
CHAPTER IV 

INTERPRETATION OF THE ABSORPTION AND 

CIRCULAR DICHROISM SPECTRA OF THE OPTICALLY ACTIVE 

K3Pr2 (N03) 9 SINGLE CRYSTAL 
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IV.l. ~ODUCTION 

In this chapter we present a model calculation on optical 

activity to correlate the_rotational strengths for different 

CF transitions of .anhydrous K3Pr
2

(No3 ) 9 single crystal/ 

experimentally·.obtained by Chatterjee12 • Sen et a1
69

' 130 

developed a theoretical model to calculate the rotational 

strength for optically active lanthanide crystals. They did 

extensive studies on lanthanide dyglycolate' (Ln~DG.) crystals. 

They calculated the magnetic dipole transition moment and the 

electric dipole transition moment considering the component 

to component transition of the CF states. They used the Judd

Ofelt mechanism to calculate the lanthanide intensities. Later 

68 Richardson and Faulkner developed an elaborate theoretical 

model which takes into account in addition to 'static' contri-

bution the 'dynamic' ligand polarization contribution to the 

lanthanide electric dipole moment. Tpe details of the static 

and Dynamic contribution to the electric d,ipole moment has 
' ' 

been discussed in chapter II. In collaboration with Chatterjee 

and Chowdhury131 we tried to fit the relative change in sign 

of the theoretical~ (DK is the dipole strength which :·is::.the 
K 

sum of the squares of the absolute value-s of all the dipole 
R 

moments) with the experimental one. The values of _K for the 
DK 

K-th band were omtained from experiment by Chatterjee • Our 

attempt is to see how far our theoretical model can explain 

the experimental results i.e. the CF spectra and the CD spectra. 
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The purpose of the present chapter is to see: (1) how 

far the model is successful in predicting the relative sign 

and order of rnagni tude;·· of rotational strel)gtl;ls o~ our 

anhydrous praseodymium double nitrate crystal; (2) a compa

rative study between the results obtained from the best fitted 

CF parameters {.emperical) and that obtained from the theo

retical parameters ( ~ ~q(total), which is the sum of point 

charge and polarizabillty contributions); (3) whether we 

can evaluate a best set of parameters which can explain 

simultaneously the all obserVed CF levels and the relative 

change.in sign 
RK 

of -- of the CD spectrum. 
DK 

IV.2. ~~ACCOUNT OF THE EXPERIMENT 

The experimental · da.ta (i.e. both the optical absorp-

' tion spectra and the CD spectra) were obtained by Chatterjee 

using Cary 17~ and JASCO 500 at room temperature and~r~o20°K 

They are reproduced in table IV. 3 • 

IV.3. CRYSTAL STRUCTURE 

I • -..__, 

The cryst;al is cubic with the space group P~3 3 2·~~· .-::.. :--, 

The four body diagonals are the four three-~old axes. Eight 

RE-ions, having identical environments occupy the eight 

corners of the cube. The site symm~try of a RE ion is a twelve 
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nitrate groups. The actual symmetry is c
3 

which makes each 

i t
. 11 . 1~<2- ~- - . '\; 

un t_ op 2ca y act2ve see F2g. IV.l, • 

. IV.4. METHOD OF CALCULATIO~ 

We can divide our calculation into three parts: In 

the first part we tried to calculate the various theoretical 

CF levels and their corresponding wave functions with some set 

of CF parameters. During our CF calculations we have taken the 

full J-mixing into consideration. Then in the second part 

we have calculated the electric dipole transition moment and 

the magnetic dipole transition moment and in each case the 

component to component CF tftansition was taken into account. 

Finally in the last portion of our calculation we have cal

culated the rotational strength (~) for different transitions. 

Now we shall discuss the calculations in details. 

IV.-4(a) CRYSTAL FIELD CALCULATIONS 

The effec~ive Hamiltonian of Pr37 in a crystal assuming 

a c
3 

site symmetry is given by 
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Fig<!> IV. 1. Projection of 11 A11 -:-type (a) and 
11
B 

11 
-type .<b) 

configurations~ on the xy plane of K3 Pr2 (N03 ) 9 ~ 
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~A u< 2) +A u< 4 > +A u< 6 > 
.,.- . 20 0 40 0 . 60 0 

·-"- ' A' ( U ( 4 ) +U ( 4 ) \ + ' A' ( U ( 6 ) . .'L, U ( 6 ) ) + ' A' ( U ( 6 ) -U ( 6 ) ~~ 
Tl. 43 3 -3 I 1. 63 3 T -3 1. 66 6 -6 I 

I 
where ~q and Akq are the real and imaginary part of the CF 

parameters in the tensor operator form. And u(k) = rkyf is an 
. q 

irreducible tensor operator of r~mk k haV.i:ag q-th component. 

The matrix elements ofjieff is constructed in ·a basis 

of states represented by \Uv:SLJM > (see chapter II). All states 

belonging to the different multiplet terms 3 P3F3H1s1n1G1 I have 

been taken into consideration for the representation of the 

above matrix and it turns out to be a 9lx91 matrix. The matrix 

element of the electrostatic part is obtained by a trial method 

by solving the Spe~ding•s79 matrix with a guess value of C: 
so that it reproduces the free-ion energies given by Dieke65 • 

The spin-orbit matrix elements for 4f2 ~onfiguration is given 

. 79 T 
by Spedding • We take. those values. The value of ~ was deter-

mined by a trial procedure. The matrix element of U(k) is 
q 

obtained by the tensor operator technique.mentioned earlier 

i~ chapter II. Thus the 9lx91 matrix is set up. But due to the 

crystal symmetry the whole matrix splits up into 2 matrices 

of dimension 30x30 (crystal quantum number ~ = ±1) and one 

matrix of dimension 3lx31 (~ = 0). Now one thing should be 

pointed here that the expansion of c3 crystal field potential 
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contains both the 'C' term (real coefficient) and the 'S' 
' ' 133 

'term (imaginary coefficient) in the CF parameters. The 

three CF parameters A~ 3 , A~ 3 an~ A~ 6 are corning from •s• 
term. A~ 3 ,_ A~ 3 and A~ 6 are indiv~dually real parameters. 

So iA~3 , iA~ 3 and iA~ 6 will be the crystal field parameters 

which are purely imaginary. Since the CF potential is always 

real so we take the combination of u~ 4 ) and u~;>; u;~) and 

u< 6 ) and u< 6 ) and u( 6 ) in the last three combinations of CF 
-3 6 -6 

interaction in such a way that the combination gives an 

imaginary i which on multiplication with i~q parameters 

makes the CF interaction real. But according to the choice of 

our basis states the matrix element of the CF interaction 

part will be complex here. So this makes the three matrices 

complex. But still the whole matrix remains hermitian. One 

can solve the 3 above matrices by a direct complex matrix 

diagonalisation procedure. The same diagonalization can also be 

done by diagonalizing a real matrix in which the dimension 

of the whole matrix is made double of the original matrix. 

The detailed procedure has been described by Wilkinson134 

and we use the technique. So we have to diagonalize 2 matrices 

(g = ~1) of di~ension 60x60 and one matrix of dimension 62x62 , 

During the diagonalisation of the matrix' the initial guess 

value of the different CF parameters were obtained as follows: 

A20 parameter was estimated from ~P1 splittings, A40 and A43 

parameters from 1n2 splitting keeping A43/A40 ratio as 
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obtained from point charge model. A60 , A63 and A66 parameters 

wer~ guessed from the overall splittings of partially resolved 
3 3 - 1 . -

F
3 

1 F4 and G4 spectrum. The initial guess parameters A~ 3 1 

A~ 3 and A~ 6 were chosen directly from charge + polarizability 

contribution of the CF parameters (see chapter II). A complete 

computer program was then developed in which the CF matrix 

elements were automatically generated and then added up with 

SO and ES contribution and then the three matrices were dia-

gonalized individually giving the different CF states and the 

corresponding energies. This takes into account the full 

J-mixing and also the intermediate coupling scheme which has 

already been discussed in chapter III. Starti~g with the guess 

value of the CF parameters we made an exhaustive trial method 

to see for which set of parameters the CF levels give the 
' 

best fit with the experimental levels. The similar diagona-

lization was done with the parameters obtained from point 

charge + polarizability (theoretical) contribution. The two 

results were used to have a comparative study. 

IV. 4 (b). CALCULATION OF· THE MA.GNETIC DIPOLE TRANSITION 

MOMENT AND THE ELECTRIC DIPOLE TRANSITION MOV~NT 

The contribution of the magnetic dipole transition 

moment between the different CF states was calculated using 

the computer diagonalised CF states and following the 
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appropriate selection rules for magnetic dipole transition 

(see chapter II). None of the transitions.which we are 

considering, are directly magnetic dipole allowed but stilt 

the CF states cont~ibute tq the magnetic dipole intensity 

by mixing states of different J .- The mag·netic dipole moment 

calculation was done both for our. fitted i('einperical) CF 

parameters and also wi"th the _theo.retical parameters indepen-

dently. The details of the calculati9n of the magnetic dip6le 

moment is given in chapter II •. 

The electric dipole transition moment arises in the 

fN.~ fJ transitions by mixing with the. odd parity states 

through the odd CF parameters, v-1here , 

"-.., ' ( t) . 
V = · / At D ; with t odd 
. ~ p p 

In the c3 pot~ntial the allowed terms are A3~3 , A5±3 and A7+3 • 

Faulkner and Richardson68 gave a nice-looking expression-for 

the calculation of electric dipole transition moment both for 

static and the dynamic parts (see chapter II). The'expression 

does not need the explicit values of odd CF parameters. \liTe 

.use their expression{for calculating the static and the 

dynamic contributions of the electric· 'dipole moment. and· finally 
~A.. 

they were added up. While calculating the electric dipole 

moment vle always consider the CF component to component 

transition. The electric dipole transition moment was calcu-

lated again with two sets of CF states (one is obtained from 
- 't 

the ~~:perical CF parameters and the other i-s obtained from 

the theoretical CF parameters). 
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The process for computing the magnetic dipole moment 

and the electric dipole moment was made in two separate 

computer programs. 

IV. 4 (c) • . fALCULATION OF THE ROTATIONAL_§TRENGTH 

?he rotational strength (~) for a tra!lsition a~ b 

is given by67 the dot product 

RK = Imaginary part ( a\t>lo/·~lm\a) 
p and m are the electric and the magnetic dipole moment 

operators. ·We have already discussed how to obtain the contri-

bution of the electric dipole mome:pt and the magnetic dipole 

moment. As the CF states are complex for our system so the 

contribution of both the electric dipole moment and the 

magnetic dipole moments have real and the imaginary parts 

simultaneously. While calculating the rotational strength we 

n~ed only the imaginary part of the product of electric dipole 

· moment and the magnetic dipole moment. :So in our case we can 

write the rotational strength as follows : 

· ~ = (Imaginary part of ~\plb>).~eal part of <a\ml~> + (Real 

part of ~\P\b>)x(Imaginary part of·~lm\bj). The product of 

the to·tal electric dipole moment and the magneti_c dipole 

moment which has :.: .··~~~;n ca1c-ulaVeC\. . for the local axis 

system of each unit,~astben r~~expressed in terms of cubic 
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axis system and summed over the eight RE ions of the unit 
! 

cell. It may be pointed out that the two ions located on 

opposite sides of any body diagonal of the cube are rotationally 

related (space group P4
3

32) and their contributions are added 

instead of cancelling. These are then compared ~ith the 

experimental rotational strengths. 

IV.S; RE.'SULTS AND DISCUSSIONS , 

r In the table IV.l we have presented the values of~, 

<r
2> ,(r

4 
), <r

6
), o:L , qL and c. I. parameters ~~( t,;~) which 

we have used in our calculations. ·The different set of CF 

parameters are presented in table IV.2 • Table IV.3 contains 

the different stark splitting and different~ obtained from 
K 

experiment and from two sets of CF parameters. Where DK is the 

dipole strength of the K-th band and it can be obtained 

theoretically by summing over the squares of all the dipole 

moments (i.e. both the electric and the magnetic dipole 

moments). The contribution of magnetic dipole moment is very 

small and hence the squares of this is again very small so 

we can neglect this safely from DK • Since due to complex 

wave functions we have both the real part and the imaginary 

part of the electric dipole moment and the magnetic dipole 

moment, we can write 
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DK = (Real part of the electric dipole moment) 2 

+(Imaginary part of the electric dipole mo~ent) 2 • 

We first tried to fit the experimental CF levels by 

adjusting the CF parameters. This was done by a trial 

procedure. The same CF level calculations were done by 

theoretical parameters alsp. In table IV.3 we have given the 

different stark splitting obtained for 1n2 1 
3 P

0 
1 

3P1 and 

3 P2 manifold both from experiment and from our calculations. 

We find that overall stark splitting of the CF levels obtained 

from e~erical parameters are in good agreement with the 

experimental findings. On the other hand the same thing 

obtained from theoretical parameters are significantly off 

from the experimental findings. So one may expect that the 

emperical CF parameters will give a better fitting with the 

experimental ~ than that obtained from theoretical parameters. 
K RK 

For a comparative study we have placed the experimental D-
together with the theoretical ~ (obtained both from ernpe~ical 

. K 
CF parameters and theoretical parameters) in table IV. 3 • 

.R 
The results show that the theoretical values of #eoare-.:-,always ·· 

K 
higher in magnitude than the experimental one&".- Specially 

~ some -- due to emperical set 
DK 

of CF parameters give very 

values. Now, regarding the signs of 

following things : 

RK 
we observe the 

DK 

large 

R 
In case of 3H4-->1n2 transition the D; values for the 

theoretical parameters are as follows, out of four resolved 
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transitions all the four have the positive signs but iB the 

experimental ~ we have two are positive and two are negative. 

On the other h~nd ~ obtained from emPerical CF parameters 
K 

gave a slight improvement in relative sign with the experi-

mental findings. For the transition 3H4 --7 3 P0 both the 
R 

absolute and relative sign of D~ obtained from theoretical CF 
K . 

parameters exactly match with the experiment. On the other 
R 

hand only the relative sign of D~ obtained from fitted set 
K 3 3 

match with the experiment. For the fully resolved H4~ P
1 

transitions we find that the signs of three experimental 

~are positive and one.is negative. The same results due to 

t~eoretica1 parameters show that the sign of three ~ are 
K 

positive and one is negative. We also find that the absolute 
R:tz . 

sign of n; for two component to component transitions in both 

the above two-cases exactly match but the rest two transitions 

do not match exactly. For theoretical parameters we find that 
RK 

the relative sign of-- for l~st three consicutive transitions 
DK 

match with the experiment, but one component to component 

transition does ',not ___ mattc:h at a11. 

In case of 3H4·~ 3 P 2 transition, the absolute and 

relative sign of ~ with theoretical parameters exactly matches 
K 

with the experiment, whereas in case of emperical parameters 

we succeed only in two. 
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So comparing the results obtained from 

theoretical parameters and the emperical parameters we con-

elude that optical activity calculation with the theoretical 

CF parameters is 'a be,tter proposition for intensity matching 

than that with emperical CF parameters. 

I • 



Table IV., 1. 

Valuesfor Praseodymium ion Parameters 

~soicm- 1 

a, /A 3 
li 

qrfee SeUe 

<r2)/m2 

/f4)}n4 

~6)/m6 
H 2-1 
~H 1 (1.-.2)/m J" 

iH.}( 3• 2) /m4 J~l 
1-,_:;i- ' 4 -1 ,_:.-..,( 3, 4) /m J 

H 6 -1 
~(5.4)m J 

Mc5,6) /m6 
J-1 

tm( 7 ,6) /m8J-l 

H 
~(t,A,).-

* 

730 

0eJ45 
··' 

-4.,8 X 10-10 

3. 04 X 10-21 

2.\21 
.i 

X 10-~ 1 

3~45 X 10-61 

-le78 X 10-3 

10154 X 10-23 

le,75 X 10-23 

-1.27 X 10-43 

-5.45 X 10-43 

4._54 X l0-63 

: are the configuration interaction 

parameters. 
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Table IV.2 

Values of Crystal field parameters (even ranke~ for anhydrous and hydrated double 

nitrate single crystal. 

~q 

A20 

A40 

A60 

A43 

A63 

A66 

A~3 

A~3 

A~6 

Values from Point 

charge + Polarizability 
model in cm-l 

•*-7 2. 3 

-141.3 

+96.7 

+368.7 

+241. 7 

-191.0 

+139.7 

-85.0 

+23.3 

Emp,erical parameters 

for K3Pr2 (No3) 9 
in cm-l 

+150 

-107 

+1296 

+202 

+810 

+1755 

+89 

·-4615 

+203 

Emperical parameters~2+ 

for Pr2~n3 (N~l) 12.24H2o 
~n em 

._ ~~-~:-

,·.+19.1 

\ -181 

+1022 

.±160 

+2294 

-941 

J.--.A. 
~ 
OJ 
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Table IV.3. 

. R 
Comparison of experimental, eii1J::e·rical and calculated 0~•s of K3Pr

2 
( N03 ) 9 

Results. with emperical CF para- Results with Theoretical 
Experiillenta f results meters (Point charge+Po1arizabilityJ 

Transitions -----------------------
. ' . CF parameters 

.-------------------------------- -------------~-------------------Stark RK 
104 Stark Assignment R Stark Assignment R 

splitting -x splitting of _!S X 104 
splittiyg of _!S X 104 

in cm-l DK in cm-l transition ·DK , in em- transition DK 

0 -t-12.1 0 A--+A -20456.0 0 A~1E +2 .a 

61 -13.5 15 A~lE +21 .• 25 4 E-lE +100.52 

3H4~~2 <61 <E-:+-A . 
+11.5 . 

<45 
A--+A +190.6 

109 +6.12 <E~-A 76 E-lE +1205 .10 50 +51.94 

<12~ A --')oo2E -76.2 : ·<ll4L <A~2E +107 .13 
.152 -10.22 ·<E~2E 189 +452 .60 118 E~2E +201.5 

. ' ---------
3H~P 

0 +1.65 0 A~ -3016.5 0 A-A +21.08 

4 0 59 -0.93 60 E-A +33.5 4 E--A -137 .o 

---------
0 ;-4. 46 0 ·A~A +45 .9 0 A---"-A +567 .15 

3H.r-JP1 
32 +0.57 32 A4>-E -164.6 5 E~A +68.67 

59 -0.84 61 E->A +68.07 16 A~E +14.67 

96 +1.18 92 E-"'E -1718.35 21 E~E .-193.6 

·---------
0 +3.1 0 A--irlE -7.0 0 .A --)olE +2 .94 

( . (_,. -1.6 {a: ·(---+'-' -174.06 

3H~P 53 -2.17 61 . E----?-lE -10204.54 A~A· -16.86 
4 2 

80 . A-:-:'>'A -2146.8 24 A---?2E -20.97 

<100 . <E->2E -8125.66 -<27 
E ----:>-A . +5 .9:; 

106 -2.28 -<E~2E -106.19 141 E~A +345 .4 29 




