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Raman scattering: photons < electrons < phonons
iIntermediate states
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DFT calculation: Piscanec et al., PRL 93, 185503 (2004)
Inelastic X-ray scatt.: Maultzsch et al., PRL 92, 075501 (2004)



20000 | 2 K phonons. .
10000 L [ phonon —
I J\ J k 2 [ phonons -
s A

u , T 1 l I l I

I 1500 2000 2500 3000
_ i} Ferrari et al.
no K phonon Raman shift (cm 1} PRL 97, 187401 (2006)

momentum conservation
no impurities

r M K r

I =
1600 .ﬂé‘*f’”'f—-—ih » s B

| T : il

| ‘ &
14'}“ F -rl-"l--. .'"I-"I -! =

. ——Gta "

3 A
1200f ®°0Bw, :




Two-phonon Raman scattering: ¢, —q
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Double resonance
Thomsen & Reich, PRL 85, 5214 (2000)

one virtual state
energy mismatch ~ wpyp,
contribution smaller by

~ (’Y/wph)Q




Two-phonon Raman scattering: ¢, —q
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Measured intensity of the 2K phonon peak (2700 cm-1)
Das et al., Nature Nanotechnology. 3, 210 (2008)
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‘this shows the dependence of 1/y on doping ‘

assuming independence of 1- (1580 cm™)



Electron-electron scattering

Undoped case: no phase volume

t0O conserve energy and momentum
Gonzalez, Guinea, and Vozmediano
PRL 77, 3589 (1996)
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Basko, Piscanec and Ferrari (in preparation)



What do we know about the coupling constants?

1. Simple tight-binding model: A/ AL = /o= 1.2

2. DFT calculation [Piscanec et al., PRL 93, 185503 (2004)]:
A, =0.028, A= 0.033, \(/A.=1.2

3. Measurements of the phonon dispersion (Kohn anomalies)

[Maultzsch et al., PRL 92, 075501 (2004)]:
Aw.(q)=(A/8)vqg — A, = 0.024

4. Measurements of the doping dependence of the T phonon

frequency [Yan et al., PRL 98, 166802 (2007);
Pisana et al., Nature Materials 6, 198 (2007)]:
Aw-=(A2T)[e| — A, = 0.034, 0.027

5. Electron dispersion from ARPES

[Bostwick et al, Nature Physics 3, 36 (2007)]:

A« seems to be underestimated




Ratio of integrated intensities
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Why such disagreement?



Coulomb interaction in graphene

(recall the talk by I. Aleiner)
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Logarithmic renormalizations

Abrikosov, Beneslavskil, JETP 32, 699 (1971)
Gonzalez, Guinea, Vozmediano, Nucl. Phys. B 424, 595 (1994);

Phys. Rev. B 59, R2474 (1999)
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Renormalization of electron- :
phonon coupling constants: /\ ¥ A
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Gauge invariance

dA
d_llr; = 0 is protected by the gauge invariance
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Conclusions

« Fully resonant Raman scattering is sensitive to the dynamics of
the photo-excited e-h pair [Basko, PRB (2007), PRB (in press)]

« From the ratio of two-phonon peak intensities one can extract
the ratio of the electron-phonon coupling constants A, / A =3

« This ratio is explained by renormalization of electron-phonon
coupling constants by the Coulomb interaction, missed by
local-density DFT calculations [Basko & Aleiner, PRB (2008)]

P.S. Ab initio GW instead of DFT, , or DFT..,: A- unchanged, A, twice greater
Lazzeri, Ataccalite, Wirtz & Mauri, arXiv: 0808.2285





