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VAZLAT

Bevezetés a Raman-spektroszkopiarol
G sav grafitban (grafenban)
D sav grafitban (grafénban)

D* (= G' = 2D) sav 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".

“Scattering of Light by Atoms — New Phenomenon — Calcutta
Professor’s Discovery’ which is reproduced in Fig. 3. The
paragraph heading "Two colours from one’ is attractive and
accurate journalism, but there are several palpable scientific
errors in the text. It has to be recognised that Raman's earliest
papers were couched in rather general terms and it was only
in a letter submitted to Nature on 22 March and published on
5 May that a spectrum was presented, although spectra were
included in a lecture by Raman in Bangalore on 16 March.

Shortly after the publication of Raman and Krishnan's
letter in Nalure, Landsberg and Mandelstam in Russia
reported the observation of light scattering with change
of frequency in quartz in a paper in Die Naturivissenschaften
published on 13 July 1928 and reproduced here in Fig. 4.
This paper was submitted on 6 May, one day after the
official publication date of Raman and Krishnan's definitive
paper. Landsberg and Mandelstam could not have had any
information in Moscow about this paper but they did refer
to Raman'’s earlier publications saying that they were unable
to decide whether there was any connection with their work
because Raman’s description was too brief and lacking
in detail. The two discoveries must be regarded as quite
independent.

Although quantum theory was still in its infancy in the
nineteen twenties, the Raman Effect had been predicted by
quantum mechanics in two classic papers, one by Smekal'
published in 1923 and one by Kramers and Heisenberg® in
1925,
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Figure 1. C. V. Raman.

DEVELOPMENT

Raman’s discovery attracted immediate international interest
and was followed up very quickly in many countries. In
France Y. Rocard,” and separately ]. Cabannes* published
papers in Comptes Rendus on the Raman Effect in April
1928. In the United States . W. Wood® quickly followed
up Raman’s experiments and sent a letter to Nalure by
cable saying that he had verified Raman’'s work in every
particular and describing it as a very beautiful discovery.
The wording of Wood's letter is rather awkward because
in his cable prepositions and articles were omitted to save
money!

In Germany the journal Die Naturwissenschaften for 3
August 1928 contained the first review article on the new
phenomenon. The author was P. Pringsheim,® who proposed
that the new effect should be called the Raman Effect.









D.A. Long: Raman spectroscopy
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Comparison of Raman spectra at 514 nm for bulk gra@md graphene.
They are scaled to have similar height of the D* pataR700 cni.






Egyfall szén nanocsdvek keverékének Raman-spektruma

(D* band)









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



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

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






Mohiuddin et al, Physical Review B 79, 205433 (2009
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e graphite single crystal

=488nm

G:» 1575 cmt

e stress-annealed pyrolite graphite

« commercial graphite

 activated charcoal

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



T 5 /ME > 50 cmt/eV

|. Pocsik, M. Hundhausen, M. Kods and L. Ley, INoh-Crystalline Solids 227-230B, 1083 (1998)
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J.Maultzsch et al, PRL 92, 075501, (2004)



Disorder induced resonant Raman scattering

D band

/O\ defect scattering

/0'\ phonon scattering



Raman amplitudes for the Feynman diagrams
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Relevant 4" order Feynman diagrams forStokesand antiStokesprocesses

/O\ defect scattering

/0\ phonon scattering



Raman amplitudes for the Feynman diagrams
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Mobhr et al, Physical Review B 82, 201409(R) (2010)



Calculated D band of graphene
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Simple qualitative interpretation of the maxima 1, 2 and 3
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(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 is the third order of the silicon substrate.

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



Micro-Raman spectra from graphite edges

HOPG substrate Raman Spectra

STM

Cancado et al. PRL (2004)

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






Real space representation of the scattering prdoess
the D peak in the vicinity of an edge. The waveén
represent the incident photon generating an electron
hole pair, and the scattered photon produced framn th
pair recombination. The solid black arrows are the
guasi-classical trajectories of electron and hbihe
dashed arrow is the emitted phonon.

(a) Backscattering off an ordered edge is possiblg o
at normal incidence (up to the quantum diffraction
correction to the quasiclassical approximation,roieo
(h o )2 « 1),

(b) For oblique incidence on an ordered edge, redliec
Is specular, so the electron and hole will not na¢éthe
same point and will not recombine radiatively.

(c) For ¢disordered edge backscattering is pos:
even at oblique incidence. The typical distanf®m
the edge is determined by the lifetime of the virtua
electron-hole pair, v/ .

The wavevector direction of electrons back-scadtere
by a zigzag, or armchair edge (dl,) is
Casiraghi et al, Nano Lett 9, 1433 (2009) perpendicular to the edge.



Micro-Raman spectra from graphite edges

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

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







Frank et al, ACSNano4, 3131 (2010)



/85 nm

Frank et al, ACSNano4, 3131 (2010)



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

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



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



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

(a) electronic band structure
and

(b) phonon dispersion curves of
unstrained and e=0.02 strained
graphene along the g=0%direction.

The corresponding paths in the
Brillouin zone are indicated. A

closeup for the electronic bands
along KM is shown in the inset of (a).



Simple qualitative interpretation of the maxima 1, 2 and 3
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(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

(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 witkB

(and not A-A) stacking.

Scale bars: (a) 500 nm; (b—e) 2 nm.

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



D*

D*

Comparison of Raman spectra at 514 nm for bulk gra@md graphene.
They are scaled to have similar height of the D* pataR700 cni.

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 bu graphite and single lay:
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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