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OPTICAL ANTENNA �



Defects and dopants provide an opportunity to engineer the�
electronic and optical properties in carbon nanomaterials, �
similar to semiconductor devices.�

MOTIVATION �

OBJECTIVE�
Control and understand the influence of defects and dopants �
on the physical properties of carbon nanotubes and graphene.�
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SPECTROSCOPIC IMAGING �
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spatial resolution is �
limited by diffraction λ/2	


WHY NEAR-FIELD SPECTROSCOPY ?�
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NEAR-FIELD RAMAN SCATTERING �
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3D CONFINEMENT OF SIGNAL �
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SERPENTINE NANOTUBES�
(CVD grown) �
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Near-field Raman: 
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Confocal Raman: 

NEAR-FIELD RAMAN IMAGING OF �
    SERPENTINE NANOTUBES�

ν = 1594 cm-1	


PRL  103, 186101 (2009)�



L. G. Cançado et al., PRL 103, 186101 (2009).�

THEORY OF NEAR-FIELD RAMAN SCATTERING �
IN 1D SYSTEMS�



ENHANCEMENT OF RAMAN MODES�
IN 1D SYSTEMS�

PRL  103, 186101 (2009)�



ENHANCEMENT OF RAMAN MODES�
IN 1D SYSTEMS�
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Maximiano et al., PRB  85, 235434 (2012)�

ENHANCEMENT OF RAMAN MODES�
IN 2D SYSTEMS ?�
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TUBE-TUBE  TRANSITIONS�

Nano Lett. 7, 577 (2007)�
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RBM 191 (M):  
 

(n,m) = (12,6) 
 dt ~ 1.25nm 

RBM 251 (SC):  
 

 (n,m) = (10,3)   
  dt ~ 0.94nm 

Nano Lett. 7, 577 (2007)�



STRUCTURAL DEFECTS�
(arc-discharge and HiPco tubes) �

Confocal  Raman: � Near-field Raman: �

JACS 127, 2533 (2005)�
Nano Lett. 6, 744 (2006)�
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5µm	


confocal�

BORON-DOPED NANOTUBES�

Localization of RBM ! �
0.7µm	
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LOCAL STRAIN �

Young’s modulus ~ 1TPa�
Displacement due to kink ~ 40nm�
�

} Strain ~ 1.6%�

σxx (MPa)  =  [200 .. 800] ΔνG (cm-1)	
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VARIATIONS IN PL SPECTRA �
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LOCALIZATION OF DEFECTS�
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( iTO mode at the K point )�

RAMAN D-BAND �
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Due to momentum conservation, the TO phonons giving rise to the D-band only 
become Raman active if the electrons or holes involved in the scattering process 
undergo elastic scattering by a lattice defect.�



D-BAND LOCALIZATION IN GRAPHENE�

G’	
 R. Beams 
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D-BAND LOCALIZATION IN GRAPHENE�

Nano Lett. 11, 1177 (2011)�
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D-BAND LOCALIZATION IN GRAPHENE�
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DEFOCUSING TECHNIQUE�
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D-BAND LOCALIZATION IN GRAPHENE�
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NONLINEAR FOUR-WAVE MIXING �

Degenerate 4WM : �

Choose                  : �

Phase conjugation �

Negative refraction �



NEGATIVE REFRACTION WITH GRAPHENE�

18-layer�
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PHOTOEMISSION FROM GRAPHENE�
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CONCLUSIONS�

NEAR-FIELD SPECTROSCOPY: �

1) REVEALS PHONON (EXCITON) LOCALIZATION �

2) OPTICAL MEASUREMENT OF ELECTRON COHERENCE LENGTH �

3) NEGATIVE REFRACTION �
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