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ABSTRACT

The frequency ctependence of Ehe second

hyperpolarizabilj-ty ( Y ) of CFq has been measurerl in the

visible (488 nm < À < 660 nn) by means of. gas-Phase

electric-fie1d-induced second harmonlc generaEion (ESHG).

The results of Ehese experimenÈs are compared with Èhe

results of other nonlinear opEics experiments which have

measured y by third harmonfc generaE"lon (THG), ESHG and the

dc Kerr effect. In order t.o obtain information about the

vibraÈional contributions to the second hyperpolati-zabillty

from Ehis comparison, exPressions for Ehe vibraEional

conErlbutlons to YCF,+ have beerr derived and numerically

evaluated for each of these opEical Processes. It 1s

cofrcluded that vibrational contributions Eo YCF,* are

negligible for THG, but significant for both the dc Kerr

effect and ESHG.
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CHAPTER 1

INTRODUCTION: HISTORY AND PRESENT INTEREST

The world we are living in is a "nonlinear" colorful

wor1d. Studies of nonlinear phenorDena have a long history.

Even in optlcs, Ehe Faraday effect hras discovered in 1845

and t.he Kerr effecc in f875. "Nonlinear optics" 1s usually

used t.o ref er Eo those phenomena involving light \¡Iaves t

which must be descríbed in Eerms"containlng other Èhan Ehe

first power of the electric and magnetic field strengt.hs.

In physics, many importanE phenomena depend on the elecErlc

dipo 1e monents induced in atoms or molecules by externally

applled electric flelds. 0n the oEher hand, many nonllnear

optical processes can provide much information related Èo

Ehe polarlzability and hyperpolarízability. However, since

nonlinear opÈical phenomena are really observable only if

the electric field is large enough for the nonlinearity of

Ë.he polarizat. lon to appear, nonlinear opËics became a

subjecE of greaE common interest only after Ehe laser was

invenLed.t The remarkable first observation of a nonlinear

optical effect was made by Franken, IIill, Peters and

Weinrelch in 1961 when t.hey observed opt. lcal second-harmonic
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generaEion (sIlG) using a ruby laser. Since then many

ímportant nonlinear optical processes including

third-harmonic generation (THG), the dc Kerr effecc and

four-\dave mixlng (Ft{M) have

liquids and gases*'2 At

s emi -c 1a s s ical theo re t i cal

polarízabili ties including

been widely observed in solids,

Ehe same EÍme a number of

treat.ments of high order

those by Bloembergen eE af in

1962 and Ward in 1965 aPPeared 1,3,t+

Here, what \¡¡e are concerned about is Ehe víbratlonal

contribution to the second hyp'erpol arízability of a certain

molecule. The Èhird-order nonlinear susceptibility Xtt',

which mediates a wide range of nonlinear-opEical processes'

is Ehe macroscopic expression of the microscopic second

hyperpolarizabiltty Eensor Yl:'* Perturbation Eheory gives a

single expression for Y , and Ehe hyperpol arízabilities

corresponding to each of the various nonlinear optical

processes are just special cases of Chis general expressions'+

The underlying unlty of Lhe fundamenCal theoretical

description is obscured in Practice because Y for each

nonlinear optical process has a characterisEically díff erent

balance of conErtbuEions from the electronic, vibrational

and rotatlonal degrees of freedom of each molecr, 1å1 0

Recently there has been much theoreEical inEeresc and
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activity dlrected towards gaining an undersEanding of the

various contributlons Eo Y for varfous small molecules by

lt-t5
means of ab initlo calculations. On ehe other hand, since

the particular y Lensors mediating Ehe various processes

are merely instances of general Y Eensor dif ferlng onlYa,

in their frequency argumenÈs, it should be possible Eo

disentangle the contributions of the varíous molecular

mechanisms by experimentally studying the frequency

dependence of Y In this thesis Íte will Present

experimental measurements of the frequency dependence of Y

for CFq made by means of electric-fieId-induced second

harmonlc generation (ESHG) and a comparison of these

resulÈs with the result s of previous measurements from

several other nonlinear-optics experlments on the same

molecule. In order Eo get informaEion about Ehe vibratlonal

contributions to the second hyperpol axlzability from this

comparison, we have also derived and nunerieally evaluated

the expressions of vibraElonal conEributions Èo YcF q f or

the nonlinear-optical Processes of THG, ESIiG and the dc Kerr

effect.
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CHAPTER 2

VIBRATIONAL CONTRIBUTION

TO THE SECOND TIYPERPOLARTZABILITY

The theory applied in this work includes two parts:

one 1s the theory of hyperpolarizability in which v¡e are

lnterested, and the oEher is the theory by which the

molecular hyperpolarízability is extracted from our

experimental "observaClons of dc electric-fle1d-induced

second-harmonic generat ion (ESHG) . Details of the latter

can be found in Refs. ( f6-20) . In thís chapter f¡¡e will

derive the expressions for vibraEional contribuEions to the

second hyperpolarízabiliry for different nonlinear optical

process.

2.1 Quanttrm Ùlechanical Expression For The Second

Hyperpolarlzability

HyperpolatizabilÍty has been well studied usfng

quantum mechanical theory during the 1970-s. EquívalenE

expresslons for the hyperpolatízability have been derived

using perturbation theory with the help of the method of



expression of Y used as a starting point here is from

5

t,5
averages, the density matrix or Feynrnan diagrams.

Ycßyô(-oo;td¡'rÙ2'ür3) = h-t I¡,

' (Bl uolm)(mluO ln)(n I u., lR><Rl uU lS>

The

The

perturbaEion theory and the average method due to 0rr and

l.lard in 1971. This expression is applicable when damping

rnay be ignored and is suitable for use even in the static

limit

5

'{ I'I'I
mnp

tt
-))LL

mn

(o --t-l )(n---tlr-trz)mgonS pg

<e I uo lm)(m I uo ls><e I u., ln)(n | ¡r le> 
Ì

-r¡r ) 0 +oz

(o -uJ, )

0 -ü) a
mg Õ c n8n

where

frequencies

0o o1 + A2 + (l)3

(2.1.1)

(2 .1 .2)

together wi th their

and T p denotes the sum over terms obtained by permuting rhe

0O, tÙl u2 and tr-t3

assocÍated spatial subscripts 0 , ß

s tate

molecules such as CF,*

y and ô

primed sums over intermediate sEates exclude the ground

I g>. This expression is valid for nondipolar

For arbi trary Lìr , az and 03 ,

Eq.(2.1.1) glves 4B permuLed terms as follows:
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The vibraEional conEribution to the coEal Y is the

sum of a1l Ehose terns for which at least one of the

vibrational hyperpol arízabili Cy Yv is obEained by

intermediaCe states is a vibraEionally excited stafe in the
9'21

ground elecEronic manifold of staEes.

2.2 Expression For Y{nC For CF +

In the case of third-harmonic generaËion (THG) the

substituting

( -tto; 01, tt)2t (¡3 ) =

t o ge t the 48 permuted terms :

u< m >< ffi I:¿
cflmg -3u) (Qng -?ur) dlpg

( -3o; (¡, û), ûr ) (2.2.1)

g

-uJ )

I þx m)(m Pr Ptn )(n p><p Ptg g)
rOmg -3ur ) dl ng -2u ) (Opg -uJ )

n t.n f ,r, p)<p Ho 9> I P< I * r.'lrrrl s><sl lJr ln ,<n lpo ln ,
cflmg -3ut) (Ong -ur) (0ng +ur)

Þx g)(g 5 n)(n p g)g

I

m)(m lJr
{0mg -3u)(lng -ur) ng +u)

tur?

\<s lp" | '. 
r.l. 

f urf n )( n lpu lo llq lpr þ lJrt m)(m Ist g><g n )(n Fr g)

4@-zr¡cnps-ru) (Omg -3ur) (Ong -ur) (Ong +u)

(g lJo< m><m n)(n Pt p><plÞr 9> <g lP*l'nt.,nf Ppl s>(elprlnr.nfprln,
(Omg -3ul (Ong -Zur) r0pg -u¡) fOmg -3u ) (Ong -tl ) (Ong +r¡ )
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PO

I
)

I
I
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(Omg -3ur) (Ong -Zu) cftpg -u.r ) (Qmg -3ur) (Ong -ul) (Ong +ur)
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r. n fppl p >< p lpr I e > m)(mlprln><sl,rpl n)(nll,¡ls,<elrr.(l
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ÞrñrP
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brñ.P (Omg +ru ) (fl ng +eu, ) dl pg +3ur )

<9

dlrg +urldlng +atulc0ng +u¡)

g)
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Each of these terms may be classified according Eo

wh,ether one, two or three of the inEermediate SCaEes m' n' p

are vibrationally excited states of the ground electronlc

manifold. Thus, seven disCinct grotrps of Eerms arise from

each of the permuted terms of E q. (2. 1.1 ) involving the

triple sum over states, while only three grouPS of terms

arise from each of the permuted terms of Eq. (2 ' f ' f)

involving the double sum over states. The THG signal

measured in the laboraEory is relaEed to Ehe XXXX comPonenf

of the isotropíca11y averaged molecular hyperpolarizabLlity

t ensor. If the dominant contributions to Èhe

hyperpol arizabilities are from transitions whose frequencies

are remote from all relevant field an<l polarízation

frequencies, then Kleinman symmeEry applies and the

hyperpolarizabÍlities are approximately invariant to

interchange of pola rization and field coordinaCe subscriptsl

In the specÍal case of third- harmonic generation, it may

noted thac Kleinman synmeEry holds exactly <1 ue to

intrinsic permutation symmetry ( or = ^, = o3 = û.)

Furthermore, since the x, Y, z di,r ections are equivalent

a Tcl symmetry group molecule such as CFa, one may write

Yrnc = (Y)v¡¡¡ =Y**** - 2l 5 AY ' (2'2'3)

where ( ) denotes the isotropic average '

be

the
l8

)

for
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AY=(Y****-3Yxxyy) , (2'2'4)

ancl the upper case ( lower case) spatial indices refer to the

laboratory (molecular) frame. For an atom Ay =0. At the

present level of approximation it should be adequaCe to

assune Ay =0 for CFu as well, from which it follows thaË

Yl nc Y
1t

Y****, the number of clisCinct terms is reduced from 240 to

j u s t 40 .

In orrler to proceed f ur ther i n evaluat ing YlgC, one

noCes thaL Che fo1lowÍng approximate relations hold for Ehe

transifion frequencies and dipole matrix elements of Ehe

principal electronic and vibrational transitions for CFu:

0e - l0 t¡ - 100 f¿v (2.2.5a)

lu"l - 1o lu..rl (2.2.5b)

lu"l'/ Q" - lyrl2/ Qv (2.2,5c)

wher" 0u, o, 0.r, are electronic, optical and vibrational

transition frequencies and ue and ily are typical electronfc

and vibrational transition matrix elements. Eq. (2.2.5c)

follows from Eq. ( 2.2.5a) and (2.2.5b) and it essencially

states thac the electronic and vibrational contributions to

the static polatízabi1-ity are about equal. Characteriziog

all Ehe elecÈronic ancl vibrational transiEions by U e, 0" and

Uu, 0*, is a crude approximation, but it a1lows one to easily

By considering only Ehe tensor componenr
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obEain a simpJ.e result fot Y{ffC. From Eq'(2'2'5a), the

denomlnators of Ehe terms in the expression for YfUC may be

wriEEen so as to involve onlY Qv:

3t¡ -3CI., x looo v

f¿e 3r¡ CIv x 100 , etc. (2.2.6)

similarily, employing nq. ( 2.2.3 ) allows one to wri te all the

numerators so Ehat they involve only

YîffC is simply proPorÈional to

Iv ( 1e. (g lu lt> =

Then every term of

The terms arising

fron Ehe triple sum over staEes in Eq. (2.1. f) aÌ1 sum to

zero, while the rerm inside the double sum in Eq.(2.1.1)

gives jusr (-64/1000) Ui/AI . Thus, one obtains Lhe

following expression for Y{nc,

y{sc = (64lr000) (r* lir,ì(sl'z)2/ Gr Q.,r)3- (2.2.7)

As nentioned before this derivation uses some relatively

crude approximations, but iÈ is still significant because at

least it allor^¡s one to estimate the order of magnitude of

Y{nc.

I OUv i f grn i s an electronic transÍ tion) .

ui/0$

2.3 Expression Fo. Yg%UC !'or CF,r
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In the case of ESHG, the siEuaEion is rather different

f r om that of THG. Subs t i tuc lng

( 01, (.Jz, tr)3 )

l(

)

*

)

)

x

(-2o; o, üJr o ) (2.3.r)toi

one may agaLn \,/rite ouE Che 4B permuted terms and one fÍnds

thaC more t.han half of the terms have the f actors (Qu-r'l- ) in

rhe denominator with t¡-=O (indícated by * on the Eop left of

t he terms ) :
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Since for Eypical vibrat.ional and optical frequencies, CIv<<

u), terms wi ch a factor of Ehe form (0u-0) in Ehe denominator

willbeStrongtyenhancedoveralltheotherterms.

Retaining only enhanced cerms one obtains Lhe follot^Iin8

expressions for Ehe relevan! tensor componenEs of YilSHC:

cB

where l*), I n) are vibratÍonal excited staEes of Ehe ground

q
rng

0 0 ß ß ^c ß ß q
ug*urg ugn ung * tug* u*g ugn ung

-
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(2.3.3)

and
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mg
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+

ß
u

ct
urg
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rn(
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Gßß
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ûJ

mg
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(2.3.4)

+
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electronic manifold, and ( ßaßß)gp are components

hyper-Raman Cransition hyperpolarizabiliËy Eensor defined

(ß
<B I uU lm)(m I uo I n><n I u.,, I P>

cßY 8p (n * u-r) (n - o)m8 ng

ag lug lm)(m lur ln><n luo lR>

of the

22
by

2fr-z I' I'
mn

+ (o * r¡)
m8

(n + 2u)
n8

<e I u.r I m)(m I uU I n>(n I yo I p)

(o
mg

2u) (nn o)
c

(2.3.s)

The experimentally measured quantiEy in our ESHG

experiment is (Y)xxxx. The isotropically averaged Y

t ensors f or ESHG and the dc Kerr ef f ect have only tt'ro

i ndependent comPonents: (Y)XXXX and (y)XyyX' For both

ESHG an<1 Ehe dc Kerr ef fect the relation

(Y)xxyy = <Y)xyxy (2'3'6a)

holds, as well as the more general relaEion

(Y)¡¡¡¡ = (Y)xxyy + (Y)¡yy¡ + (y)xvxy (2'3'6b)

t"l aking use of the equivalence of the x r Y, z dLrections f or

a tetrahedral tnolecule, one may write the two independent

componencs of <Y> in terms of the three independent

c omponents of Y as fol lows :

(Y)¡¡¡¡ = L/5 ( 3Yxxxx * 4Y*xyy * 2Y*yyx ) (2'3'6c)

(Y)xyyx = L/5 ( Y**** - lyxxyy + 4Y*yy* ) (2'3'6d)

+
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r^rh€:re the lor.Jer case indices denote components in che

molecule fixed frame. SubstiEuting Eqs.(2.3.3, 2.3.4) into

Eqs.(2.3.6c, d), an<1 consirleríng Èhat for the spherical top

molecule CF q Ehe following relations are satisf i"d?t' "
I =ß =B' xxx yyy zzz (Z .3 .7 a)

+ ß + ß yyz (2 .3 .7 b)xyy zzx yzz XXY

a ß B A. (2 .3 .7 c)xyy yyx' xzz zzx' yzz zzy

one obtains the f ollowing expression of YüSff C f or CF,,:

3

ß

ß ß + B

o

ESHG

12 fi-r

27 $-t

gmI
m

Y u ß + ß+ ap
XXX xyy zzx mg5

0
mg

I
m

+
5 I

n
l';,, l' I uä" I '
- ,rJ"3--

(2.3.8)

At optical frequencies, the second Eerm of Eq. (2.3.8)

should be very small ancl the first Eerm is expected Eo be

d omi nant.

2.4 Expression l'orYflur. For CFu

The second hyperpolarizability relaEed to the dc Kerr

ef fect is defined by
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in Eq.(2.1.1), one can also write out the 48 frequency
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These terms are expected to be greatly enhanced over

all other Eerms and Eherefore dominate Ehe expression for

Yil"rr. Retaining only rhe doubly enhanced terms results in

Ehe following expressions for Ehe relevant tensor comPonents

of Yü"tr'

Y
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is the Raman transiElon polarLzability.

The dc Kerr effecE birefringence measured in ttre

molecular hyperpolarizability tensor through t.he <tefinition

laboratory i s related to the isotropically averaged

YK"rt 312 [ <Y>xxxx (Y)xyyx l (2.4.5)

v

where the notation is Lhe Same as in Ehe calculations for

Yluc and YHsnc.

Eqs.(2.3.6a, b) and

Y
Vr0
Kenr

1B 'l',- z

Substitucing Eqs.(2.4.3a, b) into

Eq.(2.4.5), and recalling that

Xug* v
gm ,0

xy
ooÞÞu 0

a ncl

"äñ

one obtains the following exPression for Yü"rr of CFr+:

^YX*gm

xyq
mni

m

+
nguI

n
2a xy

8m

v
u u u

mn 8m
a
n8

(2 .4 .6)

If one carefully reEains the Eerms wi ch only one of

t.he f actors (Qrr-r- ) in the denominator having üJ-=0 r as well

as the doubly enhanced terms which gave rise to Eq'(2'4'6),

one obtalns the following adcli tional contribuLion to yKerr

5 n8
J¿

m8

which involves the hyper-Raman ß
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u (ß + ßvrß
Kerr

++24

5

(ß ap ß
mg RM XYY zzx mR

+
fi-r I

m

ugm XXX xyy zzxY
a

m8

(2.4.7)

The relations of Eq.(2.4.4) have been employed in obtaining

this result.

allow one Eo calculate Yv for ESHG and the dc Kerr effecE.

The nature of the final exPressions for Yv and the

nanner in which they rÀlere derived rûay be clarified by

The

reference to

expressions given in Eqs.(2.3.8, 2'4'6, 2'4'7)

Fig. ( 2.I>. The terms of Eq. ( 2.1.I ) have been

l'laking use of Eqs.(2.3.5, 2.4.4) allows sequences of

classif ied in Fig.(2.L) according Èo possible sequences of

the vibrationally or electronically exci ted interruediaEe

states lm), I n) and I p> Ín the terms which conEribuEe ro Y\t

electronic EransiEion dipoles in Fig.(2.1a) to be collapsed

into vibrational transicion polatizabilities and

hyperpolarLzabilities as shown in Fig.(2.1b)' Eqs'(2'3'8,

2 4 2.4.7 ) result when the calculation is done with due

regard for spatial subscripts in Lhe numerator and frequency

arguments in the denominator; account ís taken of molecular

6

symmetry, ancl the micr:oscopic molecular result is

isotropically averaged. The numerical evaluaÈion will be
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given in chaPter 5 It may be noted thaE the various

diagrams in Ffg.(2.L) do noc conËribute equally to Yv and

the allowed Eerms in the calculaLion w11l depend on the

particular molecule. For CFu all terms are allowed, but the

¡rpcrandp0uan<lußcermsaredominanEforthenonlinear

optical processes thaE e/e have considered'
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Figur e 2.1

Dlagrams for the five essential Cypes of terms which

con.tribute to Yv.

(a). The arrows denoÈe transttlon dipole maÈrix elements

between states of the molecule. The states are labeled v or

e according to wheÈher they are vibrat,ionally or

electronlcally excited. All dtagrams sÈarr and end at the

molecular ground state g. [Ieavier arrol^7s are drawn for

electronic transltions-

(b). Surnrning over Ehe sequences of electronic transitions

in (a) gives diagrams involvtng transltion matrlx elements

of the Raman or hyper-Raman pola lIzablllties 0 or ß

(dashed arrows). Thus, the diagrams for Yv may be expressed

in terms of vibrational fransit.lons only, at Ëhe expense of

contafning matrix elements for all lower order processes '
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CHAPTER 3

EXPE RI}.1E NT

The experimental technique employed in this work is

Ehat of dc ESHG. This process r./as observed ín gases,

liquids and solids with high-po\.¡er pulsed lasers during the

I960-s and
l- 4

197 O's. The technique of periodic phase

matching, developed by D.P. Shelton and A.D. Buckingharn at

the beginning of the 1980-s, allowed measurements to be made

l6
r¡i Eh a gas sample exci E.ed by a 1ow-polrer laser beam. The

theory relating to Ëhis dc ESHG experiment has been r¿e11

described in Refs. (10,16,17).

3. f. . .ExperimenEal System For dc ESHG

The basic idea in a dc EStIG experiment is to make

nesurements of Ehe raEios of hyperpolarizabilities for the

sample molecules against. the reference molecules. As long

as one knows Ehe hyperpolarizabilicy of the reference

molecules, one obtains the hyperpolarizability of the sample

molecules. In rhis experiment, the optical-field ancl

s tatic-field polariza tions are parallel-, so Ehe measuremeûts
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are related to the XXXX component of the orienËationally

averaged Lensor Yoßôy.

for a sample gas B and

where ,(2t'l)t" the peak

the numl>er densicy

n, = { (.r-î+z)lt

A schematic

deEecEion systetn

light beam fron a

The ratio

a reference

lt'',u' { oun;

signal of

of hype r po l ar Lzabi I i t ie s

gas A is obtained from

/S (3.r.r)

rhe second harmonic, 0 is

and n'is defined by

] { t*.^â+Ð lz j2{ t"7^+z)13 j /nônzo (3.r.z)

/ooni)1tåt'YBlYA

diagram of the optical syscem and Ehe

is shown in Fig. ( 3.1 ). The fundamental CW

Rhodamine-6G or DCM dye laser (C0HERENT

CR-599 Dye Laser) pumped by an argon-ion laser (C0tIERENT

CR-6 Innova Plasma Tube Ion Laser), or from Ehe argon-ion

laser direccly, is redirected by plane mirrors- Then a well

defined horizorrtaL linear polatízation state of the laser

beam is selectetl by a Glan-laser prism polatízet - A filter

i s used Lo eliminate the un\"ranted second-harmonic light

generated in the birefringent filter of the dye J-aser ( The

wavelengEh selector of Ehe dye laser is a low-1os s

crystalline-quartz birefringent filter inserted in Ehe

three-mirror cavity. ). The power of che laser beam is

usually around 0.6-0.8 I^l at one of seven dif ferent wavelengths.

The wave lengËhs of the laser beam from the dye laser are

calibraled by Na or Ne atomic emission Iines uslng spectral
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lamps and a Jarrell-Ash 1m sPectrometer. The laser beam is

weakly focused, with a confocal Parameter of about 20 co, aE

the center of Ehe gas cell to saEisfy the requirement Chat

The sample gas cell is a cylinder with cI^¡o oPtical

r¿indows supported on optically flaf mounEs at normal

the laser beam paSS unobstructed through Ehe long and narrow

gap between the electrodes of t.he sample cell.

incidence Eo Ehe beam. Insíde the celt, there is a Periodic

electrode array in which a frequency-doubled beam is

produced by passing a laser beam through the gas sample'

The elecErode attay consists of 150 pairs of steel wires of

1.59 mm diameter and at a 2,69 mro cenEer-to-cenEer spacing.

corìs fruct ion of the electrode array can be found in Ref. ( f9 ) .

In this experimenË the applled field is typically about f .8

The lengEh of the array j-s about twice the confocal

parameter of Che focused laser beam. Details of the

kV/mm. The gas ce11 is constructed Eo withstand high

sample gas varies in the range o f 2- 6 atrn. The pressure of

thermistor in direct contact with the 8as I with accuracy

pressure. Hoetever in these experíments Che pressure of the

gas is meaSured by a capacitance manometer (MKS Baratron)

cali.brated by Ehe manufacturers and wi th a statecl accuracy of

0.157". The temperature is monitored inside the cell by a
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t.o.z K

After transmission through Lhe sample cel1, Èhe Iaser

fundamental while passing the ultraviolet second harmonic

signal. The Brewster angle dispersing prisrtrs pass light

beam is recollimated and sent through a double prisru

monochromator which elirninates mosc of Ehe visible

attenuation. A final filEer (SCHOTT UG-5 0R CORNING CS7-54)

eli¡ninates the resÍdua1 fundamental. The second-harmonic

signal is deEected by a photon counter with an uncooled EMI

model No.9B93QB/350 phoromultiplier tube. The backgroun<1 in

this experiment is usual 1y abouc 0. 5 cPS , while the peak

s ignal of the second-harmonic is around several hundred cps.

3.2 Sample Preparation And Effect 0f Impurities

polarízed in Ehe horizontal plane with negligible

In this study, CFq is the sample while N, i" the

reference gas. Both gases are Eaken from llaEheson. The

puri ty of the N2 gas is 99.9997( while that of Ehe CFu is

better Ehan 99.97". A Ramam spectroscopic assay of Ehe

sample gas has been done in Ehis laboratory using the Ar*
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laser ( À=5I4.5 nrrr) and a Jarrell-Ash lm spectrometer. From

the standard Eheory, the concentraEion of the impurl fy can

be calculated from the following equation:

pil os
lt doldf¿ doldl-¿

(do dA) i dQ Q,N (3.2.r)

where I is Ehe peak signal. in the Raman sPectrum measure<1 in

the laboratory, and (dO/df¿) is differenEial cross sectÍon.

I
do

The subscripts "i" ancl "s" used in Eq.(3.2.L) denote

"impuriCy" and "sample" respecEively. llere "sample" refers

to CFu. A tabulation of (do/dCI)i/(¿o/aO)0,*r.". be found in

Ref. ( 26 ). The calculaEion shows that the impurity of the CFu

sample gas is less than 0.058%:

cF3 c1 < O.OzL%

cHb'3 < 0.005%

N2 < 0.0rBZ

02 < o.oLz%

Hzo < 0.00L87"

Using the published measuren"åÉåtuoç Ehe refractíve

index dispersion and the third-order suscepCibility, and

adding Ehe contributions to Ehe Ehird-order suscePEibility

due to each of the impurities, one may estimaCe that Ehe

effecC of the impurities wi.ll be to shift the meâsured



pure CFu This effect is smaller than the accuracy of the

ratio determination in Ehis experÍment.

3.3 Signal Curve and Data Analysis

The second-harmonic signal varies with the

coherence lengrh of the gas. The peak signal occurs when

Ëhe coherence length of the gas matches the fixed spacing

hyperpolarizability by less than O.17' comparecl to that of

of the electrodes. The coherence length is adjusted by

varying the gas pressure which is rel-ated to the gas

3l

provide d only data taken

are

derrsicy. Typical normaLízed experimental rlata of S against

P are shown in Fig.(3.2), where S is rhe nornaLízed strength

of second-harmonic signal and P is Lhe normalized pressure

of gas. Using leasE squares fitting of a polynomial

S 4., P'

Eo the measurements of S versus P, one f inds that the data

are very weII represented regardless of taking the maximum

T n

pou¡er of n as N 2 3 or 4

symmeÈrically within about LO% of the peak signal

inclucle<I . The difference in the peak values obIained with



firring

^Spe"k 
and

choose a

polynomials with N 2

Pn*l = p / RT(1 + B0r, + Cp; )

3 or 4 is only f06 for
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(3.3.r)

los for APpeak. Baserl on thi.s analysis, we simply

quadratic to f it the data taken symmetr:ically

wi thin around l0% of. Ehe peak. This provides a mechod to

accurately determine the peak signal and the optirnum

pressure while avoiding fitting errors

I"leasurements were made in coupled triplecs (ABABA... )

in order f.o cancel drif ts. The sample densities vlere

computed from the measured pressures and t.emperatures by

iteraLively solving Ehe virial equation of state:

where P is the pressure of Ehe Bas, T is the temperature, R

is the universal gas constanf and B and C are the second and

third vi rial coefflcients, respecEively. ExperimenEal

virial coef fÍcients for different real gases at dif ferent

temperatures can be found in Ref. (29). In this experiment,

the cemperature is around 293 K, so vre take

!,= -4.46 cm 3/mo1e, 
C f063 "ru/mo1e' (3.3.2)

for N2 gas and

B -88.5 cn3/mole, c 6Ioo cm6/mole' (3.3.3)

f or CF q The densi cy P usual ly converges wi th five

i terations or less. Details of the computer prograns are

presenEed in the Appendix.
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Theestimatedcocalexperimentaluncercalntyofa

hyperpol arj-zability-ratio measurement is obtained by

convolving the sfaCisEical uncertainty for an average of

usually five Criplets of runs wiÈh the uncertainty of the

dens i ry deEerminations due to Lhe limi ced accuracy of the

pressuregauge.TheaccuracyofEheratiodeterminedin

this experiment is esEimated Eo be about O'4%'
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Flgure 3.t

ExperimenEal sYStem
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Figure 3.2

Signal Curve Ancl Least Squares FicEing Polynomial

In t.his figure, points denote exPerimental data and

the solid line denotes the qua<lraEic curve fitted to the

data taken symmeErically hTithin about IO"/" of the peak

signal. In this case, X'= 0.001.
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CHAPTER 4

EXPE RIME NTAL RE SULTS

The experiment gives Ehe ratio of the peak

signal for CFu and N2 To obtain the ratio of che

hyperpolarízabiliEies, one needs to aPply a local field

correction factor. In this chapter, first. we will calculate

the loca1 f ield correction factor and then give the second

hyperpolarízability of CFu from Ehis experiment.

4.r

and Eq.(3.r.2). Eq.(3.t.2) is

Local Fi-e1d Correction FacEor

The ratio tatu/YNz can be obtained by using Eq.(3-1.I)

n

where no is the static ref ractive index of the 8as, nt¡ is Ehe

refractive Índex of the gas at frequency (ù and nz(lJ is that

at the doubled frequency, al1 evaluated at the gas densÍty

which gtves phase matching. The final factor nfrtt, is not

¡ (n f+z ) / t1 ¡ç"2r+z) / t1 2 
¡ {nl^+z) / t1 ¡'å' r,

strictly a locaI fietd factor but it appears in the
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expression for the ESHG signal. Taking n = l+ô ( ô<<1 ) and

neglecting the higher orders of 6, which is a good

approximaEion Ín the experiment, one obLains a compact form

for nt :

n- = ( r,f,,flnr^)'? (4.r.1)

It is considered as a local f ield correction factor in

obt.aining the ratio YCFu/Y*r. From the relation

nr(T,P) - I = cr(ûr)p(T,P)/Zeo (4'l'2a)

one may derive the following equation:

Inr(Tz,Pz) - l] = tnr(Tr,Pr) -rlp(Tz,Pz)/p(Tr,Pr) '

(4.r.2b)

where T is the temperature of the gas and P the pressure.

The mole density p(Ti,Pi) corresponds to nr(Ti,Pi). For N2,

nrand û2., can be founcl from Ehe tabulated values at standard

conditions in Ref. (3I) with linear interpolation to the

seven frequencies corresponding to Lhe ESHG experimenL. For

CFu, no can also be found in the same wâYr buÈ nzo is noË

available in the table.

To obcain nrrf or CFr, , one may use Eq. ( 4.1.2a) Eogether

wi th

,1(2o) o(r¡) + Ao(o) (4.r.3)

(4.1.4)

where

Ao(o:) o(2o) cr(o)
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Ís the linear polaÍízability dispersion' Applying

Eq. ( 4.1.2a) for ^2.,, 
one may wri te

n2.,(T,P) -l = o(2t¡) p(T,P)/zeo (4'r'5)

From Eq.(4.1.5) and Eq.(4.f.2a), one Sets

Irzr¡(T, P) -1] - [no(T, P) -1] = AG p(T, P) l2e o' (4 ' 1'6)

It can be expressed in an alternative way t,¡hen using

Eq.(t+.1-2a)z

.rr(T,P) - no(T,P) = Acr Inr(T,P) - f]/s(t¡) (4'r'7)

Let g(Tr rPl ) denote the mole density measured f or nr¡ in

Ref. (3r) and p(T2,P2 ) denoEe Ehe phase-matching density in

our ESHG experiment. Substicuting Eq'(4'1'2b) in

Eq.(4.I.7), one obEains

tzo(T2,P z) nr(T,Pr) + ¡s{n¿^r(T'Pr )-llp(Tz,Pz)
Þ(Tr,Pr)cx(r¡)

(4.1.8)

It is adequaEe to simply use the value given in Refs. (8, 31)

for À 632.8 ûü,

cr( o) 3.r72 x tOaoc (4.1.e)

nr(Tr,Pr) - I = 45L'242 x l0-u,(4'l'10)

calculats rt z{.0 . FinallY,

nzo - nr¡ * I.423 x 10364o(rrr)p(Tz,Pz)/p(rr,Pr) '(4'1'r1)

apply Eq.(4.f .f 1) Eo calculate û2o for CFa, one nee'ds

2 2 - -lmJ'

and

to

lo



4T

ACI(CFq). However, in the ESHG experiment the I^Iave-vector

mismatch AK is deCermined by the difference in the refrac-

tive index of Ehe sample bet$/eeIr t¡ and 2U expressed by

2K,

2ttî--Àre o

Thls implies that 8t the phase-matching case'

i. e. AK = constant 
'

one caû obEain the linear polarizability dispersion ratio

Aocr,* / oo*, - pNz / pcru (4.1.r3)

Kr, = 4 T(n,

lao)g(T,P)

using phase-matching densities

experiment. Further, emPloYing

in Ref .(30) at Ehe corresPonding

Aocru from Eq.(4.1.13), and then

Eq.(4.1.I1).

AK nrr)/À,¡

o(p2) (4.L.r2)+

by

measure<l in the ESHG

obtains

,ro -1 = 0(o)p/2e o

EmployÍng the published data in Refs-(32,33):

Acrthe measured values of N2

(4.1.14)

frequencies one can obtain

n zr,, can be calculated f rom

For the scatic refractive index, from Eq.(4.7'2a) one

0spt(0)

0N2(o)

4.27o x to-4oc2n2J-r (4.1.r5)

r.935 x 1o"oc2m2J-t (4.1.I6)

one gets

| + (r.452 Io-sm3lmole) p(T2,P2) (4.1.17)

THË UNIVËRSITY OF MANITOBA TIBRARIES

and

ns(CF,,)
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n0(N2) = I +(6.580 x 10-6rn3/rnole) p(T*Pr). (4'1'rB)

The local field correction parameters have been listed

with Aocf u tr Table (4.f ). They are seen to result in very

sma11 corrections, within rhe range of 0.05"/" to 0.177".

4.2 Díspersion of The second Hyperpolarizability of cF,*

From ESHG ExPeriment

The result s for ratios Yçpu /Y¡, measured at seven

\"¡avelengths in the experiment are given in Tabl e (4.2). To

obtain YCFq from the measured rati-os, we have employed the

previous measurements of Y¡r/YHs in Ref' (18) and the ab

initio resulrs for YHe for calibration. The ab initio

resulEs for YH. Io".* calculated by Sirz and Yaris in 1968'

overtherangeof,f'requencieSemployedinthepresent

measurements, these results are adequately represented by

Yue = 42,6 a.u. Il + (2-94 x 10-r0 crn2)v2 ] (4'2'l)

ontheotherhand,fromEhepreviousworkofRef.(35),the

ratios Y¡¡, / Y¡1 u over the same f requency range can be well

represented bY

Y¡r/Yg.=20'30[l+(6'ssxld]0cm')vtl'(4'2'2)



'e¡here V is given in

uncertainty of t0.47" due to Y¡r/YHs
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6.2360 x l06b uruJ3. An

calibration has been

35
No

-t
cm and I a.u.=

assumed in assignÍng the error bars f or YCF,*. The ab initio

result for YHe are thought to be accurate to l%

al1o,¿ance has been made for Ehe rrncertainty of YUe in

arriving aE the experimental results for YCf ,* given in Table

(4.2¡. The experimenËal results for tatu are plorted versus

v2 in Fig. (4. I ) . They are adequately represented by a

s Craighf line. The previous results are also plotted

in Fig.(4.1). These results are seen to be in good

agreement wi th the present ESIIG measuremenEs f or Yçpu '
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Figure 4.1

The values of CF q measured in the PresenE ESHG

experiments ( f illed circles ) and Ín previous experimenEs (

open circles ) are plotred versus v2 - The scraight line is

a fit of the function

Y A ( r + Bv2 )

7 .g3 x 10-I o 
"t 

t,

to the data of Ehe present experimenCs. The coefficients of

Ehe fit are

A 60.03 x 10
63

and

4 4-3CmJ

B

where v is given in cm -l
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Table 4.1

Local field correction factor.

À

(.tn)

C F,*

( 1 0''+lC2 .2 il )

n-(CFa ) n Nr) n-(CFu)/n-(Nr)(

488.0
496.5
514.5
589.0
62L.7
640.2
659.8

t.498
L.444
1.339
1.0r9
0.9r93
0.870r
0.8234

r.001531
r.00L6r2
1.00r799
r.00r984
1.003r86
r . 00 3468

1.003177

r.000785
1.000829
1.000930
1.00r442
1.00L7t4
1.00r880
r.002045

1.00075
1.00078
1.00087
1.00054
r.00r47
r.00l5B
1.00173



Table

Experimental result s for

over the vi slb1e.
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4.2

Y of CF,* measured bY ESHG

À

(nrn) (.r-t )

v YCF4/YN2 YCF+

(1ottcu,oai3¡

488.0
496.s
5r4.5
589.0
62r.7
640.2
659.8

20 486

20135

r9430
1697 3

r6080
16615

15152

1.036 *
1.036 *
1.046 r
1 .060 r
1.068 r
1.067 *
r.072 i

0.003
0.004
0.003
0.002
0.004
0.004
0.004

80.0
79.2
78.2
73.7

72.4
7r.5
71.0

È

t
i
t
*
+

*

0.4
0.5
0.4
0.4
0.4
0.4
0.4
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CHAPTER 5

DrscussroN: y{nc, ytsnc AND yflu.r FOR cFu

Our purpose in this work is to analyze the vibrational

contributions to Ehe second hyperpolaritzability of CFu' We

have derived Ehe exPressions of for CF u in di f ferenc

nonlinear processes and obtained the result s for Y from an

ESHG experimenE. Next q/e will give a numerical estimaEion

and discussion of yð¡ u.

5.1 Y{nc And YtSnC For CFu

Y\'

5.1.1 Previous Results for þp u in THG, ESHG and the dc

Kerr ef fect

Before proceeding with the numerical evaluation of Yt,

it is useful to compare Che exPerinental r¡easuremenCs for

several different third-order optical processes' ignoring
\I

for the nomenE the contributlon due Eo Y It has been

suggested in Refs. (10, 36) that far below resonance the
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electronic contrlbutions co ] for the various third-order

nonlinear optical processes will obey the relaEion

Ye(6o;or,oz,os) = ] (O; 0, 0, 0) x (t + c$l ) (5.1.r)

where

ul= rå+ r1+ ,3+ ur! (s.i.2)

is the ef fecEive laser frequency. If iÈ is the case that

the electronlc contributÍons to YCpu ".e dominant, the

values of YCf',, experimenf ally determined by means of

dif ferent nonlinear optlcal processes should all fall on the

same sEraight line when plotted versus v t

L

Kerr

The prevíously published values
37,38 16,39,40 ¡+l

ef fect, ESHG and THG experiments

of YC¡'u from the dc

have been collected in

Table (5. f ) and have been plotted versus in Fig.(5.1).

The straight line drawn there is the least squares fi c of

Eq.(5.1.1) to Ehe experinental ESHG results of che present

work. Two discordant values of Yat u from the dc Kerr effect

experiments are given in Table ( 5. I ) , buE only one has been

plotced in Fig.(5.f). The earler measuremenr in Ref.(37)

was made on a sample of relatively 1ow puriEy, only 987", the

chief impuricy being alr. 0ne may estinate EhaÈ the effect

of 2% air as an impurity r¡i1l be ro increase the apparenÈ

value of YCF,+ by 107". A sirnilar systematlc error would

arise from as Iittte as O.I7" of typlcal fluoromethane

V2
L
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Table 5.1

Hyperpolari-zability of CFq previously neasured by

several nonlinear optical processes.

Process vì

( nm) (108 cm-2)

taa 
"

(lO-"!C"m'J-!)

2

L

dc Kerr

ESHG

THG

632.8

632.8

6g't.3

6gt{.3

5l q.5

69q. 3

4. 99

rt. gg

12. \5

t 2. tts

22.66

2'{.Bg

92. I

77.0

75.0

67.6

77.7

7 3.5

!5.24

!6.Tc

r 6.0 b

!3.7f

d
2

oU

2

0

t

+
e

a

b

c

d

e

From Ref.(37)

From Ref.(38)

Fnom Ref.(39)

From Ref. ( 40)

Recalculaced from

f,he more accurate

cali bra¡ion.

From Ref.(41)

che resulc given in Ref.( l6), uslng

Ref. (36) fon

r

vaLue of Y
CH*

from
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impuriCies. The eftecE of impurifles worrld be revealed by a

spurious Eemperature dependence of Ehe measured YCF u, but

Ehe measurements of Ref. (37) e¡ere made aE only a single

temperaEure. The later measurement in Ref. (38), on Ehe

o rher hand, used a sample of nuch higher purity (99.77") and

demonsEraÈed temperature independence of the measured value

of YCp u over Lhe temperaCure rang e 269-322 K. On the basis

of these consideratioosr \¡Ie have rejected the result of

Ref. (37) in favor of Ehe result of Ref.(38), which alone has

been plotËed in Fig.(5.1). Comparing the dc Kerr and THG

measuremenEs with the straight Iine fitted to the ESHG

measurements, one finds that Ehe dc Kerr measurement falls

about 20% above , while the TtlG measuremenE result falls

abou t 77" belor¿ Ehe sCraight line. These dif f erences are

well outside the error bars of the various measuremenCs '

which cle.arly indicates that there is a different balance of

vibrational contributions for different processes'

ImrrnT LT U And Ygts*tc !'or CF u5.L.2

To evaluace the vÍbrational contribution to Y.¡UC for



52

cFu using Eq. ( 2.2.7 ) derived in chapter 2, v¡e employ rhe

dipole matriK elements given in Table (5.2). These matrix

elements for CF q are obtained from experimental measuremenfs

o f infrared absorpCion and Raman scat tering using the

standard theory. The sum

I*l ufi, I = 1.3 x 10 6'c'^' (5.1.3)

is dominated (95iZ contribution) by the V3 vibraLional

fundamental. Uslng the V3 vibrational transition frequency

yünc = l.t x toutc4m4J-3 (5.1.4)

This is only abou E 17" of the rotal Y The accuracy of

Eq. ( 5.1.4 ) may be dif f icult to assess, but even if it \"7ere

in error by a facEor of Ehree, Y{ffC would still be very

small compared Èo Ye for CFu. It indicates thaÈ YlffC is

almost negligible in comparison to the electronic

contribut.ion, âfld suggests that the vibraEionally corrected

Yrgc may be used Eo calibrate the electronic concributlons

to the other processes f or CF,*. Following Ehis ldea and

caking yüSffC as the vert.ical distance beCween Che ESHG line

and the vibrationally corrected THG point, the vibrational

conCribu tion to YSSHC is estinated to be 7 .L x 10-6 3C '+ m 
4 

J-3

Ii may be seen from Eq.(2.3.8) thet there is a tern of YËSUC

which varies as ûJ1 However, evaluating this term uslng the
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matri-x elements given in Table (5.2), one finds thaE it is

only O.f4 x l063C4m\J-3. This is negllglble. Therefore, at

optical frequencies the vibrational contribution to Ynsuc is

nearly independenE of Lù. Subtracting the value of YËSUC

from the YnSUC data to obtain Yfrgta only causes a parallel

Cranslation of the straight line shown in Fig. (5. t ). The

estimate of Ye obEained by a para1le1 Eranslation of the

YSSHC line until it passes through the Y point is showne
THG

as the dashed line in Fig.(5.f). Deviations of Ehe measured

values of Y from this dashed line are to be interpreted as

vibrational contributions. If fhis analysis is correct,Yv

calculared froru Eq.(2.3.8) for ESHG and Eqs.(2.4.6, 2.4.7)

for the dc Kerr effect must agree with the experimental

values which are obEained from Fig.(5.f )'

Evaluarion of YfSffC f rom Eq. ( 2.2.I4) would be straight

forward, excePË Ëhat there have been no meaSur ements of the

hyper-Raman ß for CF u that we need for our analysis '

llowever, there have been measurements

42,4\
spectra of various other CX q compounds '

\5

of the hyper-Raman

Therefore, q¡e wÍll

l{3
use the measuremenrs an<1 calculations which have been made

for CHu for guidance.
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5.1.3 ...Hyper-Raman $

The hyper-Raman spectrum of cH u r¡ras recorded by

43
Verdieck and Peterson in 1970. The spectrum shows that the

intensity of the hyper-RayJ'eigh line and the V, Stokes

hyper-Raman Iine are of the same order, and Ehat all oEher

Eransitions are rnuch weaker. I'Ihat the experiment measured

is rhe XXX componenC of Ehe isotropically averaged B',

¡,¡hich may be expressed in terms of Ehe hyPerpolari-zability
23

components in the molecule fixed frame by Ëhe expression:

.ß'txxx

+9L

I 
.ßt, zzl? 3)

2

c)¿ cx c[

ß&oß +6Iû
cyc

(l/35) { 5ro ß +6I.,É ß ßcrcra ßs ß ß

0rß ßao. ß ß ßyy +r2 ßå ev ]() ^,,Pt ïIr-c

(s.r.4)

As surning that the hyper-Rayleigh and the sEokes hyper-Raman

scattering have equat intensiEies, and that

ß*** = ß*yy = 3rr* (5.1.5)

Ís valid for a CXq molecule, EQ.(5'1'4) may be applíed to

obcain Ehe following relation between the magniLude of the

hyper-Raman and hyper-Rayleigh hyperpolatízabiliry

components:

r/3 (ß)*t, 
I 
(*"r1eigh). (5. r.6)
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Hyper-Rayletgh scattering by a tetrahedral molecule is

mediated by the single nonvanishing hyperpol ari'zabilicy

componen t ß7y7, whose magnitude I¡Ias estirnated theoretically

by Buckingham and Slephan to be 7 '8 x cH +'

Hyper- Raman scaEEering is mediated by several components of

Ehe Eransition hyperPoLatizability' Eq'(2'3'B) for YtSffC

involves the following combinaEton of transir'lon

hyperpol ar ízabili tY comPonents :

ßeff = Brr, + ß"** r ßrrr, (5'1'7)

which may be evaluated by means of Eq'(5 ' 1 ' 5) to obEain

lßu¡¡l = lß*yrl = 7'B x 105'ct*'J-' (5'l'8)

f or CH ,*. I^¡i th this value of ßef f , and using the transltion

matrix elemenEs given in Ref. (8 ) , one obtains from

Eq. ( 2.3,8 ) the escitnate

yËsnc = 3 x lo6tcu*uJ-t (5.r.9)

f or CH u. This is only l"/" of the total YgSgC of CH '*' In a

sinilar fashion, using Eq.(2.3.8) and the matrix elements of

Table (5.2) and che observed difference

Ynsgc - YËuc = 7'r x 10'6tcutuJ-" (5'1'10)

one deduc es

lß"rrl - I.3 x 10-s2c3,n3.l-t (5't'11)

for Ehe v3 mode of CF+. 0ne may note thaE rhls value is 6x

smaller than the corresponding value for CHu'

Io-s2c3r'J-tfo,
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5.2 Y{.r, f or CF 
u

5.2.r The Nature of The Vibrations For CFu

Before aÈtempting Eo evaluare Yilu.r, ir is useful to

consirler in more deCail the nature of Lhe vibraEions for

CF,*. As a spherical top molecule, CF u has f undmenEals Vt'

V2, V3 and V4 with the synnetry assignmenEs âI, e' f z and f 
2

in the Td group respecEively' The normal vibrations

corresponding to vr, 12, v3 and v¡+ have been shown in

Fig. (5.2). A1l- of rhe four fundamentals are Raman acEive '

while only v3 and v,+ are inf rared active. The sylûmetry of a

combination or overtone leve1 1s obEained from Ehe dÍrect

product of irreducible representations, anc will be a sum of

â t, ã?, e, f r and f 2 t.erms. The transitions with

nonvanishlng dipole maLrix elements are jusL Ehose for which

Ehe symmecrY sPecaes f, appear aE least once in the direcE

product of the representations of Ehe inicial and final

1 eve 1s of the trans it ion. The Ehr ee degenera te components

of a roode of f.2 symmetry may Eaken as vibraEions in the x,Y

and z directions, ín which case onlY a single transiEion

dipole matrix element and a single pair of Eransltion

polarízability matrix elements are nonvanishlng for each

vibraE ional component, as shown in Fig'( 5'2)' The
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vibrational components and Ehe cOrresponding nonvanishing

matrix elements are

x: ÞX, ayz azy (5.2.ra)

y i UY, dzx ctxz

0yx

(s.2.rb)

(5.2.rc)
and

and

z vz , clrxy

The nonvanishing matrix elements also satisfy

x
u v z

u
(5.2.2a)

(s .2 . 2b)

u

cx*y = oYZ = 0

Note that onlY vibratÍons of f2 symmetrY contribuËe Eo the

Eqs.(2.3.8, 2.4.6,

such vibraEions

use of Eq.(2.3.6)

zx

f inal expressions f or YtSff C and Y
v
Kerr ¡

2.4.7>, and Ehat the 3-fold degeneracy of

has already been accounted for by making

f or Ehe isoEropic averages. However, when syfû[ûetry species

l, appears n times in the representaElon of a particular

vibraEíonaI overtone or combination transitlon, chen one

must multÍply the matrix element by an extra degeneracy

facEor n. FurEhermore, Ín the harmonic approximation, the

matrlx element for the hot ban<1 translË, lon ti, tj* ti, vr+1

ts proportional co (v.+f ). Such a sÍmp1e result is not

obEained for overCone and combination Eransitions, which are

not allowed in the harmonic aPProximaElon ' So for
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simplicity we have assumed thaÈ an overEone or combinatlon

transit.ion starting from an excited level has the same

ma trix element as the same transition Starting from Èhe

ground state.

5.2.2 'Kerr SignificanE But NoE Large

The evaluatlon of YKerr from Eqs.(2.4.6) and

the hyper-Raman ß deduced when considering

makes use of the lnaErix elements given in Table

uJ3 (s.2.4)

(2.4.7 )

(5.2) and

YüsHc'

diagrams

B, using

number of

Evaluati-on of Eq( 2 .4.6) is perf orrne,l by wriuing out

witTr three successive transitions g - m * n +

matrix elemenEs selected from Table (5'2)' The

diagrams used for calculation is about 100 altogether'

Taking all the matrix elemenËs fo be positive when compuEing

Ehe diagrams, and noting that many of the required matrix

elements corresponcl to hot band t.ransitions, oûe obtains:

20.Z x l0-63C'+m+J-3. (s .2.3)

I^lhen Eq. ( 2.4.7 )

rzVrKerr

is evaluated an<l added, Ehe ftnal result is:

YrfèTr

23.o x l-o6tcut

One sees that Eq. ( 2.4.7 ) involving Ehe hyper-Raman ß makes
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only a small contribution to the cotal". subrracting Eq.

(5.2.4) from Ehe measured value of YK"., one obtains Yü...

r¿hich has been plotred as the open Lriangle Ín Fig.(5.r).

The error bar of Ehe plot.ted point overlaps the dashed line

representing Ye, just as required by our analysis'

The calculated value of Yü"., finally

t.est of our calculations of Yv ' I'Je

atEributing t.he difference beLr"¡een Ehe

permits a clear

had pr oceeded bY

Yfinc and Ynsuc

measurements to YTSHC . However, the theoretical expression

for ytSfiC is proportional to the unknown hyper-Raman ß for

CF,*, so the calculation for YtSffC ends up being used to

determine Ehe free parameter ß. For Ytu.r, no further

unknown parameters enter the calculation and so one may

c arry Ehrough the compari son of theory and experiment in

order to judge the accuracy of Ehe calcularion. Thus, the

fact t.hat all the vibrationally correcterl measurenents fa11

on the same line seems to support the adequacy of our

analysis. It shoulcl be noted, however, chat the calculated

",VIKerr].srrkelycobeanoverest'imatesinceallmatrix

e lemenLs \^rere assumed ro be positive in Ehe evaluation of

Ehe theoretical expressions. one may exPecL that Ehere will

be a cancellation of terms if some matrix elemenEs are

negative,whichmaysignificantlyreducethecalculated
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value of Nevertheless, the numerical resulEs

obcained here are much more reliable than those previously

-.vYKerr

I
obEained by ElliotÈ and tr'Jard in f 984 ' Their calculation

gave

",vïKerr 3Ye

which is abouE 10x too large.
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Figure 5.1

Experimental values of Yatu measure<1 bY Ehe dc Kerr

effect (triangles), ESHG (circtes) and THG (square) are

syrnbols are Ehe directly measured values of Y, while Èhe

open symbols are the corresponding results afEer subtractlng

Ehe calculated vibraEional conEribuEions to obtain the

plocced versus v; (deÊined by Eq.(5.1.2)). The fi1led

purely electronic contribution Ye. Note that the

vibrational contribution ls very smalt for THG. In Fig.

(5.1), the solid line is rhe scraighE line which was fit to

the ESHG dara while the dashed line is t.he corresponding

s traighr line fit Eo the vibrationally correct.ed ESHG data

poinEs. All the measurements of ye (open symbols) fall on

the dashed straight line t.o wi Chin the error bars ' as

predicted by Eq. (5.1.1).
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Figure 5.2

The norr0al vibrations wiËh symmetry â r, e' f z, and

of the nolecule CFu.
|{6

f.2
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Tabl e 5.2

Matrix elements for transiEions from the ground sEaEe

f or Ehe CF,* molecule. The symmetry sPecies f or Ehe upper

level of each Èransition are given in the colurnn labeled

species. The matrix elements have been deduced from

infrared absorpt.ion and Ranan scaEEering data as ouElined in

Refs. (8, 26, 46-49). The observables in a Raman scatCering

experiment are the nean polarLzability and the anisotropy'

usually denoted bY a and "Y". Surnming over degeneraEe

modes, these may be \,tritten as

| /3 ( crxx+crYY+azz)

and

Y ( axx-clYY¡ z + 9(crxY¡ z

in terms of the independent. components of the ËransiElon

polarizabflity tensor for CFu.

2
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Assign. species vgn

(cm-')

a xy b

8In

(lO-tt c m) (lo-"2 C2m2J-t)

X

8In
u c

vt

V2

V3

2v,

2v,

2v.

v¡ *v"

Vt +V¡

vt +v*

vz+V¡

vz*v*

a¡

e

f2

r2

â¡+ê

ar +e+f2

al +e+f2

f2

f2

f¡*f.

f , *f '
at +e+f , *f ,

a¡+e f r+12

908

r¡ 3S

I 283

631

869

2566

t 26lr

21 87

I 536

1718

I 067

r9r5

2Bl g

0.

0.

il 2.0

I 6.0

0.

7 .66

7.98

q.q3

8. 86

3.q9

3. 94

3. 95

t.r2

2. u3

0
Þ

0. 0lr
f

0.21 
g

0

0

c

d

2.20

vr+v3+v\
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Ass i gn. speci es
BIn

(crn-t)

a b
gn

(lO-tt C m) (10-'2 Czoo2J-t)

xyqX

8m
u

3vu

3v¡

v, +3v¡

2v, +v"

v, +2v, +v"

v, +2v"

v, +v, +2v"

2v¡ +v¡

2v ¡ +v,.

v¡ +2v"

2v. + v.

h
V¡-Vt

^i¿v! -v2

.i
JVc -Vz

â¡*f:+2fz

ar+f¡+212

â¡+f¡+2fz

âr*e*2fr+3f2

ar+e+2f,*3f.

ar+e+2fr*3f.

ar+e+2fr *3f,

î2

fz

âr+€+f¿

f t*2f z

l2

â¡ +€+f e

â¡+f¡+2fz

1 896

3850

11753

3t 98

lil 02

25t|7

3rr 50

309 I

2lr l{0

2l 6B

21 53

373

21 31

I lr59

0. l8

0. 4B

0. r 9

0. 56

0. 24

5. l0

0.69

0. 6l

r .50

l.3z

I .08

1.32

o.6r

3. 07



6B

a. The matrix elements for Ehe four fundamental tratlsiEions

are the values cal-culated by EllioEt ancl Ward from Ehe

infrared absorption data of Refs. (50-53). The remaining

matrix elements were obtained from the overtone and

combination band intensi ties read frorn the spectrum given in

Ref. (50) and calibrated against Ehe V4 band. The accuracy

of the latter values is XL0-2O"Á aE best. The transition

dipole I ufrl is nonzero for che f. z synmetry species only'

b The polarízability matrix elements for the four

fundamentals are essentially the values calculaËed by

ElliotE and l^Iard from Ehe Raman scattering data of

Refs. (54-57). The overtone intensities were measured in the

courSe of Ehe Raman spectroscopic assay of our sample. The

intensities r.Iere calibraEed against the intensity of the

nearesC fundamental of the Same synmetry. The transition

polarizability nonzero f or the f 2 syrûnetry species

o nly.

c. For this vibration of a I symmecry the only

transition polarizabiliEY is

rl3 lcrx*+aYy+uzzl = 7.r x 1042 c2m2J-I

d. For this vibration of e symmetry Ehe only

transition polarizabLlitY is

laxx_oyyl = 6.4 x lo-qz c2m2J-L

nonzero

nonzero

cxY isgm
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e. SÍnce the 2.v, band is strongly polatized and the al

symmetry specÍes is 1n Fermi resonance with Vt, one may

assume t.hac Ëhe int.ensiEy is dominated by the aI species'

gi.ving

t/3 I sxx+ uYY+ozz1 L,44 x lo42 c2m2J-r

f. This is an upper bound arrived aE by assuming Ehat the

Raman intensÍtY is due to onlY the f2 species.

g. Since the 2 Vu band is depolarized and Ehe f 2 species is

in Fermi resonance with V3, we assumed that the intensity is

dominaEed by species.the I,

h. Lower leve1 1s vt = 1

i. Lower leveI is v2 I
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CHAPTER 6

CONCLUS ION

The experimenLal measurements of Y made by ESIIG and a

nethod for combining these neasurenents wich those from

other nonlinear optics experimenÈs have been presented here.

All the experiment.al data are conslscent with Ehe

decomposition of Y into elecEronic and vibrational parts'

\rhere le is strongly frequency dependent but Yv is

essentially constant for each nonlinear optical process.

Conbining measuremenÈs and theoretical calculaEions, one

f inds that f or CFq , ]v I ye = rZ, r0"/" and 30"Á corresponding

to THG, ESHG and the dc Kerr effect respectively. This fact

lndicates Ehat vibraÈional contributions to YCF q are

negligible for THG, buË significanË for both the dc Kerr

effecÈ and ESHG. Accurate data on the frequency dependence

of Y1UC and YKerr would al1ow a beEter Eesc of the

calculations and analysis in this thesis-

The est.imate of Èhe value of the hyper-Raman ß of CF 
u

which is obt.ained as a by-produc t of this ú¡ork a1lows one to

predi ct ËÌrat the hyper-Ranan spectrum of. CF ,, wi ll be 40x

weaker than E.haÈ of CH u. A measuremenL of the hyper-Raman
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s pectrum of cF u would provide another Eest of the above

analysis. UltimateIy, a measurement of YlSffC may provide a

means for the accuraEe absolute calibration of the

hyper-Raman ß
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DINENSION A( e5,7 ), B (?1, t7 ), C ( 25, ?), AA ( e5 ),BB(e5),CC(e5)
READ
REâD
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C NOI.I CALCULATE THE IN THE BRâCKET OF GAIÍA.
X=9. 12g,k1OOO

C PART (A). NO.1 25 DIVIDE BY 3C BECâUSE OF THE UIBERATIONâL SYNIÍETRY.

SUr,lÊ: o4L DO 4? I:1, 25

( (A( Ir J), J= L ¡7 ), I=1, 25)
( (B( L J), J: t t7),L=1,,?!)( (C( L J)' J: L,7 ), f =1, 25)
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FORNAT (7F9.5)
FORNâT (7F9.5)
t^¡RITE (6,1,L)
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AA( I ) :X,fiÊ( L 1 )xâ( I t ?)r4â( rr 3)xA( L 4 )xÊ( LS) t (A ( L 6) rfiA ( 1,? )x(3. O )
SUIIA:SUflA+AA ( J )
CONT INUE

(B). NO.1 - 15 DIUIDET6 - Z7 DIUIDE BY 9 BEC
VI BERATIONâL 5YIII'IETRY.

SUtlB : SUl'lB + 2 . O'ÌBB (
CONT INUE
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SUIfB=O
DO 55 r:
BB( I ) =X¡t<B(L5)/( 1 ) rrB C

6)*B(
1, 15B(r,
B(fr

DO
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B( I' Z)rßB( I' 3 ) r(B( f , 4 )*
B(L7),fig.O)
B(I)

57(r)
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=XxB(f,1)r()/(B(I'6)ì(
SUI'lB+e. OÍ(B
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CONT I NUE

PÊRT (C). SIMILÊR TO PÊRT (ê).
5Ur,l
DO
CC(I):XxC
c(L5)/(C
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ryBIIE (6,70) (r,ÊA(I), r,BB(r), r,CC(I),I=L,25)
I^IR I TE ( 6, 75 ) 5UIIA, SUNB, SUNC
FORNÊT (?X, ' A('r I?, ')=' ¡Fg.6,3X, tB( t

C(trf?,')='rF9.6)
X,' SUlfâ =' Fg. 6' 1X,' 7.O>*t* (-6?)

+ /4X,'SUllB=, tFg.6, 1X,'10¡<N<(-6?)C4n4J_3'+ t /4X,'sullc=' tFg.6, 1X,'1O*¡r<(_62iC¿¡à¡:a, I
5UM = SUNê+SUIlB+SUNC
I,IR I TE ( 6, BO ) SUII
FOEÍÊT (4X,'6AllA=', Fg. G, LX,, 1Ot(x(( -6? ) C4ff 4J-3 ' )
STOP
END

SullC = SUlf C+CC (
CONT INUE
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