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Visible light scattering on matter
W: \ A Scattering signal

1 I
ws:wi'Qph w; ws=w\+Qph

Conservation requirements: wee = wi: Rayleigh

hwse = hwj = "pn wse = wj — pn: Stokes

> 2o = w;j + Qpp: Anti-Stokes
Ksc = Ki £ Qpn Wse = Wik 2eph !
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Fundamental Raman selection rule

Considerations for gy

Maximal magnitude |§| = 2 - |k;| for backscattering.
Visible light at 530 nm: O(|ki|)= 103 A~
Phonon Brillouin zone(BZ) edge: O(|Gpx|)=Z = A-1

2000 T T T T N T
4 Siebentritt et al, > Aizawa et al.
1800 | o Maultzsch et al. -+ O Maukzsch et al. -
L this work this work 0 =
161 HE = o q
7 il |Gmax| = 2 - |ki| = 0 at I'-point

of phonon BZ

4/ AtT: only optical phonons with
Qpn(q = 0) # 0 can contribute
to first order Raman signal

Phonon frequency (cm™')

r
1
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Microscopic picture of Stokes process

Quantum state:
|photon, phonon, electron)

Electronic: |i) = |n) = |n*) = |i)
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Microscopic picture of Stokes process

ction banc Individual transition rates
p

(1) |wi,0,i) = 10,0,n) :

oo, el
(2) 10,0,n) = |0, ph, n*) :

o By, ot fcplogs
(3) 10, ph, n*) = |wsc, ph, i) :

{wse,ph,i| Hp | 0,ph,n*)
ks o Zn,n* A — A pn— hitose

Quantum state:
|photon, phonon, electron)

Electronic: |i) = |n) = |n*) = |i)
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Microscopic picture of Stokes process

Individual transition rates

(1) |wi7 07 I> = |07 0’ n> :
) Ha ,',0,'
ki o 3, SRt E
(2) 10,0,n) = |0, ph, n*) :
0,ph,n* | He—pn | 0,0,n
ko o Zn,n* <hw,~—h9|phf(li'f;*|7E,,)>

(3) |Oaph? n*> = |wSC,ph7 ’> :

(wsc,ph,i | Hp | 0,ph,n*)
ks o Zn,n* A — A pn— hitose

Electronic excitation mediates

Raman scattering of photons

Electron remains unchanged after
Quantum state: scattering:

|photon, phonon, electron) Same final state |i) as before photon
Electronic: |i) = |n) = |n*) = |i) absorption
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Transition probability of first order Raman scattering

Neglecting other time ordersp, the Raman scattering probability is given by
Fermi’s rule:

or

sz

|k ~k2~k3|2

| 5\

Total transition probability

(i[Ho|n*) - (" | He—pn|n) - (n|Hy | i) ,
|Z s — ( E fE)]-[ho,',-thphf(En, — | 0= on = wso)

v
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Transition probability of first order Raman scattering

Neglecting other time ordersp, the Raman scattering probability is given by
Fermi’s rule:

or

P:?

|k ~k2~k3|2

A

Total transition probability

(il H, | ™) - (" | He—pn | ) - {n| Ho | i)
|Zhw,— E—E — |2'5(w/—Qph—w$c)

) - [hwi — hQpn — (En — Ei)]

e Matrix elements depend on symmetries of H, , e—pn @nd |i) , |n) , |n*)
= Symmetry selection rules

¢ Vanishing (or small) denominators increase scattering probability
=- Resonant Raman scattering

v
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Resonant Raman scattering

Resonant transition probability at critical points

2n (i|H,|n) - (n|He pn|n)- (n|H, i)

Pres = 5| [fwi — En] - [fiwsc — En)

2.
5 + C|

Resonant Raman signal

Q

ph)
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Resonant Raman scattering

Resonant transition probability at critical points,

Pres =

2r  (i|Hyln) - (| Hepn| M) - (0| Hy | i)

ho | [hw; — Ep] - [hwse — En]

+

C|?-

2 resonant processes

hwi = Ep: Incoming resonance
hwse = Ep: Outgoing resonance

e Resonant Raman scattering can be used
to determine Q. and critical points of e~

bandstructure

e Scattering signal enhancement

~ 10° — 107
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Higher order Raman scattering

Second order Raman scattering

Qun Two-phonon scattering
i x Momentum conservation:
>.iqi=0

Overtone

Possible by exciting the
>0 =0 same(overtone) or different

phonon branches

(combination)

Combination = Allows for study of phonon
DOS in some materials
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Higher order Raman scattering

Second order Raman scattering

Qun Two-phonon scattering
i x Momentum conservation:
>.iqi=0

Overtone

Possible by exciting the
>0 =0 same(overtone) or different

phonon branches

(combination)

Combination = Allows for study of phonon
DOS in some materials

Other higher order processes

Electronic scattering on defects:
= Important in graphene to study sample structure and quality
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Raman selection rules

Result of group theory

e All possible functions (electrons, phonons, physical properties) in a
crystal transform uniquely under symmetry operations
= A defined symmetry (e.g. A14, Bo,) can be assigned to each state in
the crystal
= Symmetry properties of a crystal and its functions are summarized in
character tables
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Raman selection rules

Result of group theory

e All possible functions (electrons, phonons, physical properties) in a
crystal transform uniquely under symmetry operations
= A defined symmetry (e.g. A14, Bo,) can be assigned to each state in
the crystal
= Symmetry properties of a crystal and its functions are summarized in
character tables

Symmetry of matrix elements

M= (i|H, | ") -(n*| He—pn| n) - (n| Hy |

e M#OonlyifI'(H,) ® '(H,) ® T(He—pn) # 0
e Dipole approximation: H, and H, have the same symmetry as the
polarization coordinates of the photons.

e He_pn transforms like the phonon with symmetry Iy

.
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Raman selection rules

Symmetry conditions on matrix elements

M(Hy) @ T(H,) D Tpn
Excited phonon has to have the same symmetry as the product of the
respective polarization coordinates of H, and H,,

= Determination of phonon symmetry via polarization dependent Raman
signal
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Raman selection rules

Symmetry conditions on matrix elements

MNHy)®T(H,) D lpn
Excited phonon has to have the same symmetry as the product of the
respective polarization coordinates of H, and H,,
= Determination of phonon symmetry via polarization dependent Raman
signal

Example: graphene, Dg;, group

Character table for D6h point group

' Linear,
2C_|2C,|C,[3C" |3C", | i |2S,]|2S |6, |36, |30 4
E\"%6 2 2| 1|7 h177d| Y protations

6 Quadratic

0 T s T A O I O S O IS TR S R S Xy, 2
3]

H., H, along X direction (polarizers)
= Phonon with A14 symmetry could be measured since it transforms like x2

v

Stefan Ulonska (FU Berlin) Raman spectroscopy of graphene 01/14/2014 12/27



® Raman spectroscopy of graphene
Raman spectrum of graphene
Characterization of graphene

Stefan Ulonska (FU Berlin) Raman spectroscopy of graphene 01/14/2014 13/27



Graphene recap

Dirac cones

E

Electron BZ

4]

Crystal properties
e 2-dimensional material with hexagonal symmetry (Dgp, space group)
e 2 carbon atoms per unit cell
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Phonon dispersion of graphene

Phonon frequency (cm™)
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6 phonon branches

o 4 different
symmetries
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Dgn character table

E[2€4|2¢,|c, [3C, |3Cm, | i |28, 28,|6, |36, |30 | LIN€A | o ratic
= ' |rotations
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Dgn character table

3C", | i [284]284 |0, |36, |30, | LIN€A5 | o 0 dratic
£ " |rotations

=
=3
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Raman spectrum of graphene

b 1 ¥ ) : 1 % ) - ) ¥ T

Pristine Graphene

Intensity (A.U

G

Dv

Graphene with defects.

D+D"

g .
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Raman spectrum of graphene

L Ey,; phonon at T’

I

Intensity (A.U.)

Pristine Graphene

D 2D
Graphene with defects.
L G -
D D+D" 2D .
h 1 L . M 1 " i 1
1250 1500 1750 2000 2250 2500 2750 3000 3250
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Raman D peak in graphene

wj ——————————— Phonon
Wge = s Defect 4

e Double-resonant, intervalley
scatterings requires no
defects

e Intervalley scattering with TO
phonon at K-point, Gpn # 0

e D peak requires defect
scattering to conserve
momentum

e Strong e~ -ph coupling: 2D
peak is more intense than G
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Determination of defects and number of layers

1400 1600 1800 2400 2600 2800 1400 1600 1800 2400 2600 2800
T T
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Determination of defects and number of layers

Seminar paper|[6]

"Position and fwhm of the G and 2D peak(...)confirm presence of single-layer
graphene"

Raman shift (cm'1)

T i
5_14% o
v./\— graphite
“’A 10 layers

5 layers

Intensity (a. u.)

o

2 layers

7 1 layer

2600 2700 2800

2600 2700 2800 [7)
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Determination of defects and number of layers

Seminar paper|[6]

"Position and fwhm of the G and 2D peak(...)confirm presence of single-layer
graphene"

e Position of 2D peak depends
Raman shift (cm ) on number of layers
e Additional layers increase

FWHM of 2D peak (more e~

states for resonant scattering)
e Occurence of peaks at 1350

cm~" (D) and 1620 cm~" (D’)

reveal defects of graphene

sample

T T T
514nm 633 nm

graphite

-\

5 layers

Intensity (a. u.)

o

2 layers

7 i 1 layer
2600 2700 2800

2600 2700 2800 [7]
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Interference with substrate

Seminar paper|[6]

"This is supported by a peak height ratio 2D/G of 2.8 which [indicates](...)an
oxide layer of 300 nm thickness"

—~ 300 T T T Incident laser /
[2]
= * o ® Gband : Ai
= 0: Air (ng)
S d =
. ! 1: Graphene (i)
Kol
@ 200f 3
=2
[2]
c
Q Raman scattered light,
€ 100}
= x
© d b
€
o]
x . . &
200 250 300 350 400

SiO, thickness (nm)

@l 18]

Interference effects of Raman signal and substrate allow for determination of
layer thickness from peak ratio 2D/G l
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Determination of strain components

1

Phonon frequencies change under straing
Awt = Al + EAwS

1
:—w0-7~eh:|:§woﬁ-es

Stefan Ulonska (FU Berlin) Raman spectroscopy of graphene 01/14/2014 24/27



Determination of strain components

Phonon frequencies change under straing

|®

Awt = Al + EAwS
1
= —w0~7~6h:|:§woﬁ-es
« Hydrostatic strain Aw” shifts phonon frequency

« Degenerate phonon modes split due to shear strain Aw’
 Frequency shift allows for determination of strain tensor €

= Raman signals sensitive to sample strain and relative orientation )
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Determination of strain components

L L |
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Seminar papers

“In areas of plasmonic enhancement
the graphene is under strain with a
hydrostatic component ~0.8% and a
shear component <0.4%"




Determination of strain components

I e Seminar papers
~ [~ =—Data -
£ | g @ “In areas of plasmonic enhancement
S [ T Semee ] the graphene is under strain with a
2 - hydrostatic component ~0.8% and a
5 shear component <0.4%"
£t _
1 3‘00 14.00 1 5‘00 1 6.00 1700 i
Raman shift (cm) e Frequency shift of peaks on Au
L L I N L L nanostructure
== Data
2 | ——oostana ® » Modes broadened but not split in
:! == 2D' unstrained .
5 areas of strain
z
£ = Calculate hydrostatic strain,
H approximate shear strain
= Plasmonic signal enhancement in
3050 3100 3150 3200 3250 3300 areas under Straln

Raman shift cm™) 6 y
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Raman scattering
¢ Non-destructive technique to determine both electronic and vibrational
properties
e Identification of phonon symmetry and energy
o Allows study of samples with both spatial and frequency resolution
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Summary
Raman scattering

¢ Non-destructive technique to determine both electronic and vibrational
properties

e Identification of phonon symmetry and energy

o Allows study of samples with both spatial and frequency resolution

Raman spectroscopy of graphene
¢ |dentification of defects, substrate thickness and number of layers

e Resolution of regions under strain and determination of strain
components
e Study electron-phonon and electron-electron interactions

e (...) )
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