
Spectroscopy of Electrons and Phonons in 
Graphene Structures

Inelastic Light Scattering

elementary excitation modes are seen 
directly in the spectra
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Why inelastic light scattering
studies in graphene? 

Spectroscopy of Electrons and Phonons in 
Graphene Structures

Inelastic light scattering (electrons and holes):
spin or charge excitations of Dirac fermions

Raman scattering (optical phonons):
insights on physics of carbon-based structures



• Electric-field effect
• Electron-phonon coupling

Spectroscopy of Electrons and Phonons in 
Graphene Structures

Recent Raman studies of single-layer graphene:

• Dirac fermion excitations
• Graphene hetero-layers

Future light scattering studies in graphene: 
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Electric-Field-Effect in Graphene

Single layer graphene device Single atomic layer of 
carbons 

in a honeycomb lattice!

K.S. Novoselov et al Science 306, 666 (2004)
Yuanbo Zhang et al Phys. Rev. Lett 94, 176803 (2005)
K.S. Novoselov et al Nature 438, 197 (2005)
Yuanbo Zhang et al Nature 438, 201 (2005)
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Electric-Field-Effect in Graphene

Single layer graphene device Single atomic layer of 
carbons 

in a honeycomb lattice!
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Electric-Field-Effect in Graphene
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• Dirac fermion excitations

• Graphene hetero-layers

Spectroscopy of Electrons and Phonons in 
Graphene Structures

• Electric-field effect in graphene

• Electron-phonon coupling

Raman Scattering

Inelastic Light Scattering



Electric-Field-Effect in Single Layer Graphene:
Electron-phonon Coupling

G band vibration of graphene
Single atomic layer of 

carbons 
in a honeycomb lattice!
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G band vibration of graphene

S. Pisana et al, submitted

Electric-Field-Effect in Single Layer Graphene:
Electron-phonon Coupling



Picture Gallery

Jun Yan Yuanbo ZhangPhilip Kim

Melinda Han Pablo Jarrillo-Herrero Kirill Bolotin ErikHenriksen



Raman Scattering in Gated 
Single Layer Graphene

p-Si

SiO2

Single layer graphene



Jun Yan, Yuanbo Zhang, P. K, and A.P., submitted
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G band vibration of graphene



Electron-Phonon Coupling 
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Electron-Phonon Coupling 
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Electric-Field-Effect in Graphene:
Evaluation of Electron-phonon Coupling



Electric-Field-Effect in Graphene:
Evaluation of Electron-phonon Coupling



Electric-Field-Effect in Graphene:
Evaluation of Electron-phonon Coupling



• Dirac fermion excitations

• Graphene hetero-layers

Spectroscopy of Electrons and Phonons in 
Graphene Structures

• Electric-field effect in graphene

• Electron-phonon coupling

Raman Scattering

Inelastic Light Scattering



Studies of Dirac fermion excitations

Spectroscopy of Electrons and Phonons in 
Graphene Structures

Inelastic Light Scattering

* Collective and single particle modes:  
* plasmons, intraband, interband, etc

* Excitations of quantum Hall fluids
* Landau level excitations (CR in absorption)
* spin waves
* magnetorotons



Dirac Fermions: particle-hole excitations
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Dirac Fermions: particle-hole excitations

π→π* transitions
are allowed

(interband excitations)

π→π transitions 
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Excitations of Dirac Fermions: RPA Theory



Excitations of Dirac Fermions: RPA Theory



Excitations of Dirac Fermions: RPA Theory



Excitations of Dirac Fermions: RPA Theory

(a) Plasmon mode dispersion in 2D 
graphene (solid thick line) calculated 
within RPA. Thin solid lines represent the 
boundaries of the single particle 
excitation (SPE) Landau damping regime 
for intra- and inter-band electron-hole 
excitations.

After E.H. Wang and S. Das Sarma



Excitations of Dirac Fermions: 
inelastic light scattering 
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Excitations of Dirac Fermions: 
the light scattering toolbox

selection rules

For collective modes and single particle excitations (SPE)

light scattering mechanisms

Resonant processes enhance the light scattering intensities
of the dilute 2D systems



Excitations of Dirac Fermions: 
the light scattering toolbox

Plasmons: q-independent electro-optic proceses
are forbiden under the inversion
symmetry of the honeycomb lattice

Plasmons and SPE: the fermion density fluctuation
mechanisms are likely to be 
weak in graphene

Plasmons: q-dependent Coulomb interaction
proceses are allowed and could
be significant. 

light scattering mechanisms



‘Impact’ of High Magnetic Fields



Excitations of Dirac Fermions: 
inter-Landau level transitions



M. Sadowski et al, PRL 12/2006

Single-layer measurements of the
Columbia-NHMFL collaboration

Excitations of Dirac Fermions: 
inter-Landau level optical absorption



Inter-Landau-level Light Scattering in GaAs
Quantum Wells
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‘cyclotron’ mode of 
electrons at energy ωc

optical recombination
at the fundamental gap EG

The GaAs benchmark



Light Scattering by Spin excitations in GaAs
quantum wells

0.0 0.2 0.40.0 0.2 0.4 0.0 0.2 0.4

SW

SW

ν=1/3

 

meV

Ez

ν=0.343

SF

SW

 

ν=0.323

SF

 

Y. Gallais et al, PRL (2006)

The GaAs benchmark

PRL (1992)
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‘cyclotron’ mode of 
electrons at energy ωc

incident photon energies need to overlap  optical 
transitions of the GaAs quantum well

optical recombination
at the fundamental gap EG

Resonant Light Scattering  in GaAs
These studies are enabled by strong resonant
enhancements of the scattering cross-sections
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EG
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ωL ωS EG ~ 6eV!!

This resonance is not
accessible with current laser

sources

F. Bassani and G. Pastori (1967)
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Resonant Light Scattering  in Graphene



Spectroscopy of Graphene Hetero-layers

Si

SiO2

Single layer graphene
Single molecular layer



Si

SiO2

Single layer graphene

pentacene

Pentacene, for example,  has a huge
optical resonance at ~2eV (red light)

Spectroscopy of Graphene Hetero-layers
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Resonant Raman Scattering in Pentacene
Monolayers
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PAMS: poly alpha methyl styrene

Rui He, PhD Thesis (2006)

C-H in-plane bending modes



Pentacene monolayers on PAMS:
C-H in-plane bending modes
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Resonance Enhancement of Raman Scattering
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optical resonances of molecular 
overlayers will enable

Raman scattering measurements

Spectroscopy of Graphene Hetero-layers

Si

SiO2

Single layer graphene
Single molecular layer


