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 Surface reconstruction transition(T,P)

 Entropy effects calculated as a function of T cannot be combined with 𝜸(𝝁)

Scientific Reports, 7, 10691 (2017).

 Some reconstructions which are 

unstable in terms of electronic surface 

energy(𝜸𝒆𝒍𝒆𝒄) become energetically 

stable at high T(entropy effects).

 Such a correspondence between the 

calculations and experiments for a 

given T and P has not been available 

in the previous DFT calculations.

Configurational entropy:

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑗 𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛, 𝑓𝑗(𝜇, 𝑇) =
𝑍𝑗(𝜇,𝑇)

𝑍(𝜇,𝑇)
.

𝑍(𝜇, 𝑇) =  𝑗 𝑍𝑗(𝜇, 𝑇) =  𝑗 𝑔𝑗 exp(−
𝛾𝑗(𝜇)𝐴

𝑘𝐵𝑇
).

Vibrational entropy:
𝛾(𝜇, 𝑇) = 𝛾𝑒𝑙𝑒𝑐(𝜇) + ∆𝛾𝑣𝑖𝑏(𝑇).

𝛾𝑒𝑙𝑒𝑐(𝜇) =
𝐸𝑠𝑢𝑟𝑓
𝑒𝑙𝑒𝑐 −𝑁𝐺𝑎(𝐸 )𝐼𝑛𝐴𝑠(𝑏𝑢𝑙𝑘

𝑒𝑙𝑒𝑐 )−(𝑁𝐴𝑠−𝑁𝐺𝑎)(𝐸 )𝐴𝑠(𝐼𝑛𝐴𝑠
𝑒𝑙𝑒𝑐 )

𝐴
,

∆𝛾𝑣𝑖𝑏(𝑇) =
𝐹𝑠𝑢𝑟𝑓
𝑣𝑖𝑏 −𝑁𝐺𝑎(𝐹 )𝐼𝑛𝐴𝑠(𝑏𝑢𝑙𝑘

𝑣𝑖𝑏 )−(𝑁𝐴𝑠−𝑁𝐺𝑎)(𝐹 )𝐴𝑠(𝐼𝑛𝐴𝑠
𝑣𝑖𝑏 )

𝐴
,

𝐹𝑣𝑖𝑏(𝑇) =
1

𝑁𝑘
 𝑘∈𝐵𝑍   𝑖=1

𝑀  
)ħ𝑤𝑖(𝑘

2
+ 𝑘𝐵𝑇 ln 1 − 𝑒

−
 ħ𝑤𝑖(𝑘

𝑘𝐵𝑇 .

However, 𝝁 depends on T and P:

𝝁 and T are not independent variables.

 Equilibrium: 

𝛾𝑒𝑙𝑒𝑐 𝜇 → 𝛾𝑒𝑙𝑒𝑐(𝑇, 𝑃) by

𝜇𝐴𝑠(𝐺𝑎𝐴𝑠/𝐼𝑛𝐴𝑠) = 𝜇𝐴𝑠 𝑔 𝑇, 𝑃 .

𝜇𝐴𝑠 𝑔 (𝑇, 𝑃) = 𝜇𝐴𝑠 𝐼𝑛𝐴𝑠

Equilibrium P fixed to UHV

ζa(4×2) is identified 

to be unstable

𝑓𝑗(𝑇; 𝑃) =
𝑍𝑗(𝑇; 𝑃)

𝑍(𝑇; 𝑃)

Configurational entropy

𝜸𝒆𝒍𝒆𝒄(𝝁) 𝜸𝒆𝒍𝒆𝒄(𝑻, 𝑷) 𝜸𝒆𝒍𝒆𝒄(𝑻; 𝑷 = 𝟒 × 𝟏𝟎−𝟗 𝒂𝒕𝒎)

𝒇𝒋(𝑻; 𝑷 = 𝟒 × 𝟏𝟎−𝟗 𝒂𝒕𝒎)
~550K ~750K

𝛾 𝑇; 𝑃

= 𝛾elec(𝑇; 𝑃) + ∆𝛾𝑣𝑖𝑏(𝑇)

Vibrational entropy

𝜸(𝑻; 𝑷 = 𝟒 × 𝟏𝟎−𝟗 𝒂𝒕𝒎)

The conventional density functional theory (DFT) provided a method 

to obtain the surface energy, 𝛾, as a function of chemical potential, 𝜇. 

One of the main difficulties of using 𝛾(𝜇) is that it cannot be directly 

compared with the experimental results whose variables are T and P. 

Experimental transition: 

c(4×4)  (2×4): ~550 K 

(2×4)  (4×2): ~750 K 

in the UHV condition.

UHV~4×10-9 atm

 Chemical potential of Gas:
𝜇𝑖 𝑔𝑎𝑠 T, 𝑃 = (−𝑘𝐵𝑇 ln𝑄𝑖 𝑔𝑎𝑠

𝑡𝑜𝑡 + 𝑃𝑉  ) 𝑁.

𝑄𝑖(𝑔𝑎𝑠)
𝑡𝑜𝑡 =

1

𝑁!
(𝑞𝑡𝑟𝑎𝑛𝑠𝑞𝑟𝑜𝑡𝑞𝑣𝑖𝑏𝑞𝑒𝑙𝑒𝑐)𝑁,

𝜇𝑖 𝑔𝑎𝑠 T, 𝑃 = 𝜇𝑖 𝑔𝑎𝑠
𝑜 (𝑇, 𝑃𝑜) + 𝑘𝐵𝑇 ln

𝑃 )𝑖(𝑔𝑎𝑠

𝑃𝑜 .

Calculation methods

 Surface vibrational energy: 

𝛾(𝑇, 𝑃) = 𝛾𝑒𝑙𝑒𝑐(𝑇, 𝑃) + ∆𝛾𝑣𝑖𝑏(𝑇).

Converged by considering Top 3 layers.


