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Raman scattering: history

e C.V. Raman - K.S. Krishnan

« L. Mandelstam — G. Landsberg
(“combination scattering”)

Nobel prize for physics 1930

https://www.acs.org/content/acs/en/education/whatischemistry/landmarks/ramaneffect.html
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Infrared absorption and Raman scattering

IR: i = 1, +(Au)cos wt = u, +@—fj rcoswyt change of dipole moment
0

during the vibration

For deformable objects: iy =a(r)E, where o is the polarizabiity

U =10, +(Aax)cosapt][E,cosat] = ¢, E, cos at + %(Aa) E,[cos(w+ o))t + cos(w— a))t]

=) | |

Rayleigh anti-Stokes Stokes
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The Raman effect — classical picture

— — \A/VVV\N D. A. Long: Raman spectroscopy
| McGraw-Hill, 1977
) P‘”(m )
L ' PE 'l
\/ Y 2 bt Stokes
\ Pm(wu"wk]
v) - po VAN anti-Stokes
: P‘Tn(wg-ll*mk)
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The Raman effect — quantum picture
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Almosdi Péter, BME 2008
Source: Wikipedia
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Veres Miklos, MHA Wigner FK _ _
* |nelastic scattering can only be

observed if the polarizability of the
Raman spectroscopy medium changes during the
Light scattering by monochromatic light scattering process
Spectrum of scattered light relative to the exciting
light * The magnitude of the shift does not
| | | | | depend on the frequency of the
exciting light

» The probability of inelastic scattering

I ] is small, every one of 108 photons
J J k suffers inelastic scattering
» The magnitude of the shift depends
| | on the properties of the medium

¥ * |nelastic scattering happens on
Elastic elementary excitations of the
Inelastic ~ SCAMENNG  nelastic medium (usually phonons)
scattering scattering
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Veres Miklos, MHA Wigner FK

Raman scattering: energy and momentum conservation

Szoras:

Rayleigh: A
h\f‘o A~ — q
g w ‘I"PV)O 4
Raman:
______ _— - — - —_— e — — -
Stokes: hvo
M TN— _.
hVo } hv /\/\h/-;-
*. (V—Vo) -
Stokes anti-Stokes
Anti-Stokes:
—————— [ — ._._ - e U —
hVO [ SN——
o * h(v+vy)
hv, }hv

The change in wave vector of the photon has to be compensated by the phonon

k, kg=10%cm”
L ks > k.. kg <<
q =101 cm"

Only phonons in the middle of the Brillouin zone take part in the scattering
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Almosdi Péter, BME 2008 Experimental setup
Source: Wikipedia

5 I )
~ Single Spectrometer O\®f'
Single grating ' ( e Lo S
(spectrometer) £ a - N & _lT*
—— f, ___'___________..-ﬂ—-'—"""fﬁl_‘ Grating 1a
Rejection - < % |
oo T . . Double Fitter stage —p- I
7
{ e <
E_‘ Spectrum MONO 1 .
Sample ( /_——/>|:| o % !L <
S ]
Excitation: visible, monochromatic light (laser) ~ 104 cm-’
Frequency difference: infrared region, resolution: ~ 1 cm-’
Resolution of monochromator critical!
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Experimental arrangements

Gyujtdlencse
Minta .

g - Belépd rés
a Fokuszalo -

| lencse

Lézer sugar

3.4a. abra. A 90°-0s gerjesztési elrendezési mintatér.
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GyUjtélencse

Minta
- Prizma
07
Fokuszald 4—
lencse Belépd res

Lézer sugar

3.4b. dbra. A 180°-os gerjesztési elrendezést mintatér.
(a kis prizma helyett kismérett siktiikor is haszndlhato)

Mink Janos: Az infravoros és Raman spektroszkdpia
alapjai. Veszpréemi Egyetem Analitikai Kémiai Tanszek
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Raman microscope

Diffrakcios
Mikroszkop Holografikus
""—[ sz0rd
CCD
kamera
Minta
l:[}i(:U_} = I : J * Lézer
Diafragma Optikai
sziird
1.11. Diddasoros detektorral miikidds Raman mikroszkop.
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Raman spectrum of CCl,

Intensity ratio:

Gerjeszts vonal I _ hv
1 AS —
—— ~e kT
Stokes . Anti-Stokes I S
]
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218

314 459

1 | ] 1 1 L 1 1 1
-500 -300 o 300 500 cm-1 (a)
19992 20192 20492 20792
500.2 495.2 488.0

20992 cm-1  (b)

481.0 478.7 nm (c}

3.2. abra. A CCl, folyadék Raman szinképe a gerjesztd vonal (Ar-ion lézer 488,0 nm)
mindkét oldalan.

a) Raman shift (cm1)
(a) Raman eltolodas (cm™) -1
(b) Abszolut hullamszam skala (cm™) b) Absolute wavenumbers (Cm )
(¢) Hullamhossz skala (nm) C) WaVE|ength (n m)

Mink Janos: Az infravoros és Raman spektroszkopia
alapjai. Veszprémi Egyetem Analitikai Kémiai Tanszék
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The Raman effect

2
Stokes scattering: I~ |Kzf 10|

K _Z <a)29f7i1H€R,p ‘07f7b> <07f3b‘H€p 10,0,61) <0307a‘H3R,61a)1,0,i>
S (B —E¢— iy)(E) — ho—Ef,— iY)

a,b
Raman: = _ _ _ _ _ _ —— e — = 2 — e o — — -
Stokes: ©
® 1 ,
Anti-Stokes:
—————— ey —.—- e e mame cwews eew mee e
0)1 N TNe—
N - ‘ (,02
Q) } @
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Veres Miklos, MTA Wigner FK

Resonant Raman scattering

If the energy of the exciting laser approaches the energy of a real transition in the medium, the

intensity of the Raman scattering increases by orders of magnitude. This is the resonant
Raman effect.

Resonant Raman scattering is the strongest close to maxima in the density of states.
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veres Mikios, MTAWigner K- Resonant Raman excitation profile

Excitation energy
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Excitation profile: example

Excitation: 1,623 - 1,722 eV
anti-Stokes Stokes

| .
! ' %_J
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Veres Miklés, MTA Wigner FK
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Excitation profile of the 173,6 cm-" mode
anti—Stokes Stokes
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A.Jorio et al.

Phys. Rev. B 63 (2001) 245416
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Choice of laser for eliminating fluorescence

If the excited state exhibits

fluorescence, that can suppress the

Raman lines. In this case one has to

find the ideal laser. l

E ¥ % W # & K ®E E RBE
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Qualitative analysis

S
Q0
l R W e 5 o o ! ALlB
e s U 0 i i i, A NN Y™ b TN A
T VIV TUA AT P P PN TA
F ] H (T I T L il
\ I‘ ‘ \l l
Y
| M
Tl | | IR
¥ CH3 il \
| |
\ l
| Q IR
—3600—1—3400 ——3200 —_W 3000 ——2600——2600——2400 22‘00 ——2000 ——1800 ——1600 ——1400 ——1200 —— 1000 800 600 400 200 0
——‘ Raman Qllnirared | 1 I m
W Ls e : Toluene | - | R
I 11 w03 i Toluol | \ | | | | |
—i Lt 5
[ w0l & A
R | Raman
-2 W | | M u i
e U3 r‘/ ; \ A \_J\/\ j J T A A A I,
= 7 R ——— — /j
/L A P74 =N LA | ‘ru _Al __/A
J/x g : M " w— S ._j\-/
IR :Perkin Elmer 521 Lig A: 20pKBr 2cm-1 C7Hg GC‘:)SS'.’._
FIR: Grubb Parsons 153 | Liq B:15001PE Sem-1 | Bspl.:6.25p MW: 92.14 |bp.:11063(lit.) F 1-08
Ra : Coderg PHO Lig 1,90% w1 Hoix.L [Moeixn 2em-! | 5145R,1000mW | DC.S20,253V.AAA| MERCK

s Budapesti MUszaki és Gazdasdgtudomdnyi Egyetem

Optical spectroscopy in materials science 7.
. _______________________________________________________________________________________________________|



Birefringence, linear dichroism

. . . . Photon Energy (eV)
T, R can be measured in independent directions e RS G DRI R e
with light polarized in the respective direction

« normal incidence: 3 measurements on at least two surfaces
* polarizer, analyzer in the same direction (one can be omitted)

1
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(NMe HI{I) (TCNQ)
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1 .....---E " a
150 — == (1] =

—==E&le
max. 3 independent n, £ i
'E
» Kramers-Kronig relations hold in each direction independently 5“';

» selection rules depend on direction 2 oo

Frequency (cm™') .

Spectrum of one-dimensional organic conductor Fio. 1. Frequaney-dependent conducivity determined by Kramers-Kronig analysis of the

reflectance of (NMe; H)(INTCNQ). The chain axis is & (solid lines). [From Tanner et af. (1979).]
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Anisotropy in infrared and Raman spectra

E e

Polarization of incident and
scattered light can differ
Need both polarizer and analyzer

Fig. 5.2 Vibrations of carbon disulfide and accompanying changes in
polarizability. Bending vibration v3 is degenerate, the other vy

being perpendicular to the paper plane.
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Scattering plane, scattering geometry

We shall consider the single molecule Lo be at the origin of a space-fixed Cartesian
coordinate system x, y, z. 'T'his coordinate system will be the reference frame for
definition of the directions of the incident and scattered radiation. Since the molecule
has a fixed orientation, this coordinate system can also serve as the reference frame
for the components of the polarizability tensors of the molecule. The illumination.
will be along the positive z-axis and we consider, first, observation along the x-axis,
so that xz is the scattering plane (see Fig. 3 4(a)).

—s2orasy sik

2(x2) x

Analyser

(a) (b)

Fig. 3.4(a) Raman scattering from a gas or liquid : illumination and ohservation geomeiry

Fig. 3.4(b) Raman scattering from a crystal : geometry for z{xz)x measurement
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Incident

“

direction 1
pol

Scattered

Z)X

Depolarization ratio:

p (0)=

)
I (@)

© angle between incident and

scattered light

upper index: polarization of

incident light

lower index: polarization of

scattered light

(E relative to scattering plane)

Optical spectroscopy in materials science 7.
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Depolarization ratio

1,.(0)
_ (6 —_ "7
M|"(9) p.(0) “1,(6)

1,(0)
'1,(0)

2(x2) x

for “natural” light: p,(0) =

in z(xz)x geometry:

., 1, 7, I, 7, 'l
,0||(5)_T pJ_(z)_ y pn(z) |

z y y

(b)

(')’ PG5 )_myy) P ”(5)‘<ayx'>2+<aw'>2

a,,’, o, from other orientation; since a and o’ are symmetric, o, ’= o’

7z yX

the relative values of the matrix elements
can be obtained from 6 measurements
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Polarizability tensor for randomly oriented objects

\
(a 0 0) (a,-a a, o,
a=a4,+ta,,,=|0 a 0|+ o, o,—-a «a,
0 0 a, . & o,  Onp—a
1
—g(axx+0(yy+azz)
|
% =§{(05xx —ayy)2 +(0:W —a, V+le,—o,) +6(cxy, +0(§Z+0:§X)}

a and y?2 are invariant to coordinate transformations
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Depolarization ratio for randomly oriented objects

1 (9) 0 angle between incident and scattered light
o (0) —_ =7 upper index: polarization of incident light
“1,(6) lower index: polarization of scattered light

(E relative to scattering plane)
o and Y are symmetric towards rotation of coordinates:

Oy = Zax,,y, cos(Xx')cos(yy') X,y can be x,y,z
Xv’yv
Since o is a symmetric tensor (and we assume it to be real), o, = o

yX
and averaging on the spatial orientation of the molecules:

45a” + 47/ 7/2 45a* — 27/
2 2 2 2 2 2

o, =, =0, = o, =0, =0, =— « =

XX Yy zz 15 yX yz x 15 XX yy Wz zZz7xx 15

Jda,, '
The quantity determining the intensity: | 5~ |~ %

3(y')’

similar relations can be derived for these using o’ and y’, from where PL(ZJ

2) " 45@) +4(y')
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Depolarization ratio
, 3 :
a=0 — p-= 1 depolarized pL(
v=0 —— p=0 fully polarized

3
0<p< 2 partially polarized

Fully polarized mode: p=0

o, 0 0
eg. o=/ 0 «a, O and o= o, =«
0 0 o,

stotally symmetric” mode (A, A,)
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Depolarization ratio: example

N
N

%

I h Frgura ¥, Raman spectra of cyclohexane arizing from analysis Parallel (Blue) and Perpendicular
CyC O exa n e (Black) ta the excitation laser palarisation.

i

Figura 2 Zoom in on fingerpeint region of cyclobexane, large changes in peaks 2-D can be
readily obzerved, thiz signifies that these peaks arize from totally symmetric vibrations.
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Totally symmetric vibrational modes

V=233
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Take-home message

Raman scattering: two-photon process (exciting photon — virtual excited state — photon
emission)

measurement; with visible/NIR laser

Raman shift is the difference of emitted and absorbed photon frequency, resolution
depends on monochromator efficiency

resonance Raman scattering: exciting light frequency matches a real excitation in the
system

polarization-dependent effects: three incoming, three scattered directions, two polarizers
scattering plane, scattering geometry e.g. z(xz)x

'1,(0)

Polarizability tensor for anisotropic materials O/ = O, +
Depolarization ratio 0 — totally symmetric modes

qualitative analysis as with IR, quantitative is hindered by scattering into the whole space
and by resonance effects

Depolarization ratio £} (€)=

aniso
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Osszefoglalas

Raman-szoras: kétfotonos folyamat (gerjesz6 foton elnyelése — virtualis gerjesztett
allapot — fotonkibocsatas)

gerjesztes lathato/NIR Iézerrel

a Raman-eltolodas a kibocsatott és elnyelt foton frekvenciakulonbsége, a felbontast a
monokromator felbontasa hatarozza meg

rezonans Raman-szoras: a gerjesztd fény frekvenciaja megfelel a rendszer egy valodi
gerjesztésének

Polarizaciéfigg6 jelenségek: harom bejovd, harom szort irany, két polarizator
szorasi sik, szorasi geometria, pl. z(xz)x

e 1,6
Depolarizaciés arany P (0)=——"=
Polarizalhatosagi tenzor anizotrop anyagokra oy = (. + (x__.

P . . . . ) aniso
Depolarizacios arany 0 — teljesen szimmetrikus modusok

kvalitativ analizis mint az infravorosben, kvantitativ meghatarozast akadalyozza a
teljes térbe kibocsatott szort fény és a rezonancia-effektusok
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