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“Mother of all graphitic forms”

strong sp2 bonds

1

very few
defects

: ffi _ 2D graphene

quasi-2D

0D fullerenes 1D nanotubes _
graphite

A. K. Geim and K. S. Novoselov, Nature Materials 6, 183 (2007)



O- and 1T-bonds

m-electrons (1 per atom)
are responsible for the conduction

crystal
plane

sp?-hybridized electrons

form tight o-bonds
connecting each carbon atom
to its three neighbors



Bloch states in a periodic potential

v: oo | e
[—2— +V (r)] (r) = e(r) Bloch theorem:  %(r) = €™ uy(r)
m
V(r) quantum | k in the first Brillouin zone
numbers | b band index

wpk (r +a;) = upk(r) periodic Bloch function,
found from the Schrédinger equation

Vir+a;) = V(r)
a;,az - |attice vectors

in a single unit cell
€ = €pk  band structure

Energy (eV)

from

Boukhvalov, | T
Katsnelson, - ~_

Lichtenstein 20 .
PRB 77, 035427 (2008)




Crystal symmetry

[_Vz L V(r)] u(r) = (e - kz) u(r)

2m  m 2m

at K point: C,, \

- rotation by 217/3
- mirror reflection

6v
- rotation by 17/3
- mirror reflection

C,, character table:

symmetry
Cay E 2C al . .
> i 2 operations
A 1 1 1
A, 1 I -1
E -1 0
irreducible 2-dimensional
representations representation

Doubly degenerate states at the K point
are allowed by the symmetry

first Brillouin zone:

K K’
Areciprocal
lattice vector
K’ ol v
@
K M K’

Time reversal symmetry

: k

Additional degeneracy K — K"’




Tight-binding model

atomic orbitals
r — rA r — rB

EALIAN

Schrodmger equation:

€ Yo Sk Clax -0
Yofx € Cpx
r .
Al fk = Z ezkra
a=1,23
sum over nearest
neighbors
I'A A[‘
3 2
€x = ﬂ:’}’0|f kl

P.R. Wallace, Phys. Rev. 71, 622 (1947)

Y(r) = Z [Cﬂk $(r — ra;) €4 + Cpy ¢(r — rp;) eikrBj]

J\

diagonal matrix element:

sum over unit cells

) atomic level:
/qb(r—rA} (—:—-l—'lf’) ¢(r —ry)d’r — e, =+ 0 choose as
" the origin
nearest-neighbor matrix element:
V?
f‘?f’(l'—l'g] (_E+V) d(r—ra) d*r = —y Yo ~ 3 eV

nearest-neighbor overlap:

fqb(r —rp)o(r —ra) dr = s

often neglected

two bands touch
at the corners
of the hexagon

Pristine graphene:
half-filled bands




2D Dirac electrons

Near the conical points
p=k-K o p=k-K
empty states
H=v 0 . zpy K
+pz + 1py

3 filled states

v = 5 Yolo_c = 10% cm/s~ T7eV-A
from experiments

, fro,m Fhe Eigenvectors at the K point:
tight-binding
model ePr [ o—idp
Up.s(r) = €p.s = SU|P|
V2 S P,s p
A conduction band
5 =
valence band
v

b polar angle of p
>




ARPES measurements

Angle-Resolved
Photo-Emission Spectroscopy:

photon source energy analyser

X-ray photon absorbed,
electron emitted - [- )
energy-momentum conservation

i '
& S
/ UHV - Ultra High VacuumJ

¥ (p<10~7 mbar)

measure electronic disperson

graphene dispersion for different electron densities, from Bostwick et al., Nat. Phys. 3, 36 (2007)

energy
in eV
from
Fermi
level
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Electric Field Effect in Atomically
Thin Carbon Films

resistivity as a function

of gate voltage
O
temperature:
© O 6 O tnflim @ © @ & 5K
insulator & s FOK
add electrons TS ® o © @ C EG_ 300 K 0
to the system gate electrode N
) s
-100 -50 0 50 100
7 v, (V)

_ ambipolar field effect
In metals: short screening length

impossibility to obtain very thin films
In semiconductors: one type of carriers dominates
Graphene: layered semimetal




Klein tunneling

Transmission over
a potential barrier
(for two heights):

M. I. Katsnelson,
K. S. Novoseloy,

A. K. Geim
.......... P LI - I,ﬁ : |
; > Nature Phys. 2, 620 (2006) ,,

unit transmission

f@b*p,s(r) V((}r) V[(]r) ) Up.s(r) d°r = 0 at normal incidence

The same potential on No backscattering by a smooth potential
A and B sublattices No electrostatic confinement




Interaction of light with a solid

LUT

1. All lengths << A - photon momentum — — ()

2. Atomic layer — perturbation theory in

/

one-photon processes

~ (¥
< '.
linear E
absorption A |
radiative

recombination

C

9
e 1
a0=—=

C 137

' ~

two-photon processes
2

~ (V"
l' ‘s‘ ~~~~~
’ ‘* ~“~~~
4 _
Rayleigh Raman two-photon
scattering | scattering |  absorption




Universal optical absorption

no intrinsic energy scale for
the Dirac spectrum —»

a(w) = (const ~ 1) - «



Universal optical absorption

100
white |Ig|"l[ ideal 2
gé‘ Dirac fermions
ﬁ 9.
w E GQDEUEHEJ. .
(.JJ2 1 = b 100
§ theory: _1
= __graphene |
= 96 2 96 - ‘
5 ~ "
= L
L -
a4 | ] ]
400 500 600 700

wavelength A (nm)
no intrinsic energy scale for

the Dirac spectrum —

R.R. Nair et al., Science 320, 1308 (2008)



Gate voltage dependence




Gate voltage dependence

a(w) = 4% Reo(w)

0 L L L L L L L .
0 1,000 2,000 3,000 4000 5000 6,000 7,000 8,000
w (cm-1)

Z. Q. Li et al., Nature Phys. 4, 532 (2008)

Residual conductivity: broken momentum conservation

— Coulomb impurities [T. Stauber et al., PRB 78, 085418 (2008);
P. Yuan et al., PRB 84, 195418 (2011)]
— electron-electron scattering [A. G. Grushin et al., PRB 80, 155417 (2009)]



Landau level spectroscopy

+2
A |
+1 dipolar
selection
0 ‘ rule:
A
‘ Aln| = +1
-1
-2

€n = i\/QEiUzB\n\

/

experimental access
to the Dirac velocity



Landau level spectroscopy

1.0 5 2.0 4.0
01 0.2 0.5
+2 .
A _ 80 [
+1 dipolar :
. 70 [
‘ selection -
0 rule: 60
A = |
50 F
Aln| = +£1 E L :
- & a0f 1
o [ ./-FM\' e ]
E : 5 ¢ \{(M\T/_ ]
) 30 | £8 l | 1 ]
EE I| |' L=l Larg>lag) E
20 F & 5 ||
[ = [ 1]
i R, BE=03T
p— 2 1[}:_ EIEI dIEI EIEI .Eb:l ]
€, = + \/ 2evBln| I :

0 - . . . 1 . . . . 1 . . . . 1 . .
0.0 0.5 1.0 1.5 2.0
B‘I-‘E{TL-'Z]I

experimental access
to the Dirac velocity M. Orlita et al., PRL 101, 267601 (2008)



Raman scattering

L. I. Mandelshtam and G. S. Landsberg, Zeitschrift fur Physik 50, 169 (1928)
C. V. Raman and K. S. Krishnan, Nature 121, 501 (1928)

Win I Wout
scattered photon

iIncident photon

sample

Wout — Win — Rayleigh scattering (elastic)

Wout 7 Win — Raman scattering

Some excitation is left in the system




Phonons in graphene

0= N0 |  [.lo~——==1 Mechanical phonon dispersion from
v _ 14004 - ] ]
= e % coupling to deep electronic bands
YRR ] from Yan, Ruan and Chow, PRB 77, 125401 (2008)
CICJ 1000' 70 70
g_ 800 +
g 600—-
§ 400 LA _ |
=T /g TA\\ ] Kohn anomalies from coupling to
Mo A s e lis o electrons near the Fermi level:
r K " . -
M sensitive to doping and magnetic field
r M K r
o~ 1700 N e
Calculation: 5 1600 Lgg—+
Piscanec et al., — 1500_’
PRL 93, 185503 (2004) N N
S 1400}
Inelastic X-ray scattering: S 1300} o Celoviations
Maultzsch et al., D 00l i
L .

PRL 92, 075501 (2004)

00 02 04

06 08 10 12 14
Phonon Wave Vector (2n/a)



Raman scattering: photons < electrons < phonons
intermediate states

Electron spectrum: K K/
two Dirac cones

r M K r
~— 1700 |
g 1600 L
: " 1500}

optical cC>; o SNIN

phonon g 13001 Calculations

spectrum g o IXS data
= 1200}

. 0.6 0.8 .
Phonon Wave Vector

DFT calculation: Piscanec et al., PRL 93, 185503 (2004)

Inelastic X-ray scatt.: Maultzsch et al., PRL 92, 075501 (2004)



Raman scattering: photons < electrons < phonons
intermediate states

/K phonons \

[ phonons
Electron spectrum: K K/
two Dirac cones
~— 1700 |
E 00—
I 1500¢
optical cC>; PO SNIN
phonon g Calculations
SpeCtrum o 1300} e ixs data
()]
e A

. 0.6 0.8 .
Phonon Wave Vector

DFT calculation: Piscanec et al., PRL 93, 185503 (2004)

Inelastic X-ray scatt.: Maultzsch et al., PRL 92, 075501 (2004)



Phonons in graphen

E , optical phonons @ I

optical
phonon
spectrum

. R R B
. G . reallinear . & e ' _e"
combinations
? L ? of A ) phonons - .+\. 4 .
J “‘\ o~
@KandK // 7
r M K r
o~ 1700 e
|E -
5 1600 Lgs
>, 1500}
@)
S 1400
Calculations
é% 1300} o |XS data X
Lt 1200¢ | | | | ’\ | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Fl

T

Phonon Wave Vector (2n/a)



Raman spectrum of graphene

20000 N 22D peak: ]
phonons
G peak: near the K point
1 phonon
10000 | at the I point 2D' peak: 4
2 phonons
JL / bearthe [ point -
A
0 2 | L | N\ | L | L
A 1500 2000 2500 3000

1 A. C. Ferrari et al.
) PRL 97, 187401

Raman shift (cm-
(2006)

no D peak (1 phonon @ K):
momentum conservation,
no impurities



Raman scattering probability

Z IM(qq, . .. ,(}'n)|227r6(w—|—w§1—|—. cFrwg —win)

1+...+gn=0
q1+---+an information about the final states

(the phonon spectrum)

most suitable: G peak

Measure the shift of the G peak as a function of
* gate voltage

* magnetic field

* strain

* impurity concentration



Effect of charging on the phonon frequency,
probed by Raman scattering

G band width(cm™)

A wr. 2Er—w
15 ﬁwF:—r(|EF|+ Lin==F F)
21 4 2Ep+ wr
5t Shift,
Pl proportional imaginary part
%1590- to the Fermi gives phonon
S . energy damping
o 1580} T. Ando, J. Phys. Soc. Jpn.

0 200 0 0 T0 20050
75, 124701 (2006)

Fermi energy (meV)

J. Yan et al., PRL 98, 166802 (2007)
see also S. Pisana et al., Nature Materials 6, 198 (2007)



Effect of strain on the G peak

Strain — anisotropy:
G peak shift and splitting

00 01 02 03 04 05 06 07 08 09 10 11 12 13
N T B ma e A T

L UL
. dwg/de ~ - 10.8 cm /%]

. . o dwg/de ~ - 31.7 cm /%
1585 | ]

uniaxial strain

1580_—
1?5-—
190-—
1565-—
1560-—
1555-—

1550 |-

Polarization dependence of the two components:

Ig- = Sinz(f;"in + Ot 3¢,). g+ CDSZ(ﬁin + Gou + 3¢,)

possibility to determine the absolute crystal orientation!
T. M. G. Mohiuddin et al., PRB 79, 205433 (2009)




Effect of a magnetic field on the phonon frequency,
probed by Raman scattering

C. Faugeras et al., PRL 103, 186803 (2009)
1630

magnetic field (T)



Effect of a magnetic field on the phonon frequency,
probed by Raman scattering

C. Faugeras et al., PRL 103, 186803 (2009)

1630

1620
—~ 1610

1600

1590

1580 ki1

Raman shift {cm

1570

1560
0

magnetic field (T)

avoided crossing between the phonon and
an electronic inter-Landau-level excitation

Note: the splitting depends T. Ando, J. Phys. Soc. Jpn. 76, 024712 (2007)
on the electronic occupations! M. O. Gorbig et al., PRL 99, 087402 (2007)




Raman scattering probability

> MG, ..., @1)\227r5(w—|—w§1—|—. cFrwg —win)

g1+ +3=0 |
information about

the intermediate states
(electrons and holes)

most suitable: 2D peak

Theory for semiconductors: Dirac spectrum: e-h symmetry
1960-70-ies

additional symmetry
brings additional physics

But: me = my, in InBr, Inl

|. G. Lang et al., Sov. Phys. Solid State 32, 2000 (1990)

)



One-phonon Raman scattering

»
Photon wave vector —* — 0
C

No disorder - momentum conservation
emit phonon with g =0

wph

M = Z (FIH e—tight|2) (2| H o pn| 1) (1| He_pigns i)
—  (win — E1 + 2iy)(win — B2 + 2iy)

At least one virtual state:

energy denominator ~ w,,

Numerator in the Dirac approximation:

~

He—light X Oz, Oy, He—ph X Oz, 0y

angular momentum 1 ==) M = ()

Trigonal warping must be included

+1+1+ 1 =+3 = 0 — cross-circular polarization



—

Two-phonon Raman scattering: ¢, —q

~—/ \‘>

Full resonance:
all intermediate states are real —
the amplitude is determined by iy

K K’

N /

v=Y" (f [Hetight|3) (3| He—ph|2) (2| He—ph| 1) (1| He-tight i)
(win — E1 4 2iy) (win, — Es + 2i7y) (win, — B3 + 2i7)

1.2.3

Dimensionless quantum efficiency of the 2D and 2D’ peaks:

2 dimensionless
a2 w2 v? a?AF w2 v? F; :
Iop = K Zin I>p = Ay = e-ph coupling
48 2 ~2 24 2 A2 pU2w
e 7 / 4 # strength

D. M. Basko, PRB 78, 125418 (2008) mass density of the crystal



Three-phonon Raman scattering: ¢1 +¢> +¢3 =0

| Wph 1. Odd number of phonons:
at least one virtual state

2. Even number of phonons:
all denominators can vanish
simultaneously

7’ \ These are the consequences of

\ the electron-hole symmetry

I. G. Lang et al., Sov. Phys. Solid State 32, 2000 (1990)



Raman matrix element in the real space
M = / /I—Idr1 .G(rp—71,e— mph)elq”%}*(ﬁ—rg €)..

—

41

hierarchy of energy scales: ~

€ ~1eV T,
Wph 170 meV

¥ ~20—30 meV

P
] 0 %‘&‘

14
v/e L v/wpn,v/Y 5?2
\ spatial extent of the process
\ \ for even number of phonons or
electron for odd number of phonons
wavelength

from the uncertainty principle

Green’s functions admit a quasiclassical representation




Raman matrix element in the real space

de L
M = /2— / Hdﬁ Ce C;(FQ—'?T]_? E—u.JDh) e’ G(F]—'?_“b: E) C
™ .
T

. . . ‘ql *"g‘f
quasiclassical representation: ™., fsql
cof = "":"4 - »‘s
G(F, 7€) = A(F, 7, €) 57 ™ iy |7
slow / / 2 y
amplitude fast eikonal \ 3 _
(classical action) ’ %‘Q
q2 ‘
05 - - - — momentum is conserved (f
or =P = Pi=Dpi-1 T4 i cach scattering event 2
S the electron and the hole travel
i C ¢ ¢ ta = t:" tf t! e electron a e Oe.
e R NE 1 T 2 T 3 for the same amount of time

The quasiclassical picture works both for real and virtual processes




Two-phonon process: backscattering

The phonon momentum is fixed:

4] = |po| + |71 =

wWin —l_ w ot

20

>

but the electron and the hole
" cannot meet in space!

— —
P ‘|‘ q The process looks allowed
by momentum conservation
»:,,"' —_
ﬁ tnn,,'Tq

—(f the angular spread is limited
by the quantum uncertainty

(o — 7| ~ \/v/win

The two-phonon peak
(a) is narrow (wgz+ w_g is not arbitrary)

(b) depends on the excitation frequency

dwap 27/‘ph em

= ~ 100
dwin ), eV

Vidano et al., Solid State. Comm. 39, 341 (1981)



Two-phonon process:
polarization dependence

A
polarizer Y — Dout
\
analyzer
electric
field

electron-photon ~ [Ej" % 7=

matrix element
electron

momentum

Iop /sz(d)m — (;9) Sinz((p - éout) d(p

1 2 . .
x S+3 coS?(din — Gout)



Two-phonon process:
polarization dependence

- _ 1.2
Pin ¥ _ Incident angle, «
= 0
. S ] A 30
olarizer ® — Dout ' v
08 120°
analyzer > 150
* 180
06 —— 0.7cos’(p)+0.3
electric [
field 04F
electron-photon = -
. > E X = . . . . . . .
matrix element [ ﬁ] =5 30 60 90 120 150 180
elec’iron Relative angle, p (degree)
momentum
D. Yoon et al., Nano Lett. 8, 4270 (2008)
Iop o /sinz(eﬁm — ) Sin*(p — dout) dp
_r Strong dependence on the relative angle
x —+ 3 co5?(din — dout) between the polarizer and the analyzer

The scattered photon remembers about the polarization of the incident photon




Two-phonon process:
magnetic field dependence

Electronic trajectories are circles:

pare (p\ 1] = 2|p]cosy instead of |7] =~ 2|7
¢’
pe” A e

y 1 > 0 - red shift of the peak
q
random length ~ v/v — broadening




Two-phonon process:
magnetic field dependence

Electronic trajectories are circles:

17| = 2|p] cos ¢ instead of |G] ~ 2|7

Raman shift (cm'l)

g
f > 0 - red shift of the peak
q
random length ~ v/v — broadening
26751 C. Faugeras et al.,
‘ Phys. Rev. B 81,155436 (2010)
2670
The fit allows to extract
v = 27 meV
2645
for e = 0.85 eV
2640}

R BTV R 2 20ty

magnetic field (T) magnetic field (T)



Edge-assisted one-phonon Raman scattering

Energy mismatch ~ w,,=0.17 eV

uncertainty
I principle

Lifetime of the virtual state ~ 1/w,,

Electron energy €~ 1 eV > w,p

An ideal zigzag edge cannot
scatter an electron from K to K’

4

No D peak
Cancado et al., PRL 93, 247401 (2004)




Backscattering condition

perfect edge, oblique incidence:
e and h will never meet

rough edge, oblique incidence:
backscattering is possible




Dependence on the polarization

Matrix element
for excitation of the e-h pair:

M x [E x pl. o cos 8

D peak intensity
(unpolarized detector): Ip o< cos® 6

What happens when § = 7 /2 (E 1 edge)? ‘

In all experiments a finite value is seen



Dependence on the polarization

The most general form for unpolarized detection:
ID(Q) — Imax C082 (9 — Qmax) =+ Imin COSQ(Q — Qmin)

: . 7’ 2
1. Perfect armchair edge: Onax =0,  Tiin/Tmax ~ wpp/wiy
symmetry quantum uncertainty

2. Atomically rough edge: Omax =0,  Imin/Imax ~ 1

diffuse

symmetr
g y scattering

Basko, PRB 79, 205428 (2009)



Dependence on the polarization

_ _ STM: Kobayashi et al.,
3. A single armchair segment d >> v/win PRB 71, 193406 (2005)

di ‘ Diffraction from the
Huygens-Fresnel principle
for the Dirac equation:

4

D / ol b N

boundary
I min (% / Win

Y

Imax d ) 9 nm

- L= e = _ -

Omax along the segment,

\4

Basko, PRB 79, 205428 (2009)

Small Imm/lmax — good quality of the edge




Raman scattering on electronic excitations

Without magnetic field With magnetic field

\ 5*
\ 4+
\ 3+
/ 2"
»

incident photon  scattered photon 4
/

discrete peaks

continuous structureless : "
from inter-LL transitions

spectrum
Selection rules in a magnetic field

co-circular polarization: n —n cross-circular polarization: n —- n £ 2
no angular momentum transfer angular momentum transfer £2

monolayer: Kashuba and Fal'ko, PRB 80, 241404 (2009)
bilayer: Mucha-Kruczinski, Kashuba, and Fal'ko, PRB 82, 045405 (2010)



Raman scattering on electronic excitations

: With magnetic field
magneto-Raman spectrum of graphene on graphite

from M. Kiihne et al., PRB 85, 195406 (2012) 1 5+
(@) 2200 7 4
2000 - / g+
1800 F » 1+
*‘éwuo \ 0
5 \ 1-
g1zoc| o-
Emm 3-
@ 800 4-
600 5-
400 i, discrete peaks
4 MA9/e s 0 1. 2.8 4 9 from inter-LL transitions

(Magnetic field)"” (T"?)

graphene flake
bulk graphite

see also Garcia-Flores et al., PRB 79, 113105 (2009)
Faugeras et al., PRL 107, 036807 (2011)
Kim et al., PRB 85, 121403(R) (2012)



Thank you for your attention!



—

Two-phonon Raman scattering: ¢, —q

~ \

this transition :

does not exist |
though allowed |

N /

Phonon momentum selected
by the resonance condition:

v
wpn (@) = wpn(K) + vpu|7— K| phonon group velocity,
determined by the Kohn anomaly

2D peak position depends
on the excitation energy
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