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Nanotechnology 

Nanotechnology is the postulated ability to manufacture objects and structures with atomic precision, literally atom by atom. 

Simple applications involve the creation of new and powerful 

materials, perfect diamond in bulk quantities and a tool to manipulate 

objects on any scale.  

  This would mirror the abilities of living cells, which do exactly the same thing, although based on evolution and not design.  

More advanced applications would involve massively 

parallel nanocomputers, self-replication and more or less 

smart nanodevices able to interact with their 

surroundings.  



e-mail: bellucci@lnf.infn.it 6 

Carbon Nanotubes 

Carbon nanotubes, long and thin cylinders of carbon, discovered 24 years ago, 

though existing for a long time.  

They can be thought of a sheet of graphite (a hexagonal lattice of carbon) rolled up 

into a cylinder.   

Carbon nanotubes are characterized by unique structural, mechanical, electrical 

and chemical properties and they have been widely studied and used in the 

realization of composite nanomaterials. 
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Graphene and Graphene NanoRibbons 

An Electromagnetic 
Characterization 

through the eyes of  
Linear Response 

Density Functional 
Theory 



The Geometry 

An ideal Graphene 

Sheet…. 
… and two simple 

Armchair and Zig-

Zag Graphene 

Ribbons (Edges 

passivated by 

Hydrogen atoms) 

a = 0.142 nm  

a  = 0.142 nm  

a’ = 0.1 nm 



Graphene 

Imagine we replicate the structures 

and obtain the following 3D Crystals 

Armchair 

GNR 

Zig-Zag 

GNR 



Plane Wave (PW) DFT Electron Density 

𝑛 𝒓 = 𝑓𝑏𝒌 𝜓𝑏𝒌 𝒓
2

𝑜𝑐𝑐

𝑏𝒌

 

Bloch’s 

Theorem  

𝜓𝑏𝒌 𝒓 = 
𝑏𝒌+𝑮

𝑉
𝑒𝑖 𝒌+𝑮 ⋅𝒓

𝑮

 

Then…. we perform  a 3D 

Density Functional 

Calculation 

FD Statistics 

Initial Guess  

𝑛0 𝑟 → 𝑏𝒌+𝑮
0 → 𝑏𝒌+𝑮

0 2

𝑮

= 1 

b = band index  

k = wave vector in the 1st BZ 

G = reciprocal lattice vectors 

Effective Kohn-Sham (KS) Potential 

𝑉𝐾𝑆
0 𝒓 = 𝑉𝑒𝑥𝑡 𝒓 + ∫ 𝑑

3𝑟′
𝑛0 𝒓

′

𝒓 − 𝒓′
+
𝛿Exc
𝛿𝑛0 𝒓

 

Hartree 

Exchange and  

Correlation 

Atomic  

Nuclei 

KS Equations 

−
𝛻2

2
+ 𝑉𝐾𝑆
0 𝒓 𝜓𝑏𝒌

1 𝒓 = 휀𝑏𝒌
1  𝜓𝑏𝒌
1 𝒓  

New electron density 

𝑛1 𝒓 ← 𝑏𝒌+𝑮
1 2

𝑮

= 1 ← 𝑏𝒌+𝑮
1  

Converged? 

No: Start  

Back 
𝑏𝒌+𝑮
0 = 𝑏𝒌+𝑮

1  

Yes 

휀𝑏𝒌 = 휀𝑏𝒌
1  

𝜓𝑏𝒌 = 𝜓𝑏𝒌
1  

𝑛(𝒓) = 𝑛1(𝒓) 
Ground State 

Properties:Total Energy,  

Forces, Stresses 



Graphene: Full electronic structure 

(DFT) 
Brillouin ZONE (k Space) 

Exp: A. Bostwick et al,  

Nature 3, 36 (2007)  

Dirac’s 

Electrons 



Graphene…zooming at the Dirac points (on the THz Scale) 



Graphene…zooming at the Dirac points (on the THz Scale) 

휀𝜋(𝜋∗) = ±𝑣𝐹 𝒌  

Conical Approx. (ok 

below 100 THz) 

The valence and 

conduction bands 

are asymmetrical 

above 120 THz 



Time Dependent DFT (Linear Response, RPA ) 

• Consider applying a small external electric field of wave-vector 𝐪 and frequency 𝜈 
• The electric displacement and conduction current responses to the probing field are 

controlled by the permittivity and conductivity matrices 

𝜖𝐆𝐆′ 𝐪, 𝜈±  
= 𝜖0𝛿𝐆𝐆′

− 𝜖0 𝒗𝑮𝑮′′ (𝒒)

𝑮′′

𝜒𝑮′′𝐆′
0 𝐪, 𝜈±  

𝜎𝐆𝐆′ 𝐪, 𝜈± 

= 𝑖ℎ𝜈𝜖0 𝒗𝑮𝑮′′ (𝒒)

𝑮′′

𝜒𝑮′′𝐆′
0 𝐪, 𝜈±  

𝜒𝑮𝐆′
0 𝐪, 𝜈 =

2

Ω
 
(𝑓𝜀𝑛𝒌 − 𝑓𝜀𝑛′ 𝐤+𝐪 

)𝜌
𝑛𝑛′
𝐤𝐪
𝑮 𝜌
𝑛𝑛′
𝐤𝐪
𝐆′ ∗

ℎ𝜈± + 휀𝑛𝒌 − 휀𝑛′ 𝒌+𝒒
𝒌,𝑛,𝑛′

 

DENSITY-DENSITY RESPONSE (LR THEORY) 

All the basic ingredients, apart from 𝜏 (phenomenological relaxation time) that enters 

𝜈± = 𝜈 ± 𝑗/𝜏, are computed by DFT, i.e., 

• the one-electron energies 휀𝑛𝒌 and 휀𝑛𝐤+𝐪; 

• the  one-electron occupation factors 𝑓𝜀𝑛𝐤 and  𝑓𝜀
𝑛′ 𝐤+𝐪

 ; 

• the one-electron wave-functions 𝜓𝑛𝐤 𝒓 =
1

Ω
 𝑐𝑛𝐤+𝐆𝑒

𝑗 𝐤+𝐆 ⋅𝐫,𝐆   

• which appear in 𝜌
𝑛𝑛′
𝐤𝐪
𝑮 =  c𝑛𝐤+𝐆′ 

∗ c𝑛′𝐤+𝐪+𝑮+𝐆′𝐆′′′ ; 

 

The electron-electron interaction (𝒗𝑮𝑮′ in reciprocal space) is part of the TD extension of 

DFT 



Unwanted effect 

 

G=G’=0 

Time Dependent DFT (Linear Response- 3D Coulomb Potential) 

• Consider applying a small external electric field of wave-vector 𝐪 and frequency 𝜈 
• The electric displacement and conduction current responses to the probing field are 

controlled by the permittivity and conductivity matrices 

Macroscopic Average 

𝜖𝛼𝛼 𝑞, 𝜈
−1 = 𝜖𝐆𝐆′ 𝑞𝒖𝛼, 𝜈

−1
𝐆=𝐆′=0 

𝜌𝛼𝛼(𝑞, 𝑣) = 𝜎𝐆𝐆′ 𝑞𝒖𝛼, 𝜈
−1
𝐆=𝐆′=0 

Inverse  Permittivity Tensor 

Resistivity Tensor 

𝑣𝑮𝑮′ 𝒒 =
𝑒2𝛿𝐆𝐆′

𝜖0 𝐪 + 𝐆
2 

Electron-Electron interaction (3D) 

𝜖𝐆𝐆′ 𝐪, 𝜈 = 𝜖0𝛿𝐆𝐆′ −   
𝜖0𝑣𝑮𝑮′′ 𝒒

Ω

𝜌
𝑛𝑛′
𝐤𝐪
𝑮′′ (𝑓𝜀𝑛𝒌 − 𝑓𝜀𝑛′ 𝐤+𝐪 

)𝜌
𝑛𝑛′
𝐤𝐪
𝐆′ ∗

ℎ𝜈± + 휀𝑛𝒌 − 휀𝑛′ 𝒌+𝒒
𝑛,𝑛′𝒌𝑮′′  

 

𝜎𝐆𝐆′ 𝐪, 𝜈 = 𝑖ℎ𝜈±   
𝜖0𝑣𝑮𝑮′′ 𝒒

Ω

𝜌
𝑛𝑛′
𝐤𝐪
𝑮′′ (𝑓𝜀𝑛𝒌 − 𝑓𝜀𝑛′ 𝐤+𝐪 

)𝜌
𝑛𝑛′
𝐤𝐪
𝐆′ ∗

ℎ𝜈± + 휀𝑛𝒌 − 휀𝑛′ 𝒌+𝒒
𝑛,𝑛′𝒌𝑮′′  

 



𝐺𝑧 , 𝐺𝑧
′ → 0 

𝒈,𝒈′ → 0 
2D Cut-Off 

Time Dependent DFT (Linear Response- 3D Coulomb Potential) 

• Consider applying a small external electric field of wave-vector 𝐪 and frequency 𝜈 
• The electric displacement and conduction current responses to the probing field are 

controlled by the permittivity and conductivity matrices 

Macroscopic Average 

𝜖𝛼𝛼 𝑞, 𝜈
−1 = 𝜖𝐆𝐆′ 𝑞𝒖𝛼, 𝜈

−1
𝐆=𝐆′=0 

𝜌𝛼𝛼(𝑞, 𝑣) = 𝜎𝐆𝐆′ 𝑞𝒖𝛼, 𝜈
−1
𝐆=𝐆′=0 

Inverse  Permittivity Tensor 

Resistivity Tensor 

𝜖𝐆𝐆′ 𝐪, 𝜈 = 𝜖0𝛿𝐆𝐆′ −   
𝜖0𝑣𝑮𝑮′′ 𝒒

Ω

𝜌
𝑛𝑛′
𝐤𝐪
𝑮′′ (𝑓𝜀𝑛𝒌 − 𝑓𝜀𝑛′ 𝐤+𝐪 

)𝜌
𝑛𝑛′
𝐤𝐪
𝐆′ ∗

ℎ𝜈± + 휀𝑛𝒌 − 휀𝑛′ 𝒌+𝒒
𝑛,𝑛′𝒌𝑮′′  

 

𝜎𝐆𝐆′ 𝐪, 𝜈 = 𝑖ℎ𝜈±   
𝜖0𝑣𝑮𝑮′′ 𝒒

Ω

𝜌
𝑛𝑛′
𝐤𝐪
𝑮′′ (𝑓𝜀𝑛𝒌 − 𝑓𝜀𝑛′ 𝐤+𝐪 

)𝜌
𝑛𝑛′
𝐤𝐪
𝐆′ ∗

ℎ𝜈± + 휀𝑛𝒌 − 휀𝑛′ 𝒌+𝒒
𝑛,𝑛′𝒌𝑮′′  

 

Electron-Electron interaction (2D) …. G=(g,Gz) and G’=(g’,Gz’) 

𝑣𝑮𝑮′
2𝐷 𝒒 = 𝑣𝑮𝑮′ 𝒒 −

𝑒2𝛿𝒈𝒈′

𝜖0

1 − 𝑒−𝐿 𝒒+𝒈

𝒒 + 𝒈 𝐿

𝒒 + 𝒈 2 − 𝐺𝑧𝐺𝑧
′

( 𝒒 + 𝒈 2 + 𝐺𝑧
2)( 𝒒 + 𝒈 2 + 𝐺𝑧

′2)
 

𝑒2𝐿

2𝜖0𝑞
 

The cut-off allows only in-

plane electrons to interact 

with one another 



𝐿 Im[𝜌𝛼𝛼(𝑞, 𝜈)] Surface Reactance 

Re[𝜖𝛼𝛼(𝑞, 𝜈)] = 0 

-Im[𝜖𝛼𝛼 𝑞, 𝜈
−1] 

Plasmon Resonances 

Im[𝜖𝛼𝛼(𝑞, 𝜈)] Absorption Spectrum 

Loss Function (Plasmon Spectrum) 

𝐿 Re[𝜌𝛼𝛼(𝑞, 𝜈)] Surface Resisistance 

Observables 

Application 

to Electron 

Energy Loss 

Data 



Permittivity (Room T) 



Resistivity (Room T) 



Dirac-Cone Approximation & Optical Limit 

𝜖𝛼𝛼 𝑞 → 0, 𝜈± = 𝜖0 −
𝑒2

𝐿𝜋
 
𝑑휀

ℎ2𝜈±
2

∞

0

휀
𝜕

𝜕휀
+

1

ℎ2𝜈±
2 − 4휀2

(𝑓𝜀 − 𝑓−𝜀) 

𝜈± = 𝜈 ±
𝑖

𝜏
 

𝜎𝛼𝛼 𝑞 → 0, 𝜔± =
𝑗𝑒2

𝜋ℏ 𝐿
 
𝑑휀

ℎ𝜈±

∞

0

휀
𝜕

𝜕휀
+
ℎ2𝜈±
2

ℎ2𝜈±
2 − 4휀2

(𝑓𝜀 − 𝑓−𝜀) 

Kubo-Drude Formula 

Permittivity (LR-DFT vs KD, 3D Calculations) 



Dirac-Cone Approximation & Optical Limit 

𝜖𝛼𝛼 𝑞 → 0, 𝜈± = 𝜖0 −
𝑒2

𝐿𝜋
 
𝑑휀

ℎ2𝜈±
2

∞

0

휀
𝜕

𝜕휀
+

1

ℎ2𝜈±
2 − 4휀2

(𝑓𝜀 − 𝑓−𝜀) 

𝜈± = 𝜈 ±
𝑖

𝜏
 

𝜎𝛼𝛼 𝑞 → 0, 𝜔± =
𝑗𝑒2

𝜋ℏ 𝐿
 
𝑑휀

ℎ𝜈±

∞

0

휀
𝜕

𝜕휀
+
ℎ2𝜈±
2

ℎ2𝜈±
2 − 4휀2

(𝑓𝜀 − 𝑓−𝜀) 

Kubo-Drude Formula 

Permittivity (LR-DFT, 2D Calculations) 



Conductivity-Resistivity (LR-DFT vs KD) 

𝜎𝛼𝛼 𝑞 → 0, 𝜔± =
𝑗𝑒2

𝜋ℏ 𝐿
 
𝑑휀

ℎ𝜈±

∞

0

휀
𝜕

𝜕휀
+
ℎ2𝜈±
2

ℎ2𝜈±
2 − 4휀2

(𝑓𝜀 − 𝑓−𝜀) 
Kubo-Drude Formula 

𝜎𝐆𝐆′ 𝐪, 𝜈 = 𝑖ℎ𝜈±   
𝜖0𝑣𝑮𝑮′′ 𝒒

Ω

𝜌
𝑛𝑛′
𝐤𝐪
𝑮′′ (𝑓𝜀𝑛𝒌 − 𝑓𝜀𝑛′ 𝐤+𝐪 

)𝜌
𝑛𝑛′
𝐤𝐪
𝐆′ ∗

ℎ𝜈± + 휀𝑛𝒌 − 휀𝑛′ 𝒌+𝒒
𝑛,𝑛′𝒌𝑮′′  

 

LR-DFT 



Conductivity vs Frequency 

𝜎𝛼𝛼(𝑞 → 0, 𝜈) 𝜌𝛼𝛼(𝑞 → 0, 𝜈) 
𝜎𝛼𝛼(𝑞 → 0, 𝑡) 

Resisitvity vs Frequency 

Conductivity vs Time 



Acoustic Plasmon (?) 

(i) in one mode~(2DP) the two types of carriers oscillate in phase with one another  (conventional 2D plasmon)  

(ii) in the other mode~(AP) an acoustic is predicted to occur with the two types of carriers oscillating out of phase.  

The two modes of collective oscillation due to coexistence of 

carriers moving with two distinct Fermi velocities: 



Permittivity response of graphene vs an armchair nanoribbon 

Only LR-DFT can be used (no conical approx.) 



Armchair nanoribbon (5,5) 

Only LR-DFT can be used (no conical approx.) 

Real space geometry, band 

structure, and dispersion 

relations for the 𝜋 and 𝜋∗ 
electronic bands in a pristine 

(5,5) GNR 



Armchair nanoribbon (5,5) -> Conductivity/Resistivity 

Only LR-DFT can be used (no conical approx.) 



• We have presented advanced tools to study the linear electromagnetic response of 

graphene and graphene-like materials on the THz scale.  

• Starting from an atomistic point of view, we have defined an ab initio approach in 

which the ground state properties of the material, i.e., energies, occupations, and one-

electron wave-functions are computed by plane-wave DFT.  

• These information are plugged in the relations of linear response theory to predict the 

EM response of the system, in the optical limit . 

• Although several permittivity simulations have been performed, following similar 

guidelines, on pristine graphene on the eV scale, here we have defined a procedure to 

properly sample the electronic structure on the THz scale.  

• At the same time, we have tested the reliability of the widely-used KD approach, 

operating in the same frequency range.  

• Upon comparison of DFT-results with those obtained by the KD formulation, some 

significant differences have been pointed out. Nevertheless the KD formula seems to 

reasonably capture the main quantum features of graphene for EM applications. 

However, the proposed ab initio tool can be feasibly adapted to describe graphene-like 

systems with a more complex electronic structure than graphene, such as graphene 

multilayers, nano-ribbons, or nanotubes.  

• More importantly, it has the potential to properly account for the role of metal 

contacts and substrate contacts. This is the object of current and future work. 
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Crisi o opportunità per il mondo ??

Non pretendiamo che le cose cambino, se facciamo sempre la stessa
cosa. La crisi è la migliore benedizione che può arrivare a persone e
Paesi, perché la crisi porta progressi. La creatività nasce dalle
difficoltà nello stesso modo che il giorno nasce dalla notte oscura. È
dalla crisi che nasce l'inventiva, le scoperte e le grandi strategie. Chi
supera la crisi supera se stesso senza essere superato. Chi attribuisce
alla crisi i propri insuccessi e disagi, inibisce il proprio talento e ha
più rispetto dei problemi che delle soluzioni. La vera crisi è la crisi
dell'incompetenza. La convenienza delle persone e dei Paesi è di
trovare soluzioni e vie d'uscita. Senza crisi non ci sono sfide, e senza
sfida la vita è una routine, una lenta agonia. Senza crisi non ci sono
meriti. È dalla crisi che affiora il meglio di ciascuno, poiché senza crisi
ogni vento è una carezza. Parlare della crisi significa promuoverla, e
non nominarla vuol dire esaltare il conformismo. Invece di ciò
dobbiamo lavorare duro. Terminiamo definitivamente con l’unica crisi
che ci minaccia, cioè la tragedia di non voler lottare per superarla.

Albert Einstein - 1955
Thanks 

for your attention! 


