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4.3  Adsorbate induced surface core level shifts of metals 

REINHARD DENECKE, NILS MÅRTENSSON 

4.3.1  Introduction 

Core level photoelectron spectroscopy is an element specific, surface sensitive and quantitative probe, 
which can be used to identify the elemental composition of surfaces. The primary information acquired is 
the electron binding energy. This binding energy depends strongly on the coordination of the respective 
atom and/or its neigboring atoms. These reflect the chemistry (alloys, oxides or adsorbates) around the 
atom from which the photoelectron is being emitted. Any differences in these parameters will lead to 
differences in the electron binding energy, and this change is called chemical shift. 

The chemical shifts make it possible to distinguish between atoms of the same element in different 
chemical environments. Of particular interest for the investigation of surface systems is the surface core 
level shift (SCLS). When it became possible to measure core level photoelectron spectra with sufficiently 
high resolution and surface sensitivity it was realized that the different surroundings of the atoms at the 
surface and in the bulk of a sample lead to a chemical shift, the surface core level shift. The surface core 
level shifts may be further modified by the presence of adsorbed atoms and molecules. From these shifts 
most important information about the adsorbate-substrate bonding can be obtained. There exist some 
review articles dealing with parts of the material presented here [86Ege, 95Mar, 01And1, 03Bar2]. 
Nevertheless, they mainly cover only small fractions of the whole subject, either by concentrating on a 
specific substrate material, or by considering only data from a particular working group. 

In the present contribution we review the existing measurements of adsorbate induced core level 
shifts. Surface core level shifts are present for all types of systems. However, we restrict ourselves to 
metallic substrates. We exclude semiconductor surfaces due to the fact that these often have very complex 
surface structures (reconstructions) and complex adsorbate arrangements. These situations would have to 
be described in much more detail than what is suited for this type of tabulation. For the same reason we 
exclude compound surfaces. We furthermore restrict ourselves to the adsorption of small (gas) molecules 
where each adsorbed atom or molecule bonds to a small and well-defined number of surface atoms. Large 
adsorbate molecules lead to a more distributed influence on the surface atoms and again each situation 
would have to be discussed in some detail. Furthermore, we only treat adsorbate overlayers. We do not 
cover for instance the growth of oxide films in general, but we will give some examples where we think it 
is appropriate. We also exclude metallic adsorbates except for alkali systems. The adsorption of metallic 
atoms often leads to complex situations, with a strong and often continuous dependence on coverage, and 
one would have to describe detailed phase diagrams for each system. The shifts for these situations are, 
however, well understood and for a discussion of these we refer to, e.g., [88Nil, 89Ste1, 89Ste2, 88Mar]. 
The case of alkali and earth-alkali metals is somehow special since in most cases they do not display 
typical metallic behavior. We have therefore included some examples. 

In the tables of the data section we are exclusively dealing with experimental data. There are, 
however, a large number of theoretical studies on surface and adsorbate-induced core-level shifts as well. 
In the next section we will briefly outline some theoretical concepts and refer to some others. In the 
subsections of the data section we will give citations of the suitable theoretical articles and discuss them 
briefly, where appropriate. For more specific values the reader is also referred to cited publications in the 
respective experimental articles. 
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The surface core level shift 

Chemical shifts for metallic systems are well understood theoretically. The final state system is identical 
to the initial state with the exception that one core electron is missing for one of the atoms in the system. 
This core-ionized atom is a different chemical species with different properties. Furthermore it has been 
shown that for metallic systems there is a complete screening of the core ionized state (e.g. [80Joh]). This 
implies that the valence electron distribution can be treated as fully adjusted to the new situation. When 
calculating core ionization energies one contribution corresponds to the energy of a (chemical) 
replacement reaction where the original atom is replaced by a core ionized one. In this section we derive 
an expression for the surface chemical shift, which can be used to make some general statements about 
the shifts. For a more detailed derivation we refer to, e.g., [80Joh, 83Joh, 88Nil, 95Mar]. 

The binding energy for a core level denoted c in a metal M is defined as the difference in total energy 
between the system with a core electron missing in shell c and the total energy of the initial state system 
 
 EB(M, c) = ETot(M, c) − ETot(M) (1) 
 
When discussing chemical shifts in metallic systems, one can make the following partitioning of the 
expression for the binding energy: 
 
 EB(M, c) = E0(M, c) + EBond(M) − EBond(Mc, M) (2) 
 
EBond(M) is the energy by which an atom in the metal M bonds to the lattice. We use the sign convention 
that a stable metal corresponds to a positive value of EBond(M). EBond(Mc, M) is the corresponding energy 
for a core ionized atom Mc in the M metal host. E0(M, c) contains all other contributions to the core 
ionization energy. It can be shown that E0(M, c) is independent of the detailed coordination of the core 
ionized atom and that this quantity will cancel when chemical shifts are considered. 

For the bulk and the surface of the metal M, Eq. (2) can be written as 
 
 EB(M, c, bulk) = E0(M, c) + EBond, bulk(M) − EBond, bulk(Mc,M) (3) 
 
 EB(M, c, surf) = E0(M, c) + EBond, surf(M) − EBond, surf(Mc, M) (4) 
 
The surface core level shift is defined as 
 
 ∆s = EB(M, c, surf) − EB(M, c, bulk) (5) 
 
Before inserting (3) and (4) in (5) we make the following definitions 
 
 EBond, surf(M) = β EBond, bulk(M) (6) 
 
 EBond, surf(Mc, M) = β´ EBond, bulk(Mc, M) (7) 
 
β and β´ are parameters that describe the effects of the reduced atomic coordination at the surface. Due to 
the reduced number of neighbors the bonding for a surface atom to the lattice will be smaller than for the 
bulk and hence β and β´ are parameters with values <1. β and β´ are of the order of 0.8 for a close-packed 
surface and smaller for more open surfaces. For the present qualitative discussion we assume that β = β´ 
and furthermore we rewrite this factor as 1 − α. Hence α ≈ 0.2. With these definitions and assumptions 
we arrive at the following expression for the surface core level shift 
 
 ∆s = α (EBond, bulk(Mc, M) − EBond, bulk(M)) (8) 
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In order to evaluate this expression we first of all note that EBond, bulk(M) is normally identical to the 
cohesive energy of the metal M. There are some exceptions where there are significant configuration 
changes between the free atom and the metal [80Joh]. This is for instance the case for several lanthanides. 
For the term EBond, bulk(Mc, M) it has been shown that a first and fairly accurate approximation is obtained 
by considering the corresponding energy in a lattice where all M atoms are replaced by core ionized 
atoms, i.e. EBond(Mc). Furthermore, a good estimate of this energy is obtained by noticing that the 
chemical properties of a core ionized atom are very similar to those of the next element in the Periodic 
Table. This is due to the fact that the valence electron distribution reacts in very much the same way upon 
the removal of a core electron as for the addition of a unit charge to the nucleus of the atom.  
EBond, bulk(Mc, M) can thus be approximated by the cohesive energy of the next element in the Periodic 
Table [80Joh]. 

Surface core level shifts are typically of the order of a few tenths of an eV up to about one eV. In 
some systems the surface components shift to lower binding energies and in some systems they shift to 
higher binding energies. This can be understood from Eq. (8). For an early transition metal (to the left in 
the Periodic Table) the fully screened final state atom bonds stronger to the lattice than the initial state 
atom (Ecoh(MZ+1) > Ecoh(MZ)). This is due to the fact that one more valence electron is occupying a 
bonding orbital. This yields a positive surface core level shift (towards higher binding energies). For a 
late transition metal (to the right in the Periodic Table) the bonding of the final state atom is instead 
reduced due to an additional occupation of an unoccupied orbital. This leads to a negative shift. In order 
to illustrate this trend we show in Fig. 1 a compilation of measured and calculated SCLS for various 5d 
transition metals [89Mar]. Only values for close-packed surfaces are included. For a refined analysis of 
the surface core-level shifts one has to consider further details, such as the surface structure, and more 
specific details of the electronic structure [80Joh, 80Ros, 83Cit, 83Joh, 88Nil, 94Ald, 95Mar]. 
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Fig. 1. Comparison of experimentally and theoretically 
determined SCLS�s of the 5d transition metals. Only 
close-packed surfaces are included. Reproduced from 
[89Mar]. 

 
In this section we have presented an approximate evaluation of the shifts in order to give a qualitative 

account of trends in the surface core level shifts. However, the expressions in Eqs. (3) and (4) are exact 
and they serve as a powerful basis for detailed ab initio shift calculations using DFT (Density Functional 
Theory). In these calculations factors like the detailed surface structures can be included. Examples of this 
approach can be found in [93Bag, 94And2, 96Ham, 98Bih, 99Bag, 01Cho, 01Gan, 01Liz, 03Bir] and 
further references cited therein. 
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An important aspect of the chemical shifts in metallic systems is the fact that they are usually 
dominated by short-range effects. In most cases the main influence on the chemical shifts comes from the 
nearest neighbors. This makes the shifts very useful for many purposes, such as for obtaining information 
on the structural arrangements of the adsorbates. From the treatment above it is also clear how the 
influence of an adsorbate could be included in the shift calculations. In the presence of an adsorbate the 
terms EBond, surf(M)  and EBond, surf(Mc, M) in Eq. (4) will contain contributions corresponding to the 
bonding of the adsorbate to a surface atom before and after the ionization, respectively. In this way we 
obtain the following modified expression for the core ionization energy for the adsorbate covered surface: 
 
 EB(M, c, surf, ads) = EB(M, c, surf) + Eads(M) − Eads(Mc, M) (9) 
 

We use the sign convention that Eads is positive for a stable adsorbate. In this case it is not always 
straightforward to make simple quantitative statements about the shifts. Eads(M) is normally known. In the 
final state one of the M metal atoms has changed to an Mc atom and independent information about this 
situation is usually not available. In the case of on-top adsorption where the adsorbate bonds only to one 
substrate atom and assuming only nearest neighbor interaction, the last term can be written as Eads(Mc). If 
the atom or molecule bonds at this site also for the Z+1 metal independent information can be obtained 
also for this term. However, in the general case total energy calculations are required in order to calculate 
the shifts. 

Based on the theoretical understanding of the core level shifts it has also been realized that the shifts 
are directly related to other most relevant properties of the systems. The surface core level shift has thus 
direct links to surface segregation energies [80Joh, 83Ege]. This implies that there is a similar connection 
between adsorbate induced surface core level shifts and adsorbate effects on the surface segregation 
energies [88Mar]. 

Binding energy scales 

For the utilization of chemical shifts it is very important to define what reference energy is used for the 
shift scale. In this work we give all shifts relative to the bulk binding energies. The shift between the 
surface and the bulk components is usually seen directly in the spectrum. This way of using relative 
binding energies from the same measurement avoids all problems related to properly calibrating absolute 
energy scales. For each surface we present in the tables also the determined surface core level shift for the 
clean surfaces. In this way one can in each case derive by how much the surface components are shifted 
due to the presence of the adsorbates. 

The utilization of the bulk component as the energy zero for the shift scale usually gives well-defined 
shift values. This choice is based on the assumption that the bulk binding energy can be accurately 
determined. This is usually a relevant assumption. In some cases there may be significant shifts also of 
one or more layers below the first surface layer. These are often unresolved and lead to a broadening of 
the bulk peak. If the measurements are performed under similar conditions in different investigations this 
way of establishing the reference energy does not introduce any additional errors since the same ratio of 
peaks from the different layers will be determined. However, if the measurements are different in terms 
of, e.g., surface sensitivity, the measurements will locate the bulk component at slightly different 
energies. Whenever a second layer shift has been identified also this value is included in the tables. 
Beryllium provides a striking example of the existence of shifts also for deeper layers. For the Be(0001) 
surface distinct and well resolved core level shifts are observed for the four outermost surface layers 
[01And2]. A spectrum with the deconvoluted components (�B� for the bulk and �S1�, �S2�, �S3�, �S4� 
for the outermost surface layers, counted from the surface) is shown in Fig. 2. This is, however, a rather 
unique case due to the semimetallic character of Be. Be is not included in the present review since no 
adsorbate measurements have been performed. 
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Fig. 2. Be 1s core level recorded at a photon energy of 
132 eV measured with a resolution of 20 meV (upper 
curve) and 70 meV (lower curve). Included are the 
results of a deconvolution into the bulk component �B� 
and four outermost surface layers �S1�, �S2�, �S3�, and 
�S4�. The fine structure in the upper curve is due to 
vibrational excitation. Reproduced from [01And2]. 

Determination of surface core level shifts 

One of the important issues is that of correctly determining the core-level line positions from the 
measured spectra. There are many contributions to the line profiles and furthermore these are not 
completely known. The shifts are also usually rather small compared to the line widths leading to 
overlapping spectral features. Basically one needs to fit a model line profile to each core electron line in 
the system. If all contributions are well described by these model line profiles the determined core level 
positions are also well defined. Since there is no strictly unique way to determine core level binding 
energies, it is important that one reports how the binding energies have been determined. When 
determining surface core level shifts many line-shape contributions are similar for the different core level 
peaks. Several of the broadening contributions are similar for a surface, with or without an adsorbate, and 
for the bulk of the metal. This makes the shift determinations less model dependent than the 
determination of the absolute binding energies. This also implies that the shifts are transferable from one 
investigation to another. What is furthermore improving the situation very much is, that one is 
considering shifts between atoms in very similar environments. 

The core electron line profiles can be described as a convolution of a number of broadening functions. 
Several of these are due to effects which are intrinsic to the core ionization process. First of all a core 
excitation has a finite lifetime. This usually leads to a Lorentzian contribution to the line profile. This is 
the case for all core levels that are used for detailed determinations of chemical shifts. The Lorentzian 
broadening is totally symmetric. Usually the Lorentzian broadening can be considered to be identical for 
a core level independent of the chemical environment. The Lorentzian function can be described as 
follows: 
 
 L(E, E0, λ) ∝ 2λ/[λ2−(E−E0)2] (10) 
 
E0 denotes the peak position, 2λ is the full width at half maximum (FWHM). 

The creation of a core-hole at the surface or in the bulk of a metal leads to a disturbance of the lattice. 
This will generate replicas of the core electron line, shifted by the energy required to excite one or more 
phonons in the system. Usually this leads to unresolved spectral features and the net result is a broadening 
of the core electron lines. In the case of Be, however, distinct phonon side bands have been resolved (see 
Fig. 2). In most cases many phonons are excited and the net broadening is to a good approximation a 
symmetric Gaussian: 
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 G(E, E0, σ) ∝ 1/[√(2π)σ] exp [−(E−E0)2/(2σ2)] (11) 
 
Here, 2σ is the FWHM, E0 is again the peak position. 

The core ionization process also leads to the excitation of valence electrons. These processes are 
denoted shake-up and shake-off. For a metallic system there is a continuum of excitation energies all the 
way down to zero. This leads to asymmetric line-shapes with tails towards the high binding energy side of 
the core level spectra. The resulting line-shapes depend on the details of the electronic structure of the 
system. However, usually the line profiles can be well described by model line profiles with one or 
possibly two parameters. One such description was introduced by Doniach and �unjić [70Don] (D-S): 
 
 DS(E, γ, α) ∝ Γ(1−α)cos[πα/2+(1−α)arctan(E/γ)]/[(E2+γ2)(1−α)/2] (12) 
 
with 2γ being the Lorentzian FWHM, and α describing the asymmetry parameter. This time, E0 = 0 is 
assumed. 

There is also a contribution in the spectra due to photoelectrons which have undergone inelastic 
scattering processes after the core ionization. Also this contribution leads to an asymmetric broadening 
towards the low kinetic energy or high binding energy side. These two contributions usually cannot be 
separated in a straightforward manner. 

In some cases there may also be discrete shake-up states in the vicinity of the main lines. There may 
also be other intrinsic line-shape contributions. In some systems there are effects due to the coupling 
between the open core shell created by the removal of a core electron and open valence shells. This may 
lead to complex final state spectra. The problem of unresolved shifts for different atomic layers was also 
discussed above. 

A most important contribution is that caused by the finite resolution of the experimental setup. This is 
due to the energy profile of the exciting photon spectrum as well as the finite resolution of the electron 
analyzer. This may lead to different types of line-shapes which also depend on the experimental setup. 
However, in most cases the instrumental broadening is reasonably well described by a Gaussian line 
profile (see Eq. 11). However, if shift measurements are performed at very different energy resolution any 
inaccuracies in the used model line profiles will lead to differences in the determined shifts. 

For the final fitting procedure convolutions of the various broadening effects have to be calculated. 
For a symmetric line this results in the Voigt profile which is a convolution between a Gaussian and a 
Lorentzian line profile, whereas for asymmetric line shapes a D-S function is convoluted with a Gaussian 
function. 

As a word of caution we want to emphasize again that fitting procedures not necessarily produce 
unique results. In fact, changing the number of components or changing some constraints (like going from 
variable peak positions to fixed ones) can easily change binding energy values by significant amounts. 
Therefore, the values quoted in the tables below should be used with this in mind. For further specific 
fitting procedures the reader is referred to the original articles. We have chosen not to describe, discuss 
and evaluate these in connection with the tabulations. 

Systematics of surface core level shifts 

For the tabulation of adsorbate-induced surface core level shifts it is important to describe the adsorbate 
structures correctly. We refer in each case to the original reference for details of the structures. Whereas 
for the adsorbate itself a classification according to the binding site seems to be the most relevant one, this 
does usually not provide sufficient information to describe the situation for the substrate atoms involved. 

When comparing different adsorbate-induced surface core-level shifts and identifying trends in these 
it may be helpful to describe and quantify the surface atom coordination to the adsorbed atoms or 
molecules. We have included this type of analysis in those cases where it is published. As a parameter we 
have used the coordination number nads of the metal surface atoms to the adsorbates. It is based on the 
assumption that an adsorbate of a particular kind and for a particular type of surface has a well-defined 
total influence on the substrate atoms. This influence, in turn, is very much localized to the nearest-
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neighbor atoms [88Nil, 91And, 00Sur, 01Gan]. An on-top adsorbate gives nads = 1 for the atom to which 
it is attached and nads = 0 for all other atoms. For a bridge bonded species the influence is shared between 
the two substrate atoms and both of these get a contribution of nads = 1/2. Furthermore, the influence is 
considered to be additive. This implies, for instance, that a surface atom that has two bridge bonded 
adsorbates attached to it gets nads = 1. 

There is no strict physical support for this model. In fact, it does sometimes not even work for very 
similar systems. However, there are several systems for which it provides a fairly reasonable way of 
systemizing and rationalizing the observed shifts. In brief, one could state that it seems to be applicable 
for atomic oxygen and CO adsorption. In the case of oxygen adsorption on Rh(111) a combined 
experimental and theoretical investigation using this concept has been performed [01Gan]. Oxygen 
adsorbs in threefold hollow sites on this surface. The different adsorbate phases correspond to situations 
with Rh surface atoms bonding to one, two or three oxygen atoms. These Rh sites correspond to nads = 
1/3, nads = 2/3 and nads = 1, respectively. The p(2×2)-O phase has an adsorbate coverage of 0.25 ML and 
consists of 25 % surface atoms with nads = 0 and 75 % of atoms with nads = 1/3. In the p(2×1)-O phase 
(0.5 ML) there are 50 % surface atoms with nads = 1/3 and 50 % with nads = 2/3. It was found that the 
peaks in the spectra can be identified according to the parameter nads. The fact that surface atoms in 
different situations but with the same nads undergo approximately the same shift gives strong evidence 
that the shifts are dominated by nearest neighbor interaction. Furthermore, it was found that each bond to 
oxygen shifts the Rh 3d core level of a substrate atom by about 0.3 eV. A theoretical analysis of this 
correlation was also made [01Gan]. 

In an analysis of CO on Pd(111) a similar simple relationship was found [00Sur]. Typical spectra are 
shown in Fig. 3. In this case the core level data could be used to distinguish between different proposed 
models for the adsorbate structures. In this system different adsorption sites are populated. In the 
(√3×√3)R30° phase (0.33 ML adsorbate coverage) each surface atom is ideally attached to one CO 
bonded in a threefold hollow site (�H1�), yielding nads = 1/3. Also for the c(4×2)-2CO phase (0.5 ML) 
there are only hollow site adsorbates. There are 50 % Pd surface atoms with nads = 1/3 (�H1�) and 50 % 
with nads = 2/3 (�H2�). In the (2×2)-3CO phase (0.75 ML) there is instead a mixture of hollow and on-top 
sites (�T�). In this case 75 % of the Pd surface atoms bond to two hollow site CO molecules 
corresponding to nads = 2/3. The remaining 25 % of the surface atoms bond to one on-top adsorbate giving 
nads = 1. For intermediate coverages CO is also found on bridge sites (�Br�), as seen in the top panel of 
Fig. 3; here, nads = 1/2. Also in this case the shifts correlate fairly well with nads. This is the case in spite of 
the fact that different adsorption sites are involved [00Sur]. However, the clean surface with nads = 0 does 
not fit to the proposed linear dependence between core-level shift and nads, in contrast to the case of 
O/Rh(111) (see discussion above). 

Experimental requirements 

In order to observe the adsorbate-induced surface core-level shifts of interest here, the experimental 
conditions have to be such, that the photoemission signal is tuned to be quite surface sensitive. Since the 
critical parameter is the kinetic energy of the released photoelectron [79Sea], this sensitivity varies with 
the binding energy of the core level under study and with the excitation energy used. Thus, for a special 
choice of levels laboratory photon sources with fixed energy sometimes yield very good results [86Duc]. 
In most cases, however, synchrotron radiation is the photon source of choice for these high-resolution 
experiments. Synchrotron radiation is tunable in energy and with state-of-the-art monochromators high 
energy resolution (up to E/∆E=10000) can be achieved (see for example [99Den]). 

Another limiting factor is the width of the core-level lines. Depending on the natural lifetime and its 
related peak width it may be difficult to resolve surface related contributions, even with high resolution of 
the exciting radiation. Typical examples of these inherently wide lines are p levels, as e.g., encountered in 
Ni or Cu. This is reflected in the lack of experimental data for these systems. In contrary, the d and 
especially the f levels are quite narrow and thus yield well separated core-level components. 
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Fig. 3. Pd 3d5/2 core level spectra recorded with a 
photon energy of 400 eV for varying CO coverages at a 
sample temperature of 120 K. Components described in 
the text are also inlcuded. �B� marks the bulk emission, 
�S� the clean surface component. Peaks �H1� and �H2� 
are related to Pd atoms bonded to one or two CO 
molecules in threefold hollow sites, component �Br� is 
due to Pd atoms in contact with CO in a bridging 
position, and peak �T� represents Pd atoms with CO in 
on-top position. Reproduced from [00Sur]. 

 
The apparent intensity of the different contributions can also influence the possibility to clearly 

identify adsorbate-induced features. In this respect, energy-dependent photoelectron diffraction plays an 
important role (see, e.g., [02Woo] and references therein). Again, the tunability of the photon energy 
allows to use kinetic energies which emphasize the contributions of interest. The detection angle of the 
photoelectrons (usually measured relative to the surface normal) also has a drastic effect on the surface 
sensitivity. The more grazing the escape angle, the more surface sentitivity is obtained. Additionally, 
again photoelectron diffraction effects, but now in the angular distribution, can further change relative 
intensities of different contributions [97Fad]. Being able to change this detection angle is an elegant way 
to identify surface related features, as is done in most of the studies using laboratory sources. 

Another important aspect in the studies summarized in this contribution is the cleanliness of the 
sample. Possible undetected surface contaminations not only strongly suppress the surface component, 
but can also lead to new features which are mistakenly interpreted as clean surface components. On the 
other hand, unwanted coadsorbates could also alter the binding energy of a certain adsorbate under study, 
thus leading to wrong values. These difficulties are usually more pronounced on more reactive metals, 
such as Aluminum. Therefore, discrepancies in the published data can also be caused by varying 
contamination levels. 
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4.3.2  Data section 

In this chapter we present an overview of the reported values for adsorbate-induced surface core-level 
shifts. As mentioned in the introduction, we are giving the shifts relative to the bulk peak, which is the 
natural reference level. Since the shifts are closely related to the clean surface core-level shifts, we are 
including values for this as well. However, since measuring absolute binding energies in a reliable and 
comparable way is rather difficult, we will only quote difference values with respect to the individually 
reported bulk binding energies. If, for orientation only, absolute binding energy values of the bulk 
components are included, they are referenced to the Fermi energy. We use the convention that increasing 
binding energies (�stronger binding�) are denoted by larger positive numbers. Please note that some 
authors are using a scale going to more negative values. If that is the case we have �converted� the values 
accordingly. We will only quote numerical values given in the publications, and have not derived values 
from figures. Accuracies (quoted number of digits) are taken from the literature, but no error margins are 
given in our tables. 

As will be noticed, there are remarkable differences in some reported values. Sometimes they are due 
to improved experimental resolution with easier identification of components in the line shapes. 
Sometimes the origin of these differences is not clear. While some publications try to explain these 
disagreements with varying sample cleanliness or different sample preparation procedures, we are not 
commenting on differing results. Interested readers are referred to the original articles. As suggested 
guideline, more recent publications are more likely to quote more reliable numbers, but not necessarily. 

For each surface plane we will summarize the binding energy shifts in a separate table, ordered by 
adsorbate. For each adsorbate we will use the reported adsorbate binding configurations, if possible. In 
order to improve the readability we use the following abbreviations: H for hollow sites, T for on-top sites, 
B for bridge sites. This assignment of the adsorption site is rather difficult since we are dealing with the 
substrate atoms just influenced by the adsorbates. In some cases we will see that a correlation to adsorbate 
binding site is not possible. In those cases we give the different substrate atom types as quoted by the 
respective reference. For more general remarks, see the Introduction. We will discuss further details in the 
respective subsections. 

Data for the 3d transition metals are rather scarce. The 3d metals are more difficult to measure at high 
resolution than the narrowest levels for the 4d and 5d metals. This is due to the fact that the narrowest 
core-electron lines, the 2p lines, have rather high binding energies. This implies that higher photon 
energies are needed which limits the resolution. The 2p electron lines for the 3d transition metals are also 
intrinsically broader than the narrowest lines for the 4d and 5d transition metals as well as for the 
narrowest lines of all simple metals [81Nyh]. The intrinsic lifetime broadening is slightly larger. 
However, the additional broadening has mainly other reasons. One reason is the narrow band character of 
the 3d band. The 2p-3d coupling in the spectroscopic final states leads to a more complex line shape of 
the core-levels in the 3d metals. These effects do not lead to resolved effects in the spectra but are only 
seen as additional broadenings of the core electron lines. These make any surface core level shift harder 
to resolve. 

Below we show an example of a table given for the various substrates. In the beginning we display the 
quoted binding energies of the respective substrate bulk core level, with respect to the Fermi level. If 
there are different published values, we will give all of them. In the next row the clean surface core-level 
shift is given. As mentioned in the introduction, the shifts are all given relative to the respective bulk 
binding energies. Here, the 1st column gives details about the position of the substrate atoms considered. 
�1st layer� denotes the obvious surface layer, while �2nd layer� refers to the first underlayer, if it is 
distinguishable from the bulk value. 

Values for different adsorbates are given in the following rows, grouped in sections. The columns are 
organized as follows. The first column gives a short description of the adsorbate layer structure and the 
adsorption site or bonding configuration considered. We reproduce the classification used in the cited 
publication, even if it has been proposed to be wrong by more recent publications. If applicable, the next 
column gives the (fractional) coordination number of the substrate surface atom considered. The 3rd 
column gives the coverage for the adsorbate structure under consideration. This is usually the ideal 
(nominal) value, not the value obtained in the actual experiment. Here, 1 ML is defined as one adsorbate 
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molecule/atom per substrate surface atom. The 4th column displays the values of the core-level shifts in 
units of eV. If different values exist in the literature, we give all of them without commenting on possible 
reasons for the discrepancies. The number of digits quoted is from the original reference, but no error bar 
values are reported. The last column gives the cited references and the line shapes used in the data 
analysis; if no fitting procedure has been used, we will also notice. The used abbreviations are as follows: 
�D-S�: Doniach-Sunjic line shape; �+G�: additional Gaussian function; �V�: Voigt profile; �Sci�: fitting 
routine supplied by Scienta, using an asymmetric line profile with a combined FWHM and a ratio of 
Lorentzian and Gaussian contributions; �no fit�: no fitting routine has been used by the authors. �special� 
denotes line shapes used by only one working group; for details see the original paper. If the line shape is 
not specified in the original paper (�n.s.�), the data are deconvoluted, but but no details are given. 
 
Example: 
 
Ta 4f7/2 level, Eb(bulk) 21.65 eV Ref. 1, 2 (D-S+G) 
Clean surface 
1st layer 
2nd layer 

  +0.74 eV 
+0.14 eV Ref. 1, 2 (D-S+G) 

atomic O adsorption 
O chemisorbed   low coverage +0.99 eV Ref. 1 (D-S+G) 

O oxide-like  higher coverage +1.29 eV Ref. 1 (D-S+G) 

H adsorption 
H  low coverage +0.93 eV Ref. 1 (D-S+G) 
 

The different substrates are listed in the following sections in the order of their appearance in the 
Periodic Table. Within each substrate system, (100), (110) and (111) surface orientations are shown in 
this order. If values for stepped surfaces exist, they are displayed next. The different adsorbates 
considered for the various substrates are not given in a special order. Usually the adsorbed species is 
given, not the gas phase molecule used in the experiment. With a few exceptions, only substrates are 
included for which adsorbate data have been published. There are some additional substrate surfaces, for 
which either only clean surface measurements or only theoretical investigations exist; they are not listed 
here. 

4.3.2.1  Al(001) 

In a theoretical study using the linearized augmented-plane-wave (LAPW) method a negligible clean 
surface core-level shift was found, whereas for a p(1×1)-O layer a shift of −1.5 eV was predicted [81Kra]. 
From a slightly more sophisticated full-potential self-consistent LAPW (FLAPW) calculation including 
crystal field splitting effects, a continuous shift for the first four surface layers was predicted, with a value 
of −0.12 eV for the surface layer [81Wim]. 
 
Al 2p3/2 level, Eb(bulk) 73 eV 

72.26 eV 
78Bac (no fit) 
91Bag (n.s.) 

Clean surface 
   +0.22 eV 91Bag (n.s.) 
   −0.096 eV 91Nyh (D-S+G) 
O adsorption 
O chemisorbed   not seen 78Bac (no fit) 
subsurface oxygen   +1.4 eV 78Ebe (no fit) 
Al2O3   +2.6 eV 78Bac (no fit) 
Al2O3   +2.7 eV 78Ebe (no fit) 



398 4.3  Adsorbate induced surface core level shifts of metals [Ref. p. 418 

Landolt-Börnstein 
New Series III/42A4 

 

Alkali adsorption 
Na c(2×2) 100K, 4-fold hollow  0.5 ML −0.150 eV 92And (no fit) 
Na c(2×2) RT - highly coord.   −0.500 eV 92And (no fit) 
Na c(2×2) RT - less coord.   −0.115 eV 92And (no fit) 

4.3.2.2  Al(111) 

Aluminum as a very reactive metal has caused some attraction in the context of the oxide formation. 
Although we do not generally deal with oxides in this contribution, we have included the bulk oxide 
values for comparison here. The species denoted �subsurface oxygen� is most likely identical to a surface 
oxide. 

The preparation in [93Ber] was basically a room temperature oxidation process. The various peaks 
could be assigned to some chemisorbed species and some �bulk oxide�, which in fact seems to be a 
surface oxide. The peak with a shift of �0.14 eV was proposed to be due to Al atoms at the interface 
between the Al crystal and the surface oxide network. It is not bonded to any oxygen [93Ber]. 
 
Al 2p3/2 level, Eb(bulk) 73 eV 78Flo, 78Bac (no fit) 
Clean surface 
   < 0.015 eV 91Nyh (D-S+G) 
O adsorption 
Al at interface, no O bond   −0.14 eV 93Ber (D-S+G) 
O chemisorbed, Al-1O   +0.37 eV 93Ber (D-S+G) 
O chemisorbed, Al-2O   +0.84 eV 93Ber (D-S+G) 
O chemisorbed, Al-3O   +1.37 eV 93Ber (D-S+G) 
O chemisorbed (3-fold hollow)  1 ML +1.3 eV 95Ruc (no fit) 

(1 × 1) overlayer [79Ebe]   +1.4 eV 78Flo, 78Bac, 79Bia, 
79Ebe (no fit) 

subsurface oxygen    +2.7 eV 95Ruc (no fit) 

surface oxide   +2.7 eV 78Flo, 78Bac, 79Bia, 
79Ebe (no fit) 

�bulk oxide�   +2.63 eV 93Ber (D-S+G) 
Al2O3   +3.5 eV 95Ruc (no fit) 
Al2O3   +3.3 eV 79Bia (no fit) 
Alkali adsorption 
Cs (2×2)   −0.130 eV 93And (no fit) 
Cs (√3×√3)   −0.145 eV 93And (no fit) 
Rb (2×2)   −0.130 eV 93And (no fit) 
Rb (√3×√3)   −0.140 eV 93And (no fit) 
K (√3×√3)  0.33 ML −0.130 eV 93And (no fit) 
Na (3×3)   −0.070 eV 93And (no fit) 
Na (4×4)   −0.080 eV 93And (no fit) 
Na (√3×√3)   −0.130 eV 93And (no fit) 

4.3.2.3  Ni(100) 

The problem of accurately resolved surface core level shifts for the 3d transition metals was discussed in 
the introduction to this section. The measurements in [93Nil] give shifts for the main line as well as for 
the so-called �6 eV satellite�. These represent differently screened final states. 
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Ni 2p3/2 level, Eb(bulk) 852.60 eV 
852.77 eV 

93Nil (no fit) 
84Ege (no fit) 

Clean surface 
main line   −0.3 eV  93Nil (no fit) 
satellite   −0.7 eV 93Nil (no fit) 
not specified   −0.43 eV 84Ege (no fit) 
CO adsorption 
c(2×2) on-top - main line  0.5 ML +0.7 eV 93Nil (no fit) 
                         satellite   +1.5 eV 93Nil (no fit) 
c(2×2) - not specified  0.5 ML +0.24 eV 84Ege, 85Ege (no fit) 
H adsorption 
c(2×2)   −0.36 eV 85Ege (no fit) 
O adsorption 
c(2×2)  0.5 ML −0.18 eV 84Ege, 85Ege (no fit) 

4.3.2.4  Mo(110) 

Mo 3d5/2 level, Eb(bulk) 227.9 eV 95And (n.s.) 
Clean surface 
   −0.33 eV 95And (n.s.) 
   −0.333 eV 93Lun (D-S+G) 
Na adsorption 
  saturated ML −0.33 eV 95And (n.s.) 

4.3.2.5  Ru(0001) 

Oxygen on Ru(0001) is a prototype system. Oxygen atoms occupy hcp hollow sites only, thus making it 
necessary to think about the correlation of peak components and bonding situations. This has been done 
in terms of coordination number, as has been discussed in Sect. 4.3.1 already. �1O�, �2O�, and �3O� 
denote Ru atoms coordinated to one, two, and three oxygen atoms, respectively. In [01Liz] the spectra for 
all coverages are fitted including the 1st and 2nd layer clean surface peaks. The binding energy values for 
these peaks change slightly as well with changing oxygen coverage. However, for clarity we do not 
include these values here. Just briefly, the 1st layer clean surface component vanishes for coverages higher 
than 0.25 ML, while the 2nd layer component is still close to its clean surface value up to coverages of 
0.75 ML. For the (1×1)-O structure the 2nd layer Ru atoms get coordinated to one oxygen as well, thus 
shifting to a position identical to the bulk Ru position. The behavior observed experimentally is also 
described theoretically by DFT calculations, yielding very similar values for the core-level shifts [01Liz]. 

The case of RuO2 (110) has been included, since it is discussed in close relationship with the oxygen 
adsorption [01Ove]. In addition, the so-called coordinationally unsaturated (cus) Ru atoms on the surface 
of this oxide are rather much involved in the oxide formation, as judged by their large binding energy 
difference with respect to the surface Ru atoms of the clean surface (see table below). Within this study, 
the adsorbate-induced core-level shifts have also been calculated, taking both initial state and final state 
contributions into account. Qualitatively the results follow the trend in the experimental values, slightly 
overestimating the shift [01Ove]. 
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Ru 3d5/2 level, Eb(bulk) 280.1 eV 01Liz, 01Ove (D-S+G)
Clean surface 
1st layer 
2nd layer 

  −0.366 eV  
+0.125 eV 01Liz (D-S+G) 

1st layer 
2nd layer 

  −0.363 eV 
+0.135 eV 97Sti (Sci) 

O adsorption 
p(2×2) 1O 1/3 0.25 ML +0.020 eV 01Liz (D-S+G) 
p(2×1) 1O 1/3 0.50 ML −0.050 eV 01Liz (D-S+G) 
p(2×1) 2O 2/3 0.50 ML +0.390 eV 01Liz (D-S+G) 
  0.5 ML +0.40 eV 01Ove (D-S+G) 
(2×2)-3O 2O 2/3 0.75 ML +0.387 eV 01Liz (D-S+G) 
(2×2)-3O 3O 3/3 0.75 ML +0.980 eV 01Liz (D-S+G) 
(1×1)-O 3O 1st layer 3/3 1 ML +0.960 eV 01Liz (D-S+G) 
  1 ML +0.93 eV 01Ove (D-S+G) 
(1×1)-O 1O 2nd layer  1 ML 0 01Liz (D-S+G) 
(2×1) (not res.)   +0.371 eV 97Sti (Sci) 
RuO2 (110) - oxide 
RuO2 (110) - cus 

  +0.63 eV 
+0.35 eV 01Ove (D-S+G) 

CO adsorption 
not specified   −0.353 eV 97Sti (Sci) 
H adsorption 
(1×1)   −0.254 eV 97Sti (Sci) 
(2×1) - 1st layer 
             2nd layer 

  −0.304 eV 
+0.113 eV 97Sti (Sci) 

NO+O coadsorption 
NO+2 O   +0.341 eV 97Sti (Sci) 
NO+O - �1st layer� 
              �2nd layer� 

  +0.530 eV 
+0.756 eV 97Sti (Sci) 

4.3.2.6  Ru 0)1(10  

In contrast to the papers about Ru(0001), where the binding energy of the bulk component of the Ru 3d5/2 
level was given explicitly, the references on Ru )0110(  give no absolute binding energy values. From 
[00Bar2] we have taken from the figure the value of 280.1 eV, which also corresponds to the value 
reported for the Ru(0001) surface. Oxygen is again adsorbed in hcp hollow sites. �1O� and �2O� denote 
Ru atoms bonded to one or two O atoms. 
 
Ru 3d5/2 level, Eb(bulk) 280.1 eV 00Bar2 (D-S+G) 
Clean surface 
1st layer 
2nd layer 

  −0.480 eV 
−0.240 eV 

00Bar1, 00Bar2, 01Bar 
(D-S+G) 

O adsorption 
c(4×2) 1O (2nd layer)  
(2×1)p2mg 1O (2nd layer) 

 all coverages +0.465 eV 00Bar2, 01Bar (D-S+G)

c(4×2) 1O (1st layer)  <0.5 ML −0.085 eV 00Bar2, 01Bar (D-S+G)
(2×1)p2mg 2O (1st layer)  >0.5 ML +0.215 eV 00Bar2, 01Bar (D-S+G)
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4.3.2.7  Rh(100) 

CO adsorption gives rise to two clearly resolved states in C 1s core-level emission. However, in the Rh  
3d5/2 level only three components due to bulk, clean surface and adsorbate covered Rh atoms are observed 
[98Str]. From a comparison between Rh 3d5/2 and C 1s spectra the on-top contribution is proposed to 
overlap with the bulk component. 
 
Rh 3d5/2 level, Eb(bulk)  307.3 eV 

307.6 eV 
98Str (D-S+G) 
94Bor (D-S+G) 

Clean surface 
   −0.65 eV 98Str (D-S+G) 
   −0.62 eV 94Bor (D-S+G) 
   −0.64 eV 97Pri (D-S+G) 
   −0.655 eV 96Zac (D-S+G) 
CO adsorption 
on-top c(2×2)  0.5 ML < ±0.05 eV 98Str (D-S+G) 
�split (2×1)�  saturation 0 96Zac (D-S+G) 
bridge  > 0.5 ML −0.300 eV 98Str (D-S+G) 
O adsorption 
O hollow (2×2)p4g  0.5 ML −0.25 eV 96Zac (D-S+G) 
NO adsorption 
NO   +0.385 eV 96Zac (D-S+G) 
H adsorption 
H   −0.47 eV 96Zac (D-S+G) 

4.3.2.8  Rh(110) 

Rh 3d5/2 level, Eb(bulk) 
Clean surface 
   −0.65 eV 94Pri (D-S+G) 
CO adsorption 
(2×1)p2mg   −0.08 eV  94Pri (D-S+G) 
H adsorption 
20 L   −0.35 eV 94Pri (D-S+G) 

4.3.2.9  Rh(111) 

For oxygen adsorption, three types of Rh surface atoms are considered (see Fig. 4): type �A� for clean 
Rh, type �B� for Rh coordinated to one O adatom, type �C� for Rh coordinated to two O adatoms 
[01Gan]. A linear relationship between the core-level shift and the number of O neighbors can be 
observed; approximately one finds 0.3 eV per bond. This is very well reproduced by the calculations. The 
theoretical prediction for Rh coordinated to three O adatoms (type "D") in a (1×1) layer with 1 ML 
coverage is +0.94 eV. 

In the case of CO adsorption, [98Beu] does not give coordination numbers. If we calculate these, we 
get 1 for on-top and 2/3 for the hollows in the (2×2) structure. That does not give a linear relationship, not 
even with respect to the clean surface component. 
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Fig. 4. Core-level shift relative to bulk signal for O adsorption on Rh(111). Comparison between experiment and 
theory is shown; reproduced from [01Gan]. 
 

For Rh(111) a number of theoretical studies exist as well. While some concentrate on the clean 
surface core-level shift [82Fei, 94And2], obtaining values close to the experimentally observed �0.5 eV, 
others also calculate adsorbate induced shifts [03Bir]. For CO/Rh(111), results of 0.24 eV for the on-top 
species in a (√3×√3)R30° structure and �0.22 eV for threefold hollow sites in the high coverage (2×2)-
3CO phase [03Bir] agree very well with experimental values listed below. As shown above, also for O 
adsorption the theoretical description seems to work well [01Gan]. 
 
Rh 3d5/2 level, Eb(bulk) 307.18 eV 94And2, 98Beu (D-S+G)
Clean surface 
   −0.50 eV 94And2, 97Beu, 98Beu 

(D-S+G) 
   −0.485 eV 01Gan (D-S+G) 
1st layer 
2nd layer 

  −0.46 eV 
+0.071 eV 03Bar (D-S+G) 

CO adsorption 
(√3×√3)R30° on top  0.33 ML +0.27 eV 97Beu, 98Beu (D-S+G) 
(2×2)-3CO hollow  0.75 ML −0.22 eV 98Beu (D-S+G) 
O adsorption 
p(2×2) B hollow 1/3 0.25 ML −0.140 eV 01Gan (D-S+G) 
p(2×1) C hollow 2/3 0.5 ML +0.295 eV 01Gan (D-S+G) 
Alkali adsorption 
K, Rb, Cs   −0.50 eV 95And (n.s.) 
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4.3.2.10  Stepped Rh surfaces 

The (111) terraces of the stepped surfaces exhibit a different SCLS as the Rh(111) surface, approaching 
the flat surface value with increasing terrace width. O adsorption on the steps gives rise to a binding 
energy shift of the step atoms only [03Gus]. 
 
Rh 3d5/2 level, Eb(bulk) 307.15 eV 03Gus (D-S+G) 
Clean surface 
terrace (553)   −0.43 eV 03Gus (D-S+G) 
terrace (151513)   −0.48 eV 03Gus (D-S+G) 
step   −0.72 eV 03Gus (D-S+G) 
underneath step   −0.14 eV 03Gus (D-S+G) 
O adsorption 
step adsorption (553)  0.06 ML −0.35 eV 03Gus (D-S+G) 

4.3.2.11  Pd(100) 

The case of CO on Pd(100) has been studied in some detail [91And]. There are two interesting aspects. 
First of all, there seems to be a linear relationship between the number of adsorbed CO molecules and the 
binding energy shift, increasing from 0.5 eV for one CO neighbor (called �bridge 1�, coord. 1/2) to about 
1.0 eV for two CO neighbors (�bridge 2�, coord. 1). The other interesting aspect is that the binding 
energies of both Pd species change slightly with increasing coverage, i.e., with next nearest neighbors. A 
similar effect is also observed for other systems (e.g., CO on Pd(111)). 

In [94Gur] no spectrum of the clean surface is shown. Therefore it is not possible to check the value 
given for the core-level shifts. However, we assume that the given SCLS is meant to be towards lower 
binding energies (−0.41 eV), despite the given value of +0.41 eV. 

As stated by some of the authors [92Nyh, 94And2], the D-S line shape does not adequately describe 
the Pd 3d core level, due to the details of the density of states close to the Fermi level. Therefore, some 
groups use subtraction procedures which are labelled as �no fit�. However, the same authors often use a 
D-S+G line shape for comparison as well. If discrepancies are small, we give only one value for the 
binding energy shift. 
 
Pd 3d5/2 level, Eb(bulk) 334.95 eV 

 
334.99 eV 
334.96 eV 

91And (D-S+G)
02Jaw2 (no fit) 
94Gur (Sci) 
96Par (no fit) 

Clean surface 
   −0.43 eV  91And, 02Jaw2 
   −0.44 eV 92Nyh (no fit) 
   −0.41 eV 94Gur (Sci) 
   −0.40 eV 02Jaw1 (no fit) 
CO adsorption 
p(2√2×√2)R45° bridge 1 1/2 0.50 ML +0.48 eV 91And (D-S+G)
p(3√2×√2)R45° bridge 1 1/2 0.67 ML +0.56 eV 91And (D-S+G)
p(3√2×√2)R45° bridge 2 1 0.67 ML +0.97 eV 91And (D-S+G)
p(4√2×√2)R45° bridge 1 1/2 0.75 ML +0.60 eV 91And (D-S+G)
p(4√2×√2)R45° bridge 2 1 0.75 ML +1.04 eV 91And (D-S+G)
unspecified CO   +0.47 eV 96Par (no fit) 
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O adsorption 
c(2×2) 4-fold hollow  0.5 ML +0.55 eV 

+0.61 eV 
96Par (no fit) 
96Par (Sci) 

c(2×2) 4-fold hollow  0.5 ML +0.55 eV 94Gur (Sci) 
NO adsorption 
p(4×2) 4-fold hollow  0.25 ML +0.3 eV 02Jaw1 (no fit) 
p(2√2×√2)R45° bridge  0.5 ML +0.8 eV 02Jaw1 (no fit) 
saturation   0.65 ML +1.0 eV   02Jaw1, 02Jaw2 

(no fit) 
unspecified NO   +0.5 eV 96Par (no fit) 
H adsorption 
c(2×2)  saturation ≈0 eV 92Nyh (no fit) 
Alkali adsorption 
Na   +0.7 eV 95And (n.s.) 

4.3.2.12  Pd(110) 

CO on Pd(110) is a system that shows a reconstruction of the substrate for adsorption at room 
temperature. The Pd surface is still unreconstructed for CO coverages up to 0.3 ML. For CO coverages 
larger than 0.3 ML, a missing-row (1×2) reconstruction is found [97Ram], which coexists with the (1×1) 
structure up to coverages of 0.75 ML. For 0.75 ML (the saturation coverage at room temperature) the 
missing-row reconstruction of the substrate is complete. For higher coverages reachable at lower 
adsorption temperature or higher ambient pressures, the reconstruction is lifted again and CO forms the 
(2×1) p2mg structure [97Ram]. In [97Ram] only an averaged CO induced core-level position could be 
determined, leading to a continuous energy shift between 0.3 and 0.75 ML. The high coverage phase had 
to be prepared separately so that no information about the coverage range between 0.75 ML and 1 ML is 
given. 

The authors of [96Bon] use exponentially-modified Gaussian line shapes for thr deconvolution of the 
different contributions. 
 
Pd 3d5/2 level, Eb(bulk) 335.3 eV 

335.2 eV 
97Ram (Sci) 
91Com (D-S+G) 
96Bon (special) 

Clean surface 
   −0.5 eV 97Ram (Sci) 
   −0.24 eV 91Com (D-S+G) 
   −0.55 eV 94And2 (no fit) 
   −0.4 eV 96Bon (special) 
CO adsorption 
randomly, unrec. substrate  <0.3 ML +0.45 eV 97Ram (Sci) 
(4×2)  0.75 ML +0.63 eV 97Ram (Sci) 
(2×1)p2mg bridge  1 ML +0.94 eV 97Ram (Sci) 
(2×1)p2mg bridge  1 ML +0.93 eV 94Loc (D-S+G) 
(2×1)p2mg bridge  1 ML +0.98 eV 91Com (D-S+G) 
(2×1)p2mg bridge  1 ML +0.95 eV 96Loc (D-S+G) 
O adsorption 
c(2×4) bridge  0.25 ML +0.48 eV 91Com (D-S+G) 
O2 at 400 K (1×10−4 mbar)  22800 L +0.2 eV 96Bon (special) 
O2 at 400 K (4×10−2 mbar) PdO  surface oxide +1.1 eV 96Bon (special) 
PdO   +1.5 eV 97Pil (no fit) 
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4.3.2.13  Pd(111) 

[00Sur] makes use of the coordination number concept (see section 4.3.1). For the example of the c(4×2) 
structure, the existence of two adsorbate-induced features in the Pd 3d5/2 core level favors a structural 
model with fcc and hcp hollow sites over a bridge site model. While the bridge-only model would only 
yield one adsorbate related feature, the hollow sites model has Pd atoms bonded to one CO molecule only 
(H1) and Pd atoms bonded to two CO molecules (H2). Therefore, H1 corresponds to 1/3 Pd-CO 
coordination (CO shared by three Pd atoms), H2 corresponds to 2/3 Pd-CO (two �1/3-CO molecules� 
bound to Pd) (=associated with occupation of both fcc and hcp sites, different to H1 not because of site 
but because of coordination), on-top has coordination number 1 (one CO per Pd). Again, as for the 
Pd(100) surface, a linear relationship between coordination number and shift is observed, from 0.37 eV 
(1/3) to 0.7 eV (2/3) to 1.05 eV (1). Bridge (1/2) features as expected at 0.5 eV. We want to mention that 
the binding energies of the different components display some very small shifts (some meV) upon 
increasing the CO coverage. Shown are only the values for coverages closest to the nominal values of the 
observed adsorbate structures. 
 
Pd 3d5/2 level, Eb(bulk) 334.9 eV 98San, 00Sur 

(D-S+G) 
00Lei (Sci) 

Clean surface 
   −0.28 eV 98San, 94And2, 

00Sur (D-S+G) 
   −0.3 eV 00Lei (Sci) 
CO adsorption 
(√3×√3)R30° fcc hollow H1 1/3 0.33 ML +0.34 eV 00Sur (D-S+G) 
c(4×2)-2CO hollow H1 1/3 0.50 ML +0.40 eV 00Sur (D-S+G) 
c(4×2)-2CO hollow H2 2/3 0.50 ML +0.69 eV 00Sur (D-S+G) 
(2×2)-3CO hollow H2 2/3 0.75 ML +0.75 eV 00Sur (D-S+G) 
(2×2)-3CO on-top 1 0.75 ML +1.05 eV 00Sur (D-S+G) 
(2×2)-CO bridge 1/2 0.75 ML +0.52 eV 00Sur (D-S+G) 
(√3×√3)R30° hollow (300 K)  > 0.1 ML +0.32 eV 00Sur (D-S+G) 
CO bridge (300 K)  > 0.1 ML +0.59 eV 00Sur (D-S+G) 
O adsorption 
(2×2) hollow (300 K)  0.25 ML +0.32 eV 00Lei (Sci) 
CO coadsorption on (2×2)-O 
CO induced core-level shift   +0.40 eV 00Lei (Sci) 
C2H2 adsorption 
(√3×√3)R30° hollow  0.33 ML +0.58 eV 98San (D-S+G) 
(2×2) hollow  0.21 ML +0.58 eV 98San (D-S+G) 
C2H3 adsorption 
(√3×√3)R30°  0.33 ML +0.72 eV 98San (D-S+G) 
H adsorption 
(1×1)   > 0 eV 98San (no fit) 
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4.3.2.14  Ta(100) 

In a theoretical study, Krakauer has calculated a clean SCLS of +0.96 eV for the first and no shift for the 
second layer [84Kra]. Since no final state effects are taken into account, the agreement seems reasonable. 
A better agreement is found in [85Gui] by using a microscopic model, where for the 1st layer a value of 
+0.9 eV and for the 2nd layer +0.14 eV is found for the unrelaxed surface. If some relaxation is included, 
both values are reduced by about 0.05 eV. 
 
Ta 4f7/2 level, Eb(bulk) 21.65 eV 84Gui2, 85Gui, 

85Spa (D-S+G) 
Clean surface 
1st layer 
2nd layer 

  +0.74 eV 
+0.14 eV 

84Gui2, 85Gui, 
85Spa (D-S+G) 

O adsorption 
O chemisorbed   low coverage +0.99 eV 84Gui2 (D-S+G) 
O oxide-like  higher coverage +1.29 eV 84Gui2 (D-S+G) 
H adsorption 
H  low coverage +0.93 eV 84Gui2 (D-S+G) 
Cs adsorption 
not specified   +0.64 eV 85Sou (D-S+G) 

4.3.2.15  Ta(110) 

[95Ruc] uses the Ta 4f5/2 level to derive the shifts, since the components of the 7/2 level overlap with the 
5/2 peak. 

In [94And1] no adsorbate induced component is observed, but the position of the clean surface 
component is shifting with increasing coverage. This shift is coverage-dependent and non-linear. For 
saturation coverages the quoted values are obtained. 

Theoretical calculations of the clean SCLS yield 0.4 eV [85Gui]. 
 
Ta 4f7/2 level, Eb(bulk) 21.65 eV 

21.58 eV 
84Gui2, 85Gui (D-S+G) 
94And1 (no fit) 

Clean surface 
   +0.28 eV 85Gui (D-S+G) 
   +0.3 eV 95Ruc (no fit) 
   +0.31 eV 94And1 (no fit) 
1st layer 
2nd layer 

  +0.360 eV 
+0.065 eV 93Rif (D-S+G) 

O adsorption 
O chemisorbed p(2×1) [81Tre]   +1.1 eV 95Ruc (no fit) 
monolayer oxide [81Tre]  (both coexist) +1.9 eV 95Ruc (no fit) 
bulk oxide Ta2O5   +4.5 eV 95Ruc (no fit) 
Alkali adsorption 
Na - surface component  saturation +0.355 eV 94And1 (no fit) 
Rb - surface component  saturation +0.330 eV 94And1 (no fit) 
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4.3.2.16  Ta(111) 

Oxygen adsorption on Ta(111) at room temperature leads to monolayer adsorption for exposures up to 1 
L and to various oxidation states for higher exposures [82Vee]. State �A� is related to the adsorbate 
phase, while �C� and �D� are related to different sub-oxides. For hydrogen adsorption, continuous shifts 
of the clean surface components are observed [82Vee]. 

Published calculations of the clean surface core-level shift give very large shifts of +0.86 eV for the 
first and 0.14 eV for the 2nd layer [85Gui]. 
 
Ta 4f7/2 level, Eb(bulk) 21.64 eV 82Vee (D-S+G) 
Clean surface 
1st layer 
2nd layer 

  
 

+0.4 eV 
+0.19 eV 82Vee (D-S+G) 

1st layer 
2nd layer 

  +0.39 eV 
+0.11 eV 84Wer (D-S+G) 

O adsorption 
O A   +1.12 eV 82Vee (D-S+G) 
O C   +1.3 eV 82Vee (D-S+G) 
O D   +2.4 eV 82Vee (D-S+G) 
H adsorption 
1st layer surface component 
2nd layer surface component 

 saturation 
saturation 

+0.65 eV 
+0.36 eV 82Vee (D-S+G) 

4.3.2.17  Ta (poly) 

[84Him] reported an oxidation study of polycrystalline Ta. In order to identify oxidation states, different 
oxidation procedures have been used; average values are presented here. Fairly mild conditions lead to 
adsorbate phases or surface oxides. 
 
Ta 4f7/2 level, Eb(bulk)   
Clean surface 
O adsorption 
oxidation state +1   +0.48 eV 84Him (no fit) 
oxidation state +3   +1.22 eV 84Him (no fit) 
oxidation state +5   +2.05 eV 84Him (no fit) 
oxidation state +5 in bulk oxide   +5.2 eV 84Him (no fit) 

4.3.2.18  W(100) 

The clean surface, which has a (1×1) structure at room temperature, is reconstructed in a c(2×2) structure 
at low temperatures [81Vee2, 89Jup, 96Jup, 93Mul]. While [81Vee2] attributed two surface related 
components to unreconstructed (S1) and reconstructed (S2) domains, later publications identified these 
peaks with 1st and 2nd layer W atoms, the former of which exhibit a small shift upon reconstruction 
[84Gui1, 89Jup, 93Mul, 96Jup]. 

For hydrogen adsorption the new position of the original surface components of clean W(100) is 
noted. No additional H induced features are observed [81Vee2, 82Vee]. In [81Vee2] the S1 component 
vanishes for H coverages above 0.1 ML, while the S2 component gradually shifts to lower binding 
energies; however, at saturation H coverages, where the reconstruction is completely lifted, S2 does not 
reach the binding energy of the clean surface S1 component. In contrast, in the work of Guillot et al. 
[82Gui], two pairs of peaks are used without allowing for a shift. 
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Theoretical calculations of the SCLS are included in [99Kim] for the clean and the Li or K covered 
surfaces. In [85Gui] values of �0.55 and �0.23 eV are reported for the clean SCLS of the 1st and 2nd layer 
atoms, respectively. 
 
W 4f7/2 level, Eb(bulk) 31.42 eV 

31.41 eV 
 
31.5 eV 
31.44 eV 

82Vee (V) 
81Vee2 (V) 86Jup, 
96Jup (D-S+G) 
85Spa (D-S+G) 
93Mul (D-S+G) 

Clean surface 
   −0.35 eV 82Vee (V) 
   −0.36 eV 84Wer (D-S+G) 
   −0.4 eV 85Spa (D-S+G) 
unreconstructed (S1) 
reconstructed (S2) 

  −0.35 eV 
−0.13 eV 81Vee2 (V) 

1st layer   high temp. (1×1) 
               low temp. (2×2) 
2nd layer 

  
 
 

−0.37 eV 
−0.35 eV  
−0.14 eV 

89Jup,96Jup  
(D-S+G) 

1st layer  high temp (1×1) 
    low temp. (2×2) 
2nd layer 

  
 
 

−0.40 eV 
−0.35 eV 
−0.16 eV 

84Gui1 (D-S+G) 

1st layer  (2×2) 
        (1×1) 
2nd layer 

  
 
 

−0.35 eV 
−0.45 eV 
−0.11 eV 

93Mul (D-S+G) 

1st layer 
2nd layer 

  −0.39 eV 
−0.19 eV 86Jup (D-S) 

1st layer   unreconstructed 
2nd layer 

  
 

−0.4 eV 
−0.16 eV 

82Gui (special) 

O adsorption 
O chemisorbed p(2×1)  0.5 ML +0.53 eV 82Vee (V) 
O chemisorbed  0.6 ML +0.53 eV 89Aln (special) 
2D reconstr. oxide  1.0 ML +1.3 � +1.4 eV 89Aln (special) 
WO2   +1.7 ... +1.8 eV 89Aln (special) 
O induced (110) facets (900 K)  >1.25 ML +0.7 eV 89Aln (special) 
H adsorption 
surface component   saturation −0.255 eV 82Vee (V) 
c(2×2) (S2)  <0.2 ML −0.14 eV 81Vee2 (V) 
p(1×1) (S2)  >0.8 ML −0.25 eV 81Vee2 (V) 
c(2×2)  1st layer  
              2nd layer 

 0.5 ML −0.25 eV 
−0.09 eV 82Gui (special) 

p(1×1)  1st layer 
               2nd layer 

 saturation −0.32 eV 
−0.15 eV 82Gui (special) 

W bound to H (unrecon. dom.) 
2nd layer W 
pinched surf. molecules W2H 

  −0.22 eV 
−0.10 eV 
+0.06 eV 

96Jup (D-S+G) 

Cs adsorption 
  0.1 ML −0.35 eV 85Sou (D-S+G) 
p(2×2)  0.57 ML −0.46 eV 85Sou (D-S+G) 
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S adsorption 
p(2×2) (1S/W)  0.25 ML −0.25 eV 93Mul (D-S+G) 
c(2×2) (2S/W)  0.5 ML +0.07 eV 93Mul (D-S+G) 
N adsorption 
c(2×2) fourfold hollow � S1  <0.3 ML −0.09 eV 86Jup (D-S) 
c(2×2) fourfold hollow � S2   +0.18 eV 86Jup (D-S) 
c(2×2) fourfold hollow � S3   +0.41 eV 86Jup (D-S) 
Li adsorption 
1st layer  0<θ<0.5 ML 

>0.5 ML 
−0.32�−0.50 eV
−0.50 eV 99Kim (D-S+G) 

2nd layer  0<θ<1.0 ML −0.15�−0.20 eV 99Kim (D-S+G) 
K adsorption 
1st layer  0<θ<1.0 ML −0.32 eV 99Kim (D-S+G) 
2nd layer  0<θ<1.0 ML −0.15�−0.11 eV 99Kim (D-S+G) 

4.3.2.19  W(110) 

The system O/W(110) has been studied in some detail. The result is a fairly complicated spectral 
decomposition [98Rif]. The various components given in the table below can be attributed to W surface 
atoms bonded to varying numbers of O atoms, which are all located in threefold hollow sites. �O1� 
describes W atoms bonded to one oxygen atom, �O2� describes W atoms bonded to two O atoms, and 
�O3� are W atoms with three oxygen neighbors. Even more details can be observed. �O1a� denotes the W 
atom labelled �A� in Fig. 5, while �O1b� represents atom �B�. The p(2×1) structure with a coverage of 
0.5 ML ideally consists of �O1b� and �O2� surface atoms only, while at a coverage of 0.75 ML (with a 
p(2×2) structure) �O2� and �O3� atoms are observed. For 1 ML a p(1×1) structure with �O3� surface 
atoms only has been found [98Rif]. Since usually domains of certain surface structures develop 
consecutively, mixed phases are observed. In [98Rif] binding energy positions of the various components 
have been allowed to vary within certain boundaries, giving rise to slightly coverage-dependent core-level 
shifts, even for the clean surface component. The range of values is reflected in the table by values for 
certain coverages. 
 

Lattice gas, < 0.5 MLθ

B

A

B A

B B

 

 
 
 
 
 
 
 
 
 
 
Fig. 5. Surface model describing special W surface 
atoms. Reproduced from [98Rif]. 

 
In [00Ynz] the two different O1 components have not been resolved separately from the bulk. They 

are included in a single component named �bulk+O1�. 
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For hydrogen adsorption, a H-induced surface reconstruction of the W substrate is found to be one 
reason for the H-induced core-level shifts. In addition, there is a chemical effect on the binding energies 
as well [90Rif]. The result is a continuous shift of the H-induced component with increasing coverage. 
[83Gui] gives an alternative analysis with fixed binding energy positions. They then use three H induced 
features, namely for W atoms bound to one, two and three H atoms. For completeness we include their 
attempt with a shifting component summarizing the 1 H and 2 H components as well. 

In [94And1] for alkali adsorption, no adsorbate induced component is observed, but the position of the 
clean surface component is shifting with increasing coverage. This shift is coverage-dependent and non-
linear. For saturation coverages the quoted values are obtained. 

In a theoretical study a value of �0.30 eV was found for the clean surface core-level shift [01Cho], in 
good agreement with the experimental data. A similar value (−0.28 eV) has already been reported by 
[85Gui]. In addition, Oguchi calculated a core-level shift of +0.60 eV for the (1×1)-O adsorbate layer 
[99Ogu]. 
 
W 4f7/2 level, Eb(bulk) 31.4 eV 

 
 
31.42 eV 
31.5 eV 

98Rif, 90Rif, 98Tun 
(D-S+G) 
94Ped (V)  
94And1 (no fit) 
85Spa (D-S+G) 
83Gui (special) 

Clean surface 
  average 

low cov. 
0.34 ML 

−0.3 eV  
−0.32 eV  
−0.29 eV 

98Rif (D-S+G) 

   −0.32 eV 00Ynz, 94And1 
   −0.321 eV 90Rif (D-S+G) 
   −0.3 eV 94Ped (V)  

83Gui (special) 
   −0.30 eV 85Spa (D-S+G) 

79Tra (no fit) 
   −0.320 eV 98Tun (D-S+G) 
   −0.29 eV 89Pur (D-S+G) 
O adsorption 
O1a   −0.16 eV 98Rif (D-S+G) 
O1b  low cov. 

0.34 ML 
0.5 ML 

−0.08 eV 
+0.08 eV 
+0.059 eV 

98Rif (D-S+G) 

O2  low cov. 
0.5 ML 

+0.28 eV 
+0.34 eV 98Rif (D-S+G) 

O2  0.2 ML +0.26 eV 00Ynz (Sci) 
O3  0.5 ML +0.66 eV 98Rif (D-S+G) 
p(2×1) O2   0.5 ML +0.345 eV 00Ynz (Sci) 
p(2×2) O2   0.75 ML +0.365 eV  00Ynz (Sci) 
p(2×1) O3   0.5 ML +0.63 eV 00Ynz (Sci) 
p(2×2) O3   0.75 ML +0.73 eV 00Ynz (Sci) 
(1×1)×12 O3   1 ML +0.73 eV 00Ynz (Sci) 
p(2×1) 3-fold sites  0.5 ML +0.3 eV 94Ped (V) 
(1×1)-like  1 ML +0.6 � +0.7 eV 94Ped] (V) 
(1×1)  1 ML +0.73 eV 98Dai1, 98Dai2 
isolated O  small −0.1 eV 81Tre (G) 
p(2×1)  0.5 ML +0.32 eV 81Tre (G) 
oxide (?)  high +0.6 eV 81Tre (G) 
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H adsorption 
p(2×1)  0 to 0.5 ML −0.32 � −0.26 eV 90Rif (D-S+G) 
p(1×1) (reconstr.)  0.5 to 1ML −0.26 � −0.07 eV 90Rif (D-S+G) 
isolated H (bound to 2 H)  cov. dep. −0.22 � −0.08 eV 83Gui (special) 
W bound to 1 H 
W bound to 2 H 

  −0.22 eV 
−0.08 eV 83Gui (special) 

p(2×1) (bound to 3 H)   +0.2 eV 83Gui (special) 
Alkali adsorption 
Na � surface component  saturation −0.350 eV 94And1 (no fit) 
Cs � surface component  saturation  −0.340 eV 94And1 (no fit) 
K � surface component  saturation  −0.330 eV 94And1 (no fit) 
Ba  > 0.7 ML −0.400 eV 98Tun (D-S+G) 

4.3.2.20  W(111) 

For the clean surface two different fitting approaches were used in [87Pur]: a two-peak model with only 
one �underlayer� peak with a larger width as the surface peak, and a three-peak model with two 
�underlayer� peaks (2nd and 3rd layer) with the same width. Since the quality of the fit increases and since 
a different shift for the 2nd layer seems plausible, the authors prefer the three-peak model. For 
comparison, we display values for both models. 

There is a striking difference between H and O adsorption. While for H adsorption the original surface 
components for 1st and 2nd layer shift by the displayed amounts, a new feature appears for oxygen 
adsorption. In addition, the original surface component for the 1st layer shifts as well, but its intensity 
vanishes [82Vee]. 

The theoretically predicted values for the clean SCLS are �0.43 eV for the 1st layer, −0.20 eV for the 
2nd layer and �0.10 eV for the 3rd layer [85Gui]. 
 
W 4f7/2 level, Eb(bulk) 31.42 eV 81Vee1, 82Vee (D-S+G) 
Clean surface 
1st layer 
 
2nd layer 

  −0.43 eV 
 
−0.10 eV  
−0.11 eV 

81Vee1, 82Vee, 84Wer, 
87Pur (D-S+G) 
81Vee1, 82Vee (D-S+G) 
84Wer,87Pur (D-S+G) 

1st layer 
2nd layer 
3rd layer 

  −0.46 eV 
−0.36 eV 
−0.11 eV 

87Pur (D-S+G) 

O adsorption 
O chemisorbed (disordered)   +0.41 eV 81Vee1, 82Vee (D-S+G) 
H adsorption 
1st layer surface component  saturation −0.26 eV 81Vee1, 82Vee 
2nd layer surface component  saturation 0 81Vee1, 82Vee 

4.3.2.21  W(320) and other stepped W 

In [89Pur] three stepped W surfaces have been investigated. The nomenclature for the sites distinguishes 
between terrace rows, rows on top of the steps (upper row), rows at the bottom of the steps (lower row) 
and 2nd layer contributions. 
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The evaluation in [84Cha] assumed, that the terrace atoms show the same SCLS as on the flat W(110) 
surface. With this constraint the other positions were fitted. The rows in this publication are counted from 
the upper row of the steps, yielding three (110) rows, a row before the edge row and the edge row itself 
(lower step row). 

A theoretical calculation considering the differently coordinated W atoms on the (320) surface yields 
results which are giving the same trends in core-level shift, but still with small offset relative to 
experiment [01Cho]. 
 
W 4f7/2 level, Eb(bulk) 31.5 eV 

31.39 eV 
84Cha (D-S+G) 
89Pur (D-S+G) 

Clean surface 
  average −0.140 eV 94Rif (n.s.) 
S1 (3 rows/terr) 
S2 (2 rows/terr) (3 line fit) 

  −0.270 eV 
−0.080 eV 

94Rif (n.s.) 
 

S1 
S2 
S3 (4 line fit) 

  −0.310 eV 
−0.200 eV 
−0.190 eV 

94Rif (n.s.) 

steps (row 1, upper row) 
terrace (row 2,3,4) (110) 
row 5 (last row before edge 
edge (row 6, lower row) 

  −0.580 eV  
−0.300 eV 
−0.440 eV 
−0.180 eV 

84Cha (D-S+G) 

(320)  - steps (upper row) 
          - steps (lower row) 
          - terrace (110) 
          - 2nd layer 

  −0.41 eV 
−0.25 eV 
−0.25 eV 
−0.10 eV 

89Pur (D-S+G) 

(610)  - steps (upper row) 
          - steps (lower row) 
          - terrace (100) 
          - 2nd layer 

  −0.38 eV 
−0.28 eV 
−0.38 eV 
−0.12 eV 

89Pur (D-S+G) 

(310)  - steps (upper row) 
          - steps (lower row) 
          - 2nd layer 

  −0.43 eV 
−0.29 eV 
−0.12 eV 

89Pur (D-S+G) 

4.3.2.22  W (poly) 

[84Him] reported an oxidation study of polycrystalline W. In order to identify oxidation states, different 
oxidation procedures and even bulk oxide samples (WO2 and WO3) have been used. In the table average 
values for the different samples are presented. Fairly mild conditions lead to adsorbate phases or surface 
oxides. 
 
W 4f7/2 level, Eb(bulk)   
Clean surface 
O adsorption 
oxidation state +2   +0.71 eV 84Him (no fit) 
oxidation state +4   +1.62 eV 84Him (no fit) 
oxidation state +6   +2.7 eV 84Him (no fit) 
oxidation state +6 in bulk oxide   +4.3 eV 84Him (no fit) 



Ref. p. 418] 4.3  Adsorbate induced surface core level shifts of metals 413 

Landolt-Börnstein 
New Series III/42A4 

 

4.3.2.23  Os(0001) 

Os 4f7/2 level, Eb(bulk) 50.74 eV 89Mar (D-S+G) 
Clean surface 
   −0.41 eV 89Mar (D-S+G) 
CO adsorption 
(√3×√3)R30°  0.33 ML −0.33 eV 89Mar (D-S+G) 

4.3.2.24  Ir(100) 

The Ir(100) surface can be prepared in a reconstructed and a (1×1) metastable phase. Interestingly, 
different SCLS are observed for these surfaces. By comparing with the Ir(111) surface (included here), a 
close relation between the reconstructed Ir(100)-(5×1) and the (111) surface is found [80Vee]. In order to 
account for instrumental broadening, a triangular function was convoluted with the D-S function. 
 
Ir 4f7/2 level, Eb(bulk) 60.7 eV 80Vee (D-S) 
Clean surface 
(5×1)   −0.49 eV 80Vee (D-S) 
(1×1) metastable   −0.68 eV 80Vee (D-S) 
(111) surface   −0.50 eV 80Vee (D-S) 
H adsorption 
H on (1×1)   0 80Vee (D-S) 

4.3.2.25  Ir(110) 

Ir 4f7/2 level, Eb(bulk) 60.7 eV 89Duc (D-S+G) 
Clean surface 
(1×2)   −0.5 eV 89Duc (D-S+G) 
CO adsorption 
(√3×√3)R30°  0.33 ML −0.35 eV 89Duc (D-S+G) 

4.3.2.26  Ir(332) 

The Ir(332) surface consists of six rows of terrace atoms of (111) orientation and single atomic steps with 
( 111 ) orientation. Therefore, the terrace SCLS is very similar to the value for the flat Ir(111) surface (see 
also Sect. 4.3.2.24). Upon dosing of molecular hydrogen, only the step sites are covered with hydrogen, 
causing their binding energy to shift to the value for the clean terrace atoms [81Vee3]. 
 
Ir 4f7/2 level, Eb(bulk)   
Clean surface 
terrace 
step 
(111) 

  −0.48 eV 
−0.75 eV 
−0.53 eV 

 
81Vee3 (D-S+G) 

H adsorption 
step adsorption (H2 exposure)   −0.48 eV 81Vee3 (D-S+G) 
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4.3.2.27  Pt(110) 

The two publications mainly listed here, foremost differ in the excitation source used. While [89Duc] 
used a laboratory source, [87Duc] depends on synchrotron data. However, since the laboratory source is a 
specially made Y Mζ anode with a photon energy of 132.3 eV, a very good surface sensitivity is achieved 
[86Duc]. The clean Pt(110) surface exhibits a (1×2) reconstruction, which is of the missing-row type. In 
the (1×1) phase one can distinguish Pt atoms on the rows from Pt atoms in the valleys between. In the 
case of (1×2), these valleys are twice as deep as for (1×1) and there are row atoms, facet atoms, and 
valley atoms [87Duc]. For CO adsorption in the p2mg structure the reconstruction is lifted and CO bonds 
on top of row atoms. The second component observed is related to the valley Pt atoms, which are 
obviously also affected by the CO adsorption. If CO is adsorbed at low temperatures (≤110 K), the (1×2) 
reconstruction of the substrate is preserved [87Duc]. 
 
Pt 4f7/2 level, Eb(bulk) 71.1 eV 

 
70.83 eV 

87Duc (D-S+G) 
82Bae (special) 
89Duc (D-S+G) 

Clean surface 
(1×2)   −0.46 eV 87Duc (D-S+G) 
(1×2)   −0.44 eV 89Duc (D-S+G) 
(1×2) - row atoms 
          - valley atoms 

  −0.55 eV 
−0.21 eV 

82Bae (special) 

CO adsorption 
p1g1 (p2mg) on (1×1) - row atoms  1 ML +0.84 eV 87Duc (D-S+G) 
p1g1 (p2mg) on (1×1) - valley atoms   +0.5 eV 87Duc (D-S+G) 
on (1×2) - row atoms   +0.8 eV 87Duc (D-S+G) 
on (1×2) - facet atoms   +0.35 eV 87Duc (D-S+G) 
unspecified   +0.66 eV 89Duc (D-S+G) 
H adsorption 
on (1×2) - row/facet atoms 
on (1×2) - facet/valley atoms 

  −0.28 eV 
+0.35 eV 87Duc (D-S+G) 

O2 adsorption 
on (1×2) - row/facet atoms 
on (1×2) - valley atoms 

  −0.31 eV 
+0.31 eV 87Duc (D-S+G) 

O adsorption 
on (1×2)  0.9 ML +0.55 eV 87Duc (D-S+G) 
Alkali adsorption 
K  >0.25 ML 

0.16 ML 
0.05�0.1 ML 

−0.12 eV 
−0.32 eV 
−0.41 eV 

89Duc (D-S+G) 

coadsorption 
K (0.25 ML) + CO (saturation)   +0.74 eV 89Duc (D-S+G) 

4.3.2.28  Pt(111) 

NO/Pt(111) is a case, where the coordination number approach does not explain the observed core-level 
shifts [03Zhu]. The reason might be the different bonding configuration as compared to CO. H1 marks Pt 
atoms bonded to one NO molecule in fcc hollow position, while H2 is related to Pt atoms bonded to two 
NO molecules in hcp and fcc hollow sites. 
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[82Bae] reported an interesting behavior upon oxygen adsorption at high temperatures (900 °C). 
Although oxygen was detected on the surface, no change in the Pt 4f core level was found. The authors 
explain this by formation of subsurface oxygen. 
 
Pt 4f7/2 level, Eb(bulk) 70.90 eV  

71.1 eV  
 
70.87 eV  
71.09 eV  
71.0 eV  

94Bjo, 95Pug (Sci) 
02Rad (D-S+G) 
82Bae, 83Apa (special) 
86Duc (D-S+G) 
88Leg (D-S+G) 
02Kin, 03Zhu (D-S+G) 

Clean surface 
   −0.40 eV 94Bjo, 95Pug (D-S+G) 

82Apa, 83Apa (special) 
82Bae (special) 

   −0.37 eV 86Duc, 96Jan, 01Jan 
   −0.4 eV 02Rad, 03Zhu (D-S+G) 
   −0.42 eV 88Leg (D-S+G) 
CO adsorption 
c(4×2) on top 1 0.5 ML +1.01 eV 94Bjo (Sci) 
   +1.0 eV 02Kin (D-S+G) 
   +0.9 eV 02Rad (D-S+G) 
c(4×2) bridge 1/2 0.5 ML +0.33 eV 94Bjo (Sci) 
   +0.4 eV 02Kin (D-S+G) 
   +0.35 eV 02Rad (D-S+G) 
15 L   no saturation +1.0 eV 83Apa (special) 
CO unspecified  saturation +0.63 eV 86Duc (D-S+G) 
CO unspecified  saturation +0.9 eV 82Bae (special) 
NO adsorption 
(2×2)-NO fcc hollow H1  0.25 ML +0.2 eV 03Zhu (D-S+G) 
(2×2)-2NO on-top T  0.50 ML +0.5 eV 03Zhu (D-S+G) 
(2×2)-3NO fcc/hcp hollow H2  0.75 ML +0.7 eV 03Zhu (D-S+G) 
O adsorption 
(2×2) hollow  0.25 ML +0.22 eV 94Bjo (Sci) 
(2×2) hollow  0.25 ML +0.2 eV 95Pug (Sci) 
O2 at 700 K (2×2)  surface oxide +0.75 eV 88Leg (D-S+G) 
O2 adsorption 
phys. phase (25 K)  0.33 ML −0.4 eV 95Pug (Sci) 
chem. phase I hollow (90 K)  0.23 ML +0.4 eV 95Pug (Sci) 
chem. phase II hollow/bridge (138 K)  0.15 ML +0.3 eV 95Pug (Sci) 
C2H4 adsorption 
monolayer at 30 K   +0.28 eV 95Her1 (Sci) 
monolayer at 90 K   +0.14 eV 95Her1 (Sci) 
C2H3 adsorption 
C2H3 �2×2� 90 K   +0.4 eV 95Her2 (Sci) 
C2H3 hollow (2×2)   +0.36 eV 94Bjo (Sci) 
C3H6 adsorption 
C3H6 monolayer 100 K   +0.26 eV 01Jan (D-S+G) 
C4H6O adsorption 
C4H6O monolayer   +0.27 eV 01Jan (D-S+G) 
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K adsorption 
unspecified   +0.3 eV 83Apa (special) 

4.3.2.29  Stepped Pt surfaces 

In this subsection measurements reported for different stepped surfaces are summarized. These results 
clearly demonstrate that the very narrow 4f lines can be well resolved. 
 
Pt 4f7/2 level, Eb(bulk) 71.1 eV 

71.08 eV 
83Apa (special) 
88Leg (D-S+G) 

Clean surface 
Pt(557) terrace   −0.30 eV 83Apa (special) 
Pt(557) step   −0.60 eV 83Apa (special) 
Pt(557) (unres.)   −0.39 eV 88Leg (D-S+G) 
Pt(331) terrace   −0.30 eV 83Apa (special) 
Pt(331) step   −0.57 eV 83Apa (special) 
CO adsorption 
Pt(331) step   no saturation +0.7 eV 83Apa (special) 
NH3 adsorption 
Pt(331) step   saturation +0.15 eV 83Apa (special) 
O adsorption 
Pt(557) - O2 at 700 K (2×2)  
�surface oxide� 

  +0.71 eV 88Leg (D-S+G) 

Pt(557)  - O2 at 700 K (2×2)  
�bulk oxide� - PtOx 

  +1.2 eV 88Leg (D-S+G) 

4.3.2.30  Au(100) 

Au 4f7/2 level, Eb(bulk) 83.99 eV 81Hei (L) 
Clean surface 
(5×20) surface 
(1×1) surface (metastable) 

  −0.28 eV 
−0.38 eV 81Hei (L) 

4.3.2.31  Au(110) 

Au 4f7/2 level, Eb(bulk) 
 

83.83 eV 
83.99 eV 

89Duc (D-S+G) 
81Hei (L) 

Clean surface 
   −0.35 eV 89Duc (D-S+G) 
(2×1) surface   −0.35 eV 81Hei (L) 
CO adsorption 
saturation  0.3 ML +0.77 eV 89Duc (D-S+G) 
Alkali adsorption 
K   0 89Duc (D-S+G) 
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4.3.2.32  Au(111) 

Au 4f7/2 level, Eb(bulk) 83.99 eV 81Hei (L) 
Clean surface 
   −0.35 eV 81Hei (L) 

4.3.2.33  Au (poly) 

Au 4f7/2 level, Eb(bulk) 84.00 eV 78Cit (D-S+G) 
Clean surface 
   −0.399 eV 78Cit (D-S+G) 
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