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Fourier-transformation infrared (FTIR) spectroscopy
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(v = T| (X)cos(27zv " X)dx
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i(v')= Axi | (MAX) cos(277V MAX)
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Sampling control: He-Ne laser
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Typical parameters

Mirror velocity: 0.5-60 mm/sec

He-Ne laser wavelength: 632.8 nm, wavenumber 15800 cm-’

minimal distance of zero points: 316.4 nm n__ =15800 cm™’
632.8 nm n_ .= 7900 cm-"

frequency of signal at detector: f=2vn’
for f=1.58 mm/sec
400 cm™ =126 Hz
4000 cm! f=1260 Hz
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Signal evaluation

Interferogram
Fourier transformation:

Apodization
Phase correction
Zerofilling

M
i(v)=Ax) | (mAX)cos(2zv ' mAX) finite, discrete FT
—M
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Instrumental lineshape:

Apodization

sin(27zVMAX)

| (V) = 2MAX

Apodization
sy (French for

“cutting the feet off™:
convolution with
other functions

—| | §.81/0L

v
Art ux

Fourier transform of the boxcar
cutoff, known as the sinc function.
Largest side lobe is 22 % of the
main lobe amplitude. L = Optical
Pathlength Difference.
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Several apodization functions (left) and the
'Instrumental Lineshape' produced by them (right).
The cases A - D are commonly used in FT-IR.
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Phase correction

. ’5“’9 A AN D 9‘ Interferogram contains sin(x) contributions
Complex Fourier transformation
Determination of phase at chosen frequencies
%A (real resolution decreases)

Fig. 1.13. {a) Sine wave interferogram. (b) Result of performing the cosine Fourier trans-
form on this interferogram.
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Fig. 1.16. Weighting functions employed for single-sided interferograms measured from
- A, {a short distance to the left of the centerburst) 1o + A; (the full distance to the right
of the centerburst needed to achieve the desired resolution) (a) for boxcar truncation; (k)
for iriangular apodization.
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Zerofilling
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Adding zeroes to end of interferogram
“Spectrum-like” interpolation
Wavenumber, cm-1 .
Does not replace resolution!
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FTIR spectrometer

Sample Compartment

Sample Position
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FTIR measurement
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movable mirror
;_\ _
8
2
®
c
(4]
5 .
: : : : : beamsplitter
Optical retardation (a.u.)
l Fourier-Transformation
single channel spectrum

= detector

)

2

®

c

g

S

4000 PB50d PBood PRs5od Rood [500 food [500

wavenumber (cm-)

Optical spectroscopy in materials science 8.

10



Reference spectrum
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Single-channel intensity
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Optical retardation

l Fourier transformation
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Sample spectrum

Fourier transformation

Single-channel intensity
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Detector signal

l Optical retardation
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Single-channel intensity

Transmittance [%]

Transmission spectrum
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Group frequencies

Alkane 3,000 B 2,800 1,480 I 1,340 720|
Olefine 3,100l 3,000 1,68001,640 1,000 I 650
Phenylderivative 3,100 3,000 1,600 I 1,450 go0 I 650
XY and X=Y=Z 3,300| 2,300 I 2,000

Halogen compound 1,400 I 45
Alcohol and Phenol 3,650 NN > 400 1,230 I 1 000

Ether 1,270 NN 500
Amine 3,550 3,310 1,650 1,550

Nitro compound 1’590-1,1:;330. 1,330

Ketone 1,780- 1,660

Aldehyde 2,900 2,680 1,740 M 1,660

Carboxylic Acid 3,580 NN > 500 | 1,00l 1,680

Carboxylate 1,650 1,550

Anhydride “:’7:&81“3 2o

Ester 1,74511,735 1,300 N 1 000

Lactone 1,840 I 1,715

Amide 3,550 I 3,100 1’6991,5-701’.693510
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Typical infrared and Raman spectrum
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Absorption spectroscopy

if R<<1, S L A=—logT = ad = ecd Beer’s law
l, l log, In?
[@]=cm™ [g]=1/cm/konc.  specific (molar) absorption coefficient

Concentration can be determined:
known coefficient _
calibration

0.4

0.8

0.24

w7+

#inia Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem Optical spectroscopy in materials science 8.
|

16



Instruments

Near field/ SNOM
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Take-home message

vibrational spectra: vibrations of atoms, damped harmonic oscillator with reduced
m, m : : _ _
masn =—+——  and relative displacemenf = (U, —U_)
m, +m_

/ K
eigenfrequency of oscillator @, = E K interatomic interaction strength

ionic crystals: Reststrahlen region with higlgzgeﬂectivity around ),

longitudinal excitation if € ,(®) = 00 =, T~ , LO-TO splitting measure of intensity

oo

“+o0

FTIR spectroscopy: Michelson interferometer]) V)= j | (X)cos(2zzv" X)dx

throughput and multiplex advantage

interferogram of monochromatic source: cosine function, of continuous source: peaked
FTIR spectrometer: source — beamsplitter — sample — detector

measurement: interferogram — single-beam spectrum — transmission spectrum
resolution depends on mirror pathlength, frequency range on sampling interval

signal evaluation from interferogram: apodization, phase correction, zerofilling

infrared spectral analysis: qualitative (group frequencies), quantitative (Beer’s law)
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Osszefoglalas

rezgesi spektrumok: atomok rezgései, csillapitott harmonikus oszcillator, redukalt
. m, m_ . .
tomeg m =————, relativ elmozdulas r =(u, —u_)
m, +m_

., . K gy e . , v ,
sajatfrekvenciag, = |— K az atomok kozti kdlcsonhatas er6ssege
\/ m,

ionos kristalyok: Reststrahlen tartomany w, korul nagy reflexio

2
longitudinalis gerjesztés ¢ (o) = 0, &} = &} +ggz_ , LO-TO felhasadas intenzitast meér

“+o0

FTIR spektroszkopia: Michelson interferométer,| (v*) = jl(x)cos(27zv*x)dx
atbocsatas és multiplex elény —oo

monokromatikus forras interferogramja: cosinusfuggvény, folytonos forrasé: egy csucs
FTIR spektrométer: forras — nyalaboszté — mintatér — detektor

méreés: interferogram — egysugaras spektrum — transzmisszios spektrum

a felbontast a tukoruthossz, a frekvenciatartomanyt a mintavétel gyakorisaga
hatarozza meg

jelfeldolgozas: interferogram — apodizacio — faziskorrekcio - zerofilling
infravoros analizis: kvalitativ (csoportfrekvenciak), kvantitativ (Lambert - Beer torvény)
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Raman spectroscopy
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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
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virtual state

excited state

ground state
absorption emission

PV
e ot ot R

AN

— oo~

scattering

Rayleigh scattering
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virtual state —— _—

excited state —

ground state —_——

absorption emission scattering
Stokes
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virtual state

excited state

ground state —_—
absorption emission scattering
anti-Stokes
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Infrared absorption and Raman scattering

IR: u=pu,+(Au)cosat = y, +3—ﬂrcos ot change of dipole moment
r

during the vibration

For deformable objects: x ~r, or

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

Rayleigh

Scattering

Excitation
Energy

Vivtiictl
Energy Shates
Stokes
Faman
Scattering
Anti-Stokes
Raman
Scattering 4
51 : ;
Vibrational
2 Energy
J States
0

Almosdi Péter, BME 2008
Source: Wikipedia
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Veres Miklés, MTA 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 Miklés, MTA Wigner Fis _
Raman scattering: energy and momentum conservation

Szoérés:
Rayleigh: et T
I"\"0 A — q
° o hv, -q
Raman:
______ - - — - _—— e — — -
Stokes: hvg
M TN— _.
hVo } hv A
» h(v-vq)
Anti-Stokes:
—————— [R— ._._ - 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= 10" cm-

Only phonons in the middle of the Brillouin zone take part in the scattering

ssstimmea Budapesti Mszaki és Gazdasdgtudomdnyi Egyetem Optical spectroscopy in materials science 8. 29




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

Optical spectroscopy in materials science 8.
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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.
iz znnne Budapesti Miszaki és Gazdasdgtudomanyi Egyetem Optical spectroscopy in materials science 8.

32



Raman spectrum of CCl,

Gerjeszté vonal

459 1

Stokes Anti-Stokes

314
218

Rayleigh szoras

218

314 459
1 L 1 | ] 1 1 1 1 1 [
-500 -300 o 300 500 cm-1 (a)
19992 20192 20492 20792 20992 cm-1  (b)
500.2 495.2 488.0 481.0 4787 nm  (c}

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

mindkét oldalan.

(a) Raman eltolodés (cm™)

(b) Abszolut hullamszam skala (cm™)
(c) Hulldmhossz skala (nm)

a) Raman shift (cm1)
b) Absolute wavenumbers (cm-t)
c) Wavelength (nm)

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

Stokes scattering:

(o, f,i|Herp |0, f,b) (0,f,b|H,p|0,0,a) (0,0,a|Her o | 01,0,i)
K2f,l():Z

(Ey— Eg;—iY)(E1 — ho— Ef; —iY)

a,b
Raman:
L e mmm == - —— = — = 8 == — — — -
Stokes: !
o, o } Q) N>
i ®,
Anti-Stokes:
—————— ey —.—- e e mame cwews eew mee e
0)1 [ NN
ANN—> ® } | W,
®
®, °
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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.

(e) (f)
15
{14.0}
10§ g
i
2 s s
& B
é or S JJ
LLE
- 0.0 . . .
4 2 - 0 1 2 3
A s / Energy [eV]
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veres Mikios, MTAWigner K- Resonant Raman excitation profile

Excitation energy

L L,

Excitation energy (eV)

100 150 200 250 300 100 50 200 25'10 300 0 150 200 250 300 100 150 200 250 300 100 150 200 250 300
Raman shift (cm ™) Raman shift (cm 7) Raman shift (cm ™) Raman shift (cm ™) Raman shift (cm )
fim =0, a0}
T T T S T
L O i _E
Z | - .
24 =]
c
o [ T =]
E —
= O O - &
- O O - 5
165 170 175 180 1.85 1.90 1.95 m
2,
=
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Excitation profile: example

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

| .
! ' %_J
Mj}f'w “**"“*L “""'J
N =S
oy 7
S BN

Intengity

w 1
=400 =300 =200 100 200 300 400
Frequency {cm ) Frequency (cm™ )

Veres Miklés, MTA Wigner FK
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Excitation profile of the 173,6 cm-" mode
anti—Stokes Stokes

1000 ’1' o N
E- I . 00 ] 500 I .:' '
= | \ 01 2 .
. .
2 500 ' - S
= B | 1 7 ! 1
4 ' . 250 | =
2 R o
| '-’ | | .‘
Ib IK-‘M [ .I ‘
! 1‘“—-—_.___‘__ ..; -\ e
olgon . Yoo | ol o . ©
180 165 170 1.75 160 165 1.70 1.75
E, (eV) E, (eV)
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
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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

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

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

« gerjesztés lathato/NIR lézerrel

« a Raman-eltolddas 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
gerjesztésenek

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

#inia Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem Optical spectroscopy in materials science 8.
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Optical spectroscopy of anisotropic media

sz Budapesti MGszaki és Gazdasdgtudomanyi Egyetem Optical spectroscopy in materials science 8.

42



Optical anisotropy

"y, € n are tensors
= if the medium is not isotropic, there is different response to excitations
of different polarization

Polarization Quantity | Notation

linear n’ (linear) birefringence
(linearis) kettéstorés

linear n” (linear) dichroism
(linearis) dikroizmus

circular n’ optical rotation
optikai forgatas optical

circular Or: circular birefringence | activity
cirkuldris kettéstorés optikai

n” circular dichroism aktivitas
cirkularis dikroizmus
ahnnngannne Budapesti Mdszaki és Gazdasdgtudomdnyi Egyetem Optical spectroscopy in materials science 8.



Dielectric tensor

If £ is symmetric, it can be diagonalized by principal axis transformation:

&g 0 0
E=10 ¢, 0
0 0 g,

€11, €, €35 are the principal values of the dielectric tensor

nY=\g, nP=e, n¥= e, the principal values of the index of refraction

Crystals: if the crystallographic axes are mutually perpendicular (orthorhombic or
higher symmetry space group), both the real and imaginary part of the optical
functions can be diagonalized on the basis of the axes
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Optical anisotropy in crystals

Isotropic

a 0 o0
cubic e=|0 a 0 n

uniaxial 0 0
trigonal (rhombohedral)

tetragonal £€=10 a O} nOZX/g’ne:\/B

hexagonal 0 0 b

SIDL‘

tbi_a:fiél a 0 0 n® =Ja
riclinic
=0 b 0
monoclinic n® =+b
0 0 c

orthorhombic

n® =.Jc

Uniaxial systems: n.>n, positive, n,<n, negative
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Anisotropy in infrared and Raman spectra

R o4 =0 Raman da s
dQ dQ
o
9Q da, 0%y da,, |
Op _ | Oty 0Q 9Q aQ
Q| 99 00 | da,, oa, oa,
Hs —| 90 90 90
_ dQ i aQ aazx aazy aazz
90 90 90

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

L
,(6)
NS
pJ_( ) L I J_(e)
for “natural” light: p.(0)= M
| ’ "l,(0)
the relative values of the matrix elements
in z(xz)x geometry: can be obtained from 6 measurements
X y n
T I, T |, T |,
p”(_):— pJ_(_): y pn(_): n
2 X i} 2 y 2 | y
1\2 ' 1\2 1\2
LA o 7 (@) ox (@) +ay)
| _ ' P N T ' '
27 (&) (2, ) "2 (,)) +(,')
o, o, from other orientation
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Polarizability tensor for anisotropic materials

\
(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 —a, )+, -a,) +(a, -0, ) +6(c, +0(§Z+0522X)}
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Depolarization ratio for non-oriented samples

|| | (O 6 angle between incident and scattered light
(0) _ J_( ) upper index: polarization of incident light
P [ || | (O 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

o,
The quantity determining the intensity: ( aéy] = Oy

3(y')’

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

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

3
0<p< 2 partially polarized

Fully polarized mode: p=0

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

* Anisotropy: linear, circular, dispersion, absorption
* Linear birefringence and dichroism;

* |R: three directions, one polarizer; Raman: three incoming, three scattered directions,
two polarizers

 Raman: scattering plane, scattering geometry e.g. z(xz)x

Il (o
- Depolarization ratio 0, (9)=#

» Polarizability tensor for anisotropic materials: ¢ = aiso + aaniso

* Depolarization ratio 0 — totally symmetric modes
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Osszefoglalas

Anizotropia: kettdstoreés, dikroizmus, optikai forgatas, cirkularis dikroizmus
Linearis kettostorés és dikroizmus:

IR: harom irany, egy polarizator; Raman: harom bejovd, harom szoért irany, ket
polarizator

Raman: szorasi sik, szorasi geometria, pl. z(xz)x

INC
Depolarizacios arany 0 (6) = 1.0

Polarizalhatosagi tenzor anizotrop anyagokra: (X = 04 . + aaniso

Depolarizacios arany 0 — teljesen szimmetrikus moédusok
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