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(cf. the horizontal scale of the figure and the light wave
vector k )= 0.0025 nm!1 at pω= 0.5 eV), so the plasmon
bands under consideration are essentially electrostatic
in nature, which is actually expected from the small
ribbon width compared to the photon wavelength
(e.g., even at 0.5 eV, the photon wavelength is 25 times
larger than the ribbon width in Figure 1a). The quantity
actually plotted in Figure 1a is the local density of
optical states (LDOS, see Materials and Methods),
which show prominent maxima at points (k ),ω) corre-
sponding to the presence of graphene plasmons. The
lowest-energy mode A displays a characteristic wave-
length-cutoff-free profile typical of any linear trapping
structure (e.g., nanowires, dielectric fibers, etc.), and
asymptotically approaching the light line in the k )Wf

0 limit. The electric near-field along the ribbon direc-
tion (Figure 1b) demonstrates that this mode is a 2D

monopole, characterized by the absence of any nodes
in the induced density across the ribbon width (notice
that the field lines of the field components in the plane
of the figure, indicated by arrowed lines in Figure 1b,
are nearly perpendicular to the ribbon close to it,
where the normal field at the ribbon is proportional
to the induced surface charge density, which indeed
does not change sign in mode A). This so-called edge
mode46 has maxima of intensity near the ribbon
boundaries. In contrast to mode A, higher-energy
modes (e.g., B!D in Figure 1a) display a characteristic
optical dispersion, with a threshold energy toward
k ) = 0 at which their group velocity vanishes. These
modes have been extensively studied for k ) = 0,33

where they have been shown to couple to propagating
light as dipoles and higher ordermultipoles depending
on the number of nodes because their wave vector lies

Figure 1. Guided plasmons in individual doped graphene ribbons. (a) Dispersion diagram of a self-standing ribbon of width
W= 100 nmand Fermi energy EF = 0.5 eV. (b) Real part of the electric field amplitude (density plots) along the ribbon direction
corresponding tomodes labeled A!D in panel (a) for a parallel wave vector k ) = 0.035 nm!1 and energies 0.19, 0.22, 0.29, and
0.34 eV, respectively. The field lines for the electric field components in the plane of the figure are shown by arrows. (c)
Universal electrostatic scaling parameter η = χ Im{σ(ωp)}/(ωpW), where ωp refers to the plasmon peak frequencies, as a
function of k )W for ribbons with different values of W and EF in various dielectric environments: free-standing (χ = 1),
embedded in silica (χ = 1/εs with εs = 2.1), and supported on a substrate!air interface (χ = 2/(εsþ 1)). (d) Propagation distance
in units of theplasmonwavelength formodesA!Dasobtained from the electrostatic scaling law (solid symbols) and from the
width of the plasmon features in panel (a) (open symbols).
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Why	  graphene	  plasmonics?	  	  

Light	  confinement	  
λIR	  /	  λplasmon	  

Propaga1on	  loss-‐length	   Tunability	  

Ag/Si	   ~20	   ~0.1	  λplasmon	   Limited	  

Graphene	   ~200	   ~10	  λplasmon	  
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Sample  thickness typically  90-100A, between 30-40 of 
rotationally stacked graphene layers 

Ribbons are patterned by electron beam lithography:
 - ribbon width can vary from 200nm to 50nm 
 - ribbon/gap ratio kept to 1:1, constant area of 
 graphene in our sample  
  

2D Graphene grow on SIC (C face)
 - High mobility >100000 cm2/V.s 
 - Very low doping level (EF=7-10meV)
              n=0->1 LL transition observed at low field
       >0.1T for 2D graphene; 0.3T for 200 nm ribbon 
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Plasmon in graphene: 

  

Why studying plasmon in graphene ?  Compared to conventional plasmonic materials
(silver, gold ...) : - Tunability: plasmon spectrum strongly depend on carrier density  
      - Confinement:         /        =10-1000
      - Low losses:   large conductivity induces long 
     relaxation time, (only expected for high Fermi energy). 
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 Sample 2: W=100 nm

Cyclotron resonance observed  for all the samples

Despite the constant graphene area for all our samples, we 
observe a  strong decreasing of the amplitude with decreas-
ing ribbon width.         confirm the low coupling argument 

Increasing blue  shift of the CR position with decreasing rib-
bons width

  Transmission measurement 
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100nm ribbon wide array at selected magnetic field.
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Transmission  spectra T(B)/T(B=0) for 200nm ribbon wide array at 
selected magnetic field for perpendicular and parallel polarized 
light 

At zero magnetic field, no plasmon excitation could be observed
in the transmission : 
 When 2EF becomes smaller than wp creation of electron-hole 
pair become possible and strongly decrease the life time of the
plasmon. In our case Inter band losses become non negligible 
for ħwp>14-20meV
  Below 100cm-1,  the wavelenght of the light is already 
1X104 bigger than the width of the ribbon. 
 

         
  

Shift of the CR position appears to be stronger when 
the light is polarized perpendicular to the ribbons 
length.

       Blue shift on the CR is link to the presence of the 
plasmon mode  

Fit are done using equation (1):
 Non zero value for the zero field plasmon
of the reference sample.  Consistent value with 
previous experiments. 
[I.Crassee et. al .Nanolett 12 2470 (2012)]
natural structure present on the graphene :
typical size from 10-1 um depending of the 
thickness 

 In the parallel configuration: the zero field 
plasmon value increase compared to  reference 
sample despite the fact that no patterning takes
along this direction. 

  

(J. Christensen et. al. ASC Nano 
2012)
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Plasmon in magnetic field : 

(L. Ju et. al. Nature Nano 2011)

Plasmon in GNR correspond to  collective 
excitations of the carrier across the width 
of the ribbon : Different modes appear 

Plasmon frequency can be tune by 
changing the width of the ribbon 
and the in-situ carrier density  

At given frequency the Plasmon wave length exceeds 
that of free radiation , so to be able to observe plasmon
related absorption one need to break the translation
invariance of the system
    Use a grating structure at the vicinity of the sample
    Patterning periodic structure : ribbon, dot ... 
 

Plasmon arises from the electron-electron interaction 

Exposed to a strong perpendicular magnetic field the zero field plasmon become coupled
with the cyclotron mode and form the upper hybrid mode (UHM) : 

Undoped case (quantum regime) Doped graphene case (semi classical regime)
Semi classical regime, The CR can be 
express as: 

Inter Landau Level transmission occur 

(J. Christensen et. al. ASC Nano 
2012)
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Not allow to explain the value and to reproduce the 
variation of woy (width). 

Hypothesis : the magnetic field induce a non zero 
electric field variation in the direction perpendicular 
to the light polarization. In that case equation (1) is not 
valid any more 

If  infinite ribbon (and/or perfect light polarization) 

     (k//):  characteristic of each mode, 
 depending of the k parallel.
  with k// =2     /L 
  L change with the polarization :  

Model and annalisys 

parallelperpendicular

W

L L
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	  	  	  	  	  	  	  	  	  	  (1)	  tunability	  
	  	  	  	  	  	  	  	  	  	  (2)	  long	  life5me	  
	  	  	  	  	  	  	  	  	  	  (3)	  confinement:	  λIR	  /	  λpl	  ~50	  

Tunable	  plasmons	  in	  graphene	  
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Heavily	  doped	  graphene	  in	  classical	  limit:	  
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Magneto-‐plasmon	  dispersion	  
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SUMMARY	  I:	  

•  Introduc5on	  to	  graphene	  and	  graphene-‐based	  
tunable	  plasmonics	  and	  optoelectronics	  

	  
•  THz	  near-‐field	  imaging	  of	  surface	  plasmon	  

waves	  in	  graphene	  micro-‐structures	  
	  
•  Dirac	  plasmons	  in	  graphene	  nanoribbons:	  
	  	  	  	  	  (1)	  Upper-‐hybrid	  mode	  between	  cyclotron	  
	  	  	  	  	  	  	  	  	  	  	  resonance	  and	  plasmon	  resonance	  
	  	  	  	  	  (2)	  Peculiar	  ∝(1/WB)	  scaling	  behavior	  
	  
•  Magnetoplasmons	  in	  topological	  insulators	  
	  	  	  	  	  (1)	  Tunable	  upper-‐hybrid	  mode	  
	  	  	  	  	  (2)	  Effec5ve	  mass,	  m*	  ~	  0.23	  me	  



SUMMARY	  II:	  

•  Introduc5on	  to	  graphene	  and	  graphene-‐based	  
tunable	  plasmonics	  and	  optoelectronics	  

	  
•  THz	  near-‐field	  imaging	  of	  surface	  plasmon	  

waves	  in	  graphene	  micro-‐structures	  
	  
•  Dirac	  plasmons	  in	  graphene	  nanoribbons:	  
	  	  	  	  	  (1)	  Upper-‐hybrid	  mode	  between	  cyclotron	  
	  	  	  	  	  	  	  	  	  	  	  resonance	  and	  plasmon	  resonance	  
	  	  	  	  	  (2)	  Peculiar	  ∝(1/WB)	  scaling	  behavior	  
	  
•  Magnetoplasmons	  in	  topological	  insulators	  
	  	  	  	  	  (1)	  Tunable	  upper-‐hybrid	  mode	  
	  	  	  	  	  (2)	  Effec5ve	  mass,	  m*	  ~	  0.23	  me	  
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NHMFL:	  	  	  	  	  	  	  	  	  	  	  	  J.M.	  Poumirol,	  D.	  Smirnov	  

Sandia	  Lab:	  	  	  	  	  	  M.L.	  Smith,	  T.	  Ohta,	  I.	  Brener,	  W.	  Pan	  

UCL: 	  	  	  	  	  	  	  	  	  	  	  	  O.	  Mitrofanov	  

U.	  Paris-‐Sud:	  	  	  	  M.O.	  Goerbig	  

Rutgers:	  	  	  	  	  	  	  	  	  	  	  	  M.	  Brahlek,	  M.Koirala,	  S.	  Oh	  



Thank	  You	  !	  


