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SUMMARY 

It is the intent of this work to investigate the behavior of the local bonds and electrons 

associated with under-coordinated atoms at surface, terrace edge, adatoms, vacancies 

and interface, and their response to the environment and applied stimuli. Although the 

chemistry and physics of materials at these specific sites have been intensively 

investigated for more than half a century, the laws governing the performance of the 

under-coordinated atoms remain as yet unestablished.   

The recently developed bond order length strength (BOLS) correlation 

proposed that the interaction between the under-coordinated atoms at the site of single 

crystal surface, the curved surface of nanoparticles, terrace edges, adatoms and 

vacancies dominate the abnormal performance of those substances. The bond length 

between under-coordinated atoms contracts spontaneously and bond energy is 

enhanced consequently. The bond modification causes the localization and 

densification of charge and energy and hence the impact on the Hamiltonian.   

With the aid of the BOLS correlation and the tight binding (TB) 

approximation, this thesis developed a new method named atomistic photoelectron 

spectroscopy distillation (APSD), which has enabled us to solve the most significant 

and outstanding challenge by zooming in the bonds and electrons within the atomic 

patches surrounding the under- and hetero-coordinated atoms. With help of new 

method APSD, the thesis extended the BOLS correlation on the description of 

Polarization state occurring in systems with under-coordinated  atoms. We have 

conducted X-ray photoelectron spectroscopy measurements on Ni, Cu and Pt metal 

nanoparticles deposited on different substrates and the atomic vacancies on graphite 
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surface. We have also re-analyzed the available spectral data systematically from 

published literatures with the perspective of bond and non-bond formation, 

dissociation relaxation and vibration and the associated energetic and dynamics of 

electrons in the repopulation, localization, densification and polarization.  

Theoretical analysis has enabled the determination of the length and strength 

of the representative bond and the energy levels of an isolated atom and the bulk shift 

of the binding energy(BE), the local binding energy density, atomic cohesive energy 

within the atomic patches with the following new understanding:  

(i) The classification of the Pt adatoms and the Cu/Pd interface serving as 

excellent acceptor-type catalysts while the Rh adatoms as donor-type by  

means of re-analyzing the data published in previous literatures;  

(ii) The demonstration of crystal-orientation and atomic-layer-resolved BE shift of 

fcc(Pd, Rh, Pt), bcc(W), hcp(Be, Ru, Re) surfaces and carbon 

allotropes(graphene, graphite, diamond) based on well measured data given by 

other researchers; 

(iii) The determination of the edge-discriminative generation of graphitic 

Dirac-Fermi polarons from graphite surface with and without vacancies; and 

the size dependent BE shift of Ni, Pt, Cu nanoparticles.  

Experimental and theoretical analysis confirm the perturbation to the Hamiltonian 

arising from the skin-depth local strain and potential well quantum trapping which are 

induced by the shorter and stronger bonds between under-coordinated atoms, and 

associated charge and energy polarization which are induced by the localized 

quantum entrapment.  
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Chapter 1 Introduction 

1.1 Overview 

The under-coordinated  atoms at the sites of surface, terrace edges, adatoms, atomic 

vacancies and nanosolids[1] govern the unusual properties of a materials in catalytic 

reactivity,[2, 3] crystal growth,[4] adsorption,[5] decomposition,[6] doping,[7]  

interface formation,[8, 9] wetability,[10] thermal stability,[11] etc. Although the 

chemistry and physics of materials associated with atomic undercoordination have 

been extensively investigated for decades, the laws governing the performance of 

such local bonds and electrons remain unestablished.[12-14] Collection and 

purification of such local, atomistic zone selective, and quantitative information 

having been increasingly demanded but it remains as yet the “dead corner” of the 

community. Thus, the elucidation of the electronic structure and the electronic 

binding energy (BE) of such under-coordinated systems is of great importance. 

As a type of under-coordinated atoms, surface atoms show strong 

abnormality in contrast to that in bulk interior. As a consequence, surface BE shift has 

been observed in many materials using X-ray photoelectron spectroscopy (XPS) 

measurements. In principle, the well-known chemical shift due to charge 

transportation in a reaction and relaxed atomic layers induced by under-coordinated 

surface atoms at a surface region can split the core level of a specimen into a few 
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components. However, the assignment for the components induced by surface 

relaxation is quite confusing, due to the lack of guidelines for determining which peak 

arises from the surface and which one is from the bulk. The resultant peak is often 

located in between the components and the exact position of the resultant peak varies 

with experimental conditions, which is perhaps why the documented values for the 

core level energy of a specimen vary from source to source and hard to gain clear 

band map.  

When a solid reduces its size down to nanometer scale to be as a nanosolid 

with much more under-coordinated atoms, the entire core level features both the main 

peak and the satellites move simultaneously towards higher BE and the amounts of 

shift depend on both the original core level position and the particle shape and size. 

This has been confirmed with XPS on the size-dependence of the main core level 

peaks in many nanoparticles. For example, the BE of Au 4f7/2 peak shifts from 84.9 

eV to 84.0 eV when the diameter of Au nanoparticles synthesized by micellar 

method[15] increases from 0.8 nm to 2.9 nm. The Au nanoparticles deposited on 

substrate of SiO2/Si, alumina and highly oriented pyrolytic Graphite (HOPG), exhibit 

similar BE scaling effect. For silicon nanoparticles, the BE of Si 2p shifts around +0.9 

eV as the diameter decreases from 2.1 to 1.4 nm.[16] However, Fundamental 

understanding in the mechanism according to the size dependent BE shift in 

nanosolids has been still lagging far behind the experimental observations. 

Similar BE shift has also been observed in many other under-coordinated 
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systems including terrace edge, adatoms, vacancies and interface of alloy.[17-24] 

However, the origin of the BE shift which corresponds to the nature of bonds and 

electrons annexed under-coordinated atoms has been under debates with following 

possible mechanisms: 

(i) Thermo-chemical model: according to surface of Tb(0001)[25] single crystal, the 

4f BE shift is defined as the difference in cohesive energy that is needed to 

remove a core electron either from a surface atom or bulk atom. It is calculated 

by Born-Haber cycle consisting of the evaporation of a metal atom with valence 

Z, the excitation of a 4f electron to unoccupied 5d orbital in a free atom to the 

condensation of the excited free atom, the dissolution of this condensed phase 

with zero concentration in metal Z. Summing up the different energy involved, 

the heat of formation of a Z+1 impurity atom in Z metal is obtained as 

           
      

         

(1) 

where     denotes the f-d excitation energy,     
  and     

    are the cohesive 

energies for valence states Z and Z+1, respectively.      is the heat of solution 

of a dilute Z+1 impurity in the matrix of the Z metal. Finally, combined with the 

relation between coordination number N and BE shift, surface BE shift can be 

presented as: 
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(2) 

This model has been generally accepted and a negative or mixed surface shift is 

often derived by this model. 

(ii) Enhanced Bond ionization: Borgohain[26] gained the conclusion that the lattice 

parameter of nanoparticles contracts compared bulk counterpart based on the 

X-ray diffraction(XRD) observation. It suggested that an oxygen atom bonds 

more strongly to the Cu atoms in nanoparticles than that in huge bulk and shift 

the BE to high value.  

(iii) Dipole effect: Dieter Schmeißer[27] ascribed dipole effect with two items to the 

BE shift of metal oxide nanoparticles: The first item represents a structural 

contribution to the interface dipole and depends on the oxide thickness and 

quality. The second involves the inhomogeneous charge distribution in such 

colloidal-like systems which vary with the size variation of nanoparticles.  

(iv) Unit charge effect: Wertheim et al.[28, 29] reported that not only the BE would 

shift towards higher absolute value but also the Fermi edge dropped deeper at the 

same time as the sizes of Au and Sn nanoparticles decrease. According to the 

Fermi edge, the non-neutralization state in valence band induces this deeper shift 

during the time scale for the photoemission, and excess unite positive charge is 

left in nanoparticles’ surface after relaxation of electron transition to core level 
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from valence band. Finally, it contributes a strong coulomb effect on the BE of 

every energy level following e
2
/R fashion, where R denotes the diameter of 

nanoparticles.  

(v) Initial and final state effect: in this theoretical model, the size dependent BE shift 

of nanoparticles was attributed to electronic configuration changes, chemical shift 

and relaxation shift. The electronic configuration change is due to charge 

redistribution of electron among different electron orbital such as s, p, and d 

bands.[30] The chemical shift is induced by variation of the chemical 

environment before an electron is emitted from the atom. These two contributions 

of electronic configuration changes and chemical shift are known as “initial State” 

effect, describing the core level variation before the photoelectron emission. In 

and after that an electron is emitted, a relaxation proceeds to dilute the impact 

during this photoelectron emission. The relaxation is extrinsic and is regarded as 

“final State” Effect. In this model, only the “initial state” effect demonstrates the 

“real” information from the intrinsic variation for BE shift in specimen, and “final 

state” effect is introduced by the XPS measurement. Thus how to identify the 

proportions for every item is the key point and need to be addressed clearly. 

However, it is very hard to gain the accurate difference between the initial and 

final state effect even using traditional method of Auger parameter α.  

Briefly, results show that under-coordinated systems share common yet unclear origin 

in splitting and shifting the core level to higher BE. However, definition of the 
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components is quite confusing and the origin for the surface, size and other 

under-coordinated systems induced core level shift is highly disputed. Therefore, 

consistent understanding of the effect in under-coordinated systems on the core level 

shift is therefore highly desirable. 

1.3 Objectives and Scopes  

Since the electronic structures of under-coordinated systems determine their abnormal 

performance in physical and chemical dynamics and potential industrial applications, 

it is very important to study and predict the behavior of those systems. Recently, the 

bond order length strength (BOLS) correlation has been proposed to fill the gap 

between the traditional continuum medium theory and quantum mechanics on 

predicting the behavior of under-coordinated systems. A series of analytical processes 

which combine the BOLS correlation, tight binding approximation and XPS 

measurements on the evolution of BE shift of under-coordinated systems have been 

performed and new method on XPS data decomposition to gain the atomic zone 

selective information of bonds and electrons has been discussed. Based on the 

accomplishments, the main objectives of this project are: 

1) To synthesize various metal nanoparticles on different substrates using e-beam 

evaporator in ultra high vacuum (UHV). 

2) To measure the morphology of nanoparticles on different substrates using 

transmission electron microscopy (TEM) and atomic force microscopy(AFM). 
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3) To investigate the BE shift of core levels and VB of nanoparticles.  

4) To develop a set of analytical solution to predict the size dependent BE shift of 

nanoparticles and the catalytic properties. 

5) To extend the applications of previous BOLS correlation to the surface strain, 

local atomic potential modification, local electron polarization, and related 

coordination number (CN) dependent BE shift of single crystal surface, terrace 

edge, adatoms and vacancies. 

6) To gain the atomic origin for the size, surface layer(orientation), terrace edge, 

adatoms and vacancies dependent BE shift and the associated modifications in 

physical and chemical property.  

1.4 Major Achievements 

In this thesis, a thorough investigation on the BE shift of under-coordinated systems 

including single crystal surface, nanoparticles, terrace edge, adatoms and vacancies 

has been performed. The major achievements of the thesis are listed below: 

1) Ni, Cu and Pt nanoparticles deposited on different substrates of SiO2/Si and 

SrTiO3(STO) have been successfully synthesized using e-beam evaporator. 

2) XPS measurements on the Ni, Cu and Pt nanoparticles have been performed and 

the Auger electron spectroscopy (AES) was also adopted to investigate the 

Auger electrons of the specimens. 

3) TEM and AFM measurement of the metal nanoparticles. 
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4) The surface atomic layer or surface orientation dependent BE shift has been 

deducted by re-analyzing data from published literatures for single crystal 

surface of W, Re, Be, Ru, Pt and Rh. A new method named atomistic 

photoelectron spectroscopy distillation (APSD) technique has been proposed to 

deal with atomic zone selective BE shift of under-coordinated systems. 

5) The XPS measurements on the vacancies formed on the HOPG substrates by 

Ar
+
 ion sputtering have been performed and the morphology of sample was 

observed using AFM. 

6) Adatoms of Pt and Rh induced BE shift has been investigated using XPS 

measurement. 

7) The origin of BE shift of under-coordinated systems has been discussed 

systematically using the combination of APSD method and BOLS correlation 

based on accurate XPS measurements. 

1.5 Organization 

This thesis mainly focuses on the BE shift of under-coordinated systems including 

single crystal surfaces, nanoparticles, terrace edges, adatoms, vacancies and interface 

of alloy. BOLS correlation is used to explore the origin for the BE shift of these 

systems and APSD method is used to gain the fine electronic structures. The 

organization of this thesis is as follows: 
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Chapter 1 gives a brief overview for the current research interest and the 

existing challenge of the divergence between experiment observations and theoretical 

predictions. The detailed introduction for BE shift of under-coordinated systems is 

given. 

Chapter 2 presents theory considerations of the often-overlooked effect of 

surface bonds modification on the behaviors of under-coordinated systems. Following 

recently developed BOLS correlation, local quantum trapping induced by the atomic 

undercoordination and associated electronic and charge polarization have been 

discussed in principle and detailed mathematical expressions are developed in this 

chapter. 

Chapter 3-6 focus on the size, surface atomic layer or surface orientation, 

terrace edge, adatom, vacancies and alloy interface dependent BE shift. Ni, Cu and Pt 

nanoparticles on SiO2/Si and STO substrates are synthesized using electron beam 

evaporator deposition in ultrahigh vacuum(UHV) chamber and the XPS is adopted to 

measure the BE evolution. The XPS measurement on HOPG vacancies is performed. 

The surface atomic layer or surface orientation dependent BE shift of single crystal 

Ru, Pt, Pd, Re, Be and W are studied using existing published data. The adatoms of Pt 

and Rh induced BE shift is also investigated. The origin of BE shift in different 

specimens are studied based on the BOLS correlation and the importance of atomic 

undercoordination is demonstrated.  

Chapter 7 summaries the work carried out in this thesis. The conclusion for 
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the origin of BE shift in under-coordinated systems is given. The recommendations of 

future research are also presented in this chapter.  
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Chapter 2 Principles 

2.1 Introduction 

Since the bonds and electrons annexed the under-coordinated atoms in many systems 

including the flat surface, terrace edge, adatoms, defect vcacancies and nanosolids 

show abnormal behavior with respect to that in macro-bulk with perfect coordination,  

the physical quantities in those systems are no longer constant and could be tuned in a 

controllable way. For example, in the size transition, the under-coordinated atoms 

dominates the performance of nanosolids (nanowire, nanoparticles) gradually because 

of the increasing surface to volume ratio. As a result, they shows interesting property 

modifications such as band gap enlargement, positive BE shift, melting point 

depression, etc, which provide novel potential application in modern industry. 

However, how to predict the behavior of those under-coordinated systems and create 

a method to fine tune their properties are still lagging. Thus, the study on the 

electronic structure of under-coordinated  systems is of great importance. Recent 

developed bond order length strength (BOLS) correlation has given a new path to 

understanding the unusual behavior of bonds and electrons in under-coordinated 

systems based on the consideration of bond breaking and local atomic potential 

modification. In this chapter, combining the tight binding approximation, the energy 

evolution of band and electrons annexed under-coordinated atoms is deduced and the 

intrinsic mechanism for BE shift in under-coordinated systems is discussed. 
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2.2 Band Dispersion and BE Shift 

In one atom, electrons are trapped in atomic potential well         , and move 

around the central ion core in a standing wave form. Until now it is still hard to gain 

the accurate deduction for wave function of electrons from              equation 

except for the hydrogen atom which only has one surrounding electron. For an 

isolated atom, under the assumption of the free electron gas in one dimensional 

potential well         , the corresponding wave function and eigen energy are[31]:    

 
                 ；      

   
  

  
 
  

  
   

      
 

 
                  

(3) 

Wavefunction       of the electrons in one dimension is a solution of the 

             equation               . n is the quantum number for different 

energy level and   is the electron mass. The energy separation between two 

adjacent levels depends on the subtraction of               . As another 

atom closes to the original one, a binary system is formed. The interaction between 

the two atoms results an inter-atomic potential and discrete energy level splits into 

two sublevels as shown in Figure 1. The separation between the two adjacent 

sublevels is determined by the binary potential well; meanwhile, the interaction shifts 

the center of the two levels down. As the volume increases gradually, the coulomb 

interaction between the atom cores and the electrons splits the energy the electrons  
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Figure 1 Evolution of a single energy level into the band structure when particle grows from a single 

atom to a bulk solid that contains Nj atoms. Indicated is the work function W, band gap Eg, and 

bandwidth. The number of allowed sublevels in a certain band equals the number of atoms of the solid.  

Splits the electrons splits the energy levels, spreading them into bands, accompanying 

with the periodic atom arrangement. F.Bloch proposed the wavefunction of the 

electrons in periodic potential well must be of a special form: 

                      

(4) 

Where       has the period of the crystal lattice in form of               

with translation operator T. To solve the corresponding              equation, 

adopting tight binding approximation, the electrons in the solid with periodic lattice 

are mainly affected by intra atomic potential           The Hamilton of crystal is 

written as:   

            
    

  
                       

(5) 

Where                 demonstrates the interaction between electrons of one 

atom and all other atoms in periodic structure.    is the periodic lattice constant, 
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Under this approximation, each state of given quantum number of the free atom is 

spread in the crystal into a band of energy, and the orbital of electrons in crystal are 

the linear orbital combination of electron in every free atom. Suppose that the ground 

state of an electron moving in the potential          of an isolated atom is      ,  

  
    

  
                           

(6) 

Where      is energy level of the electron in an isolated atom. We obtain an 

approximate wavefunction       for one electron in whole crystal with N atoms: 

          

 

         

(7) 

Under periodic potential,       must be of the Bloch form. If                  

   , it gives:  

                               

 

 

 

(8) 

Considering a translation T connecting two lattice points: 

          
 
            

 

          

            
 
                

 

           

                

(9) 
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The energy of electrons could be calculated following              equation:   

              
 

 
                                              

(10) 

Where the double summation over   and    extends over all the atoms in the lattice. 

For each particular choice of    the sum over   yields the same result, and since   

   can take N different values, one obtains N equal terms, which leads:  

                                    

       

      

 

(11) 

if we have arbitrarily put           .      is written in form of: 

                                  

   

                    

(12) 

In tight binding approximation, the potential vector in Hamilton of crystal is divided 

into the atomic crystal potential          and potential well            . 

            could be written as:  

                    

   

 

(13) 

 

In this condition,      is:  
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(14)  

Where: 

 
 
 
 
 

 
 
 
               

    

  
                 

                             

                             

    

               

 
 
   

 
    

  

(15) 

 

The variable α and β represent the overlap and exchange integration upon the crystal 

potential            . The width of energy band equals              It could be 

observed directly that the energy level evolution is dominated by the interaction and 

exchange integration   and   under crystal potential            , and 

            represents the band spreading width. Thus, according to the tight 

binding approximation, the difference between the energy for electron in an islaoted 

atom and perfect single crystal is defined as the bulk shift following:  
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(16) 

From the XPS spectrum which could detect binding energy of electrons in different 

structure, since maximal width of the bulk component is (0.1-1.0
 
eV level), one can 

estimate that the  is in <10
-(1~2)

 eV order.[32] The  is in the 10
0
 eVs level. 

Therefore, the BE shift is dominated by  and proportional to the crystal potential 

           . Any modification to the crystal potential             will take 

effect on the coefficient   , which could shift the energy level to high or low value 

depending on the external impact. 

       From this expression for the energy band evolusion indicated above, any 

external impact on the potential well (                     ) will shift the 

position of energy level. In many materials and structure systems, since they are not in 

state with perfect atomic arrangement, the energy level of electrons in those 

substances will be definitely different from that in an isolated atom or perfect single 

crystal and depends on the modification of potential well.  

 

2.3 BOLS: Coordination Number Imperfection  

The atomic coordination number (CN) on flat surface is less than that in the bulk 

interior because of the lattice periodicity termination, which is defined as CN 

imperfection. Another example of CN imperfection is nanosolids. Not only the 

increased volume of surface atoms but also certain enlarged surface curvature causes 
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a much stronger CN imperfection in nanosolids than that on flat surface. The variation 

on the atomic CN plays a critical role in the performance of materials. 

Pauling[33] and Goldschmidt[34] had indicated that, if the CN of an atom is 

reduced, the ionic and the metallic radius of the atom would shrink spontaneously. 

The CN imperfection shortens the bonds between the under-coordinated atoms, 

disregarding the nature of the specific chemical bond[35] or the structural phase.[35] 

The diameter of an under-coordinated atom would shrink spontaneously by 3%, 4%, 

12% as its CN is reduced from standard value 12 to 8, 6, 4, respectively. 

Feibelman[36] has noted a 30% length contraction of the dimer bond (CN=2) of Ti 

and Zr, regardless of structural phase of the substance. Similar CN imperfection 

induced bond contraction has been observed in nanosolids.[37-43] For example, 

Comaschi[44] observed 0.14%, 0.24%, 0.31%, and 1.01% of bond contraction in Au 

nanoparticles, which corresponds to CN = 11.8, 11, 10.5 and 9, respectively. The 

bond contraction for the palladium nanoparticles deposited on the γ-Al2O3 substrate 

has been confirmed to be 5% as its diameter decreases to 1.5 nm.[45] Similar results 

that a 3.5% bond contraction in  palladium nanoparticles on polymer matrix have 

been reported by Lamber et al.[39] as the size of particle is 2 nm. We use the CN=12 

as the standard criteria to correspond the bulk state, the premise of 

Goldsmidt-Pauling-Feibelman bond contraction from the subject of the BOLS 

correlation can be expressed as:  
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(17) 

The subscript i and b denote an atom in the ith atomic layer and perfect bulk, 

respectively.    is the atomic CN for the atom in ith layers The coefficient        

represents the ratio of bond contraction of at ith surface layer for the atomic CN=  , 

compared with the atomic bond length    in bulk. Figure 2 (a) shows the comparison 

of the CN induced bond contraction between the experimental data and that proposed 

in BOLS correlation. The prediction for the bond contraction has been well estimated 

by experimental results. The bond contraction which represents the enhanced atomic 

interaction modifies the local potential well surrounding the under-coordinated atom. 

Figure Figure 2(b) schematically demonstrates the potential well modification as a 

function of the atomic bond length by adopting the pairing atomic potential, u(r). 

Traditional Lennard-Jones potential expression of u(r) is: 

         
 

 
 

  

  
 

 
 

 

  

(18) 

Where ε is the depth of potential well and σ is the finite atomic distance at equilibrium 

point. r = r0 is the equilibrium distance between two atoms. The variation of potential 

well      is decided by the atomic distance r as described in Figure 2(b). There are 

several characteristic energies in Figure 2(b): Tm,i represents the local melting point, 

which is proportional to the atomic cohesive energy, ziEi(0), per atom; The separation 

η2i between E = 0 and Ei(Tm,i), is 1/zi fold energy that is required for atomization of an  
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Figure 2 Illustration of the BOLS correlation. Solid line in (a) corresponds to the bond contraction 

coefficient with literature data from Goldschmidt (circles)[34], Feibelman (square)[36], and Comashchi 

(down triangle)[44]. The atomic cohesive energy with different m is also shown in (a). (b) Atomic CN 

imperfection modified pairing potential energy. 

atom in molten state. The separation between Ei(0) and the Ei(T) (=        
 

 
   ) is 

the thermal vibration energy or specific internal energy, representing the energy 

required to break pairing bond in thermal or mechanical path. The separation between 

Ei(Tm,i) and Ei(T) (=        
    

 
   ) corresponds to the energy for melting. Thus η1i 

demonstrates the specific heat per bond. From Figure 2(b) with decreasing the bond 

length, the crystal potential well will increase following the times of   
  . The 

variable m represents the bond nature of substance and has been optimized by many 

material systems: for metal, m=1[46-50]; for elementary semiconductor and insulator, 

the value of m is always more than 1. It has been estimated m = 4.88 and 2.56 for 

silicon[51] and carbon allotropies,[16] respectively. For compounds, the value of m 

should be determined by fitting a quantity varying with the change of both sample 

size and composition.[52] The enhanced crystal potential induced by the bond 
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contraction confirms that near the under-coordinated site a local quantum trapping (T 

state) is formed. As a result, a additional potential perturbation is created and will 

influence the Hamilton vector. According to the conclusion from the tight binding 

approximation and the undercoordination induced potential perturbation, the 

Hamilton for an electron surrounding under-coordinated  atoms is changed as:  

             
    

  
                            

     
    

  

(19) 

Where    demonstrates the perturbation of undercoordination induced local 

quantum trapping. Because the energy level of electrons is decided by the 

Hamiltonian, Following the Eq.(14), the band dispersion in Eq.19 evolves as:  

                          

(20) 

or, 

 

           

           
       

     
    

    

(21) 

From this equation, we could gain that the greater the bond contraction, the stronger 

BE shift.  
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       Except for the modified energy level of electrons, the related parameters to 

characterizing the bond nature are also been changed following as: 

 

     
                                                        

                                                                    

          
                                                 

                           
 

   

(22) 

   and    represent the single bond energy of ith atomic layer and perfect bulk. The 

spontaneous bond contraction surrounding the under-coordinated atoms makes the 

bond energy to be modified from    to    with times of   
  . As show in Eq.22, if 

the bond contraction coefficient    is smaller than 1, the single bond energy will be 

enhanced and the bond energy density         is also increased since the volume of 

real space is decreased. The cohesive energy      per atom for the under-coordinated 

atom at ith surface layers is defined as the sum of all surrounding bonds, its variation 

depends on not only the single bond energy    but also the atomic CN=   as shown 

in the expression.  

2.4 BOLS in Nanosolids 

BOLS correlation demonstrates the relation between the bond contraction and the CN 

imperfection. The perturbation    to Hamiltonian of electrons induced by the crystal 

potential modification decides the energy level shift. In nanosolids, the CN 

imperfection turns out at the surface region and atomic CN in interior is still same as 
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that in perfect bulk, which has been estimated by experiments[40, 53] and molecular 

dynamics calculation.[42]  

 

Figure 3 Schematic illustration of undercoordination induced surface modification on the potential well. 

The potential well at under-coordinated site is perturbed in a ratio of   in which represents the 

localization and densification of potential well. 

      Figure 3 shows the typical potential well modification of a nanoparticle. The 

potential well involves two components of intra-atomic trapping potential 

           and inter-atomic trapping potential           . The            is 

defined to confine the electrons surrounding the nuclei and the            represents 

the interaction between atoms. As the CN imperfection at surface region induces 

atomic bond contraction, the            becomes deeper than that in the inner core. 

Thus, the local potential well height at such region is increased, as well the energy 

densification by the bond energy enhancement. The local potential well enhancement 

provides a perturbation    to the Hamiltonian of a certain electrons bonded to the 

under-coordinated surface atoms following Eq.19. Considering an assembly 

composed n particles with mean size of Kj. There are Nj atoms in every particle. The 
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total crystal potential well,              : 

                      
     

  
 

 
           

   

       

   

    

 
 

 
   

                                    

(23) 

Where               sums all the n*Nj atoms in the assembly with n nanoparticles. 

rli is a certain fold of the nearest atomic spacing d0.        is the interaction 

between n nanoparticles. Generally, the distance between those nanoparticles is very 

large and the inter-nanoparticles interaction is weak enough to be negligible. As the 

local potential modification in format of d0 to di, there is: 

              
   

 
                      

 

  
                             

                       
   

      

 
 
       

       
    

  

  
  

 

  
      

        

                                                   
     

     
    

 

  
      

        

                      
     

     
                 

(24) 

And 

             

           
  

                        

           
      

     

     
      

(25) 
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Where                is the crystal potential of bulk solid without 

under-coordinated atoms. The crystal potential v(di) for every under-coordinated atom 

relates to the perturbation    as shown in Eq.25. The weighting factor,    , 

represents the geometrical contributions from dimension (K) and dimensionality (τ), 

which describes the contribution from the affected volume to the entire specimen. 

Atoms in no more than 3 outermost surface layers suffer the CN imperfection and that 

in interior core has perfect coordination, which has been confirmed by the 

experimental observations.[37-43] For example, a combination of STM/S 

measurements and density functional theory (DFT) calculations has revealed that the 

mean lattice constant of Co nano-islands deposited on copper substrates contracts by 6% 

from the bulk value of 0.251 nm at center to 0.236 nm at the edge of the nano-islands. 

Using electron cohesive diffraction, Huang et al.[53] confirmed that the Au-Au bond 

contraction happens only to the outermost two atomic layer spacing of a gold 

nanosolids in a radial way, yet, the Au-Au bond in the core interior of the particle 

remains its bulk value. Thus, there is: 

             

           
      

     

     
  

   

        
      

     
   

         
    

   

  

(26) 

For nanosolids of thin plate, nanowire and nanoparticles,     is calculated as: 
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(27) 

Where S, L, and r represent the surface area, length and radius of thin plate, 

nanowire(rod) and nanoparticles, respectively. t is the thickness of thin plates. K is the 

dimensionless form to describe the size of nanosolids, for thin plates, K = t/ d0; for 

nanowire(rod) and nanoparticles, K = r/ d0. As the K is the dimensionless size, from 

above equation,     could be described in a uniform expression: 

    
   

 
     

                      
                    
                   

  

(28) 

The perturbation covers the weighted sum of contribution from three outermost 3 

surface layers of nanosolids in format of (ci
-m

-1) as shown in above equations. 

Consequently, the entire potential well for nanosolids evolves:  

 

                                

          
    

   

                                       
     

(29) 

Thus, the energy level for certain nanosolids is:  
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(30) 

The evolution of energy level of nanosolids and the bulk shift ∆Ev(∞) could be 

represented as: 

       

      
 

            

           
           

    

   

  

(31) 

In conclusion, in BOLS correlation, CN imperfection induced local crystal 

potential modification (∆H) changes the crystal potential well and energy level to be: 

 

                                

                                

                                      

  

(32) 

And ∆H could be presented following Eq.31: 

   

 
 
 

 
        

     

  
   

                                 

           

   

                                              

  

(33) 

Such modification of ∆H to the Hamiltonian of entire specimen relates directly to the 

energy level under different extent: 
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(34) 

As a XPS profile is given, one can calculate the energy level of isolated atom by 

decomposing spectrum to every single surface layers and bulk components or 

comparing different size of specimen with accurate size measurement. Thus, there is 

      
                           

      
 

(35) 

As the ∆Ev(∞)= Ev(∞)- Ev(1), the above equation evolves: 

            
            

  
 

(36) 

It should be noted if there are l (>2) components after XPS spectrum decomposition, 

the ∆Ev(∞) and Ev(1) can be taken the average of the   
  

  

          
 possible 

combinations with a standard derivation σ as both Ev(1) and ∆Ev(∞) are independent 

of particle dimension or surface relaxation. 

2.5 BOLS: Polarization 

According to the BOLS scheme, bonds between under-coordinated atoms are shorter 

and stronger. Local quantum trapping and densification of charge and energy perturb 

the interatomic potential. On the other hand, polarization of the electrons at the 
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upper-edge of energy band by the locally, densely, and entrapped core electrons also 

provide perturbation to the energy level through screening and splitting the crystal 

potential. Figure 4 gives a schematic description for the electron state at the upper 

band arising from the nonbond electrons polarization: As the bond length decreases 

from    to    because of the CN imperfection, the local quantum trapping(T) 

induced by the crystal potential modification shifts the energy level of bonding band 

towards deeper position, accompanying with the space volume densification as shown 

in Figure 4. The entrapped core charge polarizes the unpaired dangling-bond electrons 

to higher position, which in turn screen and split the potential and then generate the P 

component in the upper edge of the core band. Thus, the modification in the crystal 

potential presents in two types of perturbation: 

Bonding

Nonbonding

E
B

E
F

Bonding

Nonbonding
P

T

d
0

d
i

Quantum Trapping 

 

Figure 4 Electron polarization(P) induced by the Local quantum trapping (T) and densification of 

charge and energy.    
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(37) 

E(p) represents the peak energy of the polarization component. Ez and Eo represent 

the bond energy for CN = z and bulk, respectively. The p is the coefficient of 

polarization to be determined from the XPS measurement. Thus, correlation between 

the XPS components follows the criterion,  

           

           
  

  
                     

                            
    

(38) 

The x represents z or p. If the polarization-entrapment coupling effect is apparent, the 

term   
   is then replaced by    

  , the trapped states will be moved up from the 

otherwise low-z position to energy closing to the bulk component. 

2.6 Introduction of X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that 

measures the elemental composition, empirical formula, chemical state and electronic 

state of the elements that exist within a material. XPS was developed in the mid 1960s 

by K. Siegbahn and his research group. The phenomenon is based on the photoelectric 

effect outlined by Einstein in 1905. XPS spectra are obtained by irradiating a material 

with a beam of X-rays while simultaneously measuring the kinetic energy and number 

http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Empirical_formula
http://en.wikipedia.org/wiki/Chemical_state
http://en.wikipedia.org/wiki/Electronic_state
http://en.wikipedia.org/wiki/Electronic_state
http://en.wikipedia.org/wiki/Spectrum
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Kinetic_energy
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of electrons that escape from the top 1 to 10 nm of the material being analyzed as 

described in Figure 5. The basic equation describe such dynamic process is: 

              , where    is the photo energy of incident X-ray and     ,  

     and   are the kinetic energy of detected photoelectron, binding energy of 

electrons at certain orbital and workfunction of samples, respectively. Generally, Al 

   (1486.6 eV) or Mg    (1253.6 eV) are often the photon energies of choice. XPS 

measurement could give much information the electronic structure of matter from 

which they were excited by monitoring the Momentum and energy of the 

photoelectrons. Except for providing the chemical state of corresponding element in 

materials, it also could perform depth profiling be remove atoms layer by layer and 

 

Figure 5 The schematic description for the photoelectron emission process. 

the quantitative analysis for the atomic ratio of elements. A new way to get more 

insight into the sample is to measure a number of spectra at different measuring 

angles. Variation of the emission angle causes changes in the effective information 

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Nanometre
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depth of analysis: at glancing incidence (small angles) only the upper layers of the 

sample are examined; at high measuring angles deeper layers are detected. This a easy 

way to detect the depth-resolved electron structure of sample without any destruction. 

2.7 Conclusion 

In this chapter, we introduced a new theoretical model of the BOLS correlation on the 

BE shift of under-coordinated systems. The main core of BOLS correlation was 

described that CN imperfection induced local quantum trapping and related energy 

and charge polarization takes effect on the Hamiltonian of specimen and consequently 

determines the energy level evolution. 
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Chapter 3 Atomic Layer and Orientation  

Resolved Surface BE Shift 

3.1 Introduction 

Surface BE shift in core level and VB has been observed in many materials and was 

studied extensively. For example, a surface BE shift of 0.17 eV towards higher BE 

than the bulk for the 4f peak of atomically rough Re(12  1) surface was observed by 

Chan et al. using synchrotron radiation measurement,[54] with different photon 

energies and emission angles. For bcc metal W and Ta, it has been reported that 

obvious surface BE shift was observed for the (100), (110) and (111) surface.[55, 56] 

A positive surface BE shift on three facets of Ta is gained and inverse order 

assignment for that on W surface. The origin of surface BE shift has been discussed 

broadly, contradictory conclusions always were gained since the analysis to the BE 

shift was always based on the single specimen or experiment. The core level, being a 

superposition of the intra-atomic trapping and the interatomic binding (crystal 

potential) contributions, of values for different elements can be determined easily by 

XPS, but the discrimination of the two identities from intra- or inter atomic interaction 

is infrequent and indirect due to the lacking of suitable guidelines from the 

perspective of the intrinsic Hamiltonian perturbation. One often takes the bulk 

component as the reference with zero energy shift as the determination of the actual 

bulk shift from the energy level of an isolated atom is hardly possible. Such a 
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zero-bulk-shift assumption annihilates plenty of useful information such as the energy 

level of an isolated atom and its bulk shift that is non zero according to energy band 

theory.  

The BOLS correlation mechanism[57] indicates that the remaining bonds of 

an under-coordinated atom contract and strengthen spontaneously, leading to the 

formation of a local strain and quantum trapping, and also the densification of charge 

and energy at local sites around the original atomic defects, adatoms, surfaces, grain 

boundaries, dislocations, terrace edges, dimers, atomic chains, atomic sheets, hollow 

tubes, or skin depth of nanostructures and nanocavities. With this physical picture of 

atomic CN imperfection as the basis, the BOLS can account for the size-induced BE 

shifts, band gap expansion, solid-liquid transition, and surface and nanostructure 

mechanical strength.  

In this chapter, several surfaces of single crystal metal have been adopted to 

study the surface BE shift. Combining the BOLS correlation and XPS measurements, 

the origin of surface BE shift is discussed. 

3.2 Fcc structured Pd and Rh surfaces 

Using high-resolution XPS, Anderson et al.[58] measured systematically the 

orientation-resolved 3d5/2 spectra of the (111), (110) and (100) surfaces of Pd and Rh 

at a photon energy of 390 eV. Using ab initio calculations based on the final-initial 

states model, they suggested that the surface induces negative shifts that vary from 
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0.25 to 0.60 eV, depending on the orientations and materials. Baraldi et al.[59] 

recently measured the Rh surface BE shift at photon energy of 380 eV and with polar 

emission angles varying from 20 to 50 with respect to the surface normal. Results 

showed that the smaller polarization angle from the Rh(111) surface derives a 

relatively higher intensity of the high-energy bulk component, being consistent with 

the observations.[25, 60-63] 

In chapter 2, according to the surface BE shift, we have the relation: 

 
                                

                            

        

  

Where the  

          
     

  
   

        

Using those equations, the BE of an isolated atoms has been gained as: 

      
                           

      
 

and its bulk shift        and the effective CNs of the first layer at different 

orientations through analyzing the measurements of surface core-level shift. 

As followed BOLS correlation, the contracted length of a bond of an 

under-coordinated surface atom in the ith layer, di, is related to the length of a bond in 

the bulk solid of the same material, d0, by the bond contraction coefficient, ci. This 

parameter is dependent on the coordination of the atom, zi for all kinds of chemical 

bonds. The z1 (i = 1) should vary slightly with crystal orientation but the confirmation 
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has been impossible up to now. Intuitively, one often takes z1= 6 for an fcc structure 

but available data favors the effective z1 value of 4 (with ci ~12%) or around.[57, 61, 

62] Also, the magnitude of a remaining bond’s BE of an under-coordinated surface 

atom (Ei) increases as the bonds contract spontaneously, and is equal to the “ci
-m

” 

multiple of the energy of a single bond in a bulk sample (Eb). The parameter m, which 

is not freely adjustable, characterizes the nature of a bond in a solid, or otherwise 

deciphered as the parameter relating the bond energy to its length. For pure metal, the 

m has been optimized as one.[57]
 

Figure 6 illustrates the BOLS-derived BE shift of surface component layers. 

      is the energy level of an isolated atom, from which the BE shifts. S1(z1   4) 

and S2 (z2 = z1+2) correspond to the top and the second atomic layer and B the bulk 

components. Sdefect (z < 4) represents the adatoms or edge atoms with even lower 

atomic CNs. The intensities of the components are subject to the fraction of the 

specifically z-coordinated atoms and the energy values of the peaks satisfy the 

criterion:                        
  . For a surface, the peak energies of the 

components may fluctuate slightly with varying experimental conditions such as 

temperature, crystal orientation, and incident radiation beam angle.[64] 

From the above discussions, we can establish the rules for decomposing the 

spectrum of surface core-level shift: 

1. There should be components representing the B, S2, S1 and Sdefect.  
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2. The energy shift should be positive and the low-z component shifts further. 

3. The energy shift of each component is proportional to the magnitude of bond 

energy, which follow this relationship:                        
  .  

4.  The resultant intensity of the components is constrained by the measured 

spectral intensity. The width and intensity of each component in the initial 

decomposition[58, 59] for the particular Rh and Pd examples were taken as 

references for fine tuning under constraint. 

5.  The neighboring Rh(5s
1
4d

8
) and Pd(4d

10
) noble metals in the Periodic table 

share the same fcc structure; the effective CNs of the Rh and Pd surfaces of 

the same orientation should be identical. This adds another constraint for 

atomic CN refinement.  

6.  If a total of l components are involved in decomposing a set of XPS spectra 

from the different orientations of the same specimen, the       should take 

the mean value of     
  

  

         
  possible combinations with a 

standard deviation  . The minimal standard deviation serves as a criterion 

for the accuracy of spectral decomposition.  

With the above constraints, we are able to determine the atomic-layer and 

crystal-orientation resolved effective CN, local strain, quantum trap depth, the 3d 

energy level of an isolated Pd and Rh atom and their bulk shift, as well as the ratio of 

BE density and the atomic cohesive energy, which are beyond the scope of available 

methods. However, the combination of BOLS and tight binding theory is unable to 
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determine the absolute intensity and width of each component as they are more 

dependent on experimental conditions. 
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Figure 6 Illustration of the XPS spectrum.       is the energy level of an isolated atom, which is the 

reference for the shifts of other components that follows these constraints: (1) there should be 

components representing the B, S2, S1 and Sdefect; (2) the energy shift should be positive and the low-z 

components shift further; (3) the energy shift of each component is proportional to the magnitude of 

bond energy, which follows this relation:                        
  . 

Figure 7 and Figure 8 showed the measured 3d5/2 spectra from the (111), 

(100) and (110) planes of clean Pd and Rh surfaces[58]
 
[59] and the decomposition 

spectra in the mode of Gaussian based on BOLS correlation. The Pd 3d5/2 spectra 

demonstrate one major peak that is symmetrical after background subtraction. 

However, the Rh 3d5/2 spectra exhibit two major peaks. The asymmetry at the lower 

energy end may correspond to the presence of defects in comparison to those of Pd. 

The XPS spectral pattern difference between Pd and Rh may arise from the electronic 

configurations Pd (4d
10

5s
0
) and Rh (4d

8
5s

1
). In order to do decomposition, all the 

spectra were normalized by their corresponding intensity maximum. According to the 

constraints given, each spectrum was decomposed with three components, 
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representing the B, S2, and S1 components from higher to lower BE. The 

decomposition was conducted by choosing z1 = 4 and z2 = 6 and z3 = 12 for the (100) 

surface as reference standard and allowing slight deviation of the (111) and (100) 

surfaces for the best fit. For each element, the B energy and E3d(1) remain unchanged 

for all the surfaces. The optimal component energies and the decomposition 

parameters of the XPS 3d5/2 BE shift of Rh and Pd surfaces after the subtraction 

background are summarized in Table 1. The three decomposition Gaussian 

components, denoted as S1, 2S and B, satisfy the BOLS expectation. The refinement 

of the orientation-resolved effective coordination numbers arises from the atomic 

density of each face. Results show the slight anisotropy of lattice strain in the three 

orientations. 

From the decomposition, we obtained the E(1) and E(i) values. It is 

general that the intensity of the B component is higher than other components in the 

same spectrum and that the intensity of B component is the highest in the (111) 

surface of the same material under the same experimental environment. It has been 

derived that the BE for an isolated Rh atom is 302.50 eV and for Pd atom it is 330.63 

eV with their respective bulk shifts of 3.95 and 3.99 eV. The refinement leads to the 

effective atomic CNs of the top (100), (110), and (111) atomic layers as 4.00, 3.66, 

and 4.04. Results indicate that BE of electrons in the top layer is the highest in general 

compared to electrons in the inner layers, which agrees with what discovered by 

Matsui et al.[40] from Ni surface. Among the three surfaces, the electronic BE of the 
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(110) surface is higher than the (100) and (111) surfaces because of their difference in 

the effective CNs.   

The derived Pd        
    value of 3.99 eV also agrees with the value of 

3.98 eV derived from the reproduction of the size dependence of the Pd 3d5/2 BE shift, 

which evidences that the both surface and nanosolids induced positive BE shift arise 

from the coordinated quantum trapping. The calculations lead to the 

coordination-resolved BE shift ( = 3d5/2) for Rh and Pd: 

                    
    

             
  

             
  

  

Theses fundamental information should be useful to the understanding of the surface 

behavior of these surfaces such as their catalytic performance. 

       In conclusion, we could gain from the above discuss: 

1. Extraction of quantitative information regarding the energy levels of an 

isolated atom and its bulk shift from the measure spectra. For the particular 

cases, the 3d5/2 energy levels of the isolated Rh(302.50 eV) and Pd(330.63 eV) 

atoms and their respective bulk shifts (3.95 and 3.99 eV) have been 

determined. The values for Pd surfaces coincide well with what derived from 

the reproduction of size dependent BE shift.  

2. Refinement of the effective atomic coordination numbers of the top fcc(100), 

(110), and (111) atomic layers as 4.00, 3.66, and 4.04 for both Pd and Rh, 

which is expected hold globally true for other fcc structures. 
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3. It is further confirmed that bonds between under-coordinated atoms become 

shorter and stronger, which induces local strain and the skin-depth charge and 

energy quantum trapping and hence derives the global positive energy shifts 

that will happen to other situations where under-coordinated atoms dominate. 
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Table 1 Decomposition parameters of the XPS 3d5/2 core level shift of Rh and Pd surfaces after the 

Tougaard background is subtracted. The three decomposition Gaussian components, denoted as S1, S2 

and B, satisfy the BOLS expectation.  

Refs [58, 

59] 

S1 S2 B 

z1 1-ci z2 1-c2 

BE I BE I BE I 

Pd(111） 

（100） 

（110） 

335.18 

335.24 

335.28 

0.27 

0.34 

0.35 

334.88 

334.94 

334.98 

0.30 

0.41 

0.45 

334.62 

0.60 

0.55 

0.50 

4.03 

4 

3.65 

0.123 

0.124 

0.142 

6.06 

6 

5.15 

0.061 

0.062 

0.083 

Rh(111) 

(100) 

(110) 

307.08 

307.15 

307.18 

0.57 

0.91 

0.77 

306.79 

306.85 

306.89 

0.08 

0.10 

0.25 

306.53 

0.84 

0.65 

0.40 

4.05 

4 

3.67 

0.122 

0.124 

0.141 

6.03 

6 

5.13 

0.062 

0.062 

0.084 
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Figure 7 Decompositions of Pd 3d5/2 core level spectra for (a) (111), (b) (100) and (c) (110) surfaces 

with three decomposition Gaussian components S1, S2 and B with parameters given in Table 1. The 

XPS spectra were collected with incident beam energy of 380 eV at normal emission. 
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Figure 8 Decompositions of Rh 3d5/2 core level spectra[59] for (a) (111), (b)(100), and (c)(110) with 

decomposition parameters given in Table 1. The XPS spectra were collected with incident beam energy 

of 380 eV at normal emission. 
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3.3 Bcc structured W surfaces 

The SCLS of W(100), (110), and (111) surfaces[22, 65-67] and their (320) and (540) 

vicinal[68, 69] have been well measured using different techniques such as the 

synchrotron and XPS with unfortunately discrepancy on the assignment of the 

direction of the energy shifts and the energy of the bulk component.[22, 67, 68, 70] A 

negative shift was assigned with the bulk component at 31.4 eV and the surface 

component at 31.1 eV. Much more information regarding the interatomic BE and the 

effect of undercoordination is supposed to be given by the sophisticated 

measurements.  

The XPS measurements for bcc metal W(100), (110) and (111) surfaces have 

been performed as shown in reference.[67, 70, 71] Based on accurate experimental 

data and BOLS correlation, we re-decompose the XPS spectra of three well-faceted 

surfaces with respect to the reported best fits[72] using three components, the bulk, B, 

the second and the first surface layer, S2 and S1. Experimental conditions such as the 

incident beam energy and the emission angle may change the spectral appearance 

because of the different inelastic mean free path of photoelectrons due to different 

kinetic energy and different surface thickness of sample for variation of take-off 

angles. A spectrum collected at larger emission angles or with lower incident beam 

energy collect information dominated by the shallow surface, otherwise more bulk 

information. Varying measurement conditions can never change the intrinsic 

properties of the surfaces such as the atomic coordination numbers of the surface and 
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sub-surfaces that are the key factors use herewith. The order of the B, S2, and S1 

components and the separation between them follow the constraint given in Eq.21 and 

22. The decomposed z-resolved components of the W(100), W(110), and W(111) 4f7/2 

spectra in Figure 9 show that the atomic CN reduction leads to the positive CLS. The 

CNs of the S1 and the S2 components across the three surfaces vary slightly because 

of the anisotropy of crystal structure and atomic density. Decomposition of the three 

surfaces aims to enhance the accuracy in determining the        
    and the 

       
    by minimizing the standard deviation value of . Form the BOLS-TB 

enabled decomposition, we derived the following information: (i) the W 4f energy 

level of       
                 eV for an isolated W atom and its bulk shift of 

       
          eV; (ii) an analytical expression for the z-resolved CLS: 

      
                       eV for the under-coordinated edge and 

adatoms, detailed information for spectra decomposition is listed in Table 2. 

As the detectable quantities can be directly connected to the binding 

identities such as bond nature, order, length, and strength,[73] we are able to predict 

coordination dependence of the relative  BE density, Ed(z) = Ei(z)/di
3
, and the 

relative cohesive energy per atom, Ec(z) = zi Ei(z), in each atomic layers,[74, 75] 
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With zib = z/12. The BE density and the atomic cohesive energy are related to the 

local elastic modulus [74] and the local melting point [75] at the specific atomic site, 

respectively. the effective atomic CN of the sublayers of different orientations and 

their derivatives on the local bond strain, local bond energy, the ratio of BE density 

and the atomic cohesive energy to the respective bulk values, as summarized in Table 

2. More details regarding the interdependence of various physical and chemical 

properties have formed the subjects of recent thematic reports.[57, 73] 

In conclusion, the BOLS-TB enabled XPS decomposition of the W(100), 

(110) ,and (111) surfaces has led to quantitative information about the 4f energy level 

of an isolated W atom as 28.910 eV and its bulk shift of 2.173 eV. The positive 

core-level shift originates from the stronger and shorter bonds between 

under-coordinated atoms, which follow the prediction of Goldschmidt-Pauling rule of 

bond contraction and the theory of BOLS correlation. The spectra decomposition 

provides profound information about the effective atomic CN, local bond strain, bond 

energy, BE density and the atomic cohesive energy in the surface skin up to two 

atomic layers of different orientations. 
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Table 2 BOLS elucidated information regarding the atomic-layer (S1, S2) and crystal-orientation 

resolved effective CN (z), local strain (Cz-1), the relative BE density (Cz
-4

) and atomic cohesive energy 

(zibCz
-1

) from the measured XPS W 4f SCLS. The zib = zi/zb is the relative coordination number.  

 

 i 

E4f(i) 

(eV) 

z 

cz-1 

(%) 

E-density 

[Cz
-4] 

EC(i)/EC(B) 

[zibCz
-1-1](%) 

W B 31.083 12 0 1 0 

W(100)[71] 

S2 31.283 5.161 -8.26 1.41 -53.12 

S1 31.398 3.970 -12.57 1.71 -62.16 

W(110)[68] 

S2 31.240 5.829 -6.61 1.31 -47.99 

S1 31.402 3.942 -12.71 1.72 -62.36 

W(111)[67] S2 31.275 5.270 -7.96 1.39 -52.28 

S1 31.370 4.195 -11.58 1.64 -60.46 
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Figure 9 Decomposition of the XPS 4f7/2 spectra of (a) W(100),[71] (b) (110),[68] and (c) (111)[67] 

surfaces using the B, S2 and S1 components with the derived 4f level of an isolated W atom as E4f (0) = 

28.910 ± 0.006 eV and its shift upon bulk formation, E4f (12) = 2.173 eV, both of which are intrinsic 

constants changing with neither the experimental conditions nor the crystal orientations. 
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3.4 Hcp structured Ru, Be and Re surfaces  

3.4.1 Be(0001), (11  0), and (10  0) surfaces 

The BE shift of 1s peak on the Be(0001), (11  0), and (10  0) surfaces has been 

intensively investigated experimentally using XPS and theoretically based on density 

functional premise and in terms of the “initial-final states” convention in past decades. 

[76-83] Using synchrotron radiation, Johansson et al.[77, 79, 83] measured the 

Be(0001) surface 1s BE shift and identified three distinct components of shifts with 

energies of -82530(S1), -57025(S2), and -26520(S3) meV with respect to the low 

energy (large absolute value) component at 111.835(B) eV. For the Be(10  0) surface, 

three components were identified to shift by -700(S1), -500(S2) and -220(S3) meV[77, 

78, 80, 83] but two components would suffice for the (11  0) surface. These CLS were 

assigned as negative shifts according to the “initial-final states” convention, i.e., the 

surface layers add states at energies higher (smaller absolute values) than the bulk 

component. This assignment is in contrast with the mixed shift proposed by Hofmann 

et al.[84] who suggested that the largest negative shift is caused by the second surface 

layer, instead. Disregarding the discrepancy regarding the number and the order of the 

surface components, Johansson et al.[77-79] reported that the intensities of the 

high-energy (surface) components increase with the incident beam energy from 123 to 

165 eV. The intensities of the high-energy components also increases when the 

emission angle (between the photoelectron beam and the surface normal) was reduced 
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from 36 to 0.[85] Higher beam energy or smaller emission angles means that the 

incident beam can penetrate deeper into the bulk and therefore collect more bulk 

information.[64] From this perspective, the higher energy component corresponds to 

the B component, instead. 

In this section, using the combination of the tight binding approximation and 

BOLS correlation,[57] Based on previous literatures, we have re-analyzed the XPS 

spectra for Be(0001),[77, 79, 82] Be(10  0),[77, 80, 83] and Be(11  0)[78, 82] 

surfaces.[46, 47] We have been able to derive quantitative information from 

measurements regarding: (i) the energy level of an isolated Be atom and its bulk; (ii) 

the layer and orientation resolved local strain and quantum trap depression and, (iii) 

the relative BE density and the relative atomic cohesive energy at the surfaces. 

Given an XPS profile with clearly identified       and       components 

of a surface (i = 1, 2, …), one can calculate easily the atomic       and the bulk E 

(B) with the relations derived from Eq.. If a total of l components are used to 

decompose a set of XPS spectra from different surfaces of a specimen, the       

should take the mean value of the     
  

  

         
 possible combinations with a 

standard deviation  . The minimal standard deviation may serve as a criterion for the 

accuracy of spectral decomposition which involves the peak energies and the 

corresponding effective CNs. The intrinsic       and        values should not be 

affected by experimental conditions, chemical reactions, crystal size or orientation, or 

surface relaxation. However, crystal orientation may lead to a fluctuation of the 
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component peak energies and the number of the components because of the slight 

difference in the effective atomic CNs. Accuracy of the determination is subject 

strictly to the XPS data calibration.  

Based on the criteria established in BOLS correlation, we fit the XPS spectra 

with respect to the energy shifts given by Johansson et al.[77, 79, 83, 85] for Be, as 

listed in Table 3. For Be(0001), the initial four components are sufficient. An addition 

of S1 component in the lower end of the spectrum is needed to represent the 

under-coordinated Be atom in the outermost Be(10  0) layer.  

We need to point out that the quantities of       and        are intrinsic 

constant values for a given material disregarding the orientations. Therefore, we can 

refer the energy shifts of all surface components to the        before knowing the 

     . According to the tight binding and BOLS theory, the positive shift is preferred. 

The given energy shifts enable us to determine the effective atomic CN as the unique 

variable in the present exercise for each component and the       using Eq.21. It is 

emphasized that the effective CN is different from the apparent CN.[57] Incorporating 

the BOLS correlation mechanism into the measured surface relaxations,[61, 62]  the 

effective CN for the fcc(001) outermost surface is four instead of six.  

Figure 10 shows the XPS decomposition of the Be(10  0), (0001), and (11  0) 

surfaces. The Intensities of the atomic-layer and crystal-orientation resolved 

components change also with the incident beam energy. Including the B component 



53 

 

that was counted only once, there are a total of l = 12 components for the considered 

Be surfaces, as shown in Table 3. There will be a combination of    
  

   

         
 

     values of      . Using the least- root-mean-square approach, we can find the 

average of                   and the standard deviation, 

                               
   

. A fine tuning of the CN values will 

minimize the   value and hence improve the accuracy of the effective CNs, the local 

strain, the BE density and the cohesive energy per discrete atom in differently 

oriented surface layers.  

According to the decomposition criteria, the B component must exist in all 

the surfaces. The invisibility of the B component in Be(0001) surface spectrum 

indicates that the high-mass density of the low-index Be(0001) surface prevents the 

incident beam from penetrating into the bulk underneath four atomic layers. The 

fitting indicates that the Be surface skin is formed by at most four surface atomic 

layers because of the lower atomic cross section and the packing density. For Ni 

surface [40] and a 3.5 nm sized gold cluster,[53] the surface is only two interatomic 

spacing thick. The lacking of bulk information in the Be(0001) spectrum  also 

indicates attenuation length of photoelectrons under the 135 eV x-ray beams limiting 

to the outermost three atomic layers. 

The optimal   value is 0.0042~0.0040. The derived          

106.4160.004 eV and the bulk shift is           = 4.694 eV with three decimal 

being suffice with respect to the measurement precision. The derived effective CNs, 
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the local strains, and the predicted trends of the local BE density and the atomic 

cohesive energy are given in Table 3. The derived bond contraction is in consistence 

with the recent findings[53] using a combination of the molecular dynamics 

calculations, Pauling’s correlation, and the coherent electron diffraction revealed that 

the Au individual
 
nanoparticles of 3.5 nm in diameter demonstrate inhomogeneous 

relaxations occurring at the outermost two atomic layers. The 

undercoordination-induced bond contraction involves large out-of-plane bond length
 

contractions for the edge atoms (~0.02 nm, ~7%); a significant contraction (~0.013 

nm, 4.5%)
 
for (100) surface atoms; and a much smaller contraction (~0.005 nm, 2%)

 

for atoms in the middle of the (111) facets. In the current system the maximal 

contraction is around 19%, a value between the theory prediction [86, 87] for Be(10  0) 

and the measurement of Au.[53] 

The spectra decompositions here show that the positive core-level shift 

assignment is more proper than the assignment of negative or the mixed shift and 

hence the criteria established herewith is essentially true. The positive shift 

assignment allows us to derive the energy level of an isolated atom and its bulk shift. 

The derived fundamental factors are of great importance in determining the surface 

properties and surface processes.  

Furthermore, the experimentally observed incident beam energy and emission 

angle trends [78, 79, 83, 85] evidence the assignment of surface positive CLS, as the 

higher incident beam energies or at smaller emission angles collect more information 
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from the bulk than from the surface.[64, 88] Speranza and Minati [88] reported that 

increasing the angle between the surface normal of graphite and the emission beam 

from 0 to 85, the detected depth profile decreases from 8.7 to 0.8 nm. 

In conclusion, we have systematically analyzed the Be 1s energy shift of Be 

(0001), (10  0), and (11  0) surfaces from the perspective of bond-potential-band 

correlation with elucidated information of: (i) the BE of an isolated Be atom;  (ii) the 

bulk shift of Be 1s; (iii) the effective atomic CNs and the corresponding local strains, 

and, (iv) prediction of the trends of coordination resolved BE density and cohesive 

energy per discrete atom in the surface of skin depth. The developed approach 

enhances the power of the conventional XPS technique for more quantitative 

information regarding the surface process and properties. The concept of local strain 

and quantum trapping may be essential for understanding the bonding and electronic 

behavior in the surface and atomic defect sites.  
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Table 3 Atomic-layer and crystal-orientation resolved effective CN(z), local strain (c(z)-1), relative BE 

density (c(z)
-4

), and the relative atomic cohesive energy (zib/c(z) with zib = z/12) determined from the 

measured XPS profiles of Be(0001), (10  0), and (11  0) surfaces under the established approach and 

the criteria. 

 
i 

E1s(i) 

(eV) 

z 
c(z)-1 

(%) 
 c(z)

-4
 zib/c(z) 

Be B(z=12) 111.110 12 0.00 1.00 1.00 

 (10  0) 

Refs [[77, 

83]] 

S4 111.330 7.00 -4.46 1.20 0.61 

S3 111.590 4.83 -9.25 1.47 0.44 

S2 111.830 3.83 -13.25 1.77 0.37 

S1 112.122 3.10 -17.75 2.19 0.31 

 (0001) 

Refs [[79, 

85]] 

S3 111.370 6.53 -5.23 1.24 0.57 

S2 111.680 4.39 -10.79 1.58 0.41 

S1 111.945 3.50 -15.06 1.92 0.34 

 (11  0) 

Ref [[78]] 

 

S4 111.400 6.22 -5.80 1.27 0.55 

S3 111.650 4.53 -10.29 1.54 0.42 

S2 111.870 3.71 -13.90 1.82 0.36 

S1 112.190 2.98 -18.71 2.29 0.31 
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Figure 10 The decomposed XPS spectra for the Be(0001), (10  0), and (11  0) surfaces The 1s core 

level of 106.416 0.004 eV and the B component at 111.11 eV should be identical for all the surfaces 

of the same material.   
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Figure 11 Comparison of the BOLS prediction with the derived CN(layer)-and orientation- resolved (a) 

bond strain and the relative change of atomic cohesive energy (EC); (b) potential trap depth and, (c) the 

relative energy density.  
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3.4.2 Ru(0001) and (10  0) Surfaces  

The XPS spectra of Ru(0001) and Ru(10  0) surface were collected by the same group 

of Lizzit[89] and Baraldi[90-92] using the super ESCA beamline of the ELETTRA 

synchrotron facility in Trieste, Italy. The experiments were carried out at 130~270 K 

and an emission angles of 40 with an incident beam energy of 352~400 eV. The 

verification of experimental conditions just affects the overall intensity of the 

convoluted spectrum but not the energy position or width of each component. They 

also decomposed the spectra. The number, peak width, and energy of components 

they optimized for each spectrum provide references for the current optimization and 

information extraction.  

Based on the developed approaches, we decode the XPS spectra by using 

Gaussian components with the constraint of Eq.21 on the correlation between the 

component energies. The z values for the Ru surfaces are the initial input in 

optimization. In order to ensure the minimal value of  , fine tuning of the z-values 

was performed in the spectrum decomposition. The optimal results are shown in 

Table 4. The presently optimized z values for all the sublayers are identical to those 

derived from the same hcp surfaces of Be(0001), (10  0), and (11  0).[48] The 

well-defined BE shifts of Be surfaces allowed such z-value optimization,[77-79, 85] 

which was used as references for the current iteration. The consistency of the effective 

CN for both the hcp Be and Ru surfaces amplify the reliability of this approach in 

determining the effective CN for the surface layers. 
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One needs to note that the       and         are intrinsic constants, 

which are identical for all the surfaces and subsurfaces of a given material 

disregarding their orientations. For simplicity, we refer the energy shift of all surface 

components to the       before knowing the       value. Including the B 

component, there are a total of l = 8 components involved for the Ru(0001) and 

Ru(10  0) surfaces, as shown in Figure 12. There is a combination of   
  

  

        
 

           values. Using the least- mean- root-square approach, we found the 

average                       = 275.883 eV with a standard deviation, 

                                     =0.0018~0.002 eV.  The bulk 

shift           = 3.661 eV and the optimized        = 2795.5440.002 eV 

were thus obtained. The derived effective CNs, the local strains, and the predicted 

trends of the local BE density gain and the atomic cohesive energy remnant are 

summarized in Table 4, and plotted in Figure 13.  

In conclusion, the current derivatives favor more the mechanism of surface 

interlayer relaxation[61, 62] than the “final-initial states” model; the latter considered 

no perturbation in that Hamiltonian that should dominate, instead. The photovoltaic 

effect and the excited final states may add artifacts to the XPS spectrum that could be 

removed by proper calibration in the measurement.[64] The CN-imperfection induced 

bond strain and bond energy gain act on the core electrons at the energy levels of an 

atom whether it is in the neutral initial or the ionized final state. Therefore, joining the 

effect of CN-imperfection into the ‘initial-final states’ model may make the modeling 
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more comprehensive. Nevertheless, the developed approach has enabled us to 

elucidate quantitative information of the core-level position of an isolated atom and its 

shift due to bulk formation, as well as the quantitative information regarding the 

atomic-layer and crystal-orientation resolved effective atomic CN, local strain, BE 

density, and atomic cohesive energy, which is beyond the scope of conventional 

approach using an XPS or other techniques.  

3.5 Conclusion 

In chapter 3, surface atomic layers or orientation induced BE shift have been 

investigated using the combination of BOLS correlation and XPS measurements. The 

well XPS decomposition of single crystal surface including fcc metal Pd and Rh, bcc 

metal W and hcp metal Be and Ru have confirmed the BOLS prediction that the 

undercordinated atoms on the surface region induce bond contraction and bond 

energy enhancement, consequently, the BE of electrons of under-coordinated atoms 

shifts to high value. The BE of an isolated corresponding atom and intrinsic bulk shift 

have been calculated, which gives a constant reference for the energy level evolution.  
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Table 4 Summary of the BOLS elucidated information regarding the atomic-layer and 

crystal-orientation resolved effective CN (zi), local strain (ci-1), the ratio of BE density (ci
-4

) and atomic 

cohesive energy (zibci
-1

) derived from the measured XPS profiles of Ru(0001)[89] and 

Ru(10  0)[90-92]. 

 

 i 

E1s(i)-E1s(

B) 

(eV) 

E1s(i) 

(eV) 

z 

cz-1 

(%) 

E-densi

ty 

[ci
-4

] 

EC(i)/EC(B) 

(zibci
-1

-1)(%) 

Ru B 0 279.544 12.00 0.00 1.00 0.00 

Ru(10  0

) 

Refs 

[[90]] 

S4 0.175 279.719 6.93 -4.57 1.21 -39.48 

S3 0.377 279.921 4.80 -9.35 1.48 -55.88 

S2 0.561 280.105 3.82 -13.30 1.77 -63.28 

S1 0.785 280.329 3.11 -17.68 2.18 -68.52 

Ru(0001

) 

Refs 

[[89]] 

S3 0.205 279.749 6.48 -5.32 1.24 -42.97 

S2 0.448 279.992 4.36 -10.91 1.59 -59.22 

S1 0.649 280.193 3.50 -15.06 1.92 -65.66 
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Figure 12 The decomposed XPS spectra for (a) the Ru(0001)[89] and (b) Ru(10  0)[90-92] surfaces 

with derived information as summarized in Table 4. 
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Figure 13 Comparison of the BOLS prediction with the derived CN (layer and orientation) - resolved (a) 

BE; (b) the relative change of atomic cohesive energy (EC); (c) the relative energy density.  
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Chapter 4 BE Evolution on Terrace Edge, 

Adatoms and Vacancies 

4.1 Introduction 

The primary role of terrace edge as in determining the surface chemical reactivity has 

been well-established as a result of surface science. For example, it has been found 

that[93] with the every third row of Au atoms adding to a fully Au covered TiO2 

surface could improve the efficiency of CO oxidation at room temperature by a factor 

of 50 compared with the otherwise fully Au covered surface. In the case of N2 

dissociation on Ru(0001) surface, the activation energy is 1.5 eV lower at steps than 

that on the flat surface, yielding at 500 K an desorption rate that is at least nine orders 

of magnitude higher on the terraces, as the dissociation is largely influenced by the 

presence of steps.[94] Similar results have been found for NO decomposition on 

Ru(0001),[95, 96] H2 dissociation on Si(001),[97] and low-temperature nitridation of 

nano-patterned Fe surface.[98]  

In addition, an adatom concentration of a few percent is sufficient to 

dominate the overall reaction rate in a catalytic process because the higher reaction 

rate or the lower activation energies of the under-coordinated atoms. For instances, 

the first methane dehydrogenation process is highly favorite at the Rh-adatom site on 

Rh(111) surface with respect to step or terrace sites;[99, 100] adatoms deposited on 
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oxides can activate the C–H bond scission,[101] the acetylene ciclomerization,[102] 

and the CO oxidation.[103]  

Another relevant contribution determining the chemical reactivity is the 

surface strain induced by defect or interaction between overlayers and supports. Gsell 

et al.[104, 105] found preferential oxygen and carbon monoxide adsorption on the 

stretched regions obtained through subsurface argon implantation on Ru(0001). 

Wintterlin et al.[106] measured an enhanced NO dissociation probability at the local 

expanded areas of the Ru(0001) dislocations. In any case, the existence of strain, 

originated by surface defects or by the interaction with the support, seems to be a 

general feature of surface catalysts. Obviously, the ability of accepting or donating 

charge of a catalyst plays a key role in the process of catalytic reaction.[107] The 

electroaffinity is tunable by the cluster size or defect density through valence charge 

polarization or quantum trapping.[75] The stress is related to the quantum trapping 

through interatomic BE variation. 

The extremely-high catalytic efficiency of under-coordinated atoms of 

terrace edge, adatoms and defects is indeed fascinating. For adatoms, the catalytic 

activity of gold was attributed entirely to the presence of neutral gold adatoms on the 

gold nanoparticles.[93] These adatoms differ from atoms on bulk gold in three ways 

that might enhance their catalytic activity:[93] (i) They have fewer nearest-neighbor 

atoms and possibly a special bonding geometry to other gold atoms that creates a 

more reactive orbital. (ii) They exhibit quantum size effects that may alter the 
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electronic band structure of gold nanoparticles. (iii) They may undergo electronic 

modification by interactions with the underlying oxide that cause partial electron 

donation to the gold cluster. Therefore, atomic-level understanding of the energetic 

behavior of electrons of low-dimensional systems is a very important issue in 

condensed matter science. However, the understanding of the local energetic behavior 

of electrons in systems with a large number of highly under-coordinated atoms has 

been still a great challenge. 

The objective of this work is to show that incorporating the BOLS 

correlation[64] into the high-resolution XPS measurements[59, 108] has affirmed the 

BOLS predictions that the broken bonds induce local strain and charge and energy 

quantum trapping in addition to electron polarization in under-coordinated system of 

terrace edge, adatoms and vacancies. Both the trapped and polarized states can be 

identified by monitoring the evolution of the density-of-states in either the valence or 

the core band because charge polarization takes place in the valence band but the core 

charge will be screened. In this report, the electronic structure of terrace edge, 

adatoms and vacancies have been studied using the combination of XPS measurement 

and Atomistic photoelectron spectroscopy distillation (APSD) method.  

The APSD method is described as follows: The measured XPS spectrum on 

the terrace edge, adatoms and defects vacancies on a flat surface can be decomposed 

into component with each component corresponding to a particular value of z, as 

illustrated in Figure 14. S1, S2, and B are three main peaks. If edge atoms, vacancies 
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or adatoms present, A1 and A2 will appear at the lower (large absolute value) end of 

the spectrum. The energy values of the components satisfy the criterion: 
      

        
 

  

  
   

  . If polarization occurs, P component presents at the higher end of the 

spectrum (lower BE). The energy of the P peak satisfies, 
      

        
    , because 

of the screening effect of the polarization. The   is the strength ratio of bond 

energies. The intensities of the components are proportional to the fractions of the 

specifically z-coordinated atoms. Any core band should demonstrate the fingerprints 

of both the trapped and the polarized states, if both of T and P states exist, one can 

imagine what will happen if we subtract the XPS spectrum collected at the smallest 

emission angle from that collected from the same surface at larger emission angles. 

We can also differentiate the spectra collected before and after defect generation 

under the same experimental conditions upon background subtraction and spectral 

area normalization of both. The residual spectrum keeps only the skin information in 

the former and the defect in the latter within zones of one or two atomic diameter size. 

Considering the attenuation length and the take off angle adopted in XPS 

measurement, the difference spectrum represents only several atomic layers onsite or 

underneath of the surface, is called atomistic photoelectron spectroscopy distillation. 

Such a APSD process enables the purification of the desired surface and defect states 

as the APSD filters out the artifact background and bulk information. 
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Figure 14 Illustration of the origin for the adatom- and surface-induced core level shift. (a) Atomic 

arrangement at a surface with irregularly grown adatoms, A1 and A2 with effective CN smaller than 4. 

S1, S2 and B represent the outmost, the second and the bulk components. P represents the polarization 

state. (b):In addition to the main peaks of B, S2, S1, there should be A and P components representing 

the trapped and the polarized states of the under-coordinated adatoms. The energy shift should be 

positive and the lower-z component shifts further. However, the P states should move oppositely with 

respect to the A states. 

4.2 Terrace Edge on Re Surface 

4.2.1 Introduction 

Figure 15 illustrates the atomic arrangement of the hcp Re(0001) and the (12  1)
 

surfaces. In contrast to the smooth (0001) surface, the (12  1)
 
surface is much rougher 

with high fraction of under-coordinated kink atoms. It is anticipated that these 

under-coordinated atoms will generate the entrapped states below the bulk component 
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in the core band. Thanks to the well-measured Re(0001) and (12  1) surface 4f7/2 XPS 

with and without oxygen chemisorptions by Mårtensson et al.[109] and Chan et al.[54] 

using synchrotron radiation at different emission angles and incident beam energies.  

  

Figure 15 Schematic illustrations of the atomic configurations of the clean Re(0001) and Re(12  1)
 

surface. The right panel shows the atomic kink edge of the (12  1) with high fraction of 

under-coordinated atoms.  

From the above discussions in this chapter and introduction in chapter 2, we 

may establish the rules for decomposing the spectrum of the under-coordinated 

atom-induced BE shift: 

1. In addition to the main peaks of B, S2, S1, there should be A and P 

components representing the trapped and the polarized states of the 

under-coordinated adatoms.  

2. The energy shift should be positive and the lower-z component shifts further. 

However, the P states should move oppositely to the A states. 
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3. The energy shift of each component is proportional to the magnitude of bond 

energy, which follow this relationship: 
      

        
 

  

  
   

             .  

4.2.2 Results and Discussions  

Following the rule as mentioned, Figure 16 shows the decomposed XPS spectra for 

the Re (0001) and the Re(12  1) surfaces with the z values[46, 48] as input and the 

derived information as given in Table 5. The (0001) and the (12  1)
 
surfaces are 

decomposed into 3 and 4 components, respectively, which is consistent with those for 

the (0001) and (11  0) surfaces of Be and Ru (hcp).[46, 48] As the intrinsic quantities, 

the           and the             remain constant disregarding the change in 

the emission angle or the crystal orientation. From the decomposition, it is noted that 

the undercoordination-induced BE shift is indeed positive and the lowest coordination 

component shifts most from that of an isolated Re atom. Therefore, choosing the bulk 

component as the reference point and assigning the shift as negative are improper, 

which prevents the tabulated information from being extracted.  

Including the common B component (z = 12), we have a total of l = 8 

components for the two surfaces. Hence, there will be a combination of    
  

  

        
      possible values of       derived from Eq.21. Giving rise to the 

mean                   and the standard deviation,              

                  
   

. Increasing the l or the j values can ensure the accuracy of 

the       (minimize the standard deviation   value). A fine-tuning of the z value 
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for each component collectively can improve the accuracy of the effective z value in 

the differently oriented surface layers. The optimized z value of 2.836 for the 

outermost (12  1)
 
surface layer is lower than the value of 3.506 for the (0001) surface. 

Based on the given criteria, the decomposition of the three spectra has led to the 

z-dependent BE and more information listed in Table 5.  

    
 

         
 

            
 

        
 

    

                      
   

Figure 17a shows the APSD of the Re (12  1) 4f5/2 and 4f7/2 bands gained by 

subtracting the spectrum collected at 0 from the one collected at 75 after 

background subtraction and spectral area normalization. The rule of spectral area 

conservation almost applies to the APSD, indicating that the background correction 

and spectral area normalization are quantitatively proper. Obvious valleys and peaks 

appear in the APSD, which can be assigned without any question to the bulk (B) and 

the under-coordinated kinks with the quantum entrapment (T). Applying Eq. 21, the T 

components are dominated by the outermost two atomic layers with the effective z 

values of 3.6(S2) and 2.8(S1), as indicated in Figure 17b. The small feature at the 

upper edge of the 4f7/2 band is contributed from the 5p3/2 band of the kinks. 
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Figure 16 The decomposed XPS Re 4f 5/2 spectra collected from the (a) Re(0001)[109] and the Re(12  1)
 

[54] surfaces with (b) 0
0 
(along the surface normal) and (c) 75

0
 emission angles. The constant bulk 

component locates at 42.645 eV. The intensities of the surface (S1 and S2) components increase with 

the emission angle rendering that of the bulk component. 
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Table 5 Crystal orientation and atomic layer resolved Re 4f5/2 shift with derived information of the 

effective CNs, local strain (Cz -1), relative BE density (Cz
-4

), and the relative atomic cohesive energy 

(zib/Cz with zib = z/12) of the Re(0001) and (12  1) surfaces.  

 

 

i E4f5/2(z) z 

Cz -1 

(%) 

 Cz 
-4

 

zib/

Cz 

Refs 

Re atom 0 40.015 0 - - - - 

 

Re(0001) 

B 42.645 12 0 1 1 

42.77[110];4

2.60[109];  

S3 42.794 6.480 -5.319 1.244 0.571 42.67[110]
 

S2 42.965 4.390 -10.792 1.579 0.410 - 

S1 43.11 3.506 -15.027 1.918 0.343 - 

 

Re(12  1) 

S4 42.779 6.778 -4.811 1.218 0.593 42.81[54]- 

S3 42.910 4.878 -9.100 1.464 0.447 
- 

S2 42.100 3.552 -14.756 1.894 0.347 - 

S1 43.305 2.836 -19.930 2.433 0.295 - 
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Figure 17 The APSD of (a) the entire Re 4f band of the Re(12  1)
 
surface.[54] The similar structure of 

valleys and peaks confirm the consistency between 4f7/2 and 4f5/2 bands. The small feature at the upper 

edge of the 4f7/2 arises from the purified 5p3/2. (b) The APSD of the 4f5/2 band with the valley centered 

at 42.645 eV includes contribution from the B and the inner S4 and S3 sublayers; the extra gains at the 

bottom edge corresponds to the under-coordination induced local bond strain and quantum entrapment 

in the surface skin dominated by the outermost two atomic layers.  

Figure 17b shows the APSD of the specific 4f5/2 level. Two valleys centered 

at 42.65 eV and 42.91 eV are well resolved, corresponding unambiguously to the 

removed B and the S3 components, indicating that the valley involves the B, the S4 

(centered at 42.778 eV) and the S3 components. Therefore, the APSD presents only 

information limited to the outermost two atomic layers of the (12  1) surface. Except 



76 

 

for the valleys, a broad peak at the bottom edge of the 4f5/2 band represents the gain of 

electronic energy with the S2 and S1 kinks being involved. The APSD could therefore 

separate the kinks from the mixture of bulk, the skin and the kink without needing any 

argument in the B and skin component assignment.  

From the spectral bandwidth of the B valley, we can show that the overlap 

integral β is negligible compared with the exchange integral α in the tight-binding 

approximation of the inner band, as mentioned in Eq.14. The width of a core band is

z2 and the shift of the band from that of an isolated atom is  z . Based on the 

width of the B valley for both the 4f7/2 and the 4f5/2 bands of ~ 0.25 eV and the bulk 

shift of  z = 2.629 eV, we have, %4.050.2/01.0/ 
 
only.  

Figure 18a and b show the decomposed 4f7/2 band for the Re(12  1) surface 

with and without oxygen chemisorption.[54] Because of the lacking of the oxygen 

chemisorption spectral data for the 4f5/2 band, we turned to analyze the 4f7/2 band. A 

direct decomposition of the spectra for oxygen adsorbed Re(12  1)
 
surface using the 

coordination wise does no longer hold because of the new bond formation between 

the adatom and the metal surface atoms. The O-Re bond formation will increase the 

crystal potential substantially in the adsorbed region, which will lower the surface 

states further to deeper energies, as shown in Figure 18b.[111, 112] The O-induced Re 

4f 7/2 positive shift is in line with what detected from oxygen chemisorbed 

surfaces,[113]
 
in which the O 2p states shift positively by about 0.5 eV upon oxide  
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Figure 18 The decomposed XPS Re 4f 7/2 spectra collected from the Re(12  1)
 
surfaces[54] (a) before 

and (b) after oxygen adsorption. (c) The APSD for the oxygen adsorbed Re(12  1)(red line) in 

comparison to the APSD for Re 4f7/2
 
kink states (black line). Extra gain is resolved due to oxygen 

chemisorption and the bulk component shifts further to deeper energies.  

formation. Figure c shows the APSD for the Re(12  1) surface with and without 

oxygen adsorption. A valley BO centered at 40.40 eV is present, being different from 
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the B and the S4 in the referenced APSD of the un-adsorbed surface. This difference 

indicates that the O-Re bond is much stronger and the synchrotron beam with 90 eV 

collects less information from the bulk and the S4 region. The extra states extending to 

energy are even lower than the surface states of the clean surface. The APSD has thus 

enabled us to separate the chemisorbed surface states from the mixture and allowed us 

to estimate the depth of two atomic layers being involved in the adsorption of oxygen.  

It has been demonstrated[113] that oxygen prefers the central position of a tetrahedron 

by interacting with two metal atoms through bonding and two through nonbonding 

lone pairs of electrons. 

4.2.3 Conclusion 

The XPS spectra for the Re(0001) and Re(12  1) surfaces with and without oxygen 

chemisorptions have been analyzed under the guidelines of the BOLS-TB algorithm 

and the PRS approach. The Re 4f5/2 BE of 004.0015.40  eV for an isolated Re atom 

and its bulk shift of 2.629 eV and the layer and orientation resolved effective 

coordination numbers have been determined for the first time. The APSD revealed 

entrapped Re(12  1) surface kink states presenting at the bottom edge of the Re 4f 

band, which evidences the undercoordination-induced global quantum entrapment in 

the surface skin and kinks. Applying the same PRS process to the Re(12  1) surface 

before and after being chemisorbed with oxygen purified the oxygen chemisorption 
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states with even lower BE due to the stronger O-Re bonds formed at the surface with 

two atomic layers being involved.  

4.3 Terrace Edge on W Surface 

4.3.1 Introduction 

It has been presented in chapter 3 that: The BOLS-TB enabled XPS decomposition of 

the W(100), (110) ,and (111) surfaces has led to quantitative information about the 4f 

energy level of an isolated W atom as 28.910 eV and its bulk shift of 2.173 eV. The 

derived CN-dependent SCLS follows:                            
  . 

According to W terrace edge, Figure  shows the atomic arrangement of the (320) and 

(540) surfaces with considerable fraction of under-coordinated atoms compared with 

the flat (110) surface.  

 

Figure 19 The surface atomic structures of the (100) vicinal (540) and (320) surfaces with edge atoms 

density. The edge density of (320) is 0.28 monolayer (ML) and the (540) is 0.16 ML.  
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4.3.2 Results and Discussions 

From the original W4f spectra shown in Figure 20a for the (110), (320) and (540) 

surfaces collected under the same experimental conditions,[68] one can hardly 

discriminate the spectral feature one from another; the PRS process however makes a 

great difference, as shown in Figure 20b, proceeded by subtracting the spectrum 

collected from the un-edged (110) surface from the edged ones of the (540) and (320) 

surface upon the standard process of spectral normalization and background 

correction using the Shirley method. The correctness of the APSD outcome is 

justified by the criterion of spectral area conservation, which means that the spectral 

loss and gain should be identical. The normalization of the spectra is to minimize the 

artifacts due to scattering of the x-rays by the edge atoms. Unexpectedly, two extra 

components centered at 30.945 and 31.310 eV present and two valleys centered at 

31.083 and 31.454 eV are generated. The emergence of these spectral features 

indicate that the electronic structure for the edge atoms is indeed different from those 

at the bulk interior or at the flat surface, but at this moment one can hardly tell why.  

 Based on the derived CN-dependent SCLS,                     

       
   The B valley at 31.083 eV = 28.910+2.173 eV is unambiguously the bulk 

component that was defined in the APSD without needing artificial assignment. This 

finding clarifies the long confusion[66] regarding bulk component that was ever 

assumed at the bottom edge of the 4f band: 



81 

 

i) The additional T states below the bulk component is the entrapped states because 

of the undercoordination-induced bond strain and bond strength gain. The locally 

entrapped T states polarize the valence electrons that cannot be detected directly 

using XPS but it indeed happens to the Rh and Ag/Pd alloy as confirmed using the 

ultra-violet spectroscopy showing the consistency of charge polarization direction 

in all the bands of the same specimen.[72, 114] 

ii) The P component at 30.945 eV results from the screening and splitting of the 

crystal potential by the polarized valence electrons. We can estimate the 

polarization coefficient with the known energies of the P and the B components, p 

= [E4f7/2(p)- E4f7/2(0)] / [E4f7/2(12)- E4f7/2(0)] = (30.945-28.910)/2.173 = 93.6 %, 

which means that the crystal potential has been partially screened and elevated by 

6.4% of the bulk value.  

iii) The otherwise T component turns to be T+P with an additional valley at the 

bottom edge of the core band because of the coupling effect of entrapment and 

polarization. The T component is supposed to add component at energy 

corresponding to z < 4, if the polarization is absent or it is sufficiently weak. The 

state loss (second valley) at 31.454 eV with an effective CN of 3.57 is supposed to 

be absent; the strong interaction between edge atoms should enhance the intensity 

of the states at lower-z positions instead if no polarization happens. However, as 

we discussed, the screening effect also applies to the trapped states, and therefore, 

this valley presents, and the T component becomes P+T. If the 1

3

C  is replaced 
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with 1

75.3

1

3

 CpC , which means that the original edge states located at z = 3 shift 

up to energy being equivalent to z = 3.75.The edge bond is strengthened by 

[E4f7/2(T+P)- E4f7/2(0)] / [E4f7/2(12)- E4f7/2(0)] = (31.310-28.910)/2.173 = 1.104, or 

10.4%, because of the joint effect of entrapment and polarization. It should be 

1.104/p =1.104/0.936 = 1.18 instead, if no polarization occurs.  

The extra P and the P+T states in the APSD are due to the edge atoms only as the 

APSD has filtered out the background and bulk information. It has been confirmed 

that the valence and the core electrons of a specimen shift simultaneously in the same 

direction because of the screening effect to the core charge, such as the cases of AgPd 

and CuPd bimetallic alloy catalysts,[72] and the Pt and Rh adatoms. The APSD of W 

edges share the same attribute to those of Rh adatoms and AgPd alloy. The latter has 

been identified as donor-type catalysts compared to the Pt adatoms and CuPd alloy 

that are opposite, because of the respective dominance of polarization and entrapment 

effect. From the electronic structure wise, we can suggestthat W edges should perform 

the same to Rh and Ag/Pd as n-type catalysts though experimental confirmation is 

needed. Nevertheless, the APSD can help us to search for new catalysts and identify 

the catalytic nature of existing catalysts.  

4.3.3 Conclusion 

The combination of BOLS correlation and XPS measurement provides profound 

information about the effective atomic CN, local bond strain, bond energy, binding 

energy density and the atomic cohesive energy in the surface skin up to two atomic 
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layers of different orientations. A further APSD processing revealed extra features of 

the bulk valley, polarization and the joint effect of entrapment and polarization and 

their physical indications, which confirm the positive core-level shift and clarify the 

long confusion in the bulk component assignment. Results evidence the BOLS 

expectation of the edge states as resulting from the undercoordination-induced local 

bond contraction and the associated quantum entrapment and densification of core 

electrons and the polarization of the otherwise conducting electrons of W edge atoms 

by the entrapped core charge. Most strikingly, being similar to the spectral features of 

Rh adatoms and Ag/Pd alloy, W edge is suggested to serve as a donor-type catalyst. 

As demonstrated, the APSD should provide a powerful tool for one to purify 

information from atomic-scaled zones surrounding under-coordinated atoms 

regarding the local bond and energetic behavior of electrons, which is helpful for us to 

search for new catalysts. 
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Figure 20 From the normalized the (110), (540), and (320) XPS 4f7/2 spectra [68] (a) one can hardly 

discriminate the contribution of the edge atoms from those of the un-edged (110) surface; but (b) the 

PRS, or subtraction of the un-edged from the edged W(540) and (320) surfaces, can resolve the edge 

states unambiguously with the P and P+T extra states and the B and the additional valley at the bottom 

edge. The resultant PRS almost satisfies the criterion of spectra area conservation. 
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Figure 21 The PRS for Rh adatoms with the inset of Pt adatoms[114] for comparison with Figure 20b. 

The spectral similarity of the Rh adatoms and W edge atoms suggests that W edge may perform the 

same to Rh adatoms as a donor-type catalyst. 

4.4 Pt and Rh Adatoms  

4.4.1 Introduction 

Adatoms adsorbed on certain single crystal surface attracts more interests especially 

in the study of catalyst. Compared with nanoparticles, adatoms has mucl less atomic 

CN than that of surface atoms on nanoparticles. In addition, the interaction between 

the adatoms and the substrates always plays important role in the performance of as 

adsorbed adatoms, in this section, the homogeneous adatoms on Pt and Rh single 

crystal surface has been investigated using XPS measurement, and APSD method was 

also adopted to study the interesting properties of adatoms. 

4.4.2 Results and Discussion 

Thanks to the well-measured sets of XPS data from Pt[108] and Rh[59] surfaces with 

adatoms that make the current verification of the BOLS expectations possible. Using 
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high-resolution XPS, Baraldi et al.[59] examined the adatom effect up to 1/4 ML on 

the 3d5/2 spectra of Rh(110) and Rh(111) surfaces at photon energy of 380 eV with 

polar emission angles varying from 20 to 50 with respect to the surface normal. 

Results showed that the smaller polarization angle from the Rh(111) surface derives a 

relatively higher intensity of the high-energy bulk component; at the given polar angle 

and beam energy, the intensity of the low-energy surface peak increases with the 

coverage of the adatoms compared with other peaks at higher bulk BE of Rh(100). 

These observations demonstrate the sequence of positive shift. Bianchettin et al.[108] 

also examined the adatom effect up to 0.19 ML on the Pt 4f7/2 and decomposed the 

spectra using two peaks, one is at 71.0 eV and the other around 70.5 eV. The intensity 

of the 71.0 peak increases with the coverage of adatom compared to that of the 70.5 

eV peak, being consistent with that observed from Rh surfaces.  

In order to compare the spectral intensity evolution upon adatoms deposition, 

we need to find the spectral intensity difference between the spectra collected from 

specimens with different amount (ML coverage) adatoms and the spectrum from the 

ideally clean surface as a standard. Before doing so, we need to normalize all the 

spectra using the commonly maximum intensity as reference. For Pt 4f7/2, the 

maximum is at 70.52 eV; for Rh 3d5/2, it is at 307.13 eV. Normalization of all the 

compared spectra in one set using the highest intensity at certain energy of all the 

spectra will ensure the full information to be properly analyzed, including the charge  
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Figure 22 Comparison of the subtracted spectra for surfaces with varied coverage of adatoms by the 

spectra of clean surfaces of (a) Pt 4f7/2 [108] and (b) Rh 3d5/2. [59] Indicated numbers are the effective 

atomic CNs for bulk (12), surface layers (4, 6), and adatoms (< 4). The spectral differences in (c) and 

(d) show clearly the presence of quantum trapping effect in both cases and (d) the dominance  

polarization effect in Rh, which differs Pt from Rh adatoms in catalytic reactions.  

polarization and trapping. Figure 22a and b compares the normalized spectra that 

were collected from Rh and Pt surfaces with different coverage of adatoms. The 

overlapping of the spectra can hardly show the details clearly regarding the spectral 

evolution upon homo-adsorption of the surfaces. 

In order to view closely the spectral difference, we subtracted the normalized 

spectrum of the clean surface from those with adatoms to gain the APSD. The APSD 

are compared in Figure 22c and d. As expected, no polarized features present at all for 
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Pt specimen. However, the Rh profiles are more complicated. In additional to the 

trapped states at energies of z =4 and 6, the original trapped states at z = 3 disappear 

with an addition of the polarized P states centered at 306.2 eV, above the bulk 

component. It is seen that the extent of trapping and polarization increases with the 

adatom coverage up to 0.25 ML. Further deposition may reduce the extent though 

experimental evidence is lacking from the available database.  

The APSD between Pt and Rh coincides exceedingly well with the BOLS 

expectation that only the otherwise conductive half-filled s-electron Rh(4d
8
5s

1
) can be 

polarized and locked as monopoles to the adatoms, making no contribution to the 

conductivity.  These polarized s-electrons are suggested to be responsible for the 

magnetism of the small clusters as well.[57, 115]  It has been confirmed that the 

valence and the core electrons of a specimen shift simultaneously in the same 

direction because the screening effect to the core charge, such as the cases of AgPd 

and CuPd bimetallic alloy catalysts.[49, 116] AgPd was identified as a donor and 

CuPd as an acceptor because of the respective polarization and trapping effect.  

There are two possible reasons for the loss of the initially trapped surface 

charge at z = 3: (i) the electrons of adatoms are fully polarized, moving from z = 3 

energy to the P states; (ii) the number of the initially z = 3 adatoms is reduced upon 

deposition of adatoms, which means that the initial flat surface is not so flat but with 

many edges and steps. Compared with the XPS Pd 3d5/2 profiles, the XPS 3d5/2 

spectra of Rh surfaces demonstrate asymmetric features.[58, 59] The tails at the lower 
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energy end indicates the presence of surface defects trapped states. From the analysis, 

it is understandable now why there is no such P states in the Pt(5d
10

6s
0
) 4f7/2 spectra 

because of the unoccupied 6s-orbit. 

According to the constraints given, the spectra from clean surface of each Pt 

and Rh specimen was decomposed with five components, representing the P, B, S2, S1 

and A from higher to lower BE, as shown in Figure 23. The decomposition was 

conducted by choosing z1 = 4 and z3 = 12 for the (100) surface as reference and 

allowing other components to be optimized in the best fit.  For each element, the B 

energy and       remain unchanged for all the surfaces. The optimal component 

energies and the decomposition parameters are summarized in Table 6. The derived 

local strain (cz-1) and the effective CNs for the other components are also given. 

From the decomposition, we obtained the       and          values. 

Using a least roof-mean-square method,[64] we can obtain the standard deviation. It 

has been derived that the BE for an isolated Rh atom is 302.14670.0003 eV with the 

bulk shift of 4.3653 eV and that the BE for an isolated Pt atom is 67.20860.0003 eV 

with the bulk shift of 3.2814 eV. The refinement leads to the effective atomic CNs of 

the top (100) and (111) atomic layers as 4.00 and 4.25.  

The calculations lead to the coordination-resolved BE shift for Rh 3d5/2 and 

Pt 4f7/2: 
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with an addition of the polarized states to the Rh adatoms. Theoretical reproduction of 

the size dependence of the Pt 3d5/2 spectra has led to the bulk shift of 2.990.31 eV 

and the E3d(1) = 67.67 eV. The difference may arise from the accuracy of particle size 

determination. Theses fundamental information should be useful to the understanding 

of the catalytic behavior of these under-coordinated atoms. 

Besides the effective atomic CN and the local strain (cz-1), decomposition of 

the XPS spectra allows us to derive information regarding the ratio of BE density 

(cz
-4

), and the ratio of atomic cohesive energy (z/zbci
-1

) for each surface and adatom 

component,[57] as listed in Table 6. These quantities are of fundamental importance 

to the understanding of the surface properties and the processes of surface reaction 

and nucleation. For instance, the BE density determines uniquely the elastic 

modulus[74] and the atomic cohesive energy dominates the critical temperature of 

phase transition.[73]  
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Figure 23 Decomposed XPS spectra of the (a) Pt(111) and (b) Rh(100) clean surfaces with five 

components each representing the polarized P, bulk B, surfaces S1 and S2, and the adatom A states from 

lower (larger absolute value) to higher BE. The decomposition parameters are listed in Table 6. 

4.4.3 Conclusion 

We have analyzed the homo-adatom XPS spectra of Pt 4f7/2 and Rh 3d5/2 based on the 

recently developed BOLS theory and Algorithm with derived quantitative information 

and improved understanding of the catalytic behavior of the under-coordinated atoms: 

The expectations of broken-bond-induced local strain and quantum trapping and the 

associated polarization of nonbonding electrons have been confirmed; The spectral 
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difference provides a powerful tool for identifying the evolution of electrons upon 

coordination change; The five-component spectral decomposition allows us to extract 

quantitative information about the energy levels of an isolated atom and to establish 

the coordination-resolved BE of each component and the corresponding local lattice 

strain; Approaches and findings may extend to other under-coordinated systems such 

as atomic defects and nanostructures; Most importantly, the Rh adatom has been 

identified as a donor and Pt adatom as an acceptor in the catalytic reactions because 

the XPS-detected respective polarization and quantum trapping effect; Besides the 

effective atomic CN and the local strain, decomposition of the XPS spectra allows us 

to derive information regarding the ratio of BE density and the ratio of atomic 

cohesive energy for each surface and adatom component, which are of fundamental 

importance to the understanding of the surface properties and the processes of surface 

reaction and nucleation.  
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Table 6 Summary of decomposition parameters (BE-BE; W-width; I-intensity) for the Pt and Rh 

spectra and the BOLS derived effective CN(z), local strain (cz – 1), the ratio of BE density (cz
-4

) and the 

ratio of atomic cohesive energy (z/zbci
-1

) for each surface and adatom component. zb = 12.  

  P B S2 S1 A 

Pt(111) 

4f7/2 

BE 70.21 70.49 70.69 70.91 71.18 

W 0.70 0.33 0.33 0.36 0.95 

I 0.15 0.73 0.21 0.37 0.26 

z _ 12 6.25 4.25 3.15 

cz-1 _ 0 -0.05 -0.113 -0.174 

cz
-4

 - 1 1.27 1.62 2.15 

z/zbcz
-1

 - 1 0.55 0.40 0.32 

Rh(100) 

3d5/2 

BE 306.10 306.53 306.85 307.15 307.51 

W 0.45 0.33 0.31 0.32 0.70 

I 0.09 0.70 0.34 0.85 0.22 

z _ 12 5.73 4.0 3.0 

cz-1 _ 0 -0.068 -0.124 -0.183 

cz
-4

 - 1 1.327 1.700 2.248 

z/zbcz
-1

 - 1 0.5129 0.381 0.308 
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4.5 Vacancies on Graphite  

4.5.1 Introduction 

As vehicles for the quantum spin Hall-effect in topological insulators, graphitic 

Dirac-Fermi polarons (DFPs) associated with atomic undercoordination at the edges 

of graphene ribbons[12, 117, 118]  and the vacancies[119-122]of a graphite surface 

are indeed fascinating. The DFPs demonstrate anomalies including the extremely low 

effective mass, extremely high group velocity, and non-zero spin, following the Dirac 

equation with a nearly linear dispersion crossing Fermi energy.[123-127] In order to 

identify the origin and consequence of the DFPs, information regarding the behavior 

of bonds and the energetically low-lying electrons surrounding the DFPs as “roots” is 

highly desired. However, such localized skin depth information is as yet by no means 

available. Scanning tunneling microscopy/spectroscopy (STM/S) collects information 

from the open side of a surface within the energy window of a few eVs surrounding 

Fermi energy. STM/S provides, however, limited knowledge of the bonds and 

electrons in zones and energies beneath what the STM/S can probe. In comparison, 

XPS collects statistic and volumetric information of electrons of several nanometers 

in depth[88] and energies in the valance band and below. It is possible to purify the 

bond and electronic information limited to the selected zones by a process of 

photoelectron residual spectroscopy.   
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4.5.2 Results and Discussions 

In order to examine the proposed APSD for spectral information purification, we 

firstly collected the XPS data from the clean highly-oriented-pyrolytic-graphite 

(HOPG) surface using the Sigma Probe (Thermal Scientific) monochromatic Al 

Kα(1486.6 eV) as the X-ray source with the emission angles from 25 to 75. All 

spectra was recorded by constant pass energy mode with pass energy of 10 eV. The 

generation and concentration of the defect vacancy was realized and controlled by Ar
+
 

ions sputtering of 0.5 keV energy. The sputtering dose was controlled by the sample 

current and the duration of sputtering.  

Figure 24 a and b shows respectively the XPS spectra collected (a) from the 

defect-free surface at different emission angles and (b) from the surface of different 

defect densities represented by the Ar
+
 doses at 50. However, the overall intensities of 

the raw spectra are relatively weaker for those collected at larger emission angles or 

from the roughened surfaces because of information mixture from different depth 

profile or spectra components.  

In the APSD processing, we firstly corrected the spectra using the standard 

process of Shelly background correction before doing the spectral area normalization. 

The spectra collected from the defect-free surface at larger emission angles were then 

subtracted by the referential one collected from the freshly-cleaved surface at the least 



96 

 

(25) available angle. For the surfaces with defects, we simply repeat the process at 50 

without changing the emission angle.  

 Figure 24c and d show the evolution of the APSD for the defect-free surface (c) 

and surface with defect densities as represented by the dose of Ar
+
 sputtering (d). The 

insets show the zones (in blue color) dominating the extra states in each case. The areas 

above and below the x-axis are, respectively, the gain and loss of the energy states 

under the given conditions. The walleyes at 284.2 eV in (c) and 284.4 in (d) correspond 

to the subtracted bulk and surface-bulk components.  

 For the defect-free surface, only one entrapped peak (TS) is present at the 

bottom edge of the C 1s band, which shifts further to a lower binding energy 

corresponding to the evolution of the effective atomic CN from z ~ 4 to z ~ 3.2, as the 

emission angle increases from 35 to 75. As defects are generated, the TS moves to 

energy even deeper and evolves into TD. The TD is associated simultaneously with the 

emergence of both the DFPs at the Fermi energy[12, 117-122] and the P component at 

the upper edge of the C 1s band. As the defect density is increased, the intensity of the 

TD component grows and the P component moves up in both energy and intensity, 

which indicates that the extent of polarization increases with the density of defects. 

The presence and evolution of the TS to the TD component is referred to as a positive 

core level shift due to the surface- and defect-induced quantum entrapment making the 

C 1s band deeper when the atomic CN is decreased, which verify further 

Goldschmidt-Pauling’s premise of bond contraction.  
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 Figure 25 summarizes our findings of the APSD collected at 75 emission angle 

from surfaces with and without defects. The atomic CN for the graphite skin is ~3.1 and 

for the vacancy neighbors it is ~2.2. The energy ranges for both the TS and TD 

components correspond to the z values for atoms in the outermost two atomic layers.  

The P component is centered at 283.63 eV, 0.31 eV above that (283.94 eV) of the bulk 

diamond. Therefore, the polarization coefficient p = (283.63-282.57)/(283.94-282.57) 

= 1.06/1.32= 0.80, which means that the DFPs screening raises the potential by 20% 

compared with that in diamond, while the vacancy trapping potential is 

97.0156.2

5.2 

zC times deeper. According to the energy band theory,[128] the 

separation between the TS or the TD and the E1s(0) = 282.57 eV is proportional to the 

bond energy. The defect bond (TD) are estimated to be (285.25-282.57)/(284.70-282.57) 

= 1.25 times stronger than bond at the surface (TS), agreeing with the trend of energy 

requirement for the 2- and 3-coordinated graphene bond breaking.[12]  

4.5.3 Conclusion 

In summary, the APSD has enabled the first extraction and purification of bond and 

electronic information from a sheet of atomic-diameter-thick and hence clarified the 

physical “root’ and consequence of the graphitic DFPs created at sites surrounding 

vacancy defects at graphite surface, which is the same as those at the edges of graphene 

because of the same STM/S attributes.[12, 117-122] It has been confirmed that the 

DFPs generate in the following processes: (i) the shorter and stronger bonds between 

under-coordinated atoms cause local densification and quantum entrapment of charge 

and energy that produces the entrapped component in the core band; (ii) the entrapped 
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core charge polarizes the unpaired dangling-bond electrons to produce the DFPs; and, 

(iii) the DFPs in turn screen and split the potential and then generate the P component 

in the upper edge of the core band. For the clean surface, no P component presents 

though the TS remains because of the lacking of the dangling bond electrons. The 

APSD is therefore demonstrated more revealing than using either of the STM/S or the 

XPS alone in purifying bond and electronic information limited to the 

atomic-diameter-thick covering sheet under the under-coordinated surface and defect 

atoms. 
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Figure 24 The raw XPS spectra collected from (a) defect-free HOPG surface at different emission 

angles and (b) the defect surface at 50 of different Ar
+
 sputtering doses. (c) The purified XPS shows 

only the trapped (TS) surface states evolving from z ~ 4 to z ~3.2 with emission angle increasing and (d) 

both the trapped (TD) and polarized (P) states to the defects.  
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Figure 25 Comparison of the purified XPS C 1s spectrum collected at 75 from the surface with 

(910
14

 cm
-2

 dosed Ar
+
 sputtering) and without defects. The valleys centered at 284.2and 284.4 eV 

correspond, respectively, to the removed obvious graphite bulk and surface-bulk information and the 

extra components are the energy states due to the surface skin, TS(z ~ 3.1),  within the outermost two 

atomic layers and sites surrounding vacancy defects, TD(z ~ 2.2). G denotes the bulk graphite (z = 

5.335). The P component at the upper edge arises from the screening and splitting of the crystal 

potential by the DFPs that originate from the polarization of the entrapped (TD in the bottom of the core 

band) core electrons.   
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Chapter 5 Size Dependent BE Shift of Metal 

Nanoparticles 

5.1 Introduction  

Metal nanoparticles have been attracted tremendous interests in recent years, owing to 

their intriguing properties in electronic structure[129, 130], mechanical strength[131], 

chemical and thermal stability[132], magnetism[133], and catalytic 

performance[134-136] and potential applications in devices and materials 

functionalization in nanoscale,[137]. The degree of the size freedom of metal 

nanoparticles has been indeed fascinating because the size reduction enables all the 

otherwise constant quantities such as atom bond length[42, 53], melting point[138], 

and band gap[139, 140], to be tunable, as well surface relaxation and related 

modification in surface morphology and electronic configuration[141-146]. It has 

been confirmed that the BE of metal nanoparticles shifts positively from as its size is 

decreased.[29, 30, 147, 148] The relation between the size variation and the BE shift 

has been discussed extensively for more than half a century and a series of theoretical 

calculations have also been performed. However, the mechanism to this phenomenon 

is still under debate. Amongst the available models as mentioned in chapter 2.5, the 

Coulomb effect[28, 29] of charged nanoparticles with one hole left after an electron 

being emitted out is suggested to be responsible for the corresponding BE shift. 

Whereas, the coulomb effect is unable to explain the fact that the BE values of 
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dissimilar core levels of the same specimen shift differently. Another model is the 

“initial and final state” effect,[30, 149] which defines the “initial state” effect as the 

shift induced by the electron configuration modification and chemical environment 

variation of nanoparticles before being excited by the incident X-ray. The “final state” 

effect means the relaxation arising from the process of photoelectron emission. 

Although this model has been widely used, quantitative information regarding which 

of the “initial state” or the “final state” is dominant cannot be extracted accurately 

from measurement. Thus, Universal laws governing the size dependent BE shift in 

nanoparticles should be established.[17, 37, 42, 150-157] 

In chapter 2, we have demonstrated that as the size of nanoparticles 

decreases the core level energy shifts to higher value. The magnitude of the BE shift 

for different nanoparticles is dependent on the size evolution, the constituent elements 

and the supportive substrates. In this chapter, several metal nanoparticlas on different 

substrates are synthesized in UHV environment and in-situ XPS measurements are 

performed. The trend of BE shifts of metal nanoparticles is obtained and the relation 

between the size variation and the BE shift has been discussed. 

5.2 Ni Nanoparticles. 
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5.2.1 Ni Nanoparticles on SiO2/Si Substrate 

5.2.1.1 Synthesis of Ni Nanoparticles  

SiO2/Si substrate was synthesized by wet chemical method. First, silicon chip was 

dipped 2% HF solution for half an hour to dissolve the SiO2 layer formed in air. Then, 

silicon chip was put into mixed solution of H2O2 and HNO3 with volume ratio of 1:3 

for 30 minutes. Finally, it was airproofed in dry oven at 90 
0
C for half an hour. The 

thickness of SiO2 on Si chip was measured by the XPS shown in Figure 26. All XPS 

measurements were performed using VG ESCAlAB 220i-XL instrument. 

Monochromatic Al Kα (1486.6 eV) was set as the X-ray source. The XPS was 

calibrated using pure gold, silver, and copper standard samples by setting the Au4f7/2, 

Ag3d5/2 and Cu2p3/2 peaks at BE of 83.98 ± 0.02 eV, 368.26 ± 0.02 eV, 932.67 ± 0.02 

eV, respectively. The pass energy of 20 eV was used for all spectra. In Figure 26, the 

peak near 99 eV is denoted as Si 2p for pure Si and the peak near 103 eV represents 

the Si 2p in SiO2. The thickness of SiO2 could calculate following equation below: 

           
       

      
  ) 

Where   is the effective attenuation length of photoelectrons.   is the take off angle 

which equals 90
0
 in our experiment.                . Adopting λ=2.96 nm and 

β=0.75,[158, 159] the thickness of SiO2 is calculated as 0.64 nm. Prior to Ni 

deposition, as prepared SiO2 substrate was cleaned using ultrasonic treatment in 

acetone solvent, then, annealed at 773 K in the UHV preparation chamber. Ni 
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nanoparticles were deposited by an Omicron EFM3 e-beam evaporator in the UHV 

preparation chamber. Commercial Ni rod was purchased with normal purity of 

99.999%. Different deposition time was adopted to form Ni nanoparticles with 

different size. After deposition, it was transferred to the analysis chamber directly 

without any exposure to air.  
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Figure 26 Si 2p core level of SiO2/Si substrate. 

5.2.1.2 Size Measurement of Ni Nanoparticles on SiO2/Si 

Substrates 

Figure 27 showed a schematic of a metal island (nanoparticle) supported on a flat 

oxide surface. In the simplified without the consideration of metal surface energy 

anisotropies, a mechanical equilibrium for the complex can be written by Young’s 

equation: 
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Where, γsub, γmetal and γinterface are the surface free energy of the oxide substrate, the 

metal overlayer and metal–oxide interaction, respectively. θ is the contact angle of 

metal overlayer on oxide support. Experimentally, the work of adhesion (Wad) rather 

than the interface energy can be measured. Wad  is expressed by the following 

formula:  

                            

Thus, the mechanical strength at the interfaces is closely related to the metal–oxide 

interaction. According to equation, interface strongly influences the growth behavior 

of metal overlayers, determining wetting or non-wetting of the metal, layer growth or 

island growth of the metal, etc. When Wad is larger than zero, the growth of metal will 

follows Volmer-Weber mode. Metal Ni deposited on SiO2/Si substrate is island shape 

because of the small surface free energy of substrate and metal overlayer. 

 

Figure 27 Schematic of Ni nanoparticles on oxide substrate in thermodynamic equilibrium. 

To gain an accurate size distribution of Ni nanoparticles on SiO2/Si substrate, 

TEM measurement is adopted. Figure 28 shows the TEM images of Ni nanoparticles 

deposited on SiO2/Si substrate for different deposition times and respective size 
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histogram. The TEM measurement for specimens at two deposition time is given. As 

shown in Figure 28(a), for 2 minutes deposition, spherical Ni nanoparticles are 

observed, which morphologies is similar to the results reported for Ni growing on 

TiO2(100) and (110)[160-162] and teflon substrates[38]. The size distribution of 

radius is calculated as 1.13± 0.03 nm as shown in Figure 28(b). In Figure 28(c), as the 

deposition time prolongs to 30 minutes(min), the Ni nanoparticles still keep the 

spherical shape with radius size distribution of 3.5 ± 0.3 nm, as shown in Figure 28(d). 

Thus, the growth of Ni nanoparticles on SiO2 substrate follows the Volmer-Weber 

(island) mode. In Figure 28(c), the coalescence between bigger Ni nanoparticles 

appears, although every isolated nanoparticle in coalescent is facile to be differentiated. 

Some smaller Ni nanoparticles also turn out at this moment, which may be induced by 

the second nucleation for continuous Ni deposition.  

5.2.1.3 XPS Measurement of Ni Nanoparticles on SiO2/Si 

Substrates 

Figure 29(a) shows the Ni 2p3/2 spectra as a function of deposition time. For 

convenient observation, all the spectra are normalized with respect to their peak 

intensity maximum. Comparing the 2p3/2 spectra of Ni nanoparticles, a positive shift 

towards the high BE is observed as the deposition time is decreased, which is 

consistent with the previously reported trends.[163-165] In order to obtain the peak 

position, we decompose the spectrum using the AVANTAGE commercial software 
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and Shirley background subtraction is adopted. Figure 29(b) shows the best fit of a 

typical spectrum that was collected at deposition time of 5 min. It is derived from the 

decomposition that the 2p3/2 peak shifts from 854.08 to 853.25 eV as the Ni deposition 

time increases from 20 seconds to 60 minutes. There is another small peak which is 

easily assigned to the satellite of Ni 2p3/2 peak induced by the interaction between the 

outgoing electron and the valence electron. The distance between Ni 2p3/2 peak and 

satellite peak is about 6 eV. 

5.2.1.4 Discussion on Size Dependent BE Shift 

Increasing evidence supports the expectation that surface modifications become 

significant as small size.[37, 41, 53] For example, Mironets et al.[41] demonstrated 

that the mean lattice constant of Co nano-islands deposited on Cu(001) substrate 

contracts by 6% from the bulk value of 0.251 nm to 0.236 nm when one moves from 

the center to the edge of the nano-islands. Since lattice strain occurs at surface skin up 

to a few atomic layers, an additional depression of the potential well takes effect on 

the BE of the core electrons. For Cu18 and Ni18 atomic clusters, calculations[37] 

suggested that the BE for both the initial and the final states undergo positive shifts 

from zero to 0.7 ~ 0.8 eV when the average strain of the clusters are increased from 

zero to 6%. An atomic layer-resolved XPS of Ni surface[40] revealed that the surface  
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Figure 28 TEM observation of Ni nanoparticles deposited on SiO2 substrate for deposition time of (a) 2 

min and (c) 30 min. (b) and (d) are the corresponding nanoparticles size histogram. The circled 

boundary of nanoparticle in (a) is for viewing convenience.  
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Figure 29 (a) XPS Ni 2p3/2 profiles at different deposition time (b) peak fitting of 2p3/2 core level, the 

Shirley background subtraction is adopted. 
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core level shift positively and that the outermost layer shift most. All the observations 

support the deduction from BOLS correlation. Figure 30 compares the BOLS 

reproduction and the experimental data on size dependent BE shift. Based on the 

TEM measurement for Ni clusters size and Decomposition of all the available spectra 

for different sizes, we gain values of the               and the       using the 

Eqs. and  in chapter 2. The Ni 2p3/2 BE of an isolated atom is 850.51 eV and the bulk 

BE is 853.21 eV. In the calculation, m =1 and τ=3 are used for the three-dimensional 

Ni nanoparticles as observed using TEM. The bulk BE value of Ni 2p3/2 agrees with 

those reported in the literature[28, 166]. The corresponding bulk shift         

       for Ni 2p3/2 core level is 2.70 eV. The                and       can 

also be obtained by direct fitting to the experimental data using the established linear 

dependence of the BE on solid size:[167, 168] KBAKEv )( . K is the 

dimensionless form of size. Equating this relation to the BOLS expression given in 

Eq.35, we could find the correspondence:        and                 

    . Thus, parameter A represents the bulk BE and the slope B demonstrates the 

integrated effects of intrinsic bulk BE shift such as the growth mode and the 

perturbation of Hamiltonian in the surface skin. The bulk shift of               

could be calculated by the values of A and B which is gained following the linear 

fitting of experimental data. From this fitting as shown in the inset of Figure 30, A 

and B are determined as 853.26 and 1.71 eV, respectively. The bulk shift is 2.62 eV, 

close to the value of 2.70 eV obtained from BOLS calculation. Therefore, both 
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spectral fitting and size fitting give the same value within the error tolerance. It is now 

clear that the size dependent BE shift for Ni nanoclusters originates from the 

perturbation in the Hamiltonian by the shorter and stronger bonds between 

under-coordinated atoms. This conclusion supports Richter et al.[37]and Bagus et 

al.[169]who suggested that the lattice contraction in Ag nanoclusters plays the 

dominant role in determining the BE shift.  
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Figure 30 Consistency between the BOLS prediction (solid line) and the measured BE of Ni 2p3/2 

(scattered data) of Ni nanoparticles. Inset is the least mean-root-square fitting of the BE of Ni 2p3/2 to 

the inverse of size: Ev(K) = 853.260.02 + (1.710.07)/K. 

5.2.1.5 Full-Width-at-Half-Maximum of Ni 2p3/2 

Figure 31(a) illustrates the Full-Width-at-Half-Maximum (FWHM) of Ni 2p3/2 peak 

for different deposition time. The FWHM of Ni 2p3/2 peak decreases rapidly from 2.0 

eV for Ni deposition time of 20 seconds to 1.0 eV for that of 60 minutes which is the 

same to the value of bulk Ni[150]. This FWHM size trend is within the expectation of 

quantum trapping and the polarization of the otherwise conducting electrons by the 
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densely trapped binding electrons.[114] The smaller the particle size, the stronger of 

the effect of trapping and polarization, and hence the wider of the spectrum will be. 

To get the detailed comparison, we subtract the spectrum of 5 min by the 60 min one 

after the normalization of each. As shown in Figure 31(b), the residual peak at lower 

binding energy indicates that the effect of quantum trapping is more significant for 

smaller size. No apparent polarization peak at the high binding energy side is 

observed because of the size effect dominance in nanostructures.  

5.2.1.6 Conclusion 

Combining the tight-binding theory, BOLS correlation and the XPS measurement, we 

have determined the 2p3/2 BE of 850.51 eV for an isolated Ni atom and the bulk shift of 

2.70 eV from the measured size dependent spectra. It has been clarified that the size 

dependent BE shift for Ni nanoclusters originates from the perturbation in the 

Hamiltonian by the shorter and stronger bonds between under-coordinated atoms. The 

size dependent FWHM change confirms the BOLS expected quantum trapping states 

due to atomic under-coordination. 

5.2.2 Ni Nanoparticles on SrTiO3(100) Substrate 

5.2.2.1 Preparation of STO Substrate  

SrTiO3 (STO) is a model material of the perovskite-type oxides (ABO3). It has many 

technological applications, e.g., in sensors, gate dielectrics, and as photocatalysts. In  
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Figure 31 (a)the FWHM variation with deposition times ranging from 20 sec to 60 minutes.(b) The 

residual spectrum shows the effect of quantum trapping (T). 

addition, STO has been widely used as a substrate for epitaxial growth of high-Tc 

superconductors, metals, and oxides films. The (100), (110), and (111) facets of STO 

are the most commonly studied surfaces in the experiments. Among them, the (110) 

and (111) surfaces are polar, while the (100) surface is non-polar. Since a STO crystal 

consists of a stack of alternating TiO2 and SrO layers, a STO (100) surface may have 

two distinct terminations: TiO2 termination and SrO termination. It has been found 

that etching of pre-polished SrTiO3(100) substrates in NH4F-buffered HF (BHF) 
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solutions selectively removes surface SrO groups as well as calcium impurities 

leaving the surface terminated with Ti and O.[170, 171] The reproducibility of the 

surface etching process has been improved through hydroxylation of the topmost SrO 

layer, which enhances the etching-selectivity of SrO relative to TiO2 in a BHF 

solution.[172, 173] Atomical flat surfaces with a TiO2-termination can be obtained by 

the chemical etching followed by heating in O2 and UHV. The surface termination  
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Figure 32 The XPS of Sr 3d BE of clean STO (100) surface. 

can be switched to the SrO-termination by depositing a monolayer of SrO on the 

TiO2-terminated surface.[174] Electron energy loss spectroscopy (EELS) 

measurements indicate that the electronic structures of the two differently terminated 

surfaces are different. TiO2-terminated surfaces show intrinsic surface states while 

SrO terminated surface does not exhibit such states. It has been seen that the 

photocatalytic activity on the SrO-terminated surface is lower than that on the 

TiO2-terminated surface. 
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In our experiment, commercial STO (100) substrate was cleaned firstly by 

ultrasonic in acetone solution, then, annealed at 773 K in preparation chamber with 

high vacuum of 1.0×10
-9

 Torr. Ni metal was deposited by an Omicron EFM3 e-beam 

evaporator using Ni rod with purity of 99.999%. After Ni deposition, the sample was 

transferred directly into analysis chamber for XPS measurement. Figure 32 shows the 

XPS of clean STO (100) surface. The Sr 3d5/2 and 3d3/2 peaks locate at 133.90 eV and 

135.60 eV respectively. 

5.2.2.2 Results and Discussions 

Figure 33 shows the XPS of 2p3/2 and 3p energy bands as a function of Ni coverage.  

The thickness of the Ni nanoparticles is calculated using the equation as follows: 

                
  

       
   

Where[175] 

 

 
 

       
   

  
         

 
  

  
 

  
     

    

  is the atomic weight of Ni,                  is the bulk density, N is 

Avogadro’s number,   is the take-off angle. Following the equation, the thickness of 

Ni monolayer which is defined as the same packing density of Ni (111) surface 

(                   is 0.22 nm. In the process of Ni deposition, the positions of 

Sr 3d5/2 and 3d3/2 peaks keep same with that of clean STO surface, as well as the O1s 
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and Ti 2p, which confirms no interaction between the Ni overlayer and STO surface. 

For viewing convenience, all spectra in Figure 33 are normalized with respect to the 

highest peak intensity. In Figure 33(a), 0.8 eV positive shift for 2p3/2 peak is observed 

as the Ni coverage decreases from 17.2 monolayer(ML) to 0.27 ML. When the 

thickness is more than 8 ML, the Ni 2p3/2 BE reaches to the bulk value at 853.19 eV, 

agreeing with previous observations for Ni growing on different inert substrates.[150, 

176, 177] To obtain the accurate peak value, the peak fitting is done after the 

background subtraction in Shirley mode as shown by insert in Figure 33(a). A weak 

peak (～860 eV) around 6 eV higher than the main peak of Ni 2p3/2 is assigned to the 

satellite peak. The 3p peak spectra shown in Figure 33(b), are the mixture consisting 

of 3p3/2 and 3p1/2 energy bands because of the weak crystal potential screening 

splitting. Peak fitting is also conducted as shown in the insert, abiding by the intensity 

formula of 1:2 for 2p1/2:2p3/2. Compared 2p3/2 and 3p energy band, similar trend of 

positive BE shift for two core levels as the function of thickness are observed. 

however, the magnitude of the BE shift of 3p3/2 is around 1.3 eV, much greater than 

that of 2p3/2 peak (0.8 eV).[178]  

       In the BOLS convention,[64] coordination number of surface atom in 

outermost three atomic layers are assumed: z1 = 4, and z2 = 6, z3 = 12,  The bond 

contraction coefficient follows the Eq.21 as: c1 = 0.88, c2 = 0.94, and c3 = 1; m = 1 

(for metals) has been optimized in previous findings;[47, 57] parameter     is to 
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Figure 33 XPS Ni 2p3/2 (a) and (b) Ni 3p (b) spectra showing the BE shift as a function of Ni coverage 

deposited onto STO(100) surface. The inserts are the corresponding peak fitting. 'S' represents the 

satellite peak. 
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describe the one dimensionality of Ni nanoparticles because the thickness of ‘ML’ is 

adopted, while the morphology of Ni deposited on STO(100) surface has been 

reported in three dimensional island[179, 180] or multi-layer[181, 182](semi-three 

dimensional island) structure. By combination of accurate peak position and BOLS 

correlation, the binding energies of an isolated Ni atom are calculated as 850.51 eV 

for Ni 2p3/2 and 62.16 eV for Ni 3p3/2, with corresponding bulk shifts of 2.70 eV and 

3.91 eV, respectively. It should be noted that the bulk shift is referred to the position 

of the isolated Ni atom which is a constant. Figure 34 shows the comparison between 

of prediction from BOLS correlation and t experimental data. The well coincidence 

for the two Ni core levels of 2p3/2 and 3p3/2 which are predicted to follow same trend 

demonstrates the effective deduction from BOLS correlation. 

The discussion of the BOLS correlation on the BE shift of Ni deposited on 

STO(100) surface deduces that the bond contraction and strengthening on the surface 

of Ni nanoclusters is the key factor to take effect on the BE shift , which could be 

classified to the “initial state” effect. The “final state” effect is negligible. To confirm 

this conclusion, traditional method of Auger Parameter (AP) is adopted to 

differentiate the contribution from the “initial state” or “final state” effect in the BE 

shift of Ni nanoparticles.  

AP was proposed firstly by Wagner in 1971 at the first International 

Conference on Electron Spectroscopy. The original purpose to develop this parameter 

is to establish the analytical utility of Auger line in XPS. Strong chemical effects were  
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Figure 34 BOLS algorithm reproduction of the relative BE shift of both the 2p3/2 and the 3p3/2 derives 

the values of:       
    = 850.51 eV,       

     =2.70 eV;       
    = 62.16 eV, and 

      
    =3.91 eV. 

noted on the shapes, intensities and location of Auger line involving valence levels. In 

fact, in many case, Auger line shift with the chemical states was larger than that 

observed in that of photoelectron lines. The concept of AP was based on the following 

ideas: 

1. There is a fixed difference between two line (Auger and photoelectron) 

energies of the same element in the same sample. 

2. Work function corrections are also unnecessary and vacuum level data can 

directly be compared to Fermi level data. 

Wagner noted that the difference in two kinetic energies, which is accurately 

measurable in the presence of statically charging, can be very useful in the 

characterization of insulators and semiconductor materials. The original AP[183-185] 

was defined as difference in kinetic energies of prominent and conveniently situated 
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Auger and photoelectron peaks from same element, recorded in the same spectrum, 

i.e. 

                          

Where               is the kinetic energy of the Auger transition involving electrons 

from   ,     and      core levels, and       is the kinetic energy of the 

photoelectron from core level C. For rectifying negative value of  , a widely 

modification was accepted as: 

                       

Consideration upon the Auger transition in the atomic core, if the assumption of equal 

shifts in BE in all core levels involved in the definition of the Auger parameter is 

verified, then to a good approximation the AP shifts between two chemical states can 

be written as: 

                

Where      describes the extra-atomic relaxation or polarization perturbation 

coming from the neighbor ligand of the core-ionized atom. If the shifts are calculated 

with respect to the free atom or the free ion we can write                

because for free atomic or ionic species there is no extra-atomic relaxation energy. To 

study related metal nanoparticles supported on certain substrates, the equation was 

always adopted to identify the “final state” effect. But attention must be paid to two 

issues: the assumption for AP    , and the meaning of absolute value     . It is still 

a problem for verify exactly the assumption of “same shift for every core levels”. And 
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for the meaning of absolute value     , it is normally used in compound materials, 

and considers the comparison with bulk state of corresponding elements, in which 

different kinds of atomic force (valence electron mutual action) exists, for example, 

Ni and NiO.  

        To consider the first issue of assumption, Carlson[186] pointed out  that 

AP , as defined by Wagner, is a valuable parameter with which to correlate chemical 

bonding. However, more studies on the comparative chemical shift of different core 

electrons in the same atom are need if, as he put it, the interpretation of AP is to be 

treated with complete confidence. Thus Lang and Williams[187] introduced the 

generalized AP, ξ as: 

                                        

Hohlneicher et al.[188] proposed a similar equation if considering that two holes in 

the final state are in the same atomic orbital: 

                               

Note that for particular case of          there is a simple relationship between β 

and  :    . Thus, in the condition, the generalized AP could be: 

                  

Since no assumption is made in this definition, the accurate value of relaxation energy 

could be obtained and the role of the “final state” effect in the size dependent BE shift 

of metal nanoclusters can be understood. Richter[37] and Bagus[169] have used the 
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generalized AP to calculate the relaxation energy for Ni and Ag nanoclusters. 

Especially, Bagus[169] has proved that the value obtained using the calculation of 

   gives better precision than using the    . 

In our work, we get the well description of size dependent BE shift for Ni 

nanoparticles using BOLS correlation, in which, the Hamilton perturbed by lattice 

constrain originating from imperfection of atomic CN at surface region dominates the 

BE shift. We should validate the conclusion by means of   calculation for the 

“initial final state” effect without any assumption. Since two core levels are involved 

in the Auger process, it is critical to choose a reasonable BE to calculate the relaxation 

energy of     . In general, the                    is adopted, of which the 

valence band is involved. However, the valence band is influenced more easily by the 

ambient environment. Therefore, the Auger peak of              for Ni is chosen 

to avoid the disadvantage of valance band involvement, as denoted by arrow in Figure 

35. The data for the thinnest 0.27 ML is abandoned for difficult position confirmation 

due to weak peak intensity. With the increase of Ni coverage, the kinetic energy of 

Auger electrons shifts positively to high value. Combined the measurement of 

             and adoption of generalize AP   , Figure 36 demonstrates the 

proportional comparison of “initial state” and “final state” effect of      in the total 

BEs of Ni 3p3/2 BE as a function of Ni coverage. The relaxation energy is smaller than 

0.1 eV, and hence, could be negligible. Thus, the contribution of 'initial state' effect is 

determinative absolutely compared with the whole BE shift of Ni 3p3/2 BE. Similar 
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conclusion could be rational to draw for the 2p3/2 peak if deeper Auger peak of 

EK(KLL) is available. An exclusion of the relaxation energy by the generalized AP is 

consistent with the expectation of the BOLS theory and Richter’s proposal[37] as well,  

for the 2p3/2 and 3p3/2 BEs of Ni. 

5.2.2.3 Conclusion 

The size dependent BEs of Ni nanoparticles deposited on STO(100) surface has been 

investigated using XPS measurement. The positive BEs of Ni nanoparticles is 

ascribed to the skin depth quantum trapping which is induced by the surface bond 

contraction as expectation from BOLS correlation. A calculation of the generalized 

AP reveals that the contribution of ‘initial state” effect is dominant to the entire BEs 

of Ni nanoparticles and relaxation energy arising from photoelectron emission process 

could be negligible. 
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Figure 35 The Auger kinetic energy,              (denoted as arrowed) as function of Ni coverage 

deposited onto STO(100) surface. 

 

Table 7 The peak position for energy bands including Auger peak after peak fitting performed. The 

position with the highest intensity is recorded as VB peak position. 

Thickness(ML) 2p3/2 (eV) 3p3/2 VB L3M23M23 L3M45M45 

0.27 853.92 67.43 1.89 ～ 843.37 

0.56 853.77 67.17 1.51 709.29 843.80 

1.35 853.50 66.86 1.10 709.76 844.38 

2.8 853.35 66.45 0.91 710.35 844.58 

8.2 

17.2 

853.26 

853.21 

66.22 

66.11 

0.69 

0.42 

710.96 

711.00 

844.99 

845.50 
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Figure 36 The Ni 3p3/2 BE shift in comparison to the “final state” effect of relaxation energy and the 

“initial state” effect. 

5.3 Pt Nanoparticles on SiO2/Si Substrate 

5.3.1 Substrate Preparation 

The size-induced BE shift is of particular interest as the Pt nanostructures is 

promising candidates for catalytic oxidation of carbon monoxide and nitric monoxide 

species. Using XPS measurement, Marcus et al.[177] and Yang et al.[189] have 

observed a ∼0.6 eV positive shift from 71.1 eV for the bulk Pt to 71.7 eV for Pt 

nanoparticles deposited on carbon nanotubes. Yang et al.[190] found a ∼+0.5 eV 

shift for Pt deposited on HOPG with a thickness of 0.4 monolayer; Bittencourt et 

al.[191] also reported a positive shift of 0.5 eV for 4f7/2 peak as the thickness of Pt 

nanoparticles on the CNT is around 0.2 nm. These observations showed clearly that 

size of Pt nanoparticles could induce positive BE shift. 
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In this study, TEM is adopted to measure the size of Pt nanoparticles 

deposited on SiO2/Si substrate. Traditionally, specimen should be cut and lapped into 

certain thickness to fulfill the measurement condition of TEM. However, in the 

preparing process, contaminations and destructions for sample always have to be 

faced to. To avoid such disadvantage, the SiO2/Si substrate is cut and lapped well for 

TEM measurement in advance before it is transferred into the preparation chamber for 

growth. After Pt deposition, it is measured directly using TEM without any cutting or 

lapping. Figure 37 shows the Si 2p spectrum of SiO2/Si substrate where the SiO2 is 

formed in ambient air. The peaks at 103 eV and 99 eV correspond the Si 2p state in 

SiO2 and Si. A new peak locating at 101.20 eV is observed, which is assigned to the 

2p state in SiO. The presentence of the SiO layer shows that the surface has not 

sufficient oxidization. The thickness of SiO2/SiO layer is calculated as 4.2 nm, which 

is thin enough to avoid charging effect in the XPS measurement.  
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Figure 37 The Si 2p peak of clean SiO2/Si surface. Three components including SiO, Si and SiO2 are 

observed. 
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5.3.2 Results and Discussions 

Figure 38 shows the TEM measurement for the Pt nanoparticles on SiO2/Si substrate 

under different deposition time from 0.5 hours to 3.5 hours. According to 0.5 hours 

deposition time shown in Figure 38(a), the Pt nanoparticles have been formed on the 

substrate, which is very small around 1.0 nm in diameter. When the deposition time is 

prolonged to 1 hour, the Pt nanoparticles become bigger and the density of 

nanoparticles is increased. The dispersion of those nanoparticles is uniform, showing 

an isotropic growth of Pt on this substrate. With increasing the deposition time to 2h, 

3h and 3.5 h, the Pt nanoparticles grow continuously and the average diameter of Pt 

nanoparticles increases to 2.8 nm finally. The size dispersion is worse than that in 

Figure 38(a) and (b). The detailed size measurements for different time are shown in 

Table 8. Figure 39 (a) shows the Pt 4f7/2 BE evolution as the diameter of nanaparticles 

increases from 1.02 nm to 2.89 nm. Obvious positive BE shift for Pt4f7/2 core level is 

observed. To get accurate information of BE shift, Figure 39(b) demonstrates the peak 

fitting for the 4f7/2 peak: the background subtraction is performed in Shirley mode. 

We provide the comparison between the BOLS correlation prediction and our 

experimental data based on the accurate size measurement as shown in Table 8. In the 

BOLS convention,[64] CN of surface atom in three outermost layers is taken: z1 = 4, 

and z2 = 6, z3 = 12,  and consequently c1 = 0.88, c2 = 0.94, and c3 = 1; m = 1 has been  

 

\ 
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Figure 38 TEM measurement of Pt deposited on SiO2/Si substrate at different deposition time(a)0.5 

hour, (b)1hour, (c)1.5 hour, (d)2 hour, (e)3 hour, (f)3.5 hour. 
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Figure 39 (a) The Pt 4f peak XPS measurement at different deposition time from 0.5hour to 3.5 hour. 

(b)The peak fitting of Pt 4f core level.  

 

Table 8 The size dispersion of the Pt nanoparticles deposited on SiO2/Si substrate at different 

deposition time and corresponded BE of Pt4f7/2. 

Deposition time (hour) 0.5 1 1.5 2 3 3.5 

Diameter(nm) 1.02 1.34 1.57 1.89 2.29 2.95 

BE of 4f7/2(eV) 71.47 71.29 71.20 71.08 70.99 70.91 
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Figure 40 The comparison between the prediction of BOLS on the size dependent BE shift of Pt4f7/2 

core level and the experimental data.       represent the 2D and 3D growth mode of Pt nanoparticles 

on SiO2/Si substrates. 

optimized in previous findings[47, 57] for the pure metal; as the Pt nanoparticles is a 

island growth mode on SiO2/Si substrate, τ = 3 is adopted to describe the 3D 

morphology. In our previous publications,[192] we have reported that the BE of Pt 

4f7/2 BE of an isolated Pt atom is 70.66 eV, and the BE shift       is 2.99 eV. 

Using those parameters, Figure 40 gives the fitting result for the experimental data by 

BOLS correlation. It should be noted that ratio of BE shift compared to       is set 

as the y- axis. In Figure 40, the experimental BE value is always lower than that by 

BOLS prediction as τ = 3 is adopted. This shows that the grow mode of Pt 

nanoparticles does not follow 3D rigidly. Another prediction curve from BOLS 

correlation with τ = 2 is given in the Figure 40. The experimental BE valued locates 

between the two curves of τ = 3 and τ = 2, which shows that the growth of Pt 

nanoparticles follows a mode which is in between 2D and 3D growth. The BOLS 

correlation could gives a reasonable prediction for the tendency of BE shift of Pt 
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nanoparticles, confirming that the CN imperfection in the surface region of Pt 

nanoparticles is the key reason for the size dependent BE shift. 

5.3.3 Conclusion 

Pt nanoparticles have been synthesized on the SiO2/Si substrate and XPS 

measurement has been performed. A positive BE shift is observed as the diameter of 

Pt nanoparticles decreases from 2.9 nm to 1.0 nm. The origin for the size dependent 

BE shift is discussed based on the BOLS correlation. The atomic CN imperfection at 

the surface region of Pt nanoparticles is the key factor according to the BE shift. From 

BOLS correlation, it has been found that the growth mode of Pt nanoparticles follows 

a quasi-3D growth mode rather than rigid 3D growth. 

5.4 Cu Nanoparticles on STO Substrates 

5.4.1 Substrate Preparation 

Commercial STO substrates has been cleaned by acetone and diluted water before it is 

transferred to the preparation chamber for the copper growth. The copper 

nanoparticles were deposited by the e-beam evaporator in a high vacuum 

circumstance using the copper rod with the purity of 99.999%. As cleaned STO 

substrates are annealed to 773K to clean the adsorbed gas and recover the surface, 

which causes the color of STO substrate turn to the dark gray. Figure 41 shows the 
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spectra comparison of Sr 3d peak from both (100) and (111) substrates. There is no 

obvious difference between two 3d peaks.  

5.4.2 Results and Discussions 

Cu nanoparticles are deposited on STO(100) substrate with growth time from 2 

minutes to 62 minutes and on STO(111) substrate with that from 30 seconds to 67 

minutes. As shown in Figure 42a, for Cu deposited on (100) surface, the obvious BE  
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Figure 41 The comparison of Sr 3d core level from STO(100) surface and (111) surface. 

shift of Cu 2p3/2 peak is observed. With the deposition time increases from 2 minutes 

to 62 minutes, the BE of Cu 2p3/2 decreases from 933.41 eV to 933.01 eV. For Cu 

deposited on STO(111) substrate as shown in Figure 42b, with the deposition time 

increases from 30 seconds to 67 minutes, the bigger magnitude of BE shift varies 

from 933.69 eV to 933.0 eV. The BEs of Cu 2p3/2 peak on both substrates after 60 

mins deposition attain to 933 eV which has been confirmed as the value of Cu bulk 

state.  
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        Figure 43 gives the valence band(VB) evolution for Cu deposited on 

STO(100) and (111) substrates with different growth time. For two clean substrates, 

two obvious peaks are observed around 6.5 eV and 4.5 eV. As the copper is deposited 

on with 30 seconds of deposition time, a weak new peak shows at end of lower BE at 

4.5 eV, corresponding to the new VB of Cu nanoparticles. With increasing the 

deposition time, the main peak of VB shifts to the BE of 2 eV, accompanying the 

peak intensity enhancement. Meanwhile, the peak representing the VB of clean STO 

substrates disappear gradually since the increased thickness of Cu nanoparticles. In 

Figure 43, the interaction between the overlayer copper nanoparticles and the two 

substrates could not be differentiated in the VB spectrum because of the overlapping 

between the VB of two constituents.   

The thickness of the copper film has been calculated using the equation as 

follows: 

                
  

       
   

Where the λCu is the inelastic mean free path of Cu electron in copper crystal.[193] θ 

is the take-off angle. I(t) and I( ) represents the Cu 2p3/2 peak intensity of 

nanoparticles and bulk, respectively. The thickness of Cu film is in units of equivalent 

monolayer where one monolayer is defined as the same package of Cu(111) 

surface.(              

    ), around 0.23 nm. In the experiment, the copper 

nanoparticles formed on both substrates shows a obvious BE shift as the variation of 

deposition time as shown in Table 9, coinciding with amounts of reports[180, 
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194-197]. However, the origin for the BE shift as the size variation is still under 

argument. BOLS correlation proposed that the local quantum trapping induced by the 

local surface modification with spontaneous bond contraction induces the perturbation 

to the Hamiltonian of entire specimen, which eventually results in the BE shift of 

nanosolids. To verify this deduction, we do the comparison between the 
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Figure 42 The BE evolution of Cu 2p3/2 peak on (a) STO(100), (b) STO(111) surfaces with different 

deposition time presented in figure. 

 



135 

 

 

 

0 2 4 6 8 10

0

500

1000

1500

2000

0 2 4 6 8 10

0

20

40

60

80

In
te

n
s
it
y
 (

c
o

u
n

ts
)

BE (eV)

VB of clean STO(100)

In
te

n
s
it
y
 (

c
o

u
n

ts
)

BE (eV)

VB on STO(100)

62mins

32

12

7

2
Clean STO

a

 

 

0 2 4 6 8 10
0

500

1000

1500

2000

2500

0 2 4 6 8 10 12

0

20

40

60

In
te

n
s
it
y
 (

c
o
u
n
ts

)

BE (eV)

VB of STO (111)

In
te

n
s
it
y
 (

c
o

u
n

ts
)

BE (eV)

Clean
0.5

2.5
7.5

17.5

37.5

67.5 mins

b

 

Figure 43 The valence band evolution of Cu nanoparticles on (a) STO(100), (b) STO(111) surfaces. 

The insert is the valence band of clean STO(100) and (111) surface. 
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Table 9 The BE shift of 2p3/2 for Cu on STO(100) and (111) substrates with different film thickness. 

Cu /STO(100) Cu /STO(111) 

Thickness/ML BE of Cu 2p3/2/eV Thickness/ML BE of Cu 2p3/2/eV 

0.50 933.69 0.83 933.41 

1.19 933.25 2.10 933.17 

1.51 933.16 2.57 933.11 

3.00 933.07 4.50 933.04 

4.95 933.02 8.42 933.01 

7.53 933.01 
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Figure 44 The BOLS prediction on the Cu nanoparticles deposited on STO(100) and (111) surface. 

BOLS prediction and the experiment results. In the BOLS convention,[64] 

coordination number of surface atom in three outermost layers is taken: z1 = 4, and z2 

= 6, z3 = 12, thus bond contraction follows as: c1 = 0.88, c2 = 0.94, and c3 = 1; m = 1 

(for metals) has been optimized in previous findings[47, 57]; parameter 1  

describes the one dimensionality of Cu nanoparticles because the thickness of ‘ML’ is 
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adopted, while the morphology of Cu deposited on STO(100) surface has been 

reported in three dimensional island[179, 180] or multi-layer[181, 182](semi three 

dimensional island) structure. Using the different thickness and Eq.35 in BOLS 

correlation, the BE shift of 2p3/2 between an isolated Cu atom (Ev(1)) and the bulk 

counterpart has been gained as 1.7 eV, coinciding with our previous report.[178] The 

BE of 2p3/2 for an isolated Cu atom is 931.3 eV. Figure 44 shows the comparison 

between the experimental data and the BOLS prediction for Cu 2p3/2 size 

dependent(thickness) BE shift. The BOLS prediction gives a reasonable description 

for the BE shift, confirming the proposal that the local quantum trapping induced by 

the under-coordinated surface of nanosolids is the origin for the energy shift.  

5.4.3 Conclusion 

The BE of Cu nanoparticles deposited on STO(100) and (111) surface has been 

investigated by XPS measurement. Using the BOLS correlation, the BE of an isolated 

Cu atom and the intrinsic bulk shift have been gained as 931.3 eV and 1.7 eV, 

respectively. The well coincidence between BOLS prediction and experimental result 

confirmed that the local quantum trapping in the surface region of Cu nanoparticles 

induced by the surface band contraction and bond energy enhancement shifts the 

position of every energy band including VB and core levels.  

5.5 Conclusion 
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In this chapter, The BE shift of metal nanoparticles has been investigated by the 

in-situ XPS measurement. According to the Ni nanoparticles on SiO2/Si substrates, 

TEM measurement is performed to gain the accurate size distribution. It found that Ni 

nanoparticles follows island growth mode and a worse size distribution presents at 

long deposition time. An obvious positive BE shift of Ni nanoparticles is observed as 

the size decreased from 6.9 nm to 0.5 nm in radius. The similar positive BE shift is 

also observed for Cu nanoparticles deposited on the STO(100) and (111) substrates. 

Pt nanoparticles deposited on SiO2/Si substrates is investigated by TEM and XPS 

measurements. The Pt 4f7/2 peak energy shifts from 70.91 eV to 71.47 eV as the 

radius decreases from 2.95 nm to 1.02 nm. BOLS correlation ascribes the size 

dependent BE shift of Ni, Cu and Pt nanoparticles to the modification of atomic CN. 

It has deduced that the bond between the shorter and stronger bond between 

under-coordinated atoms in the surface region of metal nanoparticles induces the local 

crystal potential well to be deepened. The modification in the local crystal potential 

will provides a perturbation to the Hamiltonian of entire nanoparticles, finally cause 

the BE shift toward high absolute value. The well coincidence between the theoretical 

prediction and the experimental data confirms the conclusion of BOLS correlation 

that the local quantum trapping is the key factor taking effect on the size dependent 

BE shift of metal nanoparticles.  
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Chapter 6 Impurities and Interfaces: Catalyst 

and Diffusion Barrier 

6.1 Introduction 

Atomic impurities, interfaces of superlattices, twin grains, and embedded 

nanostructures can be prototyped by an atom with fully or partially coordinated 

heterogeneous neighbors. Many processes take place surrounding such atoms: the alloy 

formation associated with valence charge intermixing; compound formation with 

valence electron localization, repopulation, and polarization; structure distortion due to 

lattice mismatching, etc. Joining two materials may result in a new value of melting 

point (Tm), or the cohesive energy per discrete atom, being different from that of either 

of the constituents standing alone.[57, 198] The strength of junction interface is 

frequent much stronger (mechanical strength is proportional to the sum of bond energy 

per unit volume[74]) than either component alone, which forms the basis of superhard 

multilayers or stiffer nanocomposites.[199, 200] Strain and chemical energy arising 

from the interface bond strain and bond nature alteration,[73] are often used to describe 

the interface energy.[198, 201]  Interface produces locally large perturbations to the 

Hamiltonian, BE density, and atomic cohesive energy, which determine the 

mechanical, thermal, electronic, optic, magnetic, dielectric, catalytic and chemical 

properties which are completely different from those of the constituent bulk 
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metals.[202-204] It has been asserted that ”no strain, no gain” for the FePd epitaxial 

interface,[205] for instance. 

The study of surface or interface alloying is motivated by their use in many 

industrial applications such as catalysis, sensors, anticorrosion, friction reduction, and 

electronic devices. Varying composition or thermal annealing upon continuous 

deposition of dissimilar metals[116, 206] has provided an effective method to modify 

interatomic strain and to redistribute charges around the bonding atoms.[207, 208] 

Although the physics and chemistry of materials at the interfaces have been 

extensively investigated, the laws governing the energetic behavior of electrons and 

the property change of materials at the interface have not yet established. This work 

aims to show that the charge and energy quantum trapping (QT) is necessary for the 

CuPd bimetallic interface. 

6.2 The Principle of Interface Quantum Entrapment  

Figure 45a illustrates the proposed interface QT mechanism. In the interface region, 

there is a gradient of chemical composition due to the diffusion of the constituent 

atoms. E0 is the vacuum level; Vatom(r) is the potential of intra-atomic trapping. 

Including the many-body interaction, Vcry(r, B) represents the periodic interatomic 

potential experienced by electrons in the constituent bulk (B). Moving cross the 

interface region from one to the other constituent, the Vcry(r, B) evolves into Vcry(r, I)  
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Figure 45 Schematic illustration of (a) the QT model and (b) the QT-induced core-level shift, E(I) 

and E (B) from the energy level of an isolated atom, E(1), Vatom(r) is the intraatomic potential.  

Vcry(r, B) and Vcry(r, I) are interatomic potentials in the bulk and the interface region, respectively.  is 

the enhance parameter.  >1 represents the compact and  <1 represents the dissociated interface. 

Annealing will increases the E(I) intensity, rendering that of the E(B), upon alloy formation. 

at the middle of the interface (I) because of valence charge intermixing or bond nature 

alteration. The coefficient  shown in Figure 45a represents the interface bond-energy 

ratio to that of the constituent bulk. The Vcry(r, I) may be deeper ( > 1) or shallower 

( < 1) than the corresponding Vcry(r, B) for a specific constituent. If dipole is 

produced in the interface region,[72]  < 1; otherwise,  > 1. In the present study, we 

will focus on the case of  >1.  
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According to the tight-binding theory[128] and the BOLS correlation, in the 

interface region, both the atomic CN z and the Bloch wave function are changed 

insignificantly, the BE shift is thus uniquely determined by the perturbed potential 

well depth or the bond energy, 

      

      
        

or 

             

      
         

Based on this expression, we can determine the interface bond strength based on the 

XPS decomposition of the        and the              , as illustrated in Figure 

45b. It is expected that the intensities for the peaks        and        evolve upon 

annealing; the intensity of       peak will increase rendering that of         as the 

total number of electrons in the particular band conserves. The intensity evolution 

reflects the extent of alloy formation.   

6.3 Results and Discussions 

In order to verify the proposed mechanism of interface QT, Cu(2 nm)/Pd(10 nm) thin 

films were firstly deposited onto Si wafer using a physical–vapor–deposition 

system.[116]  XPS spectra were collected then as a function of isochronal annealing 

(1 min) at increasingly high temperature up to 940 K (with XPS spectra being 

recorded on cooling to 300 K). Each spectrum was decomposed into two components, 
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      and       , as summarized in Table 10. At room temperature, no significant 

fingerprints of alloy formation (peak I) were observed but with the increase of 

annealing temperature, additional peaks emerge at energies of 1.62 eV below the Cu 

2p3/2 and 1.57 eV below that of Pd 3d5/2. As the annealing temperature keeps on 

increasing, intensities of the       peak increase rendering that of      .  

Figure 46 shows the typical Cu 2p3/2 and Pd 3d5/2 spectra collected after 540K and 

940 K annealing. The intensity reversions of the       and the       at 540K and 

940 K indicate the completeness of interface alloying. In addition, low-energy 

electron and photoelectron diffraction studies[209, 210] revealed that the Cu-Pd 

interlayer distance contracts up to 7 ± 2.5%. The interface alloy is formed through 

atomic interdiffusion[211] with an estimated activation energy of 0.88 eV.[212, 213] 

A theoretical reproduction[64] of the measured size dependence of Cu 2p3/2[162] and 

Pd 3d5/2 surface [114] BE shift has derived that the        for Cu 2p3/2 and Pd 3d5/2 

are 1.70 and 4.36 eV. These data allows us to estimate the interface potential-well 

depth for the Pd 3d and Cu 2p electrons with the resolved E(I)-E(B) as given in 

Table 10. Calculation results in Table 11 indicate that the  values for Pd and Cu are 

1.36 and 1.95, respectively. The corresponding BE shift are 5.93 eV and 3.32 eV in 

comparison to the bulk shift of 4.36 eV and 1.70 eV for the Pd 3d and the Cu 2p 

levels in the interface region. Apparently, such a huge energy shift due to alloy 

formation is beyond the description of the well-received “initial-final” states or the  
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Figure 46 Thermally-driven spectral evolution of (a) Cu 2p3/2 and (b) Pd 3d5/2 BE upon annealing at 

540 K and 940 K and their decompositions.  

“hole screening” mechanism[214] that comes into play throughout the measurement 

and hardly sheds the alloying effect. 

The interface QT mechanism agrees with the proposal of a wedge-shaped 

potential well for the monolayer structure sandwiched between the SrTiO3 and the 

LaTiO3 superlattices in calculations.[215] The QT was suggested to arise from the 

Coulomb potential of a two-dimensional charged La sheet, which in turn confines the 
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electrons in the Airy-function-localized states. Here we suggest that the interface QT 

arises from the bond strain[209, 210] and valence charge intermixing. As a 

consequence of the QT, energy levels of atoms in the interface region will go deeper 

or shift positively, accordingly.  

On the other hand, the interfacial atomic cohesive energy, EC,I = zEb, will 

increases as the cohesive energy per bond increases from the bulk value of Eb to EI = 

Eb and the z changes insignificantly.[57] The EC,I determines the Tm uniquely. 

Therefore, the interface QT can be further verified by the observed size dependence of 

overheating of embedded nanostructures. A theoretical analysis[75] of the 

size-induced overheating for Ag/Ni, and Pb/Al and Pb/Zn core-shell nanostructures 

has led to a  =1.8 for the Ag and Pb cores, indicating that an interfacial bond is 80% 

stronger than a bond in the bulk of the core material, which is in line with the current 

derivation of  > 1 for the CuPd interface.  

6.4 Conclusion 

We have thus demonstrated that the interface charge and energy QT is essential for 

the Cu-Pd interface and that the trap depth is, respectively, 1.36 and 1.95 times that of 

the bulk Pd and Cu. The QT arises from the interface bond order distortion and 

valence charge intermixing that perturbs the Hamiltonian, the atomic cohesive energy, 

and hence the related properties. This approach not only provides a feasible way of 

interface bond strength determination but also a consistent insight into the energetic 
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behavior of electrons in the interface region. This straight forward yet simple method 

can be used to extract information regarding the local energy and charge of other 

interfaces or bimetallic alloys.  
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Table 10 XPS measured intensity (I) evolution of Pd 3d5/2 and Cu 2p3/2 BE (BE) at the Cu(2nm)-Pd(10 

nm) interface as a function of annealing temperature, T. 

T(K) 

Pd 3d5/2(eV) Cu 2p3/2 (eV) 

Bulk Interface IB/II Bulk Interface IB/II 

340 

540 

573 

673 

940 

335.67 

335.66 

335.63 

335.58 

335.58 

337.10 

337.17 

337.19 

337.22 

337.26 

15.30 

5.06 

4.78 

1.56 

0.18 

931.65 

931.57 

931.62 

931.60 

931.65 

933.20 

933.21 

933.30 

933.30 

933.19 

11.50 

2.93 

3.23 

1.40 

0.282 

mean 335.62 337.19 - 931.61 933.23 - 

 

 

Table 11 Summary of the relative depths  and the interface energy shift E(I) for the Pd 3d5/2 and Cu 

2p3/2 BEs. 

E-level (eV) E(B) E(1) E(I)-E(B)  E(I) 

Pd 3d5/2[114] 4.36  330.34  1.57 1.36 5.93 

Cu 2p3/2 [64, 162] 1.70  931.00  1.62 1.95 3.32 
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Chapter 7 Conclusions and Recommendation 

7.1 Achievement 

The behavior of bond and electrons in under-coordinated system has been 

investigated mainly using the XPS measurement. The size, surface layer and 

orientation, terrace edge, adatoms and vacancies dependent BE shift have been found 

in our experiments. BOLS correlation ascribes the BE shift to the Hamiltonian 

perturbation and the as inspired electron and energy polarization. In BOLS correlation, 

it has been confirmed that with the coordination number decreasing the remaining 

bond contracts spontaneous and single bond energy is enhanced. The bond 

modification enables local crystal potential to be deepened and narrowed, which 

induce a local quantum trapping for the electrons within the region. As a result, the 

Hamiltonian of entire sample is influenced by the local quantum entrapment. In the 

process of electronic structure modification, a new effect is created. The narrowed 

local potential will polarized other electrons which locate in the upper bands to a new 

orbital, forming a extra state of polarization. The combination and the competition 

between the Polarization state and quantum entrapment result in BE shift in 

aforementioned under-coordinated systems and affect their performance in the 

catalytic, electro-affinity, work function, band gap, etc. A new method of APSD has 

been proposed to promote the traditional XPS measurement by zooming in the bond 

and electrons within the atomic patches surrounding the under-coordinated and 
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hetero-coordinated atoms in single crystal surface, terrace edge, adatoms and 

vacancies.  

The consistency between theoretical predication from BOLS correlation and 

our experimental measurements promote our understanding on the nature of atoms 

and bonds in under-coordinated system. Theoretical analysis has enabled the 

determination of the length and strength of the representative bond and the energy 

levels of an isolated atom and the bulk shift of the BE, the local BE density, atomic 

cohesive energy within the atomic patches of the following specimens.  

i. The surface atomic layers and orientations induce obvious BE shift 

compared with that of bulk interior. The spectra of surface atomic layer of 

single crystals including W(bcc), Pd and Rh(fcc), Ru, Be, and Re (hcp) 

have been decomposed. Based on the decomposition and BOLS 

correlation, the BE of isolated atoms and bulk shift of corresponding 

substances were gained, which provided a constant reference for the 

energetic level evolution in other reactions and conditions. A minor 

difference in BE value of the same surface layers in a identical sample has 

been observed, which shows a surface orientation dependent BE shift.   

ii. The new states on terrace edge, adatoms and vacancies have been observed 

using APSD treatment after accurate XPS measurement. Local quantum 

trapping state and polarization state always exists in those 
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under-coordinated system. The combination and the competition between 

local quantum trapping state and polarization state determine the trend of 

BE shift of entire sample, as well its performance.  

iii. Size dependent BE shift has been observed in Ni, Cu and Pt nanoparticles 

deposited on different substrates. Similar trend of BE shift has been 

ascribed to the coordination environment in those metal nanoparticles.  

Experimental and theoretical analysis confirm the perturbation to the Hamiltonian 

arising from the skin-depth local strain and potential well quantum trapping which are 

induced by the shorter and stronger bonds between ill-coordinated atoms, and 

associated charge and energy polarization which are induced by the localized 

quantum entrapment. 

7.2 Limitations 

The electronic energy level of under-coordinated system in this work were measured 

mainly by in-situ XPS, however, the experimental conditions maybe affects the data 

precision. For example, since the X-ray is a beamline with high energy which excites 

the electrons and secondary electrons, an unexpected local heat in the measurement 

maybe takes effect on the sample surface and modified the electronic structure and 

crystal enthalpy. The cooling system should be adopted on the sample to delay or 

dilute the as-induced modifications. Furthermore, the state of facilities will also affect 

the data analysis.  
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7.3 Recommendations 

7.3.1 The Combination of STM and XPS Measurement. 

STM/S is a very useful tool to examine the local electronic configuration near several 

eV below or above Fermi energy. It had a good resolution of 0.1nm in lateral length 

and 0.01nm in depth. With the resolution, individual atoms within materials are 

routinely imaged and manipulated. It also provides the detailed local density of state 

and the atomic bonding information. However, the detected volume of STM is mainly 

localized on the outermost surface layer, the information underneath the surface layer 

and the interaction between the surface layer and the inner atomic layers could not be 

given by STM alone. Thus, the combination of STM and XPS in one system is 

necessary to study the holographic information of the under-coordinated system 

which are very brittle in the sample transferring and are easily contaminated.  

7.3.2 Performance of Under-coordinated System 

The BOLS correlation provides an effective way to understand the behavior of bond 

and electrons in under-coordinated system. Actually, not only the electronic behavior 

varies in the system, but also other properties such as magnetic, thermal dynamics and 

mechanics. Thus, the new performance of the under-coordinated system especially the 

defects vacancy would be of great interest.  

  

http://en.wikipedia.org/wiki/Nanometre
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