a clear minimum of χ2/χmin

2 with an
elliptical shape. The values of the best fitting parameters with
the error bars are reported in Table 3.

These quantitative results highlighted that for both cover-
ages the energy of the excitation when measured in
photoemission was very different from the energy of the
vibrational frequencies measured in electron energy loss
experiments, which were found to be in the range between
250 and 270 meV. A more appropriate comparison should be
made instead with the vibrational frequencies in the NO
molecule adsorbed in on-top sites on the surface of Ir(111), for
which a value of 230 meV was reported,48,49 in excellent
agreement with our results. The result can be interpreted in the
framework of the Z + 1 model, for which the removal of an
electron from a deep core level was interpreted as an additional
charge around the nucleus interacting with the remaining N −
1 electrons. It is also worth mentioning the value of the natural
Lorentzian width (185 meV), which was almost twice the value
commonly accepted for CO in the gas phase, ranging from 90
to 97 meV.50,51 This suggested that the lifetime of the core
hole was strongly influenced by the electronic high density of
states available at the Fermi energy on the Ir surface.
The measurement of vibrational frequencies led to the

determination, in the regime of harmonic approximation, of
the S factor, which is defined as = Δμω

ℏS r( )m
2

2, where μ is the

reduced mass, Δr is the change of the minimum in the
potential energy curve upon excitation, m is the number of C−
O bonds (in this case m = 1), and ω is the vibrational
frequency in the ground state.52 The outcomes of this analysis
evidenced that S, the intensity ratio of the first vibrationally
excited state and the adiabatic peak, changed ca. 10%, going
from 0.474 for 0.33 ML down to 0.449 for 0.42 ML. This
implied that the change in the bond length Δr caused by the
excitation was larger when the coverage was small (0.048 Å),
while for larger coverage we obtained a value of Δr = 0.046 Å.
Despite the fact that the energies of the vibrational quanta

were measured with a small error bar, it was not possible to
infer any contribution due to anharmonic terms in the
interaction potentials. The results obtained were indeed fully
consistent with the assumption that only harmonic effects took
place. The absence of any anharmonic contributions in the
interaction potential could be attributed to the difference
between adsorbed molecules and molecules in the gas phase. A
very important effect happening for the molecules adsorbed on
the surface layers was certainly related to the vibrational mode
of frustrated translation, associated with the movement of the
whole molecule parallel or perpendicular to the surface plane,
and to a lower extent to rotational motions. The energies of the

Figure 5. p(√3 × √3)R30° CO structure. Two-dimensional maps
refer to (a) the binding-energy position of the adiabatic peak and the
(b) first, (c) second, and (d) third excitation energies in the final
states as a function of the Lorentzian Γ and Gaussian G width of each
component. The plots are overlapped with the contour plot of the
normalized χ2/χmin

2.

Table 3. Fitting Parameters for the Two Ordered Structures
Obtained from the χ2 Analysis

p(√3 × √3)R30° c(4 × 2√3)rect

Eadiab (eV) 286.227 286.219
ν′ = 0 → ν′ = 1 (meV) 233.4 ± 0.5 231.4 ± 0.4
ν′ = 0 → ν′ = 2 (meV) 467.9 ± 1.2 462.5 ± 1.1
ν′ = 0 → ν′ = 3 (meV) 707.2 ± 2.7 696.1 ± 2.4
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first modes typically were in the thermal energy regime (<20
meV) and, as such, were expected to be occupied even at
temperatures below 100 K. Such a low-energy excitation could
influence the overall spectral lineshape and hide the effect of
the anharmonic terms. In addition to that, one has to consider
the possibility of shake-up or shake-off processes, which were
very evident in the case of low coupling systems (i.e., in the gas
phase), but that cannot be totally neglected even in the case of
molecular chemisorption. Moreover, the phonon-mediated
adsorbate−adsorbate interactions could also play a role. A
further possibility can be found in the presence of surface
defects, which can induce an inhomogeneous distribution,
albeit small, of C 1s spectral components. We refer in
particular to the occupation of on-top sites where the
configuration of the nearest-neighbors was not exactly the
same, resulting in low-intensity spectral components at slightly
different binding energies, which were not included in the fit.
In this respect, Li et al.29 highlighted how CO molecules on
Ir(111), because of dipole−dipole lateral interactions, can
change their inclination with respect to the normal to the
surface. This phenomenon, which for the coverage investigated
in our experiments was evaluated to lead to inclinations of
∼20°, could thus also affect the binding energy of the
adsorbate C 1s core levels.

■ CONCLUSION

We have studied the adsorption of CO on Ir(111) by means of
high-resolution X-ray photoelectron spectroscopy. First of all,
we characterized the two different structures, namely, p(√3 ×
√3)R30° and c(4 × 2√3)rect, formed by CO on Ir(111)
depending on the coverage (0.33 and 0.42 ML, respectively).
We confirmed that CO adsorbs on the Ir(111) surface in on-
top sites for both of the observed structures. Information about
the vibrational properties of CO were obtained by acquiring
high-resolution spectra of the C 1s core level, from which we
were able to extract the values of three vibrational transitions.
These outcomes were in line with the description given by the
Z + 1 model. Despite the very small error bar in estimating the
position of the different spectral components, the effects of
anharmonic nature could not be detected in the vibrational
spectra of the core-excited CO. This can be due to three
possible causes related to the (i) role of other vibrational
modes of the molecule besides the C−O stretching, (ii)
contribution of interaction with the supporting substrate, or
(iii) surface inhomogeneity effects.
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