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Damped harmonic oscillator

(for metals, Drude model was already discussed)
electron of charge -e, mass m, in the field of a nucleus of infinite mass

2
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Look for r in the form r,e'®
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Measuring intensity

| ~ E?
when exiting the medium:
—2an"z

1(2) = E(2)* = 1(0)e® = E(0)*e” =E(0)’e ¢

" , \ o'
Hence ¢ = 2" = g =T O “ e
C 20 0 we, £

n” extinction coefficient (amplitude attenuation)
o absorption coefficient (intensity attenuation)

,,Crude” division:

. b2
absorption o, n ,€”, G’
dispersion n’, €,06”

Penetration depth: d = 1/a (intensity changes by 1/e)
Skin depth (metals): | = 2/a (amplitude changes by 1/e)
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Molecular vibrations

Mechanical model of a vibrating diatomic molecule
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d’u
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" dt?

Vibrational spectra

m.m
= reduced mass
m_+m
r=(u,—u.) relative displacement
d°r dr )
Introducing damping: M W"‘ mﬂa +ma,r=qkE
K .
@ =_|— eigenfrequency
m

E=Ee"“— r=rg"

For a system of volume V, containing N molecules:

mm d*(u, -u.)
m +m  dt’

= =gE+x(U_-u,)

uzmezz%egm =1+y

E =1+ qu : 12 _
a EmV o, -0 —1yw
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Molecular spectra

dilute limit
absorption only

[

-_'C:) 2 1 "
ol . an _€re|(()
5 YT T
& C nc
o)

<

Wavenumber (cm-)

sins Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem Optical spectroscopy in materials science 6.



Vibrations and spectra

Vibrations need a well-defined energy

Frequency: « =\/%

k bond strength (spring constant)
m, reduced mass
Number of lines: symmetry
complicated structure

o H
_N

i H O

M/ : Qualitative analysis
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Absorption
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Fourier-transformation infrared (FTIR) spectroscopy

o g |- =
o L

0T

(V') = TI (X)cosRmv X)dx

i(v)= Axil (MAX) cosRrV MAX)
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Why FTIR?
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high temperature: intensity grows also at
high frequency (short wavelength)

environmental thermal radiation cannot
be filtered out

FTIR: only light getting into the
interferometer will be modulated
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FTIR advantages

Dispersive IR spectrometer

o ! W
Jacquinot’s advantage: intensity H

no need for narrow slit, as in monochromators
shape of illuminating light spot not critical

(detector: large dynamic range!) W’W

Fellgett’s advantage (multiplex):
multiple frequencies in one scan > m

(in dispersive systems, scan time is determined by
o I

the frequency range with the smallest intensity)
signal-to-noise ratio improves with more scans
time resolution possible on the scale of a few seconds

FT-IR spectrometer
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Interferogram of a monochromatic source

Detector signal
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Monochromatic source
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Interferogram of a polychromatic source

Nine wavelengths
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Interferogram of a continous source

IR-source Resulting detector signal

»
»

Intensity
Intensity

Optical retardation

v

Frequency
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Converting interferograms to spectra

P.R. Griffiths, J.A. de
Haseth:
Fourier Transform

Infrared Spectrometry
Wiley, 2007
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Resolution

ai = 015 ( = 110),)

|
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[
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P.R. Griffiths, J.A. de
Haseth:

s 10& _ 9}2 Fourier Transform

Infrared Spectrometry

: v, =0.9v, Wiley, 2007

AV =0.1v

(b)

{c)

104,

95,

=0

Fig. 1.4. (a) Spectrum of two lines of equal intensity at wavenumbers v, (solid line) and
2 (broken line) separated by 0.1v,. (&) Interferogram for each spectral line shown individ-
ually as solid and broken iine_s. respectively, (¢) Resultant interferogram with the first max-
imum of the beat signal at 10/v,; to resolve these two spectral lines, it is necessary 1o generate
an optical retardation of at least this value.
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Xmin = 102'1 —

1
AV

Av =lecm' — x=1cm
Av =0.0lcm’ — x=1m
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Frequency range

Nyquist’s theorem: a specific frequency should be distinguished from the harmonics

by using appropriate sampling frequency
Example:

——— COS X
—— cos 3x

Uy
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] 1
Vmax =
2AX
v .= 1000 cm! — Ax=35pm

Optical spectroscopy in materials science 6.

16



G Budapesti Miszaki és Gazdosdgtudomdnyi Egyetem  Optical spectroscopy in materials science 6.

A

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 v_, =15800 cm!
632.8 nm v_. = 7900 cm!

frequency of signal at detector: =2vv"
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)=AxY> I (mAX)cos(2zv mAX) finite, discrete FT
-M
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Apodization

sin(271vMAX)

Instrumental lineshape: | (v) = 2MAX — 2MAXsinc(22WMAX)
27VMAX | n

Apodization NVVIRRYVS
o (French for : ;

TRIANGULAR

“cutting the feet off”:

|
convolution with \
. i
other functions X ] /
TRAPEZDIOAL f“ :!‘
—_— —

——y| | 9.61/L

HAPF-GENZEL

Fourier transform of the boxcar
cutoff, known as the sinc function.

Largest side lobe is 22 % of the "
main lobe amplitude. L = Optical E ;’ \i\
Pathlength Difference. f f
3-TERM BLACKMAN-RARRIS | i
I

Several apodization functions (left) and the
'Instrumental Lineshape’' produced by them (right).
The cases A - D are commonly used in FT-IR.

Optical spectroscopy in materials science 6.
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Phase correction

F-.§ THE MICHELSON INTERFEROMETER

S i Interferogram contains sin(x) contributions
Baasa oy Complex Fourier transformation

Determination of phase at chosen frequencies
(real resolution decreases)

Froquency ——m

Fig. L.13. (a) Sine wave imerferogram, (b) Result of performing the cosine Fourier trans-
form om this interferogram

2 e
o4

-4 a, o

e

-4, 4y *ay

Retardation ————a=

Fig. 1.16. Weighting functions employed for single-sided interferograms measured from
= A, (a short distance 10 the left of the centerburst) 1o + A4, (1he full distance to the right
of the cemterbur: st needed 1o achieve the desired resolution) (a) for boxcar truncation: (&)

for triam gular apodization.
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Zerofilling
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Adding zeroes to end of interferogram
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FTIR spectrometer

o

Optical spectroscopy in materials science 6.
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FTIR measurement

' Michelson interferometer O source
interferogram

movable mirror
h

Intensity (a.u.)

beamsplitter

Optical retardation (a.u.)

l Fourier-Transformation

lsingle channel spectrum|

detector

kooo Bs500 PBooo R500 Rood f500 000

wavenumber (cm-)|
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Reference

Single-channel intensity

gnines Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem

spectrum

.\/s/\ —

Detector signal

Optical retardation

l Fourier transformation
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4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
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Optical spectroscopy in materials science 6.

25



Sample spectrum

Detector signal

Fourier transformation l Optical retardation

0.20 0.30 0.40

0.10

Single-channel intensity

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumber, cm!
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Transmission spectrum

0.40
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Single-channel intensity
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6
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Typical infrared and Raman spectrum

80-1

B. Schrader:

L DR e e o s e O W 9 e Y (N NN IO .7 G500 S O AslB
<. Y vy “ MONTAR Raman/Infrared Atlas

T

(i , / of Organic Compounds.

—
o

1 1|l |l | VCH Publishers, 1989.

CHj

—zslua—si—,ulm——vm 3000 ——2800 ——2600 ——2400 ——2200 ——2000 ——1800 ——1600 —— 1400 —1—1200 —— 000 ——6&0 §00 400 —1—200 |mc:

—— 7 Raman g Inirared -| l | } ..... I et
W orsos A _ Toluene | | | 4

e ste L el T Toluol.

s = -

[ maas l & Lz | &
lli: i 0l . \ ] i I

e jere H I:.I 13 [\ 1 % J U

— ) s = ) E S
vt o R \ el /\_,J\L 1 7 \ A } 1__,)\_2_._11.

i N i el B A

IR : Perkin Elmer 521 Lig A: 20pKBr 2cm-1 C7Hg GC . >99%,

FIR: Grubb Parsons 153 | Liq B: 1500, PE Sem-! | Bspl.:6.25p MW: 9214 [bp.11063(lit.) F 1-08

Ra : Coderg PHO Lig 1:90% TwL HoaxL Moixn 2em-! | 514581000 mW | DC,520,253V.AAA | MERCK

i Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem  Optical spectroscopy in materials science 6. 28



Group frequencies

Alkane 3,000 M 2,800 1,480 I 1,340 720l
Olefine 3,100l 3,000 1,680ll1,640 1,000 GG 50
Phenylderivative 3,100l 3,000 1,600 I 1,450 900 I 650
XY and X=Y=Z 3,300! 2,300 I 2,000
Halogen compound 1,400 I 450
Alcohol and Phenol 3,650 NN 2 400 1,230 I 1 000
Ether 1,270 I 500
Amine 3,550- 3,310 1,650- 1,550
Nitro compound 1’590-115380.1 330
Ketone 1,730- 1,660
Aldehyde 2,900- 2,680 1,7a0 Bl 1,660
Carboxylic Acid 3,5g0 N > 500 | 1,800 MM 1 680
Carboxylate 1,650 1,550
Anhydride 1"::’:&?240
Ester 1,74511,735 1,300 I 1,000
Lactone 1,840 M 1,715
Amide 3,550 I 3,100 1'692,5.701’.62?510
[TTTT T T ] U I R R D N

4,000 3,500 3,000 2,500 2,000 1,800 1,600 1,400 1,200 1,000 800 600 400

Wave Number [cm™]
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Normal-incidence spectroscopy
l,=Rl,+(1-R)l e“ +1,

| o
if R=0: I, =1, +1, A=I—A=1—e
0

T=lr _ge
IO

I
0 I I |I~ Transmission I,

|R Reflectance <::||][|

Reflectance spectroscopy

£ A
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Absorption spectroscopy

—od
€ A=l-e&

I

=ecd =—logT Beer’s law
Lambert-Beer-torvény
Lambert’sches Gesetz
log, In?

|
R<<1, T =—"
IO

¢ specific (molar) absorption coefficient

2.0+
] ——1-¢d
| —d
151
-1 =1/cm/ I
[ax]=cm [¢]=1/cm/conc. :
< 10
0.5
oY
00 05 10 15 20 25

concentration determination:
linear (A<0.4) range Beer’s law
outside linear range: calibration

most spectrometer software does not
know the difference!
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Instruments

FIR/MIR MIR/NIR

Near field/ SNOM

32
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Take-home message

« vibrational spectra: vibrations of atoms, damped harmonic oscillator with reduced
mass q —_ "M and relative displacement ' = (U, —U_)
" m_+m
/ K
« eigenfrequency of oscillator® = H K interatomic interaction strength

“+oo

* FTIR spectroscopy: Michelson interferometer, l(v') = jl(x)cos(zﬂV*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)

33
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Osszefoglalas

* rezgeési spektrumok: atomok rezgései, csillapitott harmonikus oszcillator, redukalt

) m, m , ,
tomeg m = ———— , relativ elmozdulds r = (u, —u_)

m, +m_

» sajatfrekvencia W, = K xaz atomok kozti kdlcsénhatas eréssége
m

r

oo

«  FTIR spektroszkdpia: Michelson interferométer, 1(v') = jl(x)cos(Zm/*x)dx

« atbocsatas és multiplex elény -

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

* meérés: interferogram — egysugaras spektrum — transzmisszios spektrum

« afelbontast 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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