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Abstract 

Numerical reproduction of the measured 4f7/2 energy shift of Ir(100), (111), and (210) solid 

skins turns out the following: (i) the 4f7/2 level of an isolated Ir atom shifts from 56.367eV to 

60.332 eV by 3.965 eV upon bulk formation; (ii) the local energy density increases by up to 

130% and the atomic cohesive energy decreases by 70% in the skin region compared with the 

bulk values. Numerical match to observation of the temperature dependent energy shift 

derives the Debye temperature that varies from 285.2 K (Surface) to 315.2 K (Bulk). We 

clarified that the shorter and stronger bonds between under-coordinated atoms cause local 

densification and quantum entrapment of electron binding energy, which perturbs the 

Hamiltonian and the core shifts in the skin region.  
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1 Introduction 

Low-dimensional systems such as adatoms, nanowires, nanotubes, nanograins, stepped 

surfaces and the skin of a flat surface have inspired increasing interests because of their novel 

chemical and physical properties [1-6]. These low-dimensional systems are characterized by 

high fractions of under-coordinated atoms [7, 8]. The noble metal Ir [9] and its binary alloy 

[10] are good catalysts. However, detailed knowledge of the local bond attribute, atomic 

cohesive energy, binding energy density in the skin are of great importance but poorly known. 

Furthermore, the underlying mechanism for the unusual behavior of Ir skins remains unclear 

though it is often referred to the variation of surface-to-volume ratio [11] and the energy shift 

to the “initial-final states” relaxation in the process of ionization and excitation [12]. 

Therefore, an atomistic understanding of the bond nature and thermal effect on the binding 

energy shift in the skin, and a method purifying the spectral information confined within the 

outermost one or two atomic layers is highly desired [13-18]. 

In this work, we report our findings in analyzing the X-ray photoelectron spectroscopy 

(XPS) profiles of Ir 4f7/2 surfaces based on the framework of BOLS (bond 

order-length-strength) correlation notation and tight-binding (TB) theory [19]. We considered 

the effects of temperature, crystal orientation, and layer order on the energy shifts in the skin 

region from the perspective of Hamiltonian perturbation by the local bond relaxation and the 

associated quantum entrapment.  

 

2 Principles 

2.1 Tight binding approximation  

According to the band theory [1], the integral of the intra-atomic potential, Vatom(r), and 

the respective eigenwave function of an atom at the specific ith atomic site, iv, , determines 

the νth energy level of an isolated atom, Ev(0). The involvement of the interatomic potential 

Vcry(r) shifts the Ev(z = 0) deeper by an amount that is proportional to the cohesive energy per 

bond at equilibrium following the expression [20] with z being the effectively atomic 

coordination numbers (CNs), 

ivrVivE atomv ,)(,)0(   
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(1) 

The coordination number z = 0 and 12 represents an isolated atom and an atom in the bulk, 

respectively. The sum is over all z neighbors of the specific ith atom. The  is the exchange 

integral and  the overlap integral. Because
ijjviv ,, with δij being the Kronig function (if i = 

j,δij = 1, otherwise, δij = 0),the zβ/α << 1. Any perturbation to the bond energy Eb will shift the 

core level accordingly.  

 

2.2 BOLS correlation 

According to the BOLS correlation [1], atomic undercoordination shortens and strengthens 

the remaining bonds between undercoordinated atoms, which follow the expressions:

  b b
2 / 1 exp 12 / 8

i z i i
d C d d z z      and 

m

i z bE C E ,where Cz is the coefficient of bond 

contraction with zi  being the effective coordination of an atom in the ith atomic layer. The i 

counts from the outermost layer inward up to three. The bond nature indicator m correlates the 

bond energy to the bond length. For most metals, m=1[1]. Any factor that affects the bond length 

and energy shifts potential well and the core level accordingly. Incorporating the BOLS into the 

TB approximation yields, 

 HcryHcry rVV  1)()(
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(2) 

2.2.1 Surface effect 

With respect to the bulk shift ΔEv(12), the under-coordination induced core level shifts 

(CLSs), ΔEv(z), follows: 
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(3) 

With the given XPS spectral components related to z and z, one can determine the 

referential Ev(0), the bulk shift, ΔEv(12), and the z dependent shift using eq(3): 
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(4) 

2.2.2 Thermal effect  

When the testing temperature is raised, the length and the strength of the representative 

bond will change. If the effects of atomic CN and temperature come into play simultaneously, 

the length, d(z,T), and the bond energy, E(z,T), of the representative bond will change 

accordingly. Therefore, based on the local bond average approach, the BOLS evolves into, 
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(5) 

T0 is the reference at the ambient conditions. The (t) is the temperature dependent 

thermal expansion coefficient. (t) is the T-dependent specific heat of the representative bond, 

which follows Debye approximation, Cv(T/D), for a z-coordinated atom. Generally, the 

thermal measurement is conducted under constant pressure and the (t) should be related to 

the Cp. However, there is only a few percent difference between the Cp and Cv [19]. 

The bond energy approximates linearly at T > D, Eb = η1Tm + η2 with η1 being the 

constant specific heat per bond and η2 the 1/zb fold of latent heat for atomization of an atom 
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in molten state. Considering the fact that the melting point at the ith atomic site, Tmi is 

proportional to atomic cohesive energy, Tmi ∝ ziEi, we have the relation 

1 Δ-m

mi m i i b b ib i TT / T = z E / z E = z C = + with ∆T being the perturbation to the atomic coherency. 

The zib= zi/zb is the normalized atomic coordination with zb= 12 being the standard value in 

fully coordinated system. Then, we have the relation 
mi = (1 )-m

ib i m m TT z C T T   
and 

1i mi 1 2+ = ( )m -m

i 2i i b i mE η T η C E C ηT +η  [21]. 

According to Debye approximation, the thermal perturbation to the cohesive energy 

follows the relationship, 
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(6) 

Where Ecoh = zEz is the atom cohesive energy to be determined in the fitting. τ is the 

shape factor (τ = 1, 2, and 3 corresponds to a thin plate, a cylindrical rod, and a sphere dot, 

respectively). The specific heat η(T) per bond approximates the Debye scheme and closes to a 

constant value of τR (R is the ideal gas constant) at high temperatures. θD and Cv are the 

Debye temperature and the specific heat, respectively. 

 

3 Results and Discussion 

3.1 Skin-resolved quantum entrapment 

According to the BOLS-TB notation on the energy separation between each component, 

eq(4), each XPS spectrum is decomposed into the bulk (B) and surface (Si) components from 

higher (smaller value) to lower BE upon background correction. The decomposition was 

conducted by referring the z values of fcc(100) and the fcc(111) surfaces as the standard [22]. 

The z values for the fcc(210) for the rest components were optimized together with the fine 

tuning of the peaks of all components. The number of components is taken with respect to the 

originally reported count but the peak energies are subject to adjustment to fit the overall 
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peak intensity. The optimal component energies, the intensities, and the corresponding zi 

values of the XPS 4f7/2 data for Ir surfaces can be obtained in the fitting of the spectra after 

the Shirley background correction, as summarized in Table 1.  

The 4f7/2 spectra collected from Ir(100)[23], (111)[16], and (210)[24] clean surfaces, 

as shown in Fig.1. The spectra were decomposed into the B, the first and the second surfaces 

(S1, S2) and the kink edge (SE) for (210) surface. Including the common B component (z = 

12), there are a total of  8 components for the Ir surfaces at quest. There will be a 

combination of  !2)!2(/!28 2  l=lCN= l  values of Eν(0). Using the least-root-mean-square 

approach, we can find the average of NEE
N

viv /)0()0(  and the standard deviation. A 

fine-tuning of the CN values will minimize the σ and hence improve the accuracy of the 

effective CNs, the local bond strain, the BE density, and the cohesive energy per discrete 

atom in differently oriented surface layers, as shown in Table 1. Fig.2 show the CN-resolved 

bond strain, bond energy, energy density and atomic cohesive energy of Ir skins, which are 

critical to the performance of Ir. For instance, bond energy gain deepens the core level and 

hence enlarges the electroaffinity and chemical reactivity; energy density gain raises the local 

elasticity; cohesive energy loss lowers the thermal stability, accordingly. 

The z-resolved 4f7/2 shift follows the relationship with Eν(0) and Eν(12) being intrinsic 

constants, regardless of crystal orientations or chemical environment: 

7/2 7/2 7/24 4 4( ) (0) (12) 56.367 0.006 3.965 /m

f f f z zE z E E C C      
 

This information is of great importance in understanding the surface behavior of these 

under-coordinated atoms. 

 

3.2 Thermal effect  

Using XPS data and the predicted trend of BE Shift [16] in eq(6) we can resolve the 

Debye temperatures. In the numerical calculations, we took the known CNs of Ir (111) 

surface and Debye temperature (θD) at 0 K and under the atmospheric pressure from the 

literature as input [25-27]. Only one fitting parameter of the Ez is used. Otherwise, the θD is a 

fitting parameter of interest. Fig.3 shows the theoretical reproduction of the measured 
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temperature-dependent CLSs of Ir with different Ez. The calculation was conducted with eq 

(6), when the measuring temperature T < θD/3, the small change arises from the small ∫ η(t)dt 

values as the specific heat η(t) is proportional to T3. When the measuring temperature T ≥

 θD/3, the specific heat Cv approaches a constant value of 3R (R is the idea gas constant) 

according to Debye approximation, the changes of BE always turn from nonlinear to linear 

when the temperature is increased. 

The results imply that the θD determines the width of the shoulder and the inverse of the 

atomic cohesive energy [zEz(i)]
-1 determines the slope of the BE curve at high temperatures. 

The BE shifts due to the temperature-dependence of bond relaxation. The similarity of the 

predict trend to those of the temperature-dependent Raman shift and Young’s modulus of 

other materials [21] evidence the generality of the current approaches to the thermally 

induced property change of solid materials. 

 

4 Conclusion 

We have analyzed the Ir 4f7/2 energy shift of the (001), (111) and (210) surfaces from the 

perspective of bond–potential–band correlation and elucidated information regarding: (i) the 

4f7/2 core level energy of an isolated Ir atom and its bulk shift, (ii) the effective atomic CNs 

and the corresponding local strains, (iii) prediction of the trends of coordination resolved 

binding energy density and cohesive energy per discrete atom in the skin, and, (iv) the 

temperature effect on energy shifts as arising from perturbation by the response of the length 

and energy of the representative bond. The concepts of local strain, quantum entrapment may 

be essential for understanding the bonding and electronic behavior in the surface and atomic 

defect sites. 
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Tables and Figure captions 

Table 1 The effective CN(z), lattice strain (z = Cz-1 (%)), relative BE shift 

(      (%)1112/ 1  

zz CEzEE ), relative atomic cohesive energy (EC = 

EC(z)/EC(12)-1=  (%)11 

zibCz ), and the relative BE density (ED = ED(z)/ED(12)= 

 (%)14 

zC )in various registries of Ir skins. 

 

 i E4f7/2 z -z(%) zE
 

- CE  
DE  

Bulk B 60.332 12.00 0 0 0 0 

Ir(100) S2 60.624 5.73 6.83 7.33 48.75 32.70 

S1 60.898 4.00 12.44 14.20 61.93 70.09 

Ir(111) S2 60.571 6.31 5.63 5.97 44.28 26.08 

S1 60.840 4.26 11.31 12.75 59.97 61.60 

Ir(210) S2 60.613 5.83 6.60 7.07 47.98 31.43 

S1 60.861 4.16 11.72 13.28 60.73 64.68 

SE 61.251 2.97 18.78 23.12 69.53 129.77 

 

59.5 60.0 60.5 61.0 61.5 62.0
0.0

0.4

0.8

1.2

1.6
a

N
o

rm
a

li
z
e

d
 i
n

te
n

s
it

y

BE(eV)

  Experiment

  Envelope

  B

  S2

  S1

Ir 4f7/2(100)

hv=140eV

 

 

59.5 60.0 60.5 61.0 61.5 62.0
0.0

0.4

0.8

1.2

1.6
b

N
o

rm
a
li

z
e
d

 i
n

te
n

s
it

y Ir 4f
7/2

(111)

 hv=160eV

 Experiment

 Envelope

 B

 S1

 S2

 

 

 

 

 

BE(eV)

 

 

 

 

 



9 

 

59.5 60.0 60.5 61.0 61.5 62.0
0.0

0.4

0.8

1.2

1.6
c

N
o

rm
a

li
z
e

d
 i
n

te
n

s
it

y

 Experiment

 Envelope

 B

 S
2

 S
1

 S
E

BE(eV)

Ir 4f7/2(210)

hv=180eV

 

 

 

Fig.1 Decomposed XPS spectra for (a) the Ir(100)[23], (b) (111)[16], and (c)(210)[24] 

surfaces with derived information as summarized in Table 1. The 4f7/2 core level of 

60.332±0.006eV and the B component at 60.332 should be identical for all the surfaces of 

the same material. 
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Fig.2 Coordination number (z) resolved (a) local bond strain and BE shift (entrapment) (b) 

atomic cohesive energy EC and binding energy density ED. 
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Fig.3 Coordination-resolved bond energy and Debye temperature for the surface sublayers 

derived from fitting to the measurements with the known θD=315.2K [25-27] as input 

parameters for Ir(111) surface. The accuracy can be improved with provision of the layer 

resolved spectral data. 
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