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The fine structure constant 

 

defines the visual transparency of graphene. 

 

Maxwell equation: 
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Light absorption by Dirac fermions 

optical transition matrix element: 

 

 

 

 

 

             + for K‘ 

 

|...|^2: 

 

 

average over \phi: 

assuming 

 

i.e. photon incidence 

perpendicular to 
graphene plane 



Light absorption by Dirac fermions 

Fermi‘s Golden Rule => absorption rate: 

 

 

 

 

 

 

 

=> energy absorption rate: 

 

 

incident energy flux (Jackson, 1962): 

 

 

=> absorption coefficient: 



Light absorption by Dirac fermions 

Fermi‘s Golden Rule => absorption rate: 

 

 

 

 

 

 

 

=> energy absorption rate: 

 

 

incident energy flux (Jackson, 1962): 

 

 

=> absorption coefficient: 

[R. Nair et al., Science 320, 1308 (2008).] 



Intro: response functions 

How does a physical system react to an external perturbation? 

More precise: how does the expectation value of observable     change? 

According to the response functions! 

1. conductivity 

2. susceptibilty 

3. heat conductivity   (retarded Green‘s functions) 

 

without perturbation: 

 

 

 

 

with perturbation                   : 

 

 

 

 

 

 

 

=> 

density matrix system grand potential expectation value of observable 

Dirac picture 

 n -> n+1 

=> not solvable 

=> only up to linear terms 

 in V 

Schrödinger 

picture 

linear response 



Intro: response functions 

transform back to Schrödinger picture: 

 

 

 

 

 

=> expectation value: 

 

 

 

 

 

=> 

 

 

 

Here,                is the retarded Green‘s function. 

 

 

Fourier transform: 

Schrödinger 

picture 



Intro: response functions 

transform back to Schrödinger picture: 
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Here,                is the retarded Green‘s function. 

 

 

Fourier transform: 

Schrödinger 

picture 

   Usually, the Fourier transform is easier to 

calculate. (simple equation of motion; use spectral moments) 

 

spectral representation: 

 

 

=> further helpful properties, e.g. Kramers-Kronig relations 

 

  further reading: Nolting 7, „Viel-Teilchen-Theorie“ 

      (chapter 3) 



The optics of Dirac fermions 

the interaction of light and Dirac fermions can be described by 

 

 

 

=> density matrix evolves as: 

 

 

 

moreover, the density matrix can be written as 

 

=> 

Schrödinger 

picture 

charge density pseudospin density 

current operator: 

 

 

 => 



The optics of Dirac fermions 

 => pseudospin density becomes 

 

assume          and 

 

[previous slide] & ... => 

unitary transformation: 

 

 

=> 

 

 

 

=>     => 

electron    hole 

         occupation 

 

resolve    and use 

 

=> optical conductivity            =... 



The optics of Dirac fermions 

retarded Green‘s function => substitute 

 

use 

 

 

where 

 

defines the principal value of f(x) (Riemann-integrable in (a,c)u(c,b)) 

 

=> 

switch perturbation 

on adiabatically 



The optics of Dirac fermions 

include spin and valley degeneracies: 

 

 

x4 => 

 

 

 

 

With the Kramers-Kronig relation 

 

 

 

the imaginary part of the conductivity can be found: 

 

 

           . 

 

Note that at           ,       vanishes for all frequencies      (i.e. no 

energy loss within the graphene sheet). 

universal conductivity 



Plasmons 

The response of a material to an external charge density is described 

by the dielectric function. 

 

 

 

 

 

 

 

 

In a metal, the induced charge density will typically screen the external 

charge density:     =>        . 

 

In the opposite limit,            , arbitrarily small perturbations suffice 

to induce finite charge fluctuations within the conduction electron system. 

 

That is, the poles of             correspond to resonances of that system. 

These collective excitations of the electron system are called plasmons. 

external charge density 

dielectric function 
induced charge density 



Plasmons 

In graphene, plasmons exist for 

 

 

and disperse like       . 

 

 

The dispersion        is a general property of plasmons in two-

dimensional electron gases. However, the dependence on the electron 

density is special for graphene: 

 

        : graphene, 

        : nonrelativistic electrons. 

 

Apart from        , the dielectric function has a large 

imaginary part such that the plasmons are suppressed due to damping. 



Summary 

> Each graphene layer absorbs             of incoming light 

   (independent of the photon frequency).  

 

> Read Nolting 7, chapter 3. 

 

> The universal conductivity of graphene is    . 

 

> Plasmons are collective (=> quasiparticles) charge density fluctuations 

   of the conduction electron system. Their energies are the poles of the 

   dielectric function. 
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