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Forrasok: Wikipedia, Hans Kuzmany: Solid-State Spectroscopy: An Introduction



Torténet: 1928 Raman & Krishnan

Marca 31, 1928] NATURKE 501

A New Type of Secondary Radiation.

Ir we assiume that the X-rayv scattering of the
‘unmaedilied * type observed by Prof. Compton eorre-
sponds to the normal or average state of the atoms
aud molecules, while the °modified ' scattering of
altered wave-length corresponds to then Anctuations
from that state, 1t would follow that we should oxpect
also in the case of ordinary light two types of acatter-
ing, one determined by the normal optical properties
of the atoms or maoloeules, and another representing
the efiect of their fluctuations from their mormad
atate. Jt aceordingly becomes necessary to test
whether this is actually the case. The experiments
we have made have confirmed this anticipaticon, and

V. Ranan.
K. 8. KRISHNAN.

210 Bowbazar Street,
Caleutta, India,
Feb, 16,

Raman: legalacsonyabb rendd, jelentds energiaatadassal jaro inelasztikus fényszoras

Egyéb folyamatok: Rayleigh, Brillouin, Compton, lumineszcencia



Inelasztikus fényszoras

Sﬂ_llftg n
J = f.pw{l + cos” )
Rayleigh: ‘
Brillouin: kis momentum transzfer, akusztikus fononokon
Compton: rontgenre erés, jelentds impulzusatadas

Lumineszcencia: fény abszorpcio, emisszid. Gerjesztésben rezonans, erds

Raman: szort fény ,emlékezik” elédjére, polarizaciét részlegesen
megtartja, gyenge folyamat
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Altalanos klasszikus leiras: a Raman tenzor

Molekulara: polarizalhatésag

Harmonikus kdzelitésben csak linearis tagig kell.
Neve: Raman tenzor, polarizacio és kristaly (molekula fliggd)
Rezgési modusok szama: normal koordinatak szerinti kifejtésbdl, csoportelmélettel

Raman intenzitds:  (w)~ w4 I(a) ~ a3 1) ~ I(E) ~ E°



Energy

ros L A Virtual energy |
Kvantumos leiras: evel x 3
: AE = ‘ AE,=
AE;=hv, AE .=-hw, | AE,=hv, | |-h(v,-v,) | AE;=hv, | [-h(v,+1R)
...... ) ......) ......) ......’ ......) ......)
1st excited 1 : |y 1
vibrational state AE.=hv : :
Ground state R i 2 A : -y
Rayleigh : Stokes - anti-Stokes
scattering : scattering : scattering
Feynman diagram: (:w)
(1 ph. Stokes) Hey
AN VAY AV
(k,w)) (k,w,)
<w;’ b ‘f‘Hg]‘ O.‘.' f><0" ‘fl‘ng 0.‘.' ?><O" ?.|He.;' w]_ "O>
i.f (E1 _E;' _‘{}/n)(Ez _Ef —i}/ﬁ)
M M, M, g, de |
. ez o(,) o< J : - _ ~
A Raman intenzitas: (hw, —e—ihy)(ho, —e—ihy)
| M| 5 _[ 8 jds (€) de |
(ho, —e—iho)(ho, —g—fh(x)|
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vibrational part s evaluated explicitly, The optical teacsitions i ke
phenomenslogieslly in a way similar to Seet. 7.4 for optical absosption.
T disouss the inelastle soattering processss shown i Fig, 9.1 we
evalunte the matriz lemont for the transition batween state | and §
motitaring process the transitions are driven by the polariestion fndueed
e light P ygq 8. The matrix elemont has thermfors th for
Py = (1P} = {f|eax B},

Shce (1] wod {i] are generalized wave functionws the intearablon s over
electromie amd nuclesr coordivaten. If the wavelength of the light is.
larger than the fnteratomic distances th electrie Gelil i be can
b omstant in (9.22) 0 that we can extenct from the equition i jgen
Form o the susceptibillty known as the fransition susceptibility
[Xmnlg = (ﬂ.\mnll} :
[mm s B 0 muterlal-specific quantity dotertnined by the electroais
n the cevbtal, If the final and intial states are both the gronand state, L
info the susceptibility as we have disoessed it go M, The situation for Rams
seattering is different, We proceed similarly os in Seet. 7.4 by applying the
atlinbatic approdmation (7.24): ]

[xemen]n -J{QFEI]&JF[J:. KW [0 X (X Vel X {943

Flirst we consider the itegration over the electron mordinstes . Assiutlng
that the final and the intial electronic states are the same renders for thie
Ineegral the electronic part Yoo (X)) of the transition susceptibitity, Tn o
trast to Sect. T4 wa did not apply the Condon approximation, This meass
the susceptibility stll depends on Ube aucleanr coordinstes X, I we introdues
normal coprdinates Gy, we oor expand the electronio part of the a\gﬁerpﬁ:hlﬁ
ity with respect to the normol coordinates. Considering only the Hnee te
of the expansion and extracling the expansion. costlicient from the intemral
we obialn

[ = i s v 04| i)
+; {%}0 RREL T BT (825

The bra and ket symbaols repeesent tocal vibrational wave fandions from e
integrnl in (0.24). They aee expressed as the product of harmonlo-sei] b
wive finctions with the oeeupation mimbers vr, or oy
foetee et = [tom
L

fsee ool = Tl (0,161
]

Kuzmany book

where (g | and (| are the harmonic-osclllotor wave fanetion for oconpation
numbers oy, and v, respectively, as given in Appendiz FAL Sinee we da
nal use the Franck-Condon principle the escillators ave unshifted and the
expectation wlues in (0.04) are

{ for 1 #£ 5
{m'lt"hll = { 1 for :.:: = L‘:: Wty
el
1] for vy = e
el Qulowd = & (e + 1) 207200, for tee = v + 1 (f.28)
[I.'ig.]"q\.l'h,".iﬂ:, frvp=me —1.

Beeause of the orthogonslity of the wave functions all expectation walues
from (9.25) can be factorized into mlationships like (9.27] and (0.28). Then,
the firse term in (0.25) i2 only different from zero if vg = oy, for all k. This
means, the quantum state of the system has ot changed. I { v, Jp e properly
ealenluted 1 describes the process of shsorption or Rayleigh seattering, The
senond term i responsible for the Raman process which is evident from the
nppearance of the dechved susceptibility. According to (8.27) and (5.28) It is
only nongero if for all & 2 & wer = vy and for the mode & we = ve £ 1
fiolds: In this case the transition susceptibility (9.25] hes tie form

[¥mifui tims = (o + 1) 12 /R0, (%%‘?) {9.20)
Ll
it
R o [”Ikﬂﬂ'fnﬂn‘" (%)u - (3:30)

Eriation {9.29) and (9.30) obvionsly deseribe the Stokes and the antiStokes
i processes. From a compurison with (0.8) for the dlassienl evmluation
of the Faman mtensity the squivelence between the tensor for the transition
suzspeptibility and the devived susceptibility mualtiplied with the amplitude

(0f the normad coordinate 18 evident. Tn the quantum-mechanical enlenlation

the Mlgl.lhld! of the latter is replaced by its quantum-mechanical oquivalent

Ty f20%. W hiwe dropped here the index 3, forsimplicity, and will dothis.

aldiy I the following equations.

For a comparison with the experimental results attention must be pakl
to the dependence of the intensities on the vibronic ocoupation murber ve.
Slioe the lattar 18 determined by & Beltemann factor

Wies) = expl—euknl) _expl-Afh(e +1/2)/knT]

B o, oxp |- A (o 12 kg
& thermal averaging of the form

(9,51)

186 8. Light-Scattering Spectroscopy
3tk + 1)W(es) |
B

in required to obtain the effective square of the Raman tensor from (8,280 |
and (8.30). This is similar to the thermal averaging wsed for the evaluation
of the optical absarption from localized wave functions (7,34}, '
In the case of Stokes seattering the avernge is ng + 1 where ny. is piven by
the Bose-Einstein distribution for the mode &
1 !

e = fe{fd) = PR T =1 (833
Far antiStokes scattering the average yields ny. Thus, the scattering intensity
per steradian is derived from (9.13) for the incident intensity I by replacine
Qf, with the square of the quantum-machanical amplitude fiv, /22 and the
factor for thermal averiging (ny, + 1).

dlgy M — V3, ol + 1)V
a2 32n2ciid, "

{9.43)

A corresponding relation is obtained for antiStokes seattering.



Rezonans Raman
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Specialis Raman esetek I.:
Elektronikus

Pl. plazmon, magnon, Cooper par

wpl = +/ne?/eegm*

Szupravezetdkben:
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Fig. 9.16. Raman spectrum for GaAs with a carrier concentration n = 1.75 X
107 em ™2 for two different scattering geometries; after [9.9] (a), and single-particle
scattering continuum for n = 1.3 x 10*®* cm™ (b). The dashed line in (b) is an
estimated contribution from a luminescence emission; after [9.10].
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Intensity [arb.u. |

Specialis Raman esetek Il.:
Nem I pontbeli fonon (Krti Jend)

Grafit Raman spektruma, diszperzid!

D: defekt indukalt médus
Pdcsik et al. (1998)
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Magyarazat: un. kettés rezonancia

conduction banc

las,in | T | las,out

valence band

M
(Efija ?I - ET)(EIZ:,I!?L o E ET)(EIZ;?; o EEI + hw@' ET)

Jdn

Egyszerre két nevezd is lehet O.
(C.Thomsen and S.Reich, PRL 85, 5214, 2000)



Specialis Raman esetek lll.:
SERS, Tip Enhanced, ROA

.The exact mechanism of the enhancement effect of SERS
IS still a matter of debate in the literature.” Wiki

Fellleti plazmonok vagy lokalis toltésatvitel

9
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Hasonlo a tip-enhanced

Raman optical act
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L. D. Barron, M. P. Bogaard and A. D. BuckinghalmAm. Chem. Soc. 95, 603 (1973)



Kisérleti megvalositas

Gerjesztés napfény, Hg-arc, |ézerek

Fénygydjtés refraktiv, reflektiv optika

Rayleigh elnyomas triple spektrograf, interf. szlrék

Spektrograf Czerny-Turner, FT

Detektor single-channel, multi-channel
Lézer

Mono-
kromator Cccp

Y

BW<1 cm™

kis f/#, achromatikus
effektiv, R-hez kozeli
resol. <1 cm

nagy Q.E.

12
x10

Kriosztat




Gerjesztés

Single line operation
Gazlézerek: e g 2N
Ar-Kr lézer (>20 vonal, pl. 488, 515, 647 stb.) | e ‘“““‘5"””5“\\ '1/
He-Ne (633) - o B
\\PRIEM PLASMA TLBE SINGLE LINE
HIGH REFLECTCA QUTPUTEBEAM
Tl
! —-JJ JJ - BEH % — [ = 3 MHZ
ol ll l Jil; N
FRECILIEMCY FRECLIENGY
o, , Mermal multilengludinal mode distribution of Single longltudinal mode (or single frequancy}
SZIIa rdtestleze rek: typleal lon laser autput of lon laser using an etalon

Nd-Yag (1064 nm, v. 2x= 532, 3x=355)

Hangolhato lézerek:
Festéklézerek 0
Ti:Sapphire




Lézer szlrés

plazma vonalak, fluorescens hattér stb.

Szlirése: monokromatorral (Czerny-Turner v. Fastie-Ebert), max. 20 % TRM

Modern megoldas: interferencia sz(irék (létezik: BP,

Thin-Film Interference Filter
Anatomy

Multilayer-Dielectric
Bandpass
Filter

Bandpass
Section

Metal-Dielectric
Blocking Filter —

,'. Unfiltered Light Input

Substrate

—— Ll
= Spacer All-Dielectric

=

=1
= Epoxy

§ Filtered Light Output

~}-Simplest  C2¥1Y
Period
— Alla_senhee
Ayer 14 Hi
—1 Simplest Refractive
Period Index Layers
— Spacer
A4 Low
Refractive
Index Layers
Figure 7

Optical Density (OD)

Legend & ASCI Data

— Measured ASCH Dats

Harizontal Axis
nm) ocm'®
Vertical Axis

BT onE

i

19860 ~ 19610 19360 19110 18860 18610 18360 18110 17860
Absolute Wavenumber {cm™)



A spektrograf

Diszperziv spektrométer:

Mai megoldds: 1 monokromator+LP (long pass) sz(iré
Felbontas: rés méretétdl fligg. Optikai leképezés josaga: résre mennyi fény jut

FT-Raman: (nincs rés!, szimultan mérés, stabil hullamhossz)




Fénygydjtés
Minta leképezése egy résre (tipikusan 100 mikron), spektrométer f-szam illesztés
Nagy N.A. szam (kis f/#), akromatikus

legmodernebb megoldas: mikroszkop objektivek (tul nagy energia s(ir(iség)

| Thickness |

Cassegrain (tiikros) T /
J6 megoldas: kamera objek |
megforditva!

Parent
Facal Length

FT-Raman: aszférikus szinglet (nem akromatikus) de mikodik mivel nincs rés

)

le— 15,5 —f




Detektorok

FT-Raman, NIR: LN2 hitott Germanium

Vagy: InGaAs CCD v. single-channel

Lathato: regen PMT (10 % Q.E.)

Most: CCD (25 micron/pixel), LN2 hatott
Példak

Radialis I1élegzé modus (RBM)
Vgeu = C/d(n,m)
C~230cm?inm

Raman Intenzitas (tetsz. egys.)

RBM ¢
D

T T T T T T T T T T T T
500 1000 1500 2000 2500 3000
Raman shift(cri)




Keétfall nanocsovek Raman spektruma
R. Pfeiffer et al. Phys. Rev. Lett. (2003)

x10 [ |x20 514.5 nm, 90 K| [x20 x1

C,, peapods

\ SWCNTs

- L

150 300 450 600 750 1350 1500 1650

Normalized Intensity (arb. u.)

<

Raman shift (cm™)




Nanocsovek izotop nyomjelzése

|zotop fliggo jelenségek a terneészetben
Rezgesi spektrum *
Mas phonon energia:

fajhd eredete

Szupravezetés
Kvantum informacio elmélet
Nanoc$ keletkezés folyamata *
NMR *

F. Simon: “Isotope engineering of carbon nanotubes
konyvfejezet, Taylor & Francis, 2010




13C dusitott nanocsovek
Smon et al. Phys. Rev. Lett. (2005)
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