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VÁZLAT

• Bevezetés a Raman-spektroszkópiáról

• G sáv grafitban (grafénban)

• D sáv grafitban (grafénban)

• D* (= G´= 2D) sáv grafitban (grafénban)



Sir Chandrasekhara Venkata Raman
(7 November 1888 – 21 November 1970)

The Nobel Prize in Physics 1930

"for his work on the scattering of light 
and for the discovery of the effect 

named after him".
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Comparison of Raman spectra at 514 nm for bulk graphite and graphene. 
They are scaled to have similar height of the D* peak at 2700 cm-1.
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Egyfalú szén nanocsövek keverékének Raman-spektruma

(D* band)





G-band 

(graphene)

pressure dependencepressure dependence



Mohiuddin et al, Physical Review B 79, 205433 (2009)



514 nm

(a) G and (b) 2D peaks as a function of uniaxial strain. The spectra are measured with incident light 
polarized along the strain direction, collecting the scattered light with no analyzer. Note that the doubly 
degenerate G peak splits in two subbands G+ and G−, while this does not happen for the 2D peak.
The strains, ranging from 0 to 0.8%, are indicated on the right side of the spectra.

Mohiuddin et al, Physical Review B 79, 205433 (2009)
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IG− ∝ sin2(θin + θout + 3ϕs), IG+ ∝ cos2(θin + θout + 3ϕs)
Mohiuddin et al, Physical Review B 79, 205433 (2009)



θin (θout = 0)

IG− ∝ sin2(θin + θout + 3ϕs), IG+ ∝ cos2(θin + θout + 3ϕs)
Mohiuddin et al, Physical Review B 79, 205433 (2009)





D-band ,    D*-band

in

graphite (graphene)

DOUBLE   RESONANCE



• graphite single crystal

• stress-annealed pyrolite graphite

λ = 488nm

G: ≈ 1575 cm-1 

D: ≈≈≈≈1355 cm-1

D band in graphite
G

D

• commercial graphite

• activated charcoal

F.Tuinstra and J.L.Koenig, J. of Chem. Phys. 53, 1126 (1970)



A grafit D -sávjának diszperziója Elaser függvényében

I. Pócsik, M. Hundhausen, M. Koós and L. Ley, J. of Non-Crystalline Solids 227-230B, 1083 (1998)

∂ωD /∂Elaser≈ 50 cm-1/eV



Tight 
binding

R.A.Jishi et al. 
CPL 209 77 (1983)

Valence 
force field 
MO/8

C.Mapelli et al.

PRB 60 12710 (1999)

DFT

D.Sanchez-Portal et al. 
PRB 59 12678 (1999)

DFT 
(VASP)

G.Kresse et al. 
Europhys. Lett. 32 
729 (1995)



J.Maultzsch et al, PRL 92, 075501, (2004)



Disorder induced resonant Raman scattering

defect scattering

phonon scattering

D band



Raman amplitudes for the Feynman diagrams

Stokes

anti Stokes

Ea
el = εconduction(k) - εvalence(k)         Eb

el = εconduction(k’) - εvalence(k)

(γ = 0.01-0.1 eV)

Double resonance: two of the denominators are zero at the same time

(C.Thomsen and S.Reich, PRL 85, 5214, 2000   :   for graphite)



conduction band

∆EΓ  ≈ 18 eV

∆EM ≈ 6 eV

∆EK ≡ 0 eV

valence band

,



Relevant 4th order Feynman diagrams for Stokesand antiStokesprocesses

defect scattering

phonon scattering



(γ = 0.01-0.1 eV)

Raman amplitudes for the Feynman diagrams

Stokes

anti Stokes

Ea
el = εconduction(k) - εvalence(k),        Eb

el = εconduction(k’) - εvalence(k),   etc

Double resonance: two of the denominators are zero at the same time

(C.Thomsen and S.Reich, PRL 85, 5214, 2000   :   for graphite)



conduction band

valence band

I,   II

∆EΓ  ≈ 18 eV

∆EM ≈ 6 eV

∆EK ≡ 0 eV

Graphene electron energy dispersion from book: R.Saito, G.Dresselhaus, M.S.Dresselhaus, Physical Proprties of Carbon Nanotubes, Imperial College Press, 1998

conduction band

valence band
III,   IV



equi 
excitation 
energy 

equi 
phonon 
frequency 
curves

electrondispersion phonondispersion

curves of 
electrons

curves

q0 =  K’K  ≡ ΓK’

q0

q0



Mohr et al, Physical Review B 82, 201409(R) (2010)



Calculated D band of graphene

Elaser= 2.0 eV—

Elaser= 2.5 eV---



Simple qualitative interpretation of the maxima 1, 2 and 3

q1 > q0

q2 < q0

q0 = |K’K|

q2 < q0

q3a = q3b ≅ q0





(A) Optical micrograph of the flake used to study a single edge, indicated by the arrow; 
(B) (B) flake containing two edges at 90°;
(C,D) optical and AFM images of a flake with two edges at an angle of 150°.

Casiraghi et al, Nano Lett 9, 1433 (2009)



Raman spectra inside the sample (black) and at the edge (red) at 514 nm.
A strong D peak is visible at the edge. Note the log scale for the intensity and that the peak at 
∼1450 cm-1 is the third order of the silicon substrate.

Casiraghi et al, Nano Lett 9, 1433 (2009)



Micro-Raman spectra from graphite edges

AFM
Raman Spectra

armchair 
edge

HOPG substrate

STM

D band is strong for armchair edge
and weak for zigzag edge

zigzag 
edge

Cancado et al. PRL (2004)





Real space representation of the scattering process for
the D peak in the vicinity of an edge. The wavy lines
represent the incident photon generating an electron-
hole pair, and the scattered photon produced from the 
pair recombination. The solid black arrows are the 
quasi-classical trajectories of electron and hole. The
dashed arrow is the emitted phonon. 
(a) Backscattering off an ordered edge is possible only 
at normal incidence (up to the quantum diffraction 
correction to the quasiclassical approximation, of order 
(hνph/ε)1/2 « 1). 
(b) For oblique incidence on an ordered edge, reflection 
is specular, so the electron and hole will not meetat the 
same point and will not recombine radiatively. 
(c) For adisordered edge backscattering is possible 

The wavevector direction of electrons back-scattered 
by a zigzag, or armchair edge (dZ, dA) is 
perpendicular to the edge.

(c) For adisordered edge backscattering is possible 
even at oblique incidence. The typical distance x from 
the edge is determined by the lifetime of the virtual 
electron-hole pair, ∼v/νph .

Casiraghi et al, Nano Lett 9, 1433 (2009)



Double resonance one “1D defect” explains the result
Cancado et al. PRL (2004)

Micro-Raman spectra from graphite edges

Raman can tell us if the edge has an 
armchair or zigzag structure





Frank et al, ACSNano4, 3131 (2010)



785 nm

Frank et al, ACSNano4, 3131 (2010)



514 nm

(a) G and (b) 2D peaks as a function of uniaxial strain. The spectra are measured with incident light 
polarized along the strain direction, collecting the scattered light with no analyzer. Note that the doubly 
degenerate G peak splits in two subbands G+ and G−, while this does not happen for the 2D peak.
The strains, ranging from 0 to 0.8%, are indicated on the right side of the spectra.

Mohiuddin et al, Physical Review B 79, 205433 (2009)



Mohr et al, Physical Review B 80, 2054310(2009)



(a) electronic band structure 

and 

(b) phonon dispersion curves of 
unstrained and ε=0.02 strained
graphene along the θ=0°-direction. 

The corresponding paths in theThe corresponding paths in the
Brillouin zone are indicated. A 
closeup for the electronic bands
along KM is shown in the inset of (a).

Mohr et al, Physical Review B 80, 2054310(2009)



Simple qualitative interpretation of the maxima 1, 2 and 3

q1 > q0

q2 < q0

q0 = |K’K|

q2 < q0

q3a = q3b ≅ q0





(a) TEM of suspended graphene. The 
grid is also visible in optical microscopy. 
(b) High-resolution image of a folded 
edge of a single layer and 
(c) a wrinkle within the layer.
(d) Folded edge of a two layer, and 
(e) internal foldings of the two layer. The 
amorphous contrast on the sheets is most 
likely due to hydrocarbon adsorbates on 
the samples that were cracked by the 
electron beam. 
(f ) Electron diffraction pattern for close 
to normal incidence from single layer 
and and 
(g) from two layers.
Weak diffraction peaks from the 
supporting metal structure are
also present. 
(h) Intensity profile plot along the line 
indicated by the arrows in (f ),(g). The 
relative intensities of the spots in the
two layer are consistent only with A-B 
(and not A-A) stacking.
Scale bars: (a) 500 nm; (b–e) 2 nm.

A.C.Ferrari et al, PRL 97, 187401 (2006)



D*

G

Comparison of Raman spectra at 514 nm for bulk graphite and graphene. 
They are scaled to have similar height of the D* peak at 2700 cm-1.
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A.C.Ferrari et al, PRL 97, 187401 (2006)



(b) Evolution of the spectra at 514 nm with 
the number of layers. 

(c) Evolution of the Raman spectra at 633 
nm with the number of layers.

(d) Comparison of the D band at 514 nm at 
the edge of bulkgraphite and single layer the edge of bulkgraphite and single layer 
graphene. The fit of the D1 and D2
components of the D band of bulk graphite 
is shown. 

(e) The four components of the 2D band in 
2 layer graphene at 514 and 633 nm.

A.C.Ferrari et al, PRL 97, 187401 (2006)



A.C.Ferrari et al, PRL 97, 187401 (2006)
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