SPECTROSCOPY of ELECTRONS and PHONONS
in GRAPHENE STRUCTURES

COLUMBIA UNIVERSITY
IN THE CITY OF NEW YORK

= sy
Alcatel-Lucent @ N EST% I ‘
Bell Labs

CONEEID
|'LL*£,LL1"1,LLLL'L PRINCETON
o o s UNIVERSITY




Spectroscopy of Electrons and Phonons in
Graphene Structures

Support from

W. M. Keck Foundation

Office of Naval Research

Columbia NSEC (NSF, NYSTAR) o 1,

National Science Foundation
(DMR 03-52738)

Department of Energy
(DE-AIO2-04ER46133)




Picture Gallery

Vittorio Pellegrini Sarah Goler




Picture Gallery

Jorge Garcia

Loren Pfeiffer and Ken West




Picture Gallery

Melinda Han Pablo Jarrillo-Herrero Kirill Bolotin ErikHenriksen




Spectroscopy of Electrons and Phonons in
Graphene Structures

Inelastic Light Scattering

elementary excitation modes are seen
directly in the spectra
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The Bands in Raman Spectra

The Raman bands are due to
optical phonon modes

G-bands
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Spectroscopy of Electrons and Phonons in
Graphene Structures

Raman scattering by optical phonons
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Raman Scattering in Graphene Structures

a wonderful tool
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Spectroscopy of Electrons and Phonons in
Graphene Structures

inelastic light scattering studies

To probe spin or/and charge excitations of
Dirac fermions




Band structure of graphene
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Massless Dirac particles with effective speed of light v..

Particle-hole symmetry.



Electric-Field-Effect in Graphene

Dirac point
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Quantum Hall Effect in Graphene
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Fermions in Graphene Structures

Transmission
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Inelastic Light Scattering Studies in Graphene
Structures

To gain insights on Dirac fermions beyond
those in:

IR absorption (cyclotron resonance)
Tunneling

Photoemission ...

J. Yan et al, Phys. Rev. Lett. 98, 168802 (2007)
J. Yan et al, Phys. Rev. Lett. 101, 136804 (2008)
J. Yan, PhD dissertation, June 2009



Spectroscopy of Electrons and Phonons in Graphene Structures

Raman scattering studies :

o Electric-field effect

« Electron-phonon coupling:
frequency shifts
Landau damping

« Magneto-phonon resonances
probes of Landau levels

 Broken-symmetry in bilayers




Raman Studies of Graphene Structures

electron-phonon interactions
are venues to study carrier properties

M. S. Dresselhaus, P. C. Eklund, A.C. Ferrari, A. lorio,
M.A. Pimenta, S. Reich, A. K. Sood, C. Thomsen ...

T. Ando, L. Brey, A. Castro Neto, T. Chakraborty,
S. Das Sarma, H. Fertig, F. Guinea, A.H. MacDonald,
F. Maury, ...



Electric-Field-Effect in Graphene

Massless Dirac Fermions

Dirac point
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Raman Scattering: electric-field-effect
In graphene

graphene

to spectrometer

. .
Au contact ™.

graphene structure
SiO, from laser
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Raman Scattering in Gated
Single Layer Graphene
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Electric-Field-Effect in Single Layer Graphene:
Electron-phonon Coupling

Large dependence of the G band on Dirac fermion density

G band vibration of graphene
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Electron-phonon coupling:
the G-band (Raman)

These are non-polar modes because
the ideal graphene lattice has a center of inversion

Electron-phonon coupling is due to the deformation

potential interaction

G-bands

This couplinm

There are uni
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Electron-phonon coupling: the G-band

real space view
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Electron-Phonon Coupling

time-dependent perturbation theory

*

.r[*

“Landau damping” G v G <=
AN { e=hw, AN Ix e=hw,

Lt

o e
VAV AVA €=hwG
h(T)

Tt

.I.[*

-I-[*
G e(m) G G g © G G
N\/\Q\W \/\/\/\\/\/\/\ AN AN
!

Tt



Electron-Phonon Coupling

“Landau damping”
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Electron-Phonon Coupling

G band energy(cm’)

G band width(cm™)
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Electron-Phonon Coupling
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Electron and hole puddles in graphene
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predictions of phonon anomaly in graphene
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‘phonon anomaly’ in bi-layer graphene
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Spectroscopy of Electrons and Phonons in Graphene Structures

Raman scattering in gated graphene

* Electron-phonon coupling in G-band

* frequency shift linear in E.:
~n'2 (Dirac fermions)

* Landau damping

* Particle-hole symmetry
* Inhomogeneous broadening

* ‘ohonon anomaly’



magneto-phonon-resonance
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« Magneto-phonon-resonance (MPR)
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* MPR probes Landau level physics
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theoretical predictions of MPR in graphene
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Experimental setup

Dilution Refrigerator
(operated at 2K)
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preliminary results of MPR in graphene
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MPF

 In ‘Kish’ graphite

Kish graphite has
marked position
dependence

region I has large
MPR
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MPF

 In ‘Kish’ graphite

Kish graphite has
marked position
dependence

region Il has small
MPR
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MPR in graphite: region |

line-shape analysis of the MPR
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MPR in graphite: region |
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Dirac fermions in graphite
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MPR in graphite: region |
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MPR in graphite: region |

coupled mode interpretation
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MPR in graphite: region |

coupled mode interpretation
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MPR in graphite: region |17

Raman shift (cm™)

1520 1540 1560 1580 1600 1620 1640 1520 1540 1560 1580 1600 1620 1640 1520 1540 1560 1580 1600 1620 1640

4.80T

M-Au—

4

Intensity (a.u.)

4.2(1J/L 5.05T 6.00T
s N ,\,\wa, Moma | L N
‘:j;Aﬁ 5.20T 6.20T
1 £ 1 R ———— B4 SV
6.40T
10.0T

1520 1540 15 O 1580 1600 1620 1640 1520 1540
Rdm

60 1580 1600|1620 1640 1520 1540 1560 1580 1600 1620 1640

an shift (¢m™)

(‘n-e) Ausualuj

There is an additional mode in the spectral




MPR in graphite: region |17

mode from region Il
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Why several regions in Kish graphite ?

XRD of Kish graphite
(with C. Noyan and S. Polvino)

s ] [002]

107 [004]

10° [006]
L.
c 10 -
s ]
8 10"

2- ] s A
[rortemitipvensshsm b
10 W -

20 I 40 I 60 I 80 I 00
20

10°
10° 10°
@ 2 40 [
S 4o S P S
o ) NG S o 10
o . N o 10 > ~ o
105 NG . W 10° e
| Ny 10 Tipedy
36 35 34 33 3.2 3.1 36 35 34 33 32 3.1 3.6 35 34 33 3.2 3.1
C (Angstrom) C (Angstrom) C (Angstrom)

Stacking with different inter-graphene plane distances:

Is this the reason for several regions in MPR response?




preliminary results of MPR in graphene

graphene * QUlte Sma” MPR

20degree

effects

* Impact of broadening
of Landau levels due
to large disorder?

intensity
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Spectroscopy of Electrons and Phonons in Graphene Structures

mode coupling in high magnetic fields

« Graphene

*weak MPR (probably due
to disorder)

* Graphite

* Well-defined MPR with narrow
Landau level transitions

* Several regions with different
MPR response (inhomogeneous
Kish graphite)



Broken-symmetry in graphene bi-layers

when the two layers are not equivalent
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Symmetric graphene bi-layers

G-band optical phonons

symmetric

Raman active

o

Infrared active

S

anti-symmetric




Broken-symmetry in graphene bi-layers

when the two layers are not equivalent

anti-symmetric symmetr.ic
(odd-parity) (even-parity)

‘entanglement’ of even- and odd-parity phonons



Broken-symmetry in graphene bi-layers

when the two layers are not equivalent
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coupled G*and G- modes should appear in Raman spectra



gated graphene bi-layers

recent Raman results
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gated graphene bi-layers

more recent Raman results
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Spectroscopy of Electrons and Phonons in Graphene Structures

Broken-symmetry in graphene bi-layers

» Coupled G+/G- modes observed

* Questions

* quantitative links of G*/G- splitting
with gap opening

* splitting is not observed in
some Raman experiments. Why?
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