
Курс: Електронна структура та властивості низькорозмірних систем
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Лекції 5-6: Хвилі зарядової густини в дихалькогенідах перехідних металів та 
квазікристали

• Transition metal dichalcogenides: composition, structure, and applications
• Квазідвовимірність та електронна структура
• CDW in TaSe2: переходи у співрозмірну на неспіврозмірну фази, псевдощілина
• Нестинг, автокореляція та двохчастинкова спектральна функція
• Commensurate vs Incommensurate…
• CDW band gaps
• Плитки Пенроуза та квазікристали

https://eduportal.kau.org.ua/course/view.php?id=10


CDW in transition metal dichalcogenides

Various polytypes of the layer structure transition metal dichalcogenides

https://doi.org/10.1080/00018736900101307J.A. Wilson & A.D. Yoffe, Advances in Physics (1969)

https://doi.org/10.1080/00018736900101307


Nano Convergence 2, 17 (2015)

Transition metal dichalcogenides

https://nanoconvergencejournal.springeropen.com/


http://van-der-waals-epitaxy.info/?attachment_id=317Various transition metal dichalcogenides (T. Shimada)

http://van-der-waals-epitaxy.info/?attachment_id=317


Recent development of 2D transition metal 
dichalcogenides and their applications

https://doi.org/10.1016/j.mattod.2016.10.002

https://doi.org/10.1016/j.mattod.2016.10.002


Electronic properties of transition-metal dichalcogenides

A. Kuc (2015) Mrs Bulletin

•DOI:10.1557/MRS.2015.143

Transition metal dichalcogenides: crystal structure

https://doi.org/10.1557/MRS.2015.143


CDW in transition metal dichalcogenides

Various polytypes of the layer structure transition metal dichalcogenides

https://doi.org/10.1080/00018736900101307J.A. Wilson & A.D. Yoffe, Advances in Physics (1969)
J.A. Wilson et al. Advances in Physics, 24, 117-201 (1975)

https://doi.org/10.1080/00018736900101307


https://c3d.libretexts.org/CalcPlot3D/index.html

З попередньої лекції…

https://c3d.libretexts.org/CalcPlot3D/index.html


https://c3d.libretexts.org/CalcPlot3D/index.html

З попередньої лекції…

https://c3d.libretexts.org/CalcPlot3D/index.html


CDW in transition metal dichalcogenides

Molar susceptibilities versus T of a 

variety of tantalum dichaleogenides. 
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Metal vs Insulator

З попередньої лекції…



CDW in transition metal dichalcogenides

Electron diffraction plates 

showing superlattice formation. 

(i) 2H-TaS% (300°K).

A crystal showing standard a o 

parameter. 

(ii) 1T-TaS% (300°K). Pattern,

for well-oriented sample, from 

~/(13) superlattice. 

(iii)

4Hb-TaS2 (300°K). Pattern 

indexable on 13 superlattice. 

Equivalent to superposifion of ~ 

and /~-domain patterns. 

(iv) 1T-TaS~ (300°K). Basically 

~/(13)a o superlattice pattern 

(here of ~-dolnain type), but

with complex 'decoration'.
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CDW in TaSe2: commensurate CDW state

Borisenko PRL 2008



2H-TaSe2 crystal structure, CDW transitions

Se

Ta

a

c

b

3.44 Å

2.94 Å

12.7 Å

• 1st-order lock-in transition to a 3x3 commensurate CDW at TICC = 90 K 

90 K

• 2nd-order transition to an incommensurate CDW at TNIC = 122 K 

122 K

• What was strange?

Normal 

state

Incommensurate

CDW state

Commensurate

CDW state

No nesting. No change in ARPES spectra at TNIC .

Gap of 24-250 meV only below 90K.

Borisenko 2008



CDW in TaSe2: commensurate CDW state

Borisenko PRL 2008



Normal state of 2H-TaSe2

290 K

Normal state

Momentum

M
o

m
e

n
tu

m 1
3

2

4

4

5 5

5

6

-0.4 -0.3 -0.2

0.3

0.2

0.1

0.0

-0.1

B
in

d
in

g
 e

n
e

rg
y
 (

e
V

)
1

0.40.30.2

32

-0.2 -0.1 0.0 0.1

Momentum (Å-1)

4 4

0.40.30.20.1

5 6

0.10.0-0.1

5 5



Commensurate CDW state of 2H-TaSe2

-0.4 -0.3 -0.2

0.3

0.2

0.1

0.0

-0.1

0.40.30.2 -0.2 -0.1 0.0 0.1 0.40.30.20.1 0.10.0-0.1

-0.4 -0.3 -0.2

0.3

0.2

0.1

0.0

-0.1

0.40.30.2 -0.1 0.0 0.1 0.50.40.30.2 0.10.0-0.1

Normal state 290 K

B
in

d
in

g
 e

n
e
rg

y
 (

e
V

) Incommensurate CDW 107 K

-0.4 -0.3 -0.2

0.3

0.2

0.1

0.0

0.40.30.2 -0.2 -0.1 0.0 0.1 0.40.30.2 0.10.0-0.1

Commensurate CDW 30 K

Momentum (A-1)



Comparison: IC-CDW and normal state
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Pseudogap as a function of temperature
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Autocorrelation – measure of nesting

290 K

min

max

Borisenko PRL 2008





ε± = 
ε1+ε2

2
±

ε1−ε2
2

2
+ Δ2



Fermi surface nesting and Lindhard function 

Inosov NJP 2008



Electron susceptibility

Inosov arXiv:0805.4105, arXiv:0807.3929



Temperatuire variations

Inosov arXiv:0805.4105, arXiv:0807.3929



Commensurate vs Incommensurate

𝐴 𝑘,𝜔 =

= ෍

𝑖=−(𝑁𝑟−1)

𝑁𝑟−1
1

ω − 𝜀𝑖(𝑘)
2 + 𝛿2

𝜀𝑖 𝑘 = −cos[2𝜋 𝑥 + 𝐺𝑖 ]



Commensurate vs Incommensurate

𝐴 𝑘,𝜔 =

= ෍

𝑖=−(𝑁𝑟−1)

𝑁𝑟−1
1

ω − 𝜀𝑖(𝑘)
2 + 𝛿2

𝜀𝑖 𝑘 = −cos[2𝜋 𝑥 + 𝐺𝑖 ]



Commensurate vs Incommensurate



Commensurate vs Incommensurate

𝐴 𝑘,𝜔 =

= ෍

𝑖=−(𝑁𝑟−1)

𝑁𝑟−1
exp(−𝐷𝑖)

ω − 𝜀𝑖(𝑘)
2 + 𝛿2

𝜀𝑖 𝑘 = −cos[2𝜋 𝑥 + 𝐺𝑖 ]



Competing CDW 
and 

temperature-
dependent 
nesting in 
2H-TaSe2

Leininger… Inosov, 
PRB 2011



Commensurate vs Incommensurate





Band gaps

L

a

K = 2p/a

У попередніх лекціях…



CDW band gaps



CDW band gaps



Hall coefficient of 2H-TaSe2 from ARPES
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Leroux PRB 2015



Cu-intercalated 2H-TaSe2
-> 2Hb-TaSe2



Quasicrystals



Деякі приклади нерекурсивної математики

Пенроуз Р. Новый ум короля.djvu

https://eduportal.kau.org.ua/pluginfile.php/998/mod_folder/content/0/%D0%9F%D0%B5%D0%BD%D1%80%D0%BE%D1%83%D0%B7 %D0%A0. %D0%9D%D0%BE%D0%B2%D1%8B%D0%B9 %D1%83%D0%BC %D0%BA%D0%BE%D1%80%D0%BE%D0%BB%D1%8F.djvu?forcedownload=1












Atomic model of an aluminium-palladium-manganese (Al-Pd-Mn) 

quasicrystal surface. 



Дифракційна картина розсіяння електонів 

на ікосаедричній структурі квазікристалу 

Zn-Mg-Ho. Видно 10 точок по колу.




