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Abstract 

 

The origin of surface core-level shift (SCLS) of Pd thin films on Pt (111) substrate is 

investigated.  At sub-monolayer coverage of Pd thin films, the splitting of Pd 3d core 

level peaks indicate the contribution of both initial and final-state of photo-ionization 

processes while no change on valence band (VB) spectra is found.  When the coverage of 

Pd reaches to single monolayer, the final-state relaxation effect on the Pd 3d vanishes and 

only the initial-state effect, a negative SCLS, is present.  Also, the VB spectrum at Pd 

monolayer films shows a clear band narrowing, that is the origin of the negative SCLS at 

monolayer coverage.  As the Pd coverage is increased to more than monolayer thickness, 

the Pd 3d peaks start to show the surface layer contribution from second and third layers 

and the VB spectra show even narrower band width, possibly due to the formation of 

surface states and strained effect of Pd adlayers on top of the first pseudomorphic layer. 
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Introduction  

 

From the many years of studies on chemical properties of the bimetallic surfaces 

or alloys, x-ray photoemission spectroscopy (XPS) and ultraviolet photoemission 

spectroscopy (UPS) measurement have been proved to be powerful sources to provide 

not only the detailed element-specific chemical information, but also the electronic 

structures of reacting metal surfaces [1 , 2 ].  While core-level spectra from XPS can 

distinguish various chemical properties on the surface from the analysis of surface core-

level shift, the density of state (DOS) measurement from UPS can provide the detailed 

information of electronic structures from valence band (VB) spectrum [3].  However, due 

to the complexity of photo-ionization process, careful attentions need to be paid when it 

comes to interpret subtle changes from the measured spectrum and assign the peak 

positions to certain physical and chemical origin.  Especially, an accurate interpretation 

on surface core-level shift (SCLS) from XPS spectrum is essential to understanding on 

structural and chemical information on participating elements.  In general, to explain the 

negative SCLS, lower binding energy, of deposited metal films on various foreign metal 

substrates, the idea of initial-state band narrowing effect from the reduced-dimensionality 

of surface layer has been suggested and confirmed in many experiments [4].  At the same 

time, the presence of final state relaxation mechanism is also found when the deposited 

metal forms only fractional coverage on surface, resulting in positive SCLS [5], higher 

binding energy.    
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Palladium has been one of the most researched materials in the world of surface 

science due to mainly its pronounced reactivity in surface electrochemical and catalytic 

studies [6].  Consequently, many model studies of Pd and the Pd alloy surface have been 

performed in ultra-high vacuum environment, and XPS/UPS have been among the most 

popular measurements for collecting chemical and physical information on the reacting 

surface.  Previously, Wieckowski et al. [7] has observed the negative SCLS of Pd 3d 

peaks of Pd thin films on Pt (111) single crystal, and explained the observed negative 

SCLS with initial-state band narrowing effect.  They also concluded that a strong 

hybridization between Pd thin films and Pt substrate created an efficient screening upon 

the photo-ionization process, resulting in little final state screening effect.  The VB 

spectrum was not measured in their work. 

 

In this paper, SCLS of Pd thin films on Pt (111) substrate is measured with VB 

spectrum simultaneously.  At sub-monolayer coverage of Pd adlayer, a clear splitting of 

the Pd 3d core-level spectra is found, and the resulted peak positions are interpreted as 

initial and final states effects from photo-ionization process of Pd on Pt substrate.  The 

presence of final-state effect of Pd on Pt surface is not observed before.  When the Pd 

coverage reaches to single monolayer (ML), Pd 3d spectra has only single peak at lower 

binding energy direction, negative SCLS. This negative SCLS, which comes from initial-

state band narrowing effect, is also clearly found at the measured VB spectrum.  In 

addition, at monolayer coverage of Pd thin film, the characteristics of VB spectra from 

UPS show little changes from the DOS of Pt (111) surface, suggesting the deposited Pd 

layer modifies its electronic structures to the one of Pt surface.  As the Pd thin films are 
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increased to two or three ML, the Pd 3d peaks start to show the surface layer contribution 

from second and third layers, seen at higher binding energy side.  The DOS measurement 

at this higher coverage shows even narrower VB width, suggesting possible formations of 

two-dimensional surface states from second and third layers on top of the Pd first ML and 

the extension of strained effect from the first pseudomorphic ML. 

 

Experiment 

 

The entire photoemission measurement is carried out at Advance Material 

Chamber, located at bending magnet beamline 9.3.2. of Advanced Light Source in 

Lawrence Berkeley National Laboratory.  The details of beamline specification can be 

found in elsewhere [8].  Clean surface of Pt (111) single crystal is achieved with repeated 

cycles of Argon sputtering, light annealing at O2 pressure of ~1 ×10 –6 torr , and a brief 

UHV annealing at the temperature of 1000K.  The cleaning cycles are repeated until 

signals of C and O are not found from XPS.  Upon the cleaning cycle, the ordered surface 

structure is checked with low energy electron diffraction (LEED) method, generating a 

clear (1x1) 6-folds hexagonal pattern. The Pd thin films are prepared with thermal 

evaporation method.  The deposition rate of Pd thin film was set to one monolayer (ML) 

per 7 minutes, which was calibrated with applying quartz crystal microbalance 

measurement and intensities of XPS core level spectra.  During the deposition of Pd film, 

the chamber pressure was kept under ~5 ×10 –10 torr. and sample temperature was at room 

temperature.  Scienta hemispherical electron analyzer (SES100) was used to obtain the 

XPS/UPS measurement and total energy resolution of spectra, including photon energy, 
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was set to less than ~0.1 eV.  The acceptance angle for incoming electrons is ( + ) 5o 

degree.  All experimental data were taken under the pressure of 2 ×10 -10 torr or less. 

 

Results and Discussion 

 

In Fig. 1(a) and (b), the Pt 4f 5/2 and Pd 3d 5/2 core-level spectra of XPS are shown 

as the Pd adlayer is increased from 0.2 ML up to 3.0 ML.  The photon excitation energy 

is set to 450 eV.  From Fig. 1(a), surface states of Pt is clearly seen at lower binding 

energy (B.E.) side ( ~0.4 eV below the Pt bulk B.E. position) and this surface state 

contribution disappears as the coverage of Pd reaches to 1.0 ML, indicating Pt surface is 

fully covered with Pd adlayer.  On the other hand, the position of bulk Pt 4f 5/2 peak 

remains constant throughout all cases at binding energy of 70.9 eV.   In Fig. 1(b), at 

0.2~0.4 ML coverage of Pd, it is clear that Pd spectra are composed of at least two 

different peaks.  As the thickness of Pd is increased to 1.0 ML, the contribution from the 

peak at higher binding energy side, i.e. positive SCLS, become small and the peak at 

lower binding energy side, i.e. negative SCLS, forms a dominant sharp peak.  The 

magnitude of the splitting between those two peaks at sub-monolayer coverage is almost 

~0.35 eV.  As mentioned in introduction, this negative SCLS of Pd thin layer on Pt 

surface is reported previously and the initial-state band narrowing effect is applied to 

explain the observed shift [7].  However, the positive SCLS has not been observed at that 

time and the idea of an efficient screening of Pd core-hole from the strong hybridization 

between the Pd adlayer and Pt substrate was suggested.  On the other hand, the 

appearance of the positive SCLS of Pd film has been observed when the clusters of Pd 
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are prepared on carbon substrates [5].  From the Harsdorff’s work [5], the positive SCLS 

shift is understood as a lack of efficient final-state screening from substrate.  In our 

experiment, for the first time, both positive and negative SCLS of Pd thin layers in Pt 

(111) substrate are clearly shown, indicating the presence of both initial and final-state 

effects from photo-ionization process at sub-monolayer coverage.  The positive SCLS 

indicates the formation of Pd clusters on the surface at a fractional coverage, resulting in 

final states effects from the photo-ionization process.  The cluster formation can possibly 

prevent immediate screening effect from the Pt substrate.  Once the Pd thickness reaches 

to 2.0 ML, the appearance of extra peak from higher binding energy side can be seen and 

its intensity is increased further up to 3.0 ML, moved toward to bulk value of Pd 3d 5/2 

peak, 334.9 eV.  When the Pd coverage reaches 3.0 ML, there are a Pd interface layer, a 

Pd “bulk layer”, and a Pd surface layer.  In Fig. 1 (b), there are indicated two arrows on 

the 3.0 ML Pd spectra.  The high binding energy peak represents the surface peak and the 

other arrow indicates contributions from the subsurface layers, namely the above 

mentioned “bulk layer” and the interface layer.  In addition, it is well known that Pd films 

on Pt substrate first forms a pseudomorphic layer on the surface and then creates two-

dimension islands on first adlayer, comparable to Stranski-Krastanov growth mode [9,10].   

 

As a logical step to investigate further on initial-state band narrowing effect, the 

VB spectra are measured simultaneously.  In Fig. 2, the VB spectra are shown as the 

thickness of Pd thin films is increased.  The photon energy of 90 eV is used.  Several 

photon energies are tested and the fine features of VB spectrum are more pronounced 

when the photon energy of 90 eV is applied.  From the Fig. 2, it is rather difficult to find 
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any significant changes in the VB spectra at sub-monolayer coverage of Pd thin films.  

All the main features from clean Pt surface remain the same.  As the coverage of Pd 

adlayer is increased to 1.0 ML, the small feature at 5.3 eV from clean Pt surface starts to 

disappear and the trace of the feature is completely vanished at 3.0 ML coverage.  

However, all the main peaks and its shape of entire VB spectra of Pd adlayers do not 

show any noticeable changes from clean Pt VB specturm as Pd coverage is increased up 

to 3.0 ML.  This finding is rather unusual when it is compared to the changes of DOS 

from the Pd adlayers on different metal substrates.  In the case of Pd thin films deposited 

on Re (0001) surface [11], the DOS near Fermi level drops significantly and several 

unique surface features from Pd thin films are shown from VB spectrum.  This little 

changes in the VB spectrum from Pd adlayers on Pt substrate suggest that deposited Pd 

metals modifies its electronic structures to the one of Pt (111) surface, implying unique, 

yet significant, changes of  Pd characteristic from the bulk Pd metal.  

 

Since the one of the motivations of behind the VB measurement lies on 

identifying the initial-state band-narrowing effect and its relation to SCLS, the center and 

width of VB spectrum are calculated [12].  In Fig. 3, the center and width of measured VB 

spectra are plotted as a function of Pd coverage on Pt surface.  The trend of d-band center 

is almost identical to that of VB width throughout the all coverage.  From the Fig.3, at 

sub-monolayer coverage (up to 0.6 ML), the width of VB remains almost the same, 

showing little changes in the VB spectrum.  Then, once the Pd coverage reached to 1.0 

ML, a clear initial-state band narrowing effect can be seen.  However, the width of the 

VB keeps on decreasing even after monolayer coverage of Pd.  According to the picture 
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of initial-state band narrowing effect from surface states, the width of surface VB should 

reflect the degrees of localization of electron.  In other words, the width of VB should be 

narrowest at a first ML coverage and should start to increase as the thin films forms 

multilayer structures.  However, the trend from Fig. 3 shows exactly the opposite case.  

The VB gets narrower as the Pd layer is increased even further than single ML.   

 

Followings are the suggested explanation to our experimental result.  First, as 

mentioned previously, throughout all Pd coverage in Fig. 2, it can be seen that the 

presence of Pd adlayer do not add any significant features on DOS of Pt.  In fact, it even 

looks like the Pd adlayer follows the DOS of Pt substrate, which suggests the presence of 

unique hybridization between Pd adlayer and Pt substrate.  The pronounced reactivity of 

Pd single ML on Pt surface in the electrochemical and catalytic studies can be possibly 

due to from this unique, modified electronic structure of Pd [6].   Secondly, the reduced 

width of VB at monolayer coverage of Pd can be explained with band narrowing effect 

from (a) the formation of ideal pseudomorphic Pd layer on top of Pt surface, creating 

localized reduced-dimensionality of surface layer, (b) the lattice mismatch between the 

Pd thin films and Pt substrate, i.e Pt (~2.78 Å) and Pd ( ~2.75 Å).  In simple pictures of 

tight-binding method, the width of VB gets narrow as the lattice distance is increased, 

due to less overlap of band [13].  In current system, the lattice of pseudomorphic Pd 

adlayer is stretched upon the lattice of Pt substrate, and this stretched lattice can be the 

origin of the narrow band width from the VB spectrum in Fig. 3.  In fact, it has been well 

known that the strain effect between adlayer and substrate, caused from the lattice 

mismatch, can generate unique chemical properties in electrochemical study [14].  Finally, 
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the even smaller band width at higher coverage of Pd can be explained with the formation 

of surface state from second or third layers on top of the first pseudomorphic layer of Pd 

films, in addition to the extension of stained effect from the first monolayer.  As 

mentioned previously, the surface state causes the narrow band width due to reduced 

dimensionality and the formation of surface state can be possible even at small coverage 

of layer.   

 

Conclusion 

The SCLS of Pd thin films on Pt (111) surface has been carefully studied.  At sub-

monolayer coverage of Pd, for the first time, both final-state and initial-state effects are 

observed from Pd 3d core level XPS spectrum.  At single ML coverage of Pd, the band 

narrowing effect, which is originated from a) the formation of ideal two-dimensional Pd 

surface layer, b) the small lattice mismatch between Pd layer from Pt substrate, is clearly 

seen from VB spectrum.  Also, Pd 3d core-level spectrum shows a sharp negative SCLS 

at single ML coverage of Pd, which is directly related to initial state band narrowing 

effect. The measured all VB spectra show no significant changes from the Pt VB 

spectrum, suggesting the unique hybridization between Pd adlayer and Pt substrate.  The 

narrower band width at higher coverage of Pd is understood with formation of surface 

states from second and third layers on first Pd pseudomorphic ML coverage on Pt surface 

and extension of stained effect from the first ML.   
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Figure captions. 

 

Fig. 1 (a) & (b) 

The Pt 4f 7/2 and Pd 3d 5/2 core level spectra are shown as a function of Pd coverage on Pt 

(111) surface.  The photon energy (hv) is set to 450 eV and electron detection angle in 

XPS is set to normal to the surface. 

 

Fig. 2   

The valence band (VB) photoemission spectra of Pd on Pt are shown as a function of Pd 

coverage.  The incident photon energy was set to 90 eV, and the experimental geometry 

is identical to Fig. 1 spectra.    

 

 

Fig. 3  

The d-band centers and widths of valence band (VB) spectra from Fig. 2 are plotted as a 

function of Pd coverage on Pt surface. 
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