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𝑇⃗ = 𝑢𝑎 + 𝑣𝑏⃗ + 𝑤𝑐 

𝑎 , 𝑏⃗ , 𝑐 

𝑅𝑗
⃗⃗  ⃗ = 𝑥𝑗𝑎 + 𝑦𝑗𝑏⃗ + 𝑧𝑗𝑐 

𝐴 = 2𝜋
𝑏⃗ × 𝑐 

𝑎 ∙ 𝑏⃗ × 𝑐 
 , 𝐵⃗ = 2𝜋

𝑐 × 𝑎 

𝑎 ∙ 𝑏⃗ × 𝑐 
 , 𝐶 = 2𝜋

𝑎 × 𝑏⃗ 

𝑎 ∙ 𝑏⃗ × 𝑐 

𝐴 , 𝐵⃗ , 𝐶 

 



Γ

 

 

 

𝐸(𝑘⃗ ) 𝑘⃗ 

𝐸(𝑘⃗ )



𝑘⃗ 

𝑘⃗ 

𝐸(𝑘⃗ ) = 𝐸0 +
ℏ2𝑘2

2𝑚∗

𝑘

 

𝑣𝑔

𝑣𝑔 =
𝑑𝜔

𝑑𝑘
=

1

ℏ
∙
𝑑𝐸

𝑑𝑘

𝑑𝑣𝑔

𝑑𝑡
=

1

ℏ
∙
𝑑

𝑑𝑡
(
𝑑𝐸

𝑑𝑘
) =

1

ℏ
∙
𝑑2𝐸

𝑑𝑘2
∙
𝑑𝑘

𝑑𝑡
=

1

ℏ2
∙
𝑑2𝐸

𝑑𝑘2
∙
ℏ ∙ 𝑑𝑘

𝑑𝑡

𝑑𝐸 = 𝐹𝑑𝑥 = 𝐹𝑣𝑔𝑑𝑡

𝐹 =
1

𝑣𝑔
∙
𝑑𝐸

𝑑𝑡
=

1

𝑣𝑔
∙
𝑑𝐸

𝑑𝑘
∙
𝑑𝑡

𝑑𝑘
=

ℏ ∙ 𝑑𝑘

𝑑𝑡

 
𝑑𝑣𝑔

𝑑𝑡

𝐹 = (
1

ℏ2
∙
𝑑2𝐸

𝑑𝑘2
)

−1

∙
𝑑𝑣𝑔

𝑑𝑡

𝑚∗ = (
1

ℏ2
∙
𝑑2𝐸

𝑑𝑘2
)

−1



𝑚∗ = 𝑚

 

𝜒

𝐸𝑒𝑚𝑖𝑡 = ℏ𝜔 − 𝑊



 

 

σ 

π



 

𝐸(𝑘⃗ )

𝑚∗~(
𝑑2𝐸

𝑑𝑘2)
−1

𝐸(𝑘⃗ ) 𝐸(𝑘⃗ ) =  ±𝑐|𝑘|

𝐸2 = 𝑝2𝑐2 + 𝑚∗2𝑐4 𝑚∗ = 0



 
2𝑒2

ℎ

≈ 1 − 𝜋𝛼 ≈ 0,977 𝛼

 

135 𝑚𝑒𝑉

0,26 𝑒𝑉



 



 

 

closo-borany nido-borany arachno-borany hypho-borany 

 

 



 

 

 

 



molekula dipólový moment [Debye] 

4,53 ± 0.05

2,85 ± 0,05

0

 

σ

π

σ  π 

π

 

𝜌 = 3 × 1014 𝑐𝑚−2

7,2 ±

0,5 Å



 

 

 

 

 

 

 

 

 

 

~
1

𝑟𝑧

~𝑒−𝑘𝑟



𝑈𝐵(𝑟) = 𝐴𝑒−𝐵𝑟 −
𝐶

𝑟6
,

𝑈𝑀𝑖𝑒(𝑟) = 4𝜀 [(
𝜎

𝑟
)
𝑚

− (
𝜎

𝑟
)
𝑛

]

𝑚 = 12, 𝑛 = 6

𝑈𝐿𝐽(𝑟) = −
𝐴

 𝑟6
+

𝐶

𝑟12
= 4𝜀 [(

𝜎

𝑟
)
12

− (
𝜎

𝑟
)
6

] ;  𝜎 = √(
𝐶

𝐴
)

6

;  𝜀 =
𝐶2

4𝐵
,

𝜀

𝜎

𝑈(𝑟) = 0

14 ± 5



 

〈𝜇 1〉 = 0

𝑟 𝜇 1
𝑟  𝐸⃗ 

𝐸⃗ =
1

4𝜋𝜀0𝜀𝑟
[
𝜇 1
𝑟3

−
3(𝜇 1 ∙ 𝑟 )

𝑟5
∙ 𝑟 ]

𝐸⃗  ∝  
𝜇⃗⃗ 1

𝑟3

𝜇 2

𝜇 2 = 𝛼𝐸⃗ ∝
𝛼𝜇 1
𝑟3

𝛼

𝑈(𝐿) = −
𝜇 1𝜇 2
𝑟3

~ −
𝛼𝜇 1

2

𝑟6

𝜇1
2

〈𝜇 1〉 = 0

~𝑟−6

 



𝑟 𝐸⃗ 

𝜇 2 𝐸⃗ 

𝛼

𝑈 = −𝜇 2𝐸⃗ 

𝑈(𝐷) = −𝜇 2𝐸⃗ = −𝛼𝐸2 = −
𝛼

4𝜋𝜀0
∙
𝜇1

2

𝑟6
∙ (1 + 3 cos(𝜃)2)

𝜃 𝜇 1 𝑟 

𝐹 = −
𝑑𝑈

𝑑𝑟
𝐹 ∝  𝑟−7

 

𝐹 ∝  𝑟−7 

 



 

 



 

 

 

 

 

 

 

Δ𝑓 ~ ∇𝐹 

Δ𝐴 ~ 𝐹 



 

𝑉𝐶𝑃𝐷 =
(𝑊𝑣𝑧𝑜𝑟𝑒𝑘 − 𝑊ℎ𝑟𝑜𝑡)

𝑒

𝑉𝐷𝐶 𝑉𝐶𝑃𝐷



𝑉𝐷𝐶

Δ𝑉 = 𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷

 Δ𝑉

Δ𝑉 = 0 𝑉𝐷𝐶 𝑉𝐶𝑃𝐷

𝑉𝐷𝐶

𝑉𝐷𝐶  

𝑉𝐶𝑃𝐷

 

substrát 𝚫𝑾𝟏−𝟐 [meV] technika 
𝟑𝟓

𝟓𝟎

𝟏𝟏𝟎 ± 𝟐𝟏

𝟏𝟑𝟓 ± 𝟗



 

Δ𝐸

𝜈𝑣𝑖𝑏 ≅ 1013 𝑠−1

𝜕𝛼

𝜕𝑄
≠ 0

 

𝑤(2𝐷) = (−45 (
1

𝑁
) + 88)

2721 𝑐𝑚−1 2760 𝑐𝑚−1



 

 

 

 





10 × 10 μm

 



~𝟏𝟎𝟎 𝒎𝒈/𝒍

 

𝛥

𝑉𝐷𝐶

ℎ𝑙𝑖𝑓𝑡 = 10 𝑛𝑚

 

13 ± 4 𝑚𝑉



~15 − 50 mV 50 mV

 𝚫𝑽𝟏−𝟐 = +52 mV

~ 3 𝑛𝑚

14 ± 3 𝑚𝑉

 

2 − 3 𝑛𝑚

3 − 5 𝑛𝑚

51 ± 6 𝑚𝑉.

12 ± 3 𝑚𝑉.



3 − 5 𝑛𝑚

 

2 − 3 𝑛𝑚

~40 𝑚𝑉

30 𝑚𝑉



10 𝑚𝑉

25 ± 4 𝑚𝑉

11 ± 3 𝑚𝑉

 

~330 𝑚𝑉

−19 𝑚𝑉



10 𝑚𝑉 2 − 3 𝑛𝑚

 

Δ𝑉

Δ𝑉 =
𝜇𝑁𝜌𝑑𝑖𝑝

𝜀0

𝜇𝑁



𝜌𝑑𝑖𝑝 =
1

(7,26 × 10−10)2 ∙ sin (60°)
= 3,8 × 1018 𝑚−2

Δ𝑉 = 1,431 𝑉 ∙ 𝜇𝑁

Δ𝑊 = 𝑒Δ𝑉 = 1,431 𝑒𝑉 ∙ 𝜇𝑁

molekuly dipól [Debye] Δ𝑊 (výpočet) [meV] Δ𝑊 (změřeno) [meV] 

4,53 ± 0.05 6480 14 ± 3

2,85 ± 0,05 4078 12 ± 3

0 0 11 ± 3

 



3 𝑛𝑚



+13 𝑚𝑒𝑉

Δ𝑉~ − 350 𝑚𝑉

~10 𝑚𝑉

 



 





 



 

 
 

 

 

 
 
 

 

 

 

 

 

 

 

 
 
 



 

m* 

m- 

N 

OLED 

𝒂⃗⃗  o- 

𝑨⃗⃗  p 

p- 

Å Q 

AFM 𝑹⃗⃗ j 

𝒃⃗⃗  SPM 

𝑩⃗⃗  STM 

𝑻⃗⃗  
𝒄⃗  U 

𝑪⃗⃗  V 

 VCPD 

D, D‘ VDC 

E  

e vg 

W 

𝑬⃗⃗   w(2D) 

E0 xj, yj, zj 

F α 

𝑭⃗⃗   

ℏ Γ 

  

HOMO ∇ 

 Δ 

hlift  

𝒌⃗⃗  ε0 

K, K‘ εr 

 𝝁⃗⃗  

kx, ky,  𝝁⃗⃗ N 

kz  

KPFM ρ 

 ω 

LED 𝜈 

LUMO  

  


