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where m – graphene’s chemical potential; T – temperature; Gtrans – intraband relaxation rate; e – electron 
charge; h – reduced Planck’s constant; kB – Boltzmann’s constant. The intraband conductivity has the Drude 
form and depends mainly on the chemical potential [27] which can be changed by doping, for example. The in-
fluence of the graphene chemical potential through its conductivity on the slowing down of electromagnetic 
waves is demonstrated below. In the present paper the temperature value is defined as 300 K and the value of 
intraband relaxation rates is 0.03 THz [18], unless otherwise is specified.

Results and discussion
A freely suspended graphene sheet can support surface waves but its slowdown coefficient is not very 

high [1; 5; 28]. As an example, let us consider the graphene/dielectric/graphene sandwich (the permittivity of 
the dielectric is ed) (fig. 1). To simplify calculations, we assume that the structure is infinite in the longitudinal 
direction and surrounded by dielectric with e1 in the top part and with e2 in the bottom.

In case of using traditional Cherenkov or Smith – Purcell generation schemes, it is necessary to consider 
only the transverse-magnetic p-polarization  [5]. Then, using equation  (3), equation for eigenmodes of two 
layers graphene-dielectric system takes the form
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where h ei b= − 2  is the normal component of the refractive vector in the corresponding medium, d is the die-

lectric spacer thickness, and Y c= 4ps . This equation has a complicated form and in a general case it is possible 

to find the slowdown coefficient c
vph

 only numerically. Two modes corresponding to synchronous and asyn-

chronous oscillations are the solution of equation (5). Frequency of the asymmetric mode can be significantly 
less than one for single layer due to combination frequency effect. This leads to a much greater slowdown than 
it is possible with a single graphene monolayer (see [5]).

The value of the dielectric permittivity ed = 2.6 is chosen to correspond to PMMA [29], which is normally 
used in such graphene structures  [14]. One of the key parameters affecting the slowdown in the sandwich 
structure is the distance between graphene. Figure 2, a, b, demonstrate the influence of dielectric thickness in 
the terahertz frequency region when the graphene chemical potential is 0.10 eV. The slowdown coefficient for 
asynchronous oscillations significantly exceeds that for synchronous oscillations. Such behavior arises from 
the fact that in the case of synchronous oscillations the whole sandwich structure interacts with electromagnetic 
wave like it does with a graphene monolayer.

Fig. 1. Schematics of the considered system:  
the dielectric spacer with ed in between of two graphene layers,  

surrounded by a media with the permittivity e1 = 1.  
A propagating eigenmode is pictured schematically


