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Motivation 

 Dielectric constant 

𝜀 = 𝜀0𝜀𝑟 = 𝜀0

𝜀𝑥𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧

𝜀𝑦𝑥 𝜀𝑦𝑦 𝜀𝑦𝑧

𝜀𝑧𝑥 𝜀𝑧𝑦 𝜀𝑧𝑧
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Si (𝜀𝑟 ≈ 12) 

𝜀 = 𝜀0𝜀𝑟 = 𝜀0𝜀𝑟

1 0 0
0 1 0
0 0 1

 

homogeneous and isotropic  

Cubic diamond lattice structure 

(bulk) 
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Si (𝜀𝑟 ≈ 12) 

𝜀 = 𝜀0𝜀𝑟 = 𝜀0𝜀𝑟

1 0 0
0 1 0
0 0 1

 

homogeneous and isotropic  

Cubic diamond lattice structure 

(bulk) 

Ultrathin slab 

𝜀𝑟= 𝜀𝑥𝑥(= 𝜀𝑦𝑦)= 𝜀𝑧𝑧? 
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Methodology 

 Modern theory of polarization : a well definition in periodic solid 

Initial state 

Final state 

Red cell Blue cell 

Initial state 
+

1

2
 

Final state 

 
+

1

2
+ 𝑑𝑖𝑝 
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Methodology 

 Modern theory of polarization : a well definition in periodic solid 

Initial state 

Final state 

Red cell Blue cell 

Initial state 
+

1

2
 −

1

2
 

Final state 

 
+

1

2
+ 𝑑𝑖𝑝 −

1

2
− 𝑑𝑖𝑝 

dip =   2∆ + 𝒅  (well definition) 

𝜀𝑖𝑗 −  𝛿𝑖𝑗 =  
4𝜋

𝜀0

𝜕𝑃𝑖

𝜕𝐸𝑗
; i, j = x, y, z 

The change in polarization is 

well definition in periodic solid. 

The polarization of each state  is 

a relative property. 
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Methodology 

 Modern theory of polarization: berry phase method 
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Methodology 

 Modern theory of polarization: berry phase method 

𝐾𝑥 

𝐾𝑦 

𝐾𝑧 

“J” cuts 

IBZ 

Eigenstate: 𝑢𝑛,𝑘𝑗
 

𝑛 = 𝑣𝑎𝑙𝑒𝑛𝑐𝑒 𝑏𝑎𝑛𝑑 𝑖𝑛𝑑𝑒𝑥 

𝑘𝑗 = # of cut point 

R. D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993). 

 𝑢𝑛,𝑘0
  𝑢𝑛,𝑘𝐽

 

 𝑢𝑛,𝑘0
 

 𝑢𝑛,𝑘𝐽
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Methodology 

 Modern theory of polarization: berry phase method 

𝐾𝑥 

𝐾𝑦 

𝐾𝑧 
IBZ 

R. D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993). 

position of electron clouds center 

in 2π unit. 

(𝑷𝑒)𝑖 =
𝑓 𝑒 𝑅𝑖

2𝜋Ω0

𝜙𝐽 

 𝑢𝑛,𝑘0
(𝑟) = 𝑒−𝑖𝐺∙𝑟 𝑢𝑛,𝑘𝐽

(𝑟) 
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“J” cuts 

Eigenstate: 𝑢𝑛,𝑘𝑗
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𝑘𝑗 = # of cut point 

 𝑢𝑛,𝑘0
  𝑢𝑛,𝑘𝐽

 

 𝑢𝑛,𝑘0
 

 𝑢𝑛,𝑘𝐽
 



Methodology 

 Tool: VASP 5.4.4 

 Generalized gradient approximation(GGA) of the Perdew-Burke-Enzerhof (PBE) form. 

 

 The plane wave cutoff energy is taken as 500 eV. 

 

 13×13×13 for bulk(13×13×1 for slab) Gamma-centered k-mesh. 
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Methodology 

 The structure of slab 

H atom 

Si atom 

 Si-H: Eliminate the dangling bond. 

 

 Vacuum: avoid interaction. 
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Results and discussions 

 The result of dielectric constant from DFT by using berry phase method 

𝜀𝐷𝐹𝑇 − 1 =  
4𝜋

𝜀0

𝜕𝑃

𝜕𝐸
 

𝜀𝐷𝐹𝑇 

𝑉𝑡𝑜𝑡 

𝑃𝐷𝐹𝑇 
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Results and discussions 

 The result of dielectric constant from DFT by using berry phase method 

𝜀𝐷𝐹𝑇 − 1 =  
4𝜋

𝜀0

𝜕𝑃

𝜕𝐸
 

Fitting function: 

(𝜀𝐷𝐹𝑇  − 1) =  
𝑃𝐷𝐹𝑇

𝑃𝑀
× (𝜺𝑀 − 1) 

 = 
𝜀𝑀−1

1+
𝑉𝑣𝑎𝑐𝑢𝑢𝑚

𝑉𝑠𝑙𝑎𝑏

; 

𝑉𝑠𝑙𝑎𝑏 

𝜀𝑀 

𝜀𝐷𝐹𝑇 

𝑉𝑡𝑜𝑡 

𝑃𝐷𝐹𝑇 =
𝑉𝑡𝑜𝑡

𝑉𝑠𝑙𝑎𝑏
× 𝑃𝑀;  (no contribution from vacuum) 

𝑃𝑀 

𝑃𝐷𝐹𝑇 

This is what we need. 
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Results and discussions 

 The result of dielectric constant 𝜀𝑥𝑥,𝑦𝑦 

Fitting function: 

(𝜀𝐷𝐹𝑇  − 1) =  
𝜀𝑀−1

1+
𝑉𝑣𝑎𝑐𝑢𝑢𝑚

𝑉𝑠𝑙𝑎𝑏

; 
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Results and discussions 

 The result of dielectric constant 𝜀𝑥𝑥,𝑦𝑦 

 Saturation around 50Å  of thickness. 

 

 Decrease with thinner thickness. 
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Results and discussions 

 The result of dielectric constant 𝜀𝑧𝑧 
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Results and discussions 

 The result of dielectric constant 𝜀𝑧𝑧 
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 𝑃𝐷𝐹𝑇 ≠
𝑉𝑡𝑜𝑡

𝑉𝑠𝑙𝑎𝑏
× 𝑃𝑀 ? 



Results and discussions 

 The result of dielectric constant 𝜀𝑧𝑧 

 𝜖(𝑧) =  
𝐸

𝑖𝑛

𝐸
𝑒𝑥𝑡

=
𝜕∆𝑉𝑖𝑛 (𝑧)

𝜕𝑧

𝐸
𝑒𝑥𝑡

 

 This method doesn’t be used along 

in-plane direction. 
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Results and discussions 

 The result of dielectric constant 𝜀𝑧𝑧 

 The dielectric constant 

function of z. 
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Results and discussions 

 The result of dielectric constant 𝜀𝑧𝑧 

 𝜀𝑧𝑧(z) is non-uniform. 

 

 <𝜀𝑧𝑧> decays as thickness 

of slab decreases. 
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Results and discussions 

 The result of dielectric constant 𝜀𝑥𝑥 , 𝜀𝑦𝑦  , 𝜀𝑧𝑧 

 Anisotropy in ultrathin Si(001). 

 𝜀𝑥𝑥 = 𝜀𝑦𝑦 ≠ 𝜀𝑧𝑧 

 

 Isotropy in Si if the thickness is 

larger than 50Å . 
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Summary 

The property of dielectric constant 𝜀𝑧𝑧(z) in edge is smaller than center. 

 

 The average dielectric constant 𝜀𝑥𝑥(𝜀𝑦𝑦), <𝜀𝑧𝑧> decays as thickness of slab 

decreases. 

 

  The dielectric constant 𝜀𝑥𝑥(𝜀𝑦𝑦), 𝜀𝑧𝑧 is anisotropy in ultrathin Si(001). 

 

When the thickness of Si is larger than 50 Å , the dielectric constant is isotropy 

and close to bulk. 
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Summary 
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Thanks for listening 


