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The Adsorbed System 

The News-Anderson Model 

𝑯 = 𝑬𝒂𝒄+𝒂  𝒄𝒂+ � 𝑬𝒌𝒄+𝒌 𝒄𝒌
𝒌∈𝒃𝒂𝒃𝒃𝒃

+ �𝑽𝒂𝒌𝒄+𝒂  𝒄𝒌+ 𝒉. 𝒄.
𝒌

 



The density of state for a transition metal System 



Theoretical Formalism of the Adsorbed System 

𝐸 𝑛∝,𝑉𝑒𝑒𝑒∝ = �𝜀𝑖𝛼[𝑉𝑒𝑒𝑒∝]
𝑖

− �𝑉𝑒𝑒𝑒∝𝑛𝛼𝑑3𝑟 + 𝐹[𝑛𝛼] 

Based on the principle of density functional theory, the total energy  
of the system can be found as 

𝑛∝ = � Ψ𝑖𝛼 2

𝑖∈𝑜𝑜𝑜

 where with [−1
2
𝛻2 + 𝑉𝑒𝑒𝑒∝] Ψ𝑖𝛼 = 𝜀𝑖𝛼Ψ𝑖

𝛼 

The energy variation due to 𝛿𝑛𝛼 and 𝛿𝑉𝑒𝑒𝑒
𝛼 becomes 

𝛿𝐸 = 𝐸 𝑛0 + 𝛿𝑛,𝑉𝑒𝑒𝑒 + 𝛿𝑉𝑒𝑒𝑒 − 𝐸 𝑛0,𝑉𝑒𝑒𝑒
+ 𝑂(𝛿𝑛2, 𝛿𝑉𝑒𝑒𝑒

2, 𝛿𝑛𝛿𝑉𝑒𝑒𝑒) 

𝐹[𝑛𝛼] :  energy functional, comprising of the energy terms due to Hartree, 
ionic, and exchange-correlation interactions. 
 
 
 

The subscript α refers to an atom/molecule (A) free in vacuum, a substrate 
(M), and the resulting adsorbed system (A+M). 



Theoretical Formalism of the Adsorbed System 

Consider the case of the same adsorbate on different substrates. The 
lowest order change in interaction energy with 𝑀 replaced by 𝑀𝑀 can be 
found as 

Δ𝐸𝑎𝑎𝑎 = 𝐸𝑡𝑜𝑡 𝐴 + 𝑀 − 𝐸𝑡𝑜𝑡 𝐴 − 𝐸𝑡𝑜𝑡(𝑀) 

The adsorption energy of A+M can be determined by 

 𝛿 Δ𝐸𝑎𝑎𝑎 = 𝛿 Δ � 𝜀𝑖
𝑖∈𝑜𝑜𝑜

+ �𝛿𝑉𝑒𝑒𝑒 𝑀 → 𝑀′ ∙ 𝛿𝑛𝐴 



From the News-Anderson model, the adsorbed system can be described 
by 

Theoretical Formalism of the Adsorbed System 

The set of energy eigenfunctions |𝑙 >  can be expressed as a linear 
combination of |𝑎 > 𝑎𝑛𝑑 {|𝑘 >} :  𝒍 > = 𝒄𝒂𝒍 𝒂 > +∑ 𝒄𝒌𝒍|𝒌 >𝒌  

𝐻 𝑙 >= 𝜀𝑙 𝑙 > 

The Green function 𝐺 𝜀 = ∑ |𝑙><𝑙|
𝜀+𝑖𝛾−𝜀𝑙𝑙  is the solution of 

𝜀 + 𝑖𝛾 − 𝐻 𝐺 𝜀 = 𝐼 (I is a unit matrix), which has a matrix form of  

𝜀 + 𝑖𝛾 − 𝜀𝑎 −𝑉𝑘1 𝑎 −𝑉𝑘2 𝑎
−𝑉𝑎 𝑘1 𝜖 + 𝑖𝛾 − 𝜀𝑘1 0
−𝑉𝑎 𝑘2 0 𝜀 + 𝑖𝛾 − 𝜀𝑘2

⋯
⋯
⋯

⋮    ⋮       ⋮

𝐺𝑎𝑎 𝐺𝑎 𝑘1 ⋯
𝐺𝑘1 𝑎 𝐺𝑘1 𝑘1 0
𝐺𝑘2 𝑎 0 ⋯
⋮            ⋮          ⋮

= 𝐼 , 

which gives  𝜀 + 𝑖𝛾 − 𝜀𝑎 𝐺𝑎𝑎 −�𝑉𝑎𝑘𝐺𝑘𝑎
𝑘

= 1 

 𝜀 + 𝑖𝛾 − 𝜀𝑘 𝐺𝑘𝑎 − 𝑉𝑘𝑎𝐺𝑎𝑎 = 0 for all 𝑘 ∈ {𝑘1, 𝑘2, … } 

 𝑮𝒂𝒂 𝜺 = 𝟏

𝜺+𝒊𝜸−𝜺𝒂−∑
𝑽𝒂𝒌𝑽𝒌𝒂

(𝜺+𝒊𝜸−𝜺𝒌)𝒌
 



Theoretical Formalism of the Adsorbed System 
The adsorbate-projected density of state (LDOS) can then be determined: 

𝑛𝑎 𝜀 = ∑ < 𝑙|𝑎 > 2𝛿(𝜀 − 𝜀𝑙)𝑙 =

− 1
𝜋
∑ < 𝑙|𝑎 > 2 𝐼𝐼 1

𝜀+𝑖𝛾−𝜀𝑙𝑙 = − 1
𝜋
𝐼𝐼 ∑ <𝑎 𝑙><𝑙 𝑎>

𝜀+𝑖𝛾−𝜀𝑙𝑙 = 

− 𝟏
𝝅
𝑰𝑰[𝑮𝒂𝒂]  

Here  𝐺𝑎𝑎 𝜀 = 𝟏
(𝜺−𝜺𝒂+𝚲 𝜺 +𝒊𝚫(𝜺)

  with 

Δ 𝜀 = −𝐼𝐼 ∑ 𝑉𝑎𝑎 2

𝜀+𝑖𝛾−𝜀𝑎𝑘 = 𝜋∑ 𝑉𝑎𝑘 2𝛿(𝜀 − 𝜀𝑘)𝑘  and 

Λ 𝜀 = 𝑅𝑅 ∑ 𝑉𝑎𝑎 2

(𝜀+𝑖𝛾−𝜀𝑎)𝑘 = 1
𝜋
𝑃 ∫

Δ 𝜀′

𝜀−𝜀′
𝑑𝜀𝑀  



Theoretical Formalism of the Adsorbed System 
 To calculate 𝐺𝑎𝑎 𝜀 , we first project |𝑘 >  onto the localized 

basis {|𝑙 >}: |𝑘 > = ∑ 𝑙 >< 𝑙 𝑘 >𝑙 . 

 We can then derive 

Δ 𝜀 = 𝜋∑ 𝑉𝑎𝑘 2𝛿 𝜀 − 𝜀𝑘𝑘 =

𝜋∑ ∑ < 𝑘 𝑙 >< 𝑙 𝑉 𝑎 >< 𝑎 𝑉 𝑙′ >< 𝑙′ 𝑘 > 𝛿 𝜀 − 𝜀𝑘𝑙𝑙′𝑘  

 Adsorbate couples to a narrow d-band of the substrate    
     Let a–orbital of the adsorbate only couples to a narrow d-band of the 
substrate, Δ 𝜀 = 𝜋 𝑉𝑎𝑎 2 ∑ < 𝑘|𝑑 > 2𝛿 𝜀 − 𝜀𝑘𝑘 = 𝜋 𝑉𝑎𝑎 2𝛿(𝜀 − 𝜀𝑎) and 

      Λ 𝜀 = 1
𝜋
𝑃 ∫

Δ 𝜀′

𝜀−𝜀′
𝑑𝜀′ = 𝑉𝑎𝑎2

𝜀−𝜀𝑎
 ,  resulting in 

  𝐺𝑎𝑎 𝜀 = 𝟏
(𝜺−𝜺𝒂+𝚲 𝜺 +𝒊𝚫(𝜺)

 = 𝜺−𝜺𝒃+𝒊𝜸
𝜺−𝜺𝒂 𝜺−𝜺𝒃+𝒊𝜸 −𝑉𝑎𝑎2

= 𝜺−𝜺𝒃+𝒊𝜸
𝜺+𝒊𝜸−𝜺+ 𝜺+𝒊𝜸−𝜺−

 

   with 𝜀+ = 𝜀̅ − 𝑉𝑎𝑎2 + 𝜀2̅ , 𝜀− = 𝜀̅+ 𝑉𝑎𝑎2 + 𝜀2̅ , and 𝜀̅ = (𝜀𝑎 + 𝜀𝑎) 2⁄  

 



Theoretical Formalism of the Adsorbed System 

 Adsorbate couples to a narrow d-band of the substrate    



Theoretical Formalism of the Adsorbed System 

 Adsorbate couples to a narrow d-band of the substrate    

Trend: The higher the d-band energy, the stronger the bonding 

Δ𝐸𝑎𝑎𝑎 = 𝐸𝑡𝑜𝑡 𝐴 + 𝑀 − 𝐸𝑡𝑜𝑡 𝐴
− 𝐸𝑡𝑜𝑡(𝑀) 

= � 𝜀𝑙
𝑙∈𝑜𝑜𝑜

− � 𝜀𝑘
𝑘∈𝑜𝑜𝑜

− 𝜀𝑎 



Theoretical Formalism of the Adsorbed System 
 Adsorbate couples to a broad s-band of the substrate    

If the adsorbate only couples to a broad s-band of the substrate,    
Δ 𝜀 = 𝜋 𝑉𝑎𝑎 2 ∑ < 𝑘|𝑠 > 2𝛿 𝜀 − 𝜀𝑘𝑘 = Δ0 and 

      Λ 𝜀 = Δ0
𝜋
𝑃 ∫ 1

𝜀−𝜀′
𝑑𝜀′ = 0 ,  resulting in 

𝑛𝑎 𝜀 = − 𝟏
𝝅
𝑰𝑰[𝑮𝒂𝒂]  = 𝟏

𝝅
Δ0

(𝜺−𝜀𝑎) 𝟐+Δ0𝟐
 



12 

DFT calculations O/(111) surfaces 
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DFT calculations O/(111) surfaces 
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DFT calculations O/(111) surfaces 

Hammer, Nørskov, Adv. Catal. 45, 71 (2000) 
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DFT calculations O/(111) surfaces 

Hammer, Nørskov, Adv. Catal. 45, 71 (2000) Exp: Toyoshima, Somorjai, Catal. Rev. Sci.Eng. 19, 
105 (1979) 



16 

Similar Trends for Activation Energies 𝑬𝒂 

Abild-Pedersen, Greeley, Nørskov, Catal. Lett. 105, 9 (2005) 



17 

Kinks, Steps, Clusters 

Band Width ∝  # of neighbors × hopping 

The area of DOS must be conserved due to 
that the total # of electrons must be conserved.  

When the band width is decreasing the only 
way of maintaining the number of d electrons 
is to shift up the center of the band. 

Calculated under-coordination up-shifts (Pt) 

Bligaard, Nørskov, Electrochim. Acta 52, 5512-5516 (2007) 



Adsorption Strength and the Surface Structures 

Low-coordinated atoms bind adsorbates stronger! 

Mavrikakis , Hammer, Nørskov, Phys. Rev. Lett. 81, 
2819 (1998) 



Summary 
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