
A DISSERTATION FOR THE DEGREE OF       

                                           DOCTORATE OF PHILOSOPHY    
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G 

 



𝑐𝑚2

𝑉.𝑠



 

𝛿1
⃗⃗  ⃗, 𝛿2

⃗⃗⃗⃗ ,   𝛿3
⃗⃗⃗⃗ ; 

 𝛿1
⃗⃗  ⃗ =

𝑎

2
 (√3 𝑥 + 𝑦 ), 𝛿2

⃗⃗⃗⃗ =
𝑎

2
 (−√3 𝑥 + 𝑦 ), 𝛿3

⃗⃗⃗⃗ = −𝑎 𝑦 ⃗⃗⃗                       

 𝑎1⃗⃗⃗⃗ =  √3 𝑎 𝑥  𝑎2⃗⃗⃗⃗ =
√3

2
𝑎 ( 𝑥 + √3 𝑦 )



π

𝑥 

𝑥 𝑦 𝑧 



𝑎1⃗⃗⃗⃗ 𝑎2⃗⃗⃗⃗ 

𝑏𝑖
⃗⃗⃗  

𝑏𝑖
⃗⃗⃗   𝑎𝑗⃗⃗  ⃗ 2𝜋𝛿𝑖𝑗

𝑎1⃗⃗⃗⃗ 𝑎2⃗⃗⃗⃗ 𝑏1
⃗⃗  ⃗ 𝑏2

⃗⃗⃗⃗ 

𝑏1
⃗⃗  ⃗ =

2√3𝜋

3𝑎
 ( 𝑥 −

√3

3
 𝑦 )

𝑏2
⃗⃗⃗⃗ =

4𝜋

3𝑎
 𝑦 



π

9.5 × 105 s−1

E π

π

𝐸(𝑘) = ±𝑡𝑏√1 + 4𝑐𝑜𝑠
√3𝑘𝑥𝑎

2
𝑐𝑜𝑠

𝑘𝑦𝑎

2
+ 4𝑐𝑜𝑠2 𝑘𝑦𝑎

2
 



π π

𝐸(𝑘) ≈ ± ℏ𝑘𝑣𝐹 

𝐸 = ±√𝑚2𝑐4 + 𝑝2𝑐2

𝑝 = ℏ𝑘

9.5 × 105 s−1



 



𝑉𝐺𝑆

𝐸𝐺𝑆 = 𝑉𝐺𝑆/𝑡





𝐼𝑆𝐷

𝑉𝑆𝐷

𝑉𝐷

𝑉𝐺𝑆



𝑉𝐺𝑆

𝑉𝐷

𝑉𝐷



𝑥

𝐶

𝐶 =
𝑞

𝑉𝐺𝑆

𝑞

𝑞 = 𝑛𝑒

 𝜀𝑟

𝐶 =
𝜀0𝜀𝑟𝐴

𝑥

𝜀0 𝑥

𝑄

𝑄 =
𝜀0𝜀𝑟

𝑥
 𝑉𝐺𝑆



𝑛 =
𝜀0𝜀𝑟

𝑥𝑒
 𝑉𝐺𝑆

𝑛 µ 𝑞

𝜎 = ∑𝑛𝑞µ  

𝜇 =
𝜎

𝑛𝑞
=

1

𝜌𝑛𝑞
=

1

𝑅𝑆𝐶𝑉𝐺𝑆

 

𝜔 𝜇𝐶

𝛤 = 1/𝜏 𝑇



𝜎𝑀𝑒𝑡𝑎𝑙𝑠(𝜔) =
𝑛𝑒2Γ

𝑚(1−𝑖𝜔Γ)
=

𝜎𝐷𝐶

1−𝑖𝜔Γ
 

𝜎𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒(𝜔, 𝜇𝐶 , Γ, 𝑇) =

𝑖𝑒2(𝜔−𝑖2Γ)

𝜋ℏ2  [
1

(𝜔−𝑖2Γ)2
∫ 𝜖 (

𝜕𝑓𝑑(𝜖)

𝜕𝜖
−

𝜕𝑓𝑑(−𝜖)

𝜕𝜖
) 𝜕𝜖 −

∞

0
∫

𝑓𝑑(−𝜖)−𝑓𝑑(𝜖)

(𝜔−𝑖2Γ)2−4(𝜖 ℏ⁄ )2
𝜕𝜖

∞

0
]

𝜖 𝜖 = ℏ𝜔 ℏ 𝑓𝑑

𝑓𝑑(𝜖) = [(𝑒𝑥𝑝 (𝜖 − 𝜇𝐶) 𝑘𝐵𝑇)⁄ + 1)]−1

𝑘𝐵

𝜎𝑖𝑛𝑡𝑟𝑎 𝜎𝑖𝑛𝑡𝑒𝑟

ℏ𝜔 < 𝜇𝐶

ℏ𝜔 > 𝜇𝐶

𝜎𝑖𝑛𝑡𝑟𝑎 =
𝑖𝑒2

𝜋ℏ2(𝜔−𝑖2Γ)
∫ 𝜖 (

𝜕𝑓𝑑(𝜖)

𝜕𝜖
−

𝜕𝑓𝑑(−𝜖)

𝜕𝜖
) 𝜕𝜖

∞

0

𝜎𝑖𝑛𝑡𝑒𝑟 =
𝑖𝑒2(𝜔−𝑖2Γ)

𝜋ℏ2 ∫ 𝜖
𝑓𝑑(−𝜖)−𝑓𝑑(𝜖)

(𝜔−𝑖2Γ)2−4(𝜖 ℏ⁄ )2
𝜕𝜖

∞

0



ℏ𝜔 > 𝜇𝐶

𝜎(𝜔) =
𝜋𝑒2

2ℎ

𝑛𝑒 = ∫ 𝐷𝑐(𝜖)𝑓(𝜖, 𝜇𝐶)𝑑𝜖
∞

0
=

1

𝜋ℏ2𝑣𝐹
2 ∫

1

1+exp[
𝜖−𝜇𝐶
𝑘𝑇

]
𝜖𝑑𝜖

∞

0
   

𝑛ℎ = ∫ 𝐷𝑣(𝜖)(1 − 𝑓(𝜖, 𝜇𝐶))𝑑𝜖
0

−∞
=

−1

𝜋ℏ2𝑣𝐹
2 ∫ [1 −

1

1+exp[
𝜖−𝜇𝐶
𝑘𝑇

]
] 𝜖𝑑𝜖

0

−∞
   

𝐷𝑐 𝐷𝑣

𝐷𝑐 =
𝜖

𝜋ℏ2𝑣𝐹
2



𝐷𝑣 = −
𝜖

𝜋ℏ2𝑣𝐹
2

𝑛𝑒𝑓𝑓 = 𝑛𝑒 − 𝑛ℎ

𝑛𝑒𝑓𝑓 =
1

𝜋ℏ2𝑣𝐹
2 ∫ 𝜖𝑓(𝜖 − 𝜇𝐶)𝑑𝜖

∞

0

ℏ𝜔 < 𝜇𝐶

𝜎𝑖𝑛𝑡𝑟𝑎 =
𝜇𝐶 𝑒2

2𝜋ℏ2Γ
+

𝑘𝑇𝑒2

𝜋ℏ2Γ
𝑙𝑛 (𝑒−

𝜇𝐶
𝑘𝑇 + 1)

≪

𝜎𝑖𝑛𝑡𝑟𝑎 =
𝜇𝐶 𝑒2

2𝜋ℏ2Γ



𝜎𝑠 1/𝑅𝑠

𝑛0

𝑛 = 𝑛0 +
𝐶𝑉𝐺𝑆

𝑒

𝜇 =
1

𝑒
 
𝜕𝜎𝑠

𝜕𝑛

𝑛0

𝑛0 =
𝜀0𝜀𝑟

𝑥𝑒
 𝑉𝐷𝑖𝑟𝑎𝑐

𝜏+ 𝜏−

𝜇𝐶





 

 





°







] μ

𝑅𝑇





 

 



 



 

 

σ



 

 



 

 



 



 

 

 



°



 



 

 

 









 

𝜃

(𝑛𝜆 = 2𝑑𝑆𝑖𝑛𝜃)



 







 



 



𝐶 =  (𝐼𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  −

𝐼𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒)/ (𝐼𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)



 

 



µ



 

𝑒−𝜋𝑅𝐴/𝑅𝑠 + 𝑒−𝜋𝑅𝐵/𝑅𝑠 = 1

𝑅𝑠 =
𝜌

𝑡
=

𝜋(𝑅𝐴+𝑅𝐵)

2 ln(2)
 𝑐

 



𝑉𝐺𝑆

 



𝜇 𝐻𝑎𝑙𝑙 =
|𝑉𝐻𝑡|

𝐵𝐼𝜌

𝐵 𝑉𝐻 𝐼

𝑡 𝜌

 



 



𝑓𝑟

𝐼𝑟𝑚𝑠 𝑅 ≪ 𝜔𝐿

𝑓𝑟 =
1

2𝜋√𝐿𝐶





∆𝑓

𝑄 =  2𝜋 
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 
=

𝜔𝐿

𝑅
=

2𝜋𝑊

𝑃𝑇
=

𝜔𝑊

𝑃

𝑊

𝑃

ω

𝑓0

𝑓

𝑄𝐿 𝑄𝜋

𝑄𝑟𝑎𝑑 𝑄𝑒𝑥𝑡

1

𝑄𝐿
= 𝛫 𝑡𝑎𝑛𝛿 +

1

𝑄𝑒𝑥𝑡
+

1

𝑄𝑟𝑎𝑑
+

1

𝑄𝜋



𝛫 δ

δ  

𝑡𝑎𝑛𝛿 =
1

𝑄

𝑇0,𝑛+𝛾,𝑝+𝛿

𝛾 𝛿

δ

δ

δ

δ



δ

δ 

δ

𝑓𝑟 =
34(

𝑎

𝐿
+3.45)

𝑎√ɛ𝑟



 

∆𝜔



∆𝜔

𝜔
= 

∭ [(𝐷1𝐸2
 
𝑉𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑒𝑟

−𝐸1𝐷2)−(𝐵1𝐻2−𝐻1𝐵2)]𝑑𝑣

∭ (𝐸1𝐷2−𝐻1𝐵2)
 
𝑉𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟

𝑑𝑣

∆𝜔

𝜔
= 

∭ (𝐷1𝐸2
 
𝑉𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑒𝑟

−𝐸1𝐷2)𝑑𝑣

∭ (𝐸1𝐷2−𝐻1𝐵2)
 
𝑉𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟

𝑑𝑣

𝐻

𝐷⃗⃗ = ɛ𝐸⃗ 

𝐵⃗ = µ𝐻⃗⃗ 

∆𝜔

𝜔
= 

ɛ0(1−ɛ′𝑟) ∫ 𝐸1
2𝑑𝑉

 
𝑉

4𝑊

ɛ 𝑊

∆(𝑄−1) =
1

𝑄𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒
−

1

𝑄𝑆
=

𝑃𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

𝜔𝑊
 
ɛ0ɛ′′𝑟 ∫ 𝐸1

2𝑑𝑉
 
𝑉

2𝑊



□

 𝜀′′𝑟 =
𝜎

𝜔𝜀0

𝑅𝑠 =
1

σ𝑡

∆(𝑄−1) =  
𝑃𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

𝜔𝑊
=

𝜎𝑡 ∫ 𝐸1
2𝑑𝐴

 
𝐴

(2𝜋𝑓)2𝑊
=

∫ 𝐸1
2𝑑𝐴

 
𝐴

𝑅𝑠(2𝜋𝑓)2𝑊
=

𝑍𝐶

𝑅𝑆

𝑃𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 =
𝑉2

𝑅𝑆
=

∫ 𝐸1
2𝑑𝐴

 
𝐴

𝑅𝑆

∫ 𝐸1𝑑𝐴
 
𝐴

2ω𝑊

∆𝑓𝑠

𝑓
= −ɛ0(ɛ𝑠 − 1)𝑡𝑠𝑍𝐶𝜋𝑓

𝑍𝐶 = −
(
∆𝑓𝑠
𝑓

)

ɛ0(ɛ𝑠−1)𝑡𝑠𝜋𝑓



𝑅𝑠 = 
𝑍𝐶

∆(𝑄−1)
=

𝑍𝐶
1

𝑄𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒
−

1

𝑄𝑆

 



 

 





°





𝜃



 

2 × 10−2



°



°

°











 



8 × 10−9



 

4 × 10−8



















 









 

Ω



 



 

°





𝛼

𝛼



𝜆 = 2𝑑𝑆𝑖𝑛(𝜃) 𝑑

𝜆



𝜽 (°) Å

 



5 × 10−8

4 × 10−3





 



 



 











°C



 





 





 

 

°



 







 



 



𝑅𝑆𝐷 = 
𝑉𝑆𝐷

𝐼𝑆𝐷+(
𝑉𝐺𝑆−𝑉𝑆𝐷

2𝑅𝐺
)

𝜌 =  
𝑅𝑆𝐷.𝑤.𝑡

𝑙



δ .



δ







𝑅(𝑉) =
𝑍𝑐

1

𝑄(𝑉)
−

1

𝑄𝑆

𝑅𝑚𝑖𝑛 =
𝑍𝑐

1

𝑄𝑚𝑖𝑛
−

1

𝑄𝑆

𝑅(𝑉)

𝑅𝑚𝑖𝑛
=

𝑄(𝑉)(𝑄𝑆−𝑄𝑚𝑖𝑛)

𝑄𝑚𝑖𝑛(𝑄𝑆−𝑄(𝑉))



β

β ∆

𝑄𝑠  



𝛽 =
𝑅(𝑉1)

𝑅(𝑉2)
=

𝑄(𝑉2)

𝑄(𝑉1)
(

1 −
𝑄(𝑉1)
𝑄𝑠

1 −
𝑄(𝑉2)
𝑄𝑠

) = 10
∆𝑆21
20  𝐴(𝑄, 𝑉),    

𝐴(𝑄, 𝑉) =
1−

𝑄(𝑉1)

𝑄𝑠

1−
𝑄(𝑉2)

𝑄𝑠

                                                 (4.6) 

 





 

 



 𝒁𝑪

𝑓𝑟



 





𝛿



𝛿 = 2(𝑎𝑆𝑇𝑂 − 𝑎𝑆𝑖𝑂2)/(𝑎𝑆𝑇𝑂 + 𝑎𝑆𝑖𝑂2)

𝑎𝑖





 



 



4𝑒2/𝜋ℎ





∙

∙ ρ

𝑉𝐺𝑆

𝑉𝐺𝑆

∙

∙ ρ



𝐶

∙

∙

 

𝑉𝐺𝑆



𝜀𝑟  = 



 

𝜃



 



𝑇 = 10(𝑑𝐵/20)

𝑦 = 𝑦0 + 𝐴 × exp (𝑅0𝑥)



𝜏 = 1/𝑅0

𝑉𝐺𝑆



∝ 𝑑

𝐶 ∝ 𝑑



 









𝑛𝑇𝑜𝑝 = 𝑛0 (𝑇𝑜𝑝) +
𝐶𝑇𝑜𝑝𝑉𝑇𝑜𝑝

𝑒

𝑛𝐵𝑜𝑡𝑡𝑜𝑚 = 𝑛0 (𝐵𝑜𝑡𝑡𝑜𝑚) −
𝐶𝑇𝑜𝑝𝑉𝑇𝑜𝑝

𝑒
+

𝐶𝐵𝑜𝑡𝑡𝑜𝑚𝑉𝐵𝑜𝑡𝑡𝑜𝑚

𝑒

𝐶𝑇𝑜𝑝 =
ɛ0ɛ𝑟(𝐴𝑙𝑁)

𝑋𝑡

𝐶𝐵𝑜𝑡𝑡𝑜𝑚 =
ɛ0ɛ𝑟(𝑆𝑖𝑂2)

𝑋𝑏





𝜏+ = 𝜏− =

3.6 fs 𝑛0 (𝑇𝑜𝑝) = 10.8 ×  1011 cm−2

𝜏+ = 10.9 fs 𝜏− = 5.8 fs 𝑛0 (𝐵𝑜𝑡𝑡𝑜𝑚) = −4.0 ×  1011 𝑐m−2

0.3 mF/m2

0.17 mF/m2
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