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- The staulcmelectrlc ouaarupole _nue‘actlon in pol
crystzlline and 'single cryst lline. BaTlO at the 51te of tit-

anlum “has been«neasured u51n time dlf’erentlal erbu*bed.un -
D

‘ular corre1at10n ﬂethOQS.

-
.

The uuaaruoole 1nuer°ct10n frequency Wy s the‘electric

field rraqlent Uzé' the asyametry’ parame»erTl the sacaring 8

were determined 2s a functlon of temperature. . Tne direction of,
the field.gradient was established Bylﬁeterminlng the polar

aane B ana‘uhe EZWWUuhnl angle o defined Wluh respect to

% a .

coorclnaue system whose z-axis 1s the ¢-2xis. The {recguencies
were 21so det:irmined by the mumérical integra® tion of the pertu-
rbed function over a finite time.intervel T =36 ns.

The investisstions confirmed that the solid pro

. . : - S . .s . . !
of 33710, were not influenced by th¢ impurity Hi.. The small
remzining interzction in' the cublic phise vas provably cue o
lotsice imperfections .
L4 - . r
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3* - . e ) .
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_CHAPTIR I

v ; JINTRODUCTION

—— et -

. "I -

Compounds with perovskite- type siructures are kncwn‘for‘
their tendency to form ferroelectric and aﬁ%&-ferroelectric
phases. Thcse phases and phase urhneltléns have been w1dely
1nvc5u1gatec in recent years Dby varlousJ cchnwcues sucn as neu§
tron and .X-ray QlffraCu‘On. bossoauer spectir oscopy and alelec»rlc
constant measurements. Con51derable knowleuge has bcen gained with

these methods about the structure, the ulelectrlc Dr0perules.~

Ol

the bond character and the lattice dynemies of ferro 2n anti-

ferroelectric phases. o -

oo However only 2 few,systemétiq studies of the intcrnal '
electric field gradfent ( ZPG ) in fﬁrro and anti-ferroeleciric
conmpaunds have been done. nis cugntwty is. lﬂDO;uanu since the EIG
is 2 measure of the internal charge arrzngenent in the corpound and
can be oBtained by measuring the static electric interaction in

nuclei, the quadrupole moment of which are known. This leads <o

values of the components of the electrie field gradient at the sites
of the ﬁuclei.

Thig thesis presents a study of the temperature depéndence
of the ZFGC ”nd the guadrupole frcqueﬁcy in ferroeleetric B2T1d, by

the tinme di;fer

1]

ntial perturbed angulnr-@orrclation technique.
This technique provides a powerful tool for the investigation -of
internal ficlds. -

éhe POssibility of using nuclei as 2 microscopic field

sensitive probe is due to the fact that the mnguler corrclation

of two successive y-rays con be periuroed by the hyperfine inter-



-

action be ween the nuclear moments of the 1nuermed1ate stote of

the ¢o sc"ae and the clec»roaggnetlc flelcs aculng on the nucleus.

~

in bartwcular.uhe elDCurlC ouqarunole 1nueract10n wlth the EFG

can be neasurec nrov1ded the nuclgar spin 1is 2 1.

The uhe31$ also deals xlth the aeternmnatlon of the dlrc-

CulO“ of the electrlc flelu g”_alenu. So far-in mmny of the publ-

o«

P

shed works,only nolycrys»alllne sources have bc;n 1nvpstigated;

Thus it was not possible to obiain the ¢i *iOn of the ZFG. How-
vir a single crys»al was used 1n this cgse and the ereCulon of

the EFG with respect to the cryst“l ax is was estaollshed by detcer-
i

mining the-Zuler angles a and A (see,rlg. 5 1).

Therefore BaTi0; was doped with snall amounts of raclo—

- -
M . .

aetive Hafnium,Hf, a2n idcal nugleus for this method. Since both
s - .

.

nafmium ané titonium show a pronounced similarity in'thcir chcm-

ical behaviour it could be expected that the copin g of BaTilj

by racdioactive Hf does not change the nroperties of the compound
T : i _av .

and that the HY ions will substitute the T1i 1ons 1n the regu- ’

lar sites of 3aTi0, lattice. RI Ce “ys by g8 enm Ta (Ionic

HO
> o f-’f
|_h
Q
3
ck
(o]

2. 0.65 A, TiT ¢ 0.64 A, Hf : <.T4 &) ~nd the y., Y.
1

p
“of Ta/3aTi0; can 2150 $1lusirate by the observation of pnase
srrensitions thet the solid stcie propertics of 2nTi04 are not

influenced by impuritiecs.
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In- angular correlation Studies, inﬁormation that can be
obtained depends on the type of radietion 05served'(u sy By e )y
on the properties that are singled out by the experiment (direct-
ion,polérisation,energy') and on the extra-nuclear fiélds acting
on the nucleus, Rreg decaying nuclel give rise to " unpertufbed
‘angular correlation " ( discussed in Sections 2.1 and 2.2 ). In
Qunperturbeatangglér correlétion measurements, information about
the properties of the nuclear levels involved and the angular |
momenta carried away by the radiations can be obtzined. In Sect-

~

ion 2.3 the influence of exira-nuclear fields is .considered.

2.1. Unperturbed Angular Correlation

——— v Ty WS R e e e e e S ey T e G -

»

The bzsic problem of all angular correlation medsurements
can bé stated as follows: & nucleus decays from an initial.lével
by emitiing radiation R, in thé directiénfiz , into an intermedi-
2te level and from there through‘the enission of Rérin the dire-

# —

v~ ction of k2 into the finzl siate.

’ -

In the first level, the nuclei are randomly oriented and

ct

he intensity distribution of the first radiation R. will be iso-
Yy - 1 .

<

t

ropic because of the random orientation of the nuclear spins of

the nuclei,

4

Suppose that an arbitrary axis is consitructed through the

. This causes

o

zete

ct
m

source along which the firsti raciation is . .ce
the magnetic sub-levels,m, of the intermedirte stage to be popul-

ated according to the transition gprobadilities m, - m. Thus, such

BB on observation gives rise to zn ensemble of nuclei with 2n unequal

\ ‘ -3 -



- ‘ LA -4 - - ) . o lﬁ . :
population of magnétic'sub— evels. Becauge of these uhéqual‘poPu-
latlons the raalatlon R correspdnding 40 the sum of all tranSLtlon

probabllltles m— 1y then has 2 deflnlte\_gasotrgelc dlstrlbutlon

with resPect to the ‘direction k of the flrst radiation (see Fig.

L7

2.1. 1. ). The lntenSLty dlstrlbutlon of the second radlatlon with |

respecu %o the direction of the first is known as the angular ‘corr-

e i

elafion of the. two nuclear radiations. The correlation functlon. w(e) -
dw , 18 the relatlve prob“blllty that redization R, 1s emittéd at an
angle 8 “lth ”espect to the erECulOn—Ez of the first radiation
R, in%o solid angle Gw »
For " unperturbed angular correiation:"‘the unequal m-popul;:

ation in the intermealatﬁﬁlevel must be preserved until the sec-
ond radiati&n is emitted. This %ill happen if the mean life-time

b of-fhe.intermediate jevel is shorter than the 1nterhcthn
time h/ AE where AE is the interéctiqn enetgy-betweenthéﬁuc— . .
ieus and the extra-nuclear fields. For very short-lived states

{7, ¢ 10 sec. )}, this condition 1s satisfied. : :
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2.22. Introduction

The possibility;of utilising angular;éorrelatién‘in the
interpretation of the.radiation processes Wwas fifst nentioned in
1940 (Duﬁworth.l940); The pioneering theoretical study was a2lso
nade in <that year (Hamilton,1$40). Hamilion used per turb_tlon.
theory‘to study v - 7 correlation processes for a restricted range
of multipole emissions. Although this theory was of limited appl-
icabilisy and did not bring out the full geonerality of the under-

lying orineiples, it did contzin many of the salient features of

later theoretical work. .

Generallsaulan of the theory of casc_de ra tions and

ed

| ek

expr ESSlng the results in-a fofm which could be readi ly pol

-

to experimental data have been the work of numeraus investigaetors
(Goertzel 546; Srady & ueutsch,l947).,Progress was nm2inly due

to the use of (1) group theory (2) Racah Algebra and (3) density
atrices. Ehe mztnematical preliminaries neqesggrf for the devel-

=

-

opment of this theory is given in the Appendix.

2.2b. General Theory.

In this section the directionzl correlation of two radia-

-

tions emiitted iIn succession is studied. The nuclear states invol-

-

ved at each stage have well-defined spin and parity. Also the

radiztions enitted are assumed to be unpolarised or, alternatively,

#

the cetectors of 'the radiction are not sensitive to the state of
polaerisation of the radiations. Llso, exira-nuclezr perturbations
are assuned to be negligible.

Consider a nucleus decaylng from a randomly populated

-
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- B 4

ievel i,described Dy the édensizy ma»rlr PL . to an 1nuermecla»e

et

on ncory ‘Geseribes this orocess “ndf

-
- - ¥

vicids the density matrix P.CEScrlolnr the intermediate level’

- -
1ovel.Pirst order periurbat

Trongition from the intermediate level o the final level is
similarly descrided, encept tha%t the censity =a t*lx P is not known #
2 priori put depends on the first tronsition.

' P A
7o determine the €O rrclation functlon-W(KI.K;). we first #

level.Applying ZQ. A3 andé seiting a=my b=nm and.fo=P, we obtain -
<m] le)_-cons: Z_ <M]H lm}(m PJ”"}(mJH,]m'} . 2.2.1

Using 4. A25, Eq. 2 2 1 T*cqucea to -

<m[F’]m> Cons+z<mll-|]m><mJHjm> | 2.2.2.

To~ the second transition ;rOﬁ +he inicrmedlave level to the final

1cvel, apolying =q. 231 ond seliing 2= 1w snd D= m

w(k,, ): -ﬂs‘..zz ,

we obialin

H)M><MIPJ Lm
n =

1COCS3RSY OS thc

+ -
(")

nueleil in the Tinal

pre

nto ZQ. 2.2.35 yields

W (k,,&,)z constd <“",cf”l'“><MJH[m><m Him' > m’ JHImp '2.2.?.

Mo
- ™
Setting 2ll ns :P"TC indcpendéunt coqbu_“ua Lo wnl

..:u
C
.
-1
-
D

W (_E.,I‘E,_}= >-.. M,(f’n H-F,.[W\)(m[?-l }m(>'<m,-[l—l|}m’>(m']l4 Ime> 2.25

"'.M{ﬂ'
-whcre_f ~erng & ST 1TION OVer ~11 unmonsiacd rociny iom nooner Lieg.
Q. é.2.5 wog Tirst dorilved OF ailion ( taailion, LU0 } ond is
used ac Theo sinriing noint for adst vhogriticsd enleulations. This
counol i whr WL B sl tgo Nhe 3T oA et of ‘;c‘.c:.,?_ w1 2.t
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The effect of ‘ertra-nuclear periurbations on angular corre-

/- . .
lation was¥first treatdd by Goertzel ( Goertzel, 1946 ) who invest-

igated nypert iné” s»r ure interactions. |
The theory wes: extended by an cxtensive E“eaument of mag-
netic dipole an® elechlc quadrundle interaction, anluding'

The angular correlation of g ascade_Ir—»I-+Ifwill.

gencral be altered ‘as soon as :the nuclel in the intcrmeﬁiaté\\eveﬁ_}
the ma

are subject to torques, due to the interaction of either

— ' ' ' —3}
netic dipole moment # with an eutra-nuclear mognetic field.B , ..
or of the eleciric quadrupole moment @ with the electric field

cradientv,_ . In the rcnainder of this section, we shall be concerned
b+ 4 -

only with the alteratio nof the an Ul CorrCLatlon due ‘tO h.n.e
\] =Y
/

intcraction of the eleciric quadrhpole moment with the static
gradiont of an clectric fielad.

. Since there i is no nuclcz elcetric Gipole monent, no torque

s cxerted on a nucleus in 2 homogeneous electric field. By 2

(=l

nroper choice of axes, using Laplace's equation and the axial
syumctry of the field, ‘the field grzdient can be ciupressed in .
ternms of v,, only whire tne s-azig 1s chosecn 2s the sy:me*ry axls.

B

The genera liszation to nou-axizl ( rronbic } fields can be considerc

. .
by introdicing zn asym.divy paranmcter
Tor sinmtliecity, euislly spmmcterle ficle wrclonis ore aosuncd In thc

Tn o seai-closcicenl picture, the interzetion detween such

an elceiric Ffield radiomt nnd a2 nuclear clectric guadrundle



-

is also seen in the non-cquidistant snllttlng of the ZI+-1 energy

5 . N ' ST - : o <

mowent glves rise to an allgnlng torque ererted ‘on the nncleus.Thef'

: resultlng preceSSLOn of the angular momentum about the zaaxls of\; -

the fl&ld gradlent has several characterlstlc frequencles.\dgpend—
ing unon the relatlve orientation of the nuclear spin axis T- wlth

respect tO-the axis. of the field ( z-axls ) ( see Fig. 2.3.1—).Thls

-

* levels caused b +the electric quadrupole coupling.
: Yy : ¢ Uz &

The DOuentl 21 encrgy of such a system where the position’

, i . » -
of the axis of the quaorupole moment with respect to the field

axis_( z-axis ) is specifled by the magnetic quantum number mt;i
is given by | - o
Eqlmy)= [5m} - T(Z+N]eQV,, /L4I(21-0] - 232

Positions of I corresponding to +m, and -m, ( angie § and 180- 6 ) |
respectivély nave the same enérgy giving rise to two-fold degéneracy;
Classically. this degeneracy 1s explaiﬁed by the vector I precessing
in one direction for the angle § £ 90 (+m ) aﬁd with the same
precession freguency but irn the oprosite dire€ction for the angle
130 - 6(-m, ). Tﬁﬁs. thé'quadrupole precess£§§ is not unidirectional
like the magnetic-grecession; The chafacterisfic frequencies corres-
pond. to the energy difference§ between neighbouring levels and
expressed in terms of frééuency we Where

we= LA /A] = [Eq(m,) - Eo(m]/h - 2.3.3,

The smallest non-vanishing frequency is given by

2-'

‘*-’: = 5CQ Z/L‘!'I(ZI'I)}I] for in‘f‘ej-:" I . : 2-5-?.

We = D@ \/,,_‘,_/LZI(ZI‘;J)P\] for hal{-integer I - 2.3.5.
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The common feature of statié‘eiectficlinﬁeractions is .the o&currence
I . o . .
6f a precession 0f the nuclear spin around a well defined stationary
axis, the symaelry axis of the field. In tne precédlng dlscuSSLOn
thls axis was also used as the quantiza %1on axis for which the n,
vélues-were defined. .The nrecession of I does not change these proj-
ections i.e the interaction does not 1nduce tran51t10ns between the
m, sublevels, defined with respect to the field axis as the axis of
éuantization.,Nevertheless. the population of the =m- sublevels defined,
with respect to a Elrectlon other than thﬁ field direction as the axis
of guantization, changing pertodically with the precession of I
about tﬁe field axis. This change is responsible for the attenuation

{
f the correlation as the second radiation is emitted from 2 level

With an altered population. This cah also be understood by 2 time-
dependéence in the densiiy matrix descriding the intermediate leyel.

However, if the field axis z coincides with the axis rep-
resenting the direction eof emissioﬁ o; radiationﬁiﬁ used for the
introduction of uneoually novulauea mk states then the m are the
same 2s the mk . Since o, does not cnange neither does oy and the.
correlatidn islunperturbed. |

The influence of exira-nuclear fields on the azngular correlation
depends on the magnitude of the interaction 2nd the time for which

-

it z2cts i.e on the mean lifetine T of the intermediate state. The

angular correi;tion is gencrally pecturbed 1if w,7y, 2> -l.
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2.4. Theory of- Ehura-Vuclenr Pe~uurbat10ns.

‘Equation ( 2 2.5 ) may be written as
W (R ) -Z

™ Ml'“b H.Mbm

f~°>
In absence of extra-nuclear @erturda

< ' ’ . . : .
and {m,| after emission of the first

[myy -
2.1.1 ). Assume that the

the initial states

while it is in its intermediat

Eamilionian K, is assurned o 2¢t fronm

ba
LY

is emitted { t= 0 ) until the time

is emitted. During this time interval
different state

ibes the evolution of

Lim [ H [ mp><m, ]H[m)
X <mlH.Im, > <y {H|m>5

and,lrnL> of

e state.

is change can be expressed by

The stz

$

My < L.

2.4.1,

tion the final-states'~<rn“[

radiation are-identical with

Fi

the second radiztion ( sece

nucleus interacts with 2n extra-nuclear field

This iﬁteraction_described by
the time the flrst diation
at wnich tion

the seconu radisa

the siates |m,)> change to

|[m,> under the influcnce of extr:-nuclear vertur-

a

A

*the per-

unitary ooverator

te ve cuors\Tﬁﬂﬁ>

“2 angular cor rrzlation can thea be exnr éssed as” .
Wk, ky, 8 = 2:(,., Zm‘, <my | Hi/\w]m,><maw.1m;>
’ A ' o
o x<m,JH1/\({)lma><m,JH,[mL> 242
The states |m> form a coanlete set snd the state vector /\Cé7lfﬂ;>
can be expressed 2s
W my 2 2 <my] AW My m,> 2.4.3,
™M
Similarly °
NWTm> = Tl | AW mi>m> 2.4.4.
The time evolution onerator zrtisfios the Schrodingsr couation
35—{(/\({)) = LKA/ # 2.4.5,
For %imc independent intcrsction, the zolutlon of Zqu. ( 2.4.5
is
A() = exp(-ckt/h) ' 2.4.6.




-

The perturbed angular correlation then becomes .

Wk, .k, 8)=2 Z = <m_FIH'[m5.>-<m [ Ay
m(,m., f"\.‘ﬂb ““n M’ .

X<, | H, [ m, ><m, IH, Im,>< m, JA (D] m] S<MHmY 24

The matrix elements <(m TH: m > for the emission of the ih : ‘

halsd

rmclc:m radiztion are replaced by cxpressions obicined by using
tronsTormation _pro_ocrties. rotational matrices and Clebsh-Gordan
ccefficients. When the summation over m, and m; 2re performed and

resiricting the correlation to'direéctlonal correlation only, the

-matrix elemants become

'
..I-I._' rm—t’.

Z(m lHlm ><m ]I—l]m} Z Z -1} (zi:,w)JI
X(i'-m {r :’I}Xc (LL)<I Lwr“I>x .
<zt H L> v (e, ¢) : 2.4.8.

where C, o (I, L ) are "‘ch'e rediation parameters for radiation of

nultinole orcer L and L . The crjwments 6 and ¢ of ithe spherical

with respect 10 an arblirarily chosen ¢udntization anis z ( see

Fig- 2.4.1 ')c
- 3 LIS - - r’ *
A similar expression is obtaineé for z < me {H, lm£><~, [H me>
: - oy
he perturbed ancular correlation then beconmes

-

]

> = X Y . "?I_
N Z"" A (A2 G (O [(kv N2k, )]
(9,,7’) )/h @, %) \ _ 2.4.9.

wnore .
o Ny - 2T +m,tm 1,71 I K,
Gk; Ky, (4] = Z (_i) E(lk' +l) ( 1Kt [)J (”‘a’ -m, N )

Ma, my,

« (L1 kt) Cm, | AR mMa > my | A m) S 2,440,
my -ty M :




iz, 2.4.1, fAingular coord¥nztes of the propagation directions
& g Droy

- e ¢

k1 and Kk,
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This general form was first derivéd'in 1953 ( Abragam & Pound,1953 )-
Tﬁe-influence_of the extra-nuclear perturbation is- described
by the perturbation_fapt5f Gtﬁ? ( t ). Bqu. { 2.4.9 ) represents
the time differentizl periurbed angular correlation i.e. the corr-
elation measure@ i1f the second radiazion 1is observed within the
time t and t +dt after the emission of the first radiation.
For‘vanishing perturbation ( indicated by t = ), the
" evolution matrix reduces £to the unit matrix an&lusing equ. A (6 )

the perturbation factor reduces to ‘ C
NN, S '
: o G-k..g, = 5&.3('_ gu,}v,_‘ T Z-’f._'li.
The unperturbed correlation is thus obtained ' ‘ :

. —

Wi(e o) = ; A 7”& (cos B) 2412,
vhere A,, = A (1) A(2) | .

and ® is the angle between k! and k_ .



- 16 _ R . - ' ) \'
‘ ' va
2.5. Static Interactions { Classical Pields ) :

...——_——-.._-—-.....__.._-..__.-—-——————_——-—-———_-—_—--————_

For perturbed angular correlatlon caused by 1nteractlon of
nuclear magnetic or electrlc moments with a statlonary external field:
Which can be described cl?§§;ca1y, the matrix elements of A(®)
can be etpressed in the m represent"tlon. Designating the unltary
matrix which diagonalizes the interaction Hamiltonian K by U we
obtain ‘ _ :
| UKUJ: E | | 2.5.1.
vhere E is the diag¥hil energy matrix with dlagon‘} elements E_

( energy eigenvalues ). By expansion of the exponentia l function

,-th‘./'f'\ o - EL/®
~ e _ U = e 2.5.2.
Bqu. 2.4.6 then becomes"
' -t L EE A : .
ANHY= U ¢ U - 2.5.3.

and the matrix elements of A(¢) in the m representation are

<m, | /\'(é)]ma> = %‘ < h{r;nb;[exp (-t E /)] <hlm> 2..5.‘{-.

vhere ~<m|n> are the mairix elements of the unitary matrix U
that is obtained by solving Equ. 2.5.1.

The perturbation factor is then
N'N‘-

CTI:.,: (€) = Z Z(_hl)zr-rm.-r”’ [ @, +1){2 k, -H)J [ex/b[ -UE-§ )é/ﬁ)]
X <n/mb> (”]ma><h]f?15><h] x5 I k')

My, -m,. A,

s ('”b -mg Nz) ' | ¢55

If the field has.axizl symmeiry e.g. an axially symmetric electro-
static field, the symmeiry axis of the interaction can be chosen

. N
paralliel to z and used zs the quantization axig for the 2igenfunctions

of the Hamiltonian K. The eigenfunctions are then simplyiny 2nd K =2s




-

well as A{d)are dia owal in this renrcoen»atlon (v.z1):

<m ]/\(«&)[m S = J_'cx.pC-cE -é/f\)] cg &“.' 2.56

”~Mm
The perturbation factor” Bu.{2.4. 10 ) ‘bhen becO'nes . :
Gw., > T I k o -
e (9 = E LCamed(araed] (5 )( il o

X exp(~L(E,- E )-a/n) U Thasn

Further 1f the am.ally sym-netr:.c f:.eld is. narallel 1:0 -Ehe prOpag-'

ation direction of the fn‘st r o.latlon R then Y ( 0 ¢ J must be '

_—,

o irwd_cpc’ndenu. This means 'that“ Y CO »lf) ;'=‘= : ,J, C(Zk-f-!)/#n‘)

Us*ng~ eq\w -

and this further 1mp11es n = om
)

' :Du. 2.5.7 reauces ‘t:o-

Gy 2 S

k'pkl_ kk : A
Thus the angular correla tion is ot 1nfluence_ by st

was alr eaay e\nla:.‘led in Section 2. 4

e o [IEEICH e
s

in some cases angular: correlat:.on measurements_'are observea L

oriented micro crystals ( now::er;SOurces ).‘ If the argular correla \.10"‘1 |

is pcr*urbed by crys‘call ne f:.clas whose dircction g rel“tea to tne

&

ey-:hcwy axis of the m.c*oc**ys ls, ‘the observed angu lc.r correl t:.on

a -

tained by averaging over one-randcmj-d.lrectlons of the s:m:netry
axes of the mic;;o\crystals. Assvming that the interacting fields in
an individual microcrystal are axizlly symieiric and denote this

. . - ¢ - - . . - . - - -
syametric 2ils by 2« The interccilion Homiltonian is diagonal in

whe I SYsven s
K(z'; = E
2 = 2.59
with eigenvelues Z, . The Gireetion of the usruneiry aiis z ! of
: - . R 3 teee —. . - - LY - A o
the mierdcryszsicl is specificd by the Tuler znzlics (e, s 0y with

respeet L0 the z systom ( sec Fiz, 2.5.1 ) . The Yz2ailionisn in
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Fig. 2.5.1 Positior'l of 2 a:f:is' defined by Euler angles

oCand‘}B

%

-4
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‘ ) . ' . eI S
the z system is obiained by 2pplying the rotation D ( 0,-8 /y-a )
(I)-' . : . . _
= D (a, 8,0 ): ‘ . | ‘
S ay” : oy T - '
k(2) = D7 («, B, °) K(z') D_Cc_c,/s', 0) ‘ 2.5 10

Since K ( z. ) is diagonal , we can also write

() " e ’ , ) .
e D%, B,0) k() DT (4, 80 = k(&)= £, 2.5.106. .
corres'ooncu.ng to Zqu. {2.5.1 ). Therefore the unitary t:c'-_.nsforﬁatlon

(a s+ 8,0 ) d:.as—‘o'lalz. es K (= The matrix el‘.ments. of the cveol-

ution operator A (%t ) in the m ropresentation are therefore ace-

-

ording to Zau. 2.5.4

<my AW m> = 2 D [exp(—L E. ’c/R)]D | 2.5.11.
The-perturbailon factor is now g:.ven by . .
N M Temg,tmy I I ko\/I I kK
Gk Ka (é) Z ;n [(2’( ﬂ)(z K HJJ (—') X ('M.' -Ma M;)(ML- -y N/
J - ‘
x D o D‘,”, DY exb(-c(€- £,04/R) 2.512,
A n"'& n, e i : )

Lb""l"' the g. m‘:ral CJ"‘l cction relation , the summation over m, &n

[o]]

my can be performcd.

. - .

Z‘(i; i\a :,)DL:J;; in = (i i‘;) D;,M | o 2.‘5.!3.

And similarly for 2 m .
Integr""‘»:. g oV c*;g the ZTulcr angles e and tg viclds
~,, -~ L L r I k
£ r T knsI 2
G ke () = [ (zk,+1)(2ket0)] ;_ﬂ'(n, - /’)( . )
. an ,7 r .
X [cx/b( (- ENE/ R [Ty (= p. o) *

M‘ (=, o) da sin 3 o(Ié o254t

Iy virtuce 3f the orihersmalily of the D-fimctlsns the intzgeal ©oouzos
-t ¢ " .
- to + 7 (21K, +D § o :

ke, &y P/'._. Ny

. .
- R . 2 [ FE Fad U e, *
Tho prr iUl 03'1.103". Trebdr fTor & BOWQIDT cource 1s

—— = K,
. R K I T <\ : S
Gk_.‘ €) = C-k”“ (8 = é( n P)' cxfb(-f.if:—,,-'é,,'j{/'ﬁ) 2.515,
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~

Comparison with. Bqu. 2.5.7 shows that this perturbation factor can,

also be expressed as

o L

G o= G e L3 & Y@ 2.5.16.
k.a K.k, 2+ ~ ko —

If the 1nuer°ct1ng fields in the individual nicrocrystals are not

axlally symmetrlc with respect to some crystalline axis z' , then

the interaction Hamiltonian K ( z ) is not alﬂponal. Denotlng the

!

unitary transformation that diagonalizes K ( ) by U, then-Egu..

2.5.10 must be changed 10

UD (oc{s ¥) k(z) D (oc ﬁ 7) U - U_kca') U_‘: E 2.5 1%,

Tn the derivation of the perturbation factor for powder SOUrcCes,

the matrix element <n|m) of U must be carried along in the cal-

culation of Gkk( t ). The resulting perturbation factor for & non-

axizlly symnmetric interaction in <he microcrvstals Decomes ( Abraganm

& Pound, 1953 )

i —::I———.d' e emae iy -
Gt s G ) | o N Y )

Ay My N, n a N mb -mi Nr -
XEXP(-LLE,—E,,-)‘&/F\)J(nlm5> <hnfmyd (m'}m;><n'}m;>¥' 2.5 18.

vnich, agzin can be put in the form

G ., ;_ “ 'r k ~N A C

'& - _ = I ' t :

ox (8] = (+) sy 2ok Gen ) 2.5. 18 b.
Since C ( t )} is 1nqencnacnt of “1’ N2 +he adéition theoren of

spherical hir.aonies can be opplied TO Zous 2.4.9 =nd the directional

- -

correlation displayed ﬁﬁ\s powder source has,the form

LJP (6,¢) = % A (0 A) G, (¥ Files a) 2.5.19.
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The effect of the randomly oriented perturbation does not,
change the form of the angular correlation. It only attenuates the

coefficients of the P ;( cos 6).
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2.5. Static Flectrice Quadrubole In'tcrac'tlon.

In this section we shall consider the nerturbatlon due to
the static electric quadrupole interaction. This is the perturbation
upon which the exnerlmental part of this thesis is ‘based.

The Hamiltonian describing such an 1nuergctlon is glven b&

( Steffen 1955, Frauenfelder, 1955 J
(£ 3]

)
KQ=§_FT 4 =Arr2(—r) T V | . 2.

vhere % is the second *ﬂnh tthSO” opcrator 0; the nuclear Guaaru-
pole moment with the components . -
2., ¥ .

| T,p = % ©p Vf, >;. (G}USDP) 2.6.2‘.
where e, are the point charges in the nucleus at points ( Tpr@,, $p).
Vl is the tensor opcrator of the classiczl external field gradient.

Ve assume that the electrostatic field‘is caused by peint
charges e_ ( ions in z crystal lattice ) a2t positions ( I, e & )
with respect to the nuclear .centre. The spherical components of

4

- - 2— - B
the field tensor V° are then given by
(2)

v, = Z [e. Y7 ¢e., A A i 2.6.3.

- A - - - - 4 -
or in Terns of an arbditrary cartesian coordinate system ¥, y,z the
conponents are

(&R

Vs e v 3 e

=]

V_:l = 7L vspr (v, t eV, )]/2 2.6.%.

@
Vz = [ Sfer (\/“ —\{;'s' £ 2¢ V":ﬂ/)]/zf

/

If the principal axes systen ( “4¥s2 ) is chosen, such th2t *he
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mixed derivatives of :bhe'z_:otential Vl.'disa.pp'ea:?; Tthep Equ. (2.6.4 )

reduces to . N

VY - e v, 1

. V-o B S aes

WoTeR (- V)4 = W5 7 1[0 )

4
~

vhere the asymmetry parameter N of the electric field is defined
a‘.s . : - -

. 1= (\41—\{75)/\/23 ¢ e
Choosing the ‘principal axes systen such that
Vol <1V, ] <
restricts v to 0 < <1 because of laplace's Zquation, The grad-
ient tensor 'v'm 1s then determined by the parzmeters 7 and 'Vu .
For axially symmeirlc fields with respect to the z-axis,

=0, the tensor V'~ is given by V,, . Assunming axial symmetry
L) (=7

VT W Vell# 5 Ve = V=0

feod B puted

The intcraction Hamilitonian

T () . -
g ke = vE 7V, 267

“he natrix elements of this Hamiltonian in- the = representation

arc obtained by avnlying the VWiscr-Telart theorcm:
= ' — £Y
KL Kol IT>=n% V,, < I,/ 7. L.

VE v e (L)

For m¥ n'the 3-3 symbol vznishes znd }EQ is dizgonnl. The clectric
guzacrupole moment Q is defined zs
2 k3 ‘
cQ__(II[fP_cP(BzP—-P)”II> : 2.9
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. \ - | _
o €Q = V3 <II|T 11> | S 2.4.10.
Applying the Tigner-Eckart theuorem '

L A [ T T R AT

-After evaluating the 3-j symbols, the quadrupole interaction matrix

- -~

elcments can be written as.

<I.| K.Q[I...‘? - Bz B3m*- HI+)eQV,, /( 4r(2L-1)) 2612
Inirocducing the quacdrupole frequency - : S

e = ~eQV,, /L4I(21-Dh] 2.6.13.

m

[£)

E = [I(1+) —5;,4‘]“;&.72 _ 2404,

If we let the aﬁgular frequency corresponding to the smallest non-

vanishing energy difference to be w, , then

Lo, = Fwy, for integral I
=4 .
X L, = & e for nzli integral I,

n Section 2.4. Thus the influence of a

J-Ir

not uniform 2s mentioned

o]

quacdrupdle interactiion on an angular correlztion can no longer be

deseribed semi-classically by 2 siaple precession of the correlation

a4
ZAVEVEGY 4o N

o

The perturbation factor for the static electric guadrupole
interaction is, z2ccording o Tgu. 2.5.7

G:': (¢) :'%Eczk.ﬂ)czxwoli(i- ‘—f—m ‘j\;)(-’f, i ff)

x exp(~3i(m = m*) wt) 2.6.45,

Since the ciponcntial torma Cepends 9n the sw..2tion inde: m, the

orthvgonality of the 3-] simzbols camndt be uscd 0 clininnte the
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interference terms with k, ¥ k.. Thus-the'ihterfefenceffactors R;'
(1) 22 )nust be conputed from the factors A ( 1 ) and A2
which must be individually known. This requires an accurate know-
ledge of the nultipole expansion of the two :adiations-involved
in the cascade. From Biu. 2.6.15 if k, or k, is zero, then N= 0
and this implies a' = m. With m{: m, the exponential term is unity
and usigg the gfthogonality of the 5-3 symbols results in the van-
ishing of the perturbation factor. Thus interference‘termg occur

only if k

s PAX

>. 4.
The perturbation_féctor ( equ.2.5.15 ) can be written { Alder,

1953, ) as

N X,
| G\ 8) 2 s, ws(ned) 2.6.16,
. , Kk "y I kY I I ke
with. Sn;\/ = %,"(m' — A/')(Mr‘ —r 'N)
x L Cak+0(2ke )]~ 2.61%

where the prime on the summation sign indicates that the summation
. ' " - - . - ’
over m and m should only include tn07e terms where m and m sat-
isfy the condition
2 'z s
[nq - m - n for integer I .
2.6.18.

- hﬂu] - n for half integer I

Numerical values of the coefficients %ﬁ:‘have been tabulated

( Alder and others, 1955 ) for some cases. With these, the directional
correlation perturbed by am axially symmetric electirostatic gradient
in an érbitrary direction ( e.g. for =z noncubic single crystal source

can be found.

-

For a poly-crystalline powder source, the effeet of an axizlly



=26
symmetric quadrupole interaction on the angular correlation meas-
ureneonts is renresen»ea by the attenuation coefflclents given 1n

vation 2. 5.15

G ()= % (2L ) exp-50(m Jn")w €]
The ca lculatlon of attunu tion coefficients for powder sources where
the perturbation is the result of rﬁOmbic fields is nuch more cbﬁ—
olicatod; The rhomdic f181d hanlluoni an must be diagonalised and
Ftne 51:cnva1ues and eigenfunctions mpst be determined for different
“values of W anu of the 2symmetry parameter 1 . h cnuation.
coefficicents can tnen be calcu a2ted from the general exprcssion

Mu. 2.5.18.

So far we have assumed that the electric field gradients
“acting on the nuéle;r quadrupole noments are identical 2t every
nuclear site. This is only an idezlization, Slight variations of

o

cf'

the crystalline ficld due to lattice impcirfec

“
O
£

C

ions and imp-

:loactive decay process transforms the atom

f"a

urity. centers, The ra

.

in 2 lattice into an impurity canter in most cases. £l1so, the
1

recoil momentita displacces the atom from its regular'latulce position
to a less well-defined pesition. This results in variz: tions of the
crysitalline fields cxpericnced by the nuclel in the intermedizte

“his variation resulis in a probability cistribution P ( 2,

of <the quadrupole interaction frogquency w,. The fregueney distribution
is Assumed 1o D& 2 noraal. digtribution
Plws dw, = _1__ Cxp[ ~f (wozwg)/Viet T dwo, 2.6.19.

Vaw &
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vinere’ to: is the centroid and o the width of the distri
The frequency-averaged perturbation fractor ig th

.

3: :: C“):f) = L-r‘i’::: (w0 ) P{,uo) Adwg]/f ?[u.)'a('k_';o

The rclative wicdsn o/l is Golined. ©g the sacnrfing 4.
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2.7.( a ) Theoretical Results. A o | -

As seen in Section 2. 4 the dlrectlonul correlation functlon

v ( 9 ) can be’ exnresseu as

| Wi =T AL PoCes®) o 2%
where K even ' '
. A,(K_ Ac( L, LT 1) A, (L. L] I, I) - 2%
and ’ ' v
ALY LD E e e (2 f 3)
| x <INLmllI;><T)d nUI-> | 2313
, ;- ey
.Adi:%—’;”’gg RIS (LU( L If) |
x T L)l I, < Iy ny 2Rt
The coefficients Akk given in Equ. 2. 7.1 are not normalized and

this equation is more.convenlently written as

W) 1+ A, P, (cvss) + A R, (ces8)+ - o k

where A, = Axx/’A ‘ ’ -
Equation 2.7.5 holds for bofh‘pure and mixed multipoles and the first
treafment of mixed multipole radiation was done in 1$4$ { Ling &
Falkoff, 1949 )

Consider a ¥-¥ cascade in which iwo multipole components
L, and L:. contribute to each of the two gemm2 transitions as 1in
this work. Equation 2.7.5 maintains the same form except for the
' coc’*1c1enus Ak which beconme

A (L L II) [F, (LL,_LI)sz(a’)F(LLII)'f‘

A F(LL 1, ][ A7) 23,6
I.,I)

a?

with 2 similar expression for 2 ( L,, L,, I,

where

-

Fo(l L Ior) =[A (Lt 1. DA (1.0 23%
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~and £g(x)is‘the amplitude mixing rztio of the first . transition
defiped as the ratio of the reduced matrix elements

ALY = < Tl ml T, >/l<tlfL,ml )] i;s.'
. AZCK? is similarly defined. . L

2.7.( b } Experlmental Formulae,

In this work the directional correlation functlon 7 ( &, t.) given
in Tqu. 2.4.9 has been adapted by Ir. H. Og ta2 to take into con51der—
.atlon the la$t1c3~1mperfect10ns of the crystal. Pqu. 2.4.9 ;s true

only for a perfect crystal. The dapteu forn is given oy

W(6¢) = z 55 - =TT A R ese)

ko294 A=K, M‘-v\‘ --I

Trm™y AL
x(m. —"'h N,) Z. Z z &) Ak.. P‘& (casé?,)

ane Tk .'--r

X ('m ey My Y fexp(-irn )] Z "]m“><"']mj>“<n[ms$<\n’} my >
x << exp (~ilEC - CenI)E) /f ST 2.7.49.

where <. 1s tne respoﬁse time of the time to amplitude converter.
A%i'('k': 0,2,4 ,1% :.1.2 ) are ithe correlation coefficients def-
ined i; equation 2.7.3~ 2.7.4.

The measured correlation function is taken for two values
of 6 ,viz,180 and 9¢ and-the final result is expreésed as the

experimentzl anisotropy R () defined by

R (8 < 2 [ W - W IfIwe » wimi] 230

-
The experimental resulis will yield w, 2nd this value plus knov-

ledge of the nuclear guadrupole moment Q will give rise to 2n ave-

rage value of V_, from equ. 2.5.13.
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CHAPTER III

"3,1. Preparation of source. .

The internal electric field gradient ( EFG ) at the Ti site
in ferroelectric BaTiO, was investigated aé a fun¢tion of tempera-
ture,b& time differentiajvangular correlation measurements. For the ~
application of this technigue BaTi03 was ddped with small anounts
of radioactive Blyr,

The procedure given by Remeika ( 1954 ) was used in the
preéar ation of the source. Powders of barium oxide, titanium oxide
were mixed in_the stoichiometric ratio, adding a small amownt of
-radioact%ve Hfol. TheAquantity of KHfJ, wes estimated to be less
‘than 0.2- mol$% of -the Ti0, component. These powders were pu + into
P 15 ml Dlaulnum crucible. Kolten nota351um fluorlue ( hydrated )
wias used_ as the ‘solvent. The pozassium fluoride and barium titanate
- powders %ere mixed in the ratio ( 30% BaTid;: TO% KF by weignt ).

The cruclble was c0vgred ~with 2 tigﬁtly fitting platinum
1id to prevent evaporation of the solvent KP. The crucible was then
put into an electrically powered furnace aﬁd the temperature wWas
raised to 1150°C and kept for twemty-four haurs. At the end of this
period, the furnace was cooled at a slow constant rate 10°¢c/ hour
until the temperature was‘900°c. this being controlled by 2 moior
which rotated at a constant'r te of 2 revolutions / dzy. The coolin
process was continued for one znd a hal; days until the tenperature

had dropped to

p,

m temperature. The crucible was then place in a

ro
beaker of distilled weter which was hcated to dissolve the potassium
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Fig. 3.1.1 Crystallographic features of BaTiO, butterfiy

twin (after Neilsen et al,lS‘féz )
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fluoride .

The resulting ‘butterily twins were light brown-in colour
and were vé}y thln. In Fig. 3.1.1 the important crystallograghic.
features of the twin are shown ( Neilsen & al, 1962 ). The butter-
.tTlﬁ was senarated by breaklng alonb the common &kls. The resultlng
crystal was useu as the smngle crystal while the remwlnlng crystals

were put in 2z mortar and ground into 2 flne nowder. This was then

put into 4 small vial and.formed the polycrystdlline source.

Sele Annaratus.

The directional correlation of. the ¢ l>2kev and 480kev )
1-“!cascaue in ok Ta was Observed time alfferentlally u51ng the
two detector fast-slow coincidence technique. The sc1ntlllatlon
counters used consisted of thallwun—“Culwatea sodium iodide crystals
moun‘ceu on 50AV P 'DhO'tO’nulul'Dli‘s. The cr3 stal usec for detecting
the 132 kev .photons was 1/4 A 2” while a2 2" n 2 was used for the
detection of the 432 kev photons. This selection of crystals reduced
the random coincidence rate. |

_The fixed counter 1 was placed at 2 distance of 8.2 cm.
from the source vnile the movable counter 2 was at 2 distance of
6.3 en. for 180 -detector position and 2t a dist tance of 6.2 cm. for
90 - detector position. Laue* 1 lezd shielding wes used to minimize
. coineidences due to scattering. A block dlagram of the experimental

set-up is shown in figure 3.2.1.
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33 Worklng of the Annhratu

ik S - S S

As mentioned in Sectlon 3,1 the two detector fast-slow
c01nc1dence method wags emnlOyed We shall first consxde“ the fast
'pulse system. The pulse output frOn the anode ( 14 ™ dynode ) of -

‘the photomultlpller fube was fed 1nto the comparator o minimize.
noise due to thermal em1351om of ‘electrons. This pr procedure was ad-
ODtea for both detectors. The outnut nulse fron conn_r tor 1 was
used as the start_pulse for the time to amplitude convertes|
OrfeC'Moaei 447{ The pulse fronm comparator 2 was delayed by'éo ﬁs..
this being dbne by a'length of cable ( Amphenol Canada-RG 58 AN
Serlal 03554 ) and was used as the stop pulse. Thus tne T A.C was
used to Qetermlne the tlﬂe interval between the =, and 'n,nulses.

The slow pulseloutput was taken from.the 10 'dynode and
vas fed to the stablizing unit which was used to minimize drift.
The resulting pulsee‘were then fed‘through amplifiers to the sipgle
chennel analysers. Using these eingle channel analysers, the app- -
ronrla e Y -Y¥cascade ( see Fig. 3.3.1 ) was selected as follows:
The slow pulses were fed through a two/hsdelay line ( Technical
Heasurement Corporation, liodel 404 ) to the kicksorter. The output
of the single channel analyser was used to gate the klc sortcr and
therefore only those pulses accepted by the window of the S.C.A
can be znolysed. In this way the windows were set to analyse 't:he
photopeaks of the 132 kev and the 482 kev gamma rays,

Having adjusted uhe single channel anolysecs as deseribed
above, the apparitus was ready for the fine analysis. The outputs
of the single channel analysers were'fod into the d.udle coincidence

circuit and the resulting output was used *o gate the kicksorter.
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the channel number -being proportional o time.

‘Time Calibration .

The time calibration was done by the method described by
Bell ( Bell, 1952 ). Usihg the same 'apna}.-a.tus the nunber of chamnels
corresnondlng to each rotaulon of the del:y llne was dete‘mlned.
U51ng the metnod of centr01ds it was found that 1 channel was equi-
valent to about 0,955 ns. Typlcal calibration results are;shown in’
Table I. o - :

Time Zero Calibration.

It was also necessary to determine the time'zero aé this
was shifted due to the introduction of the delay cablé. This was
done using the sanme settings in the S.C.A windows and delay cables
as Wés used in the experiment.The source chosen WHSQCO because of

: . . . n - s i Le
1ils mean life time in the intermediate state-only 0.7ps, See Co-

deca2y schemne in Fig., 3.3.2. One would thus elpect coincidencé,;\/
‘counting only for time zero on the'coincidence time spectrum. How-
ever, due to sitatistical fluctuations in the emission of photons

in the scintillation counter and other insirumentzl effects, there
wais a2 definite spread of coincidence countiﬁg about time zero. Thus
this experiment not only esiablished the time zero bﬁt ais5\§ave
the resolving time of the zpparstus. The fesolving_time wos taken

.30)

2s full width at half naxinum ( sce Fig,

L)
il

_



Fig. w.w.mmono -
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The cryst*l'wés mounted‘so that the érystal-axis]was parallel

to detector I and in the Dlane of dctectors l-and 2. - It was then

rotated through 45 ., The mlndowv were set as desQFlbed in Section

7] and flna113 the apparatus set-up for the accumulatlon of the

c01ncluence tlme spectrum. Denenalnﬂ on the act1v1ty of the source,
e\pcrlmentﬂl ‘data was collecteu for periods of 48 or 72 hours. Such
runs were done for detcetor 2 settings of 90" and 180°, = -

At the epd.of each Setting data from the kicksorter was

‘printed on paper using a'printer and punched on paper tape. The

sxngle gamma counts were obtained by using Philips timers ( Model

' PW 260 ) and scalers ( Hodel PW 4230 ..These were printed out

: 3 . .
and punched on paper tape every 10 seconds. Also, the time cali-
bration and the determination of the time zero were done a2t the end

of both settings.

erlﬁcnts were performed at room temnérature and above
( 'I'emperature .40°¢c, 62°c, S2 ¢, 1007y 124 ¢, 145 ¢, 155 C ).
The temperature dependence’of the quaqrupole interaction in’
Ta/BaTio, was studied in order %o show by observatlon of the phase
trensitions that.the solid state properties of BaTiO, are not in-
fluenced by the impurity HE.

J-

L Ture 0

h
<
5
|—ll
(]
=3

The crystal was heated in an oven, the tenpera

was monitored by 2 constanian-iron thermocouple.
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3¢5 Resul‘ts .

The experimental work was divided in three sections-viz
ton runs using a polydrystalline source ét room temperature, four
runs:usiﬁg\a single crystal source 2t room temperature and ten runs
‘using the same crystal at higher tempefatures. Each run consisted
of two detector'settihgs—viz the 180° 2nd 90° counter angles.

As mentioned before, data was collected at the end‘of the
~ setting and.was'used'for computing the experimental anisotropy.

The tépes cérrying the information of the coincidence sPeétra were
fed remotely in the-p;ogrammdble calculator ( Tekironix, Model 31 )
<+through the tape reader on tﬁe'telepfinter‘( Mersland, Model 811 ).
These were'connected by fhe interface ( Tektronix3 Model 154 ).

The tapes. carrying information of the single gammas were siﬁilarly
red. |

From the méésured data, the experimgnial correlation £ ( € )
was found. This function corresponds to the theoretical perturbed
correlation function W ( € ) only under the assﬁmption that we
are dealing with centered point sources and point dstectors. The*
.crystal was small enough to be treated as a point source and the
effect of finite detector Sizé'is to reduce the size of the vaiue
of A;, G,, but not the variation with time and so.no correction
was made. ) -

- -« The " true " valueés - ) and N.( & ) ( where N 2nd C

¢

denote single counts and coincidences respectively ) can be obtzined

0 und and accidental

) .

L)
ip)
o

-

from the measured data by sudbtrzctin reke

W

coincidences. This can be expressed o5 follows

ce)y= e - o 3.5

m
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yviiere
5.

2T, N, @ N, (© 55.2.

1"

C ac c( e)

where O denotes the angles between .{_and I i.e 90 or 180" ang
T, the resolving time per channel.

The true number of single. counts and c01nc1cences can be.

-

written as © . : - | : L
N,—L- S N, b wi g . 35.3,
C(G N /:Pzw £ w8, &, 7('(9) | 354
where

N,: nuaber of dlslntegratlon per unit tmne.-
D! probability per alslntegratloggfh t the ””Glutlon selected

-~ in counter i 1s emitted.

w;: the solid angle in units of 4T,

~

g1 ‘the efficiency 6f counter i.-
(.2 the efficlency of +he coincidence circuit.

f@: the experimental corrclation function.

 gince the activity of the source Nas nov very high ¢ may be taken

as unity. The ratio of the coinfidences to tne singles is thus given'’

¢
Y

ke

Ratio = JCoincidences /[N ( © )lq (e ]

Py

N, ﬁ, /J,_ Q8 W, L z‘. {(C‘?J /( N, ,b, ©, &, A b w,__»&.g)

11

s, £@ [No = FOINe  if 5.



The-expér' entdl anisotropy which is.given by

- No_x rastio |
‘ ‘
. N, CO) (N, e N 0)

5T

/
- R = 2L F0m - fem LT+ £0m1)] 355,
is thus , ‘ |
\ ! ¢
N, (4a) C{Cn') A (4,)C Gl
—_—
=2 N @ N Ny (TR) Ny LTR) 556
Nty Cm) ALy U
IR —_— !
M () Ny ) N Lriz) Ny (TR
wvhere N, ( t,) is the disintegration rate at time t.
r N;( t,) is the disintegration rate at time t .
t, - X,: the mean tine between the accumulation
of data at 180" and 90 .
But N, C8) = [No ()] exh ( -A(£-1))
é .
F-C{'Crr) _ C‘(,Tf'/‘.‘.) —-] o
RYE) = 2 [WFammin Ny o) MGy exp (A(42) |3
c(r) . 4 cC i)
LM; () Ny ()

The correction to the disinte

was necessary since the accumulation

not done a2t the sghe time. Formulz

of the anisotropy in this work.

D-

Wy (k) Ny L) exp (A [f,-i,))J

cration ratc at detector m/z
- . o
of data 2% 150 and 90 was

5.7 vwzs used in the calculation

£
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s
‘ForAanalyzing the coincidcnce SDectra. the calculator was
programmed to carry ogt an exoonenulal b°ck=round subtractlon. ?his:
vas done for bhoth detec»or settings. The calculator was also pro-
grammed to determine the mean’ values of the 31ngle g2 mmus at both
detector séttings and o compute:the'expprimental:anlsourOpy
‘as well as the statistical rerrorss Since‘the time‘iero was found
to be approximately at channel number 43.5 and this value reaained
constant throughout the runs, the anisotr opy calculation was started
2t channel- 40 and.termiﬁafed at chennel 90 beyond which sfatistical
errors became too large. X
| The coxnc1aence time spectra ( which is §r0portional to

-

JON ) have been plotted in Fig. 3.5.1-3.5.2. The first plot refers

to the coincidence spectirum with o“cﬁground 2t the detector angle

n
T » The_sccond, the same spectrum witn accidantal coincidences sub-

In order to cheeck whether drift in the cnergy spectrum had

~.

occurcd, the single gemma rates for ¥ and ¥ as 2 functiom of time
I Aama ray,

I
i
-~

thils would distort the snec»run near tlne Zcre since it ig in co-

I..li
ck
VY
ct
&
[0}
q
On

incidence W xev gamma ‘ray ( sce Fizg. 3.3.1

fmificant drifts ~55% were rejected.

—

}.Jl

s
or The :ol"c”“s 2lli ine source the four best runs were

sec, This ves 2 straignt-forward procedure since

e +ime reseolution remained constent throughout.

== e S - 3 4
the tine zZoro ang o

- - - e - - SN I} . T8 =~ 2 .- -
(SR CRR SN gl T Jne ononhn GEua AR LR SR 0 S A S P L S R o) rne
- Yy e ° S ta Y Py NIl e o Newd D34 ia ohonw
SIrc ohova Ln JOoLT IT. s EBODRACE L CLIDLN 55 the DezT 11T 1s cnovn
In Tirs g ,
e a - o [ -

ir. %.5.%. The four siiglg crysial runs weorce also cvercgeé and



007

. o9 g ozl

08

07

T TN N S T T T TN S T R e e T

» FELELITLLL

vonnglsisig punosbyiog

P .

{ punosbIng A ]
HWNY123dS FINIAIIHI0D 1'5¢ IS

amiay

.

PY
-

QI AN

NZ

114




. S - © 0N TINNVHD
00 0 o9y - .- . o - 08

07

. i M C hithabb q.-:.. * .“.... .....«:....... N
- ~ ) ' ‘.... ’
’ R ‘ . - . . ', R ..
{ punoibyroq ss9| | T .
' FHNY1I3dS 3IHIANINI0D T5¢E 613 : ’ ..
: ’ L} ] . . ¢ ' '

oteg,

m [0

24




r

///‘ - 45 -

similar results ard siiown in Table III &nd Fig.3.5.4. The results of

at nigher tomperatures are shovn in Tobles IV- X and graphicel dis-
plays of the best fits in Fig. 3.5.5- 3.5.11. The fitting was done

by compering the theoretical anisotropy with the experimental

s

le2st sguires fis.

anisotropy anc using the method o

.
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ﬁelay\iine No. Centroid Chaﬁnels
(for eVery 2 -
rotations)
. 10° 33.00 - 0.00
12 38.00" . 5.00
) 14 43,00 5.900
16 48.00 - 500
18 | 53.00 5.00
20 58.16 5.16
22 63.99 5.85
24 ‘ihb 63.63 \ 4.5

5.090 ch : = 4.76 ns = 2 rotations

or 1 ch:=0.935'hs

Table I: Channel-Time Czlibrations

-
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POLYCRYSTALLIN“‘SOURCH AT ROON TE *PmRATUR-.

-—--———-—-—-—————.-.-——-—-——_--—-—-—-n_\—————._—-

Channel 5o. S Anisotropy S - Trroris) .
40 - 5.629 w376
41 - M523 - . - . 022
42 - 542 ' - .013
43 - .515 : , 009
44 - J4381 e . 008
4’6 - .589 N .OOT
4‘7 --.334 . ) 0007
48 - 1299 ' ' ‘. . -007
49 - .27 ; - . 007"
50. - 213 ' T L 007
52 - 0168 . -009
54 - -l'76 ) . oolo
55 - ¢187 B ® .009
57 - 176 T .010
59 - .155 ' . 012
60 - <199 +011
6L - 214 » 013
&2 - 206 «012
63 - .238 . 014
64 - .206 o .012
65 - .190 ‘ ' - L013
656 - .216. - .014
67 - 224 | .014
68 - .263 .Olé
89 - 265 . 015
70 - .269 ) .. °.'016
TX - .265 - : . 017
T2 - ,280 « 017
1z ~ +299 i . 019
T4 = 296 .018
75 - 4259 & .018
76 - .251 -— . .019
TT - -278 .020
78 - 264 , . .02L
79 - ,288 | . 022
30 - 256 . 022
83 - 239 , 2026
84 =+ - .285 o . 027
85 - 262 . . 028
86 - a311 0034
37 ~ 2283 . 032
8 - .308 .032
89 -

.549 _ =039

b

TABLE II RESULTS POR FIG. 3.5.%.
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_ - 49 - : .
SINGLE CRYSTAL SOURCE AT.ROOM'TEMPERATURE. .

__—_._—--.———._—-———n—-——-—_——_————————-————-

Chamnel No. - Anisotropy ce Error ()

40 : 1.037 . 035
41 ’ - 172 ' . . 019
42 -.283 . +016
43 -.246 ' . 011
44 - -.222 . . « 009
45 - ) —0191 ’ .'008.

‘4‘6 " ’ "'_1128 ) : ) 0008 )
47 - . -.086 SR , 008
4’8 R 0048 ' E -013

49 . : . 085 ) .009 ~
50 ' ’ A L .122 B : ' . ) .010

- 52 . o : 135 - o .008 -,
53 - : 174 . ' « 009
. 54 . . .168 . . . 009
55 - . .148 : LI 2009
56 . ) 014'6 - .OlO
57 , _ « 150 ‘ 010
58 o , .107 _ . .010
: 59 . ' ‘ 0104 ) . -Oll
60 ‘ .106 : 011
S 081 ' . 013

. 064 - W.012
064 « 015
041 . 017
« 055 . _ : . 016
.06¢ . 021
. 062 . . 018

&9 . 045 o - 022
70 ' « 070 " . 022
71 - L0711 - <022
72 : : . 035 .018
13 .117 ’ . 028
T4 110 ) ¥ . 027
75 . 068 ' : . 028
76 .039 . . 0253
17 . 020 . 026
78 « 050 : . 029
15 . 0580 o « 029
82 ~.033 _ . 027
81 _ : .010 . . : . 029
S2 -.024 . 033
g3 ) - 107 ‘ 040
S4 ~-.076 . . 028
S5 ~.044 . 045
Sé . 605 . 033
87 ~-. 060 . = L,061
38 T3 - . 047
29 060 ". 084

TABLZ III RESULTS FOR FIG. 3.5.4,
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SINGLE CRYSTAL SOURCE AT 40C.

e e Y — S S S S

Chaﬁnel No. . A AnlsotrOPy .

W01~} =] —}—-)—-1—-)~

-~ Error)
40 . ) "}811 h ' : ‘
41 S . 60
42 B - _ 261 ' o " .052
43 : 152 o ke .
14 . . \ ‘ ) 0123 : ' © .035
- 45 . ‘ ST a126 - .235

46 «2385 - oot ' . 037 )
47 ' 405 -0 ' L0390 L
48 : A31 L040 - )
49 | : .511 . - J042.
50 . ‘ W531 Y v

51 : -5355 : . 045 .
52 , 634 045
53 ' , 614 . _ . 048

54 T .588 ‘ '050

55 T ‘ .505 - . 051
56 - ’ ‘ ' -61."7 . .05)
57 ‘ : .697 a 0050

59 ' 609 : 059
00 S e11l2 .061
el : 579 _ : ' . 064
§§ : <543 . 064
63 544 .005
o4 537 L0658
93 575 - 73
96 .607 ~ 076
or 508 . 2077
63 597 - .080 .
99 .544 . 082

0 . 479 | . 084

l .613 . . ,SQ

g 332 - 389

2z . [ :

4 480 : | : ;Sgi

2 -262 - ‘ .10

.53 - 10

S -521 1%

7 .518 - . L1l

0 436 ' K L1113

Z 419 ,' .125

g 7358 -~ ©.150
8¢ .556 - .145
85 485 5 L1453
86 ~ ‘716 0149
37 _ - © 620 : | . +.151
83 . S : 1175
89 WY .170

TABLZ IV = RISULTS FOR FPIG. 3.5.5.



- 51 -
' SINGLE CRYSTAL SUURCE AT 62°C.

Channel No. ~ Anisotropy . Error()
40 -.845 o .08 ‘
41 -.358 ) .ogg-
42 -.628 : 036
43 .43 - - o L0
44 -.315 . o.022
45 . -.173 . .21
46 . -.067 - : . 021
47 : -.045 ©o.022.
48 ) .66 . . 022
49 . .056 : - .023
50 «117 . 023
51 .179 . 024
52 L ~.158 . . .025
53 232 L . . 025
54 CoL . 322 | . . 026
55 - © 251 T . 028
50 276 .028
57 321 . . 029
58 363 .030
59 514 | .03L .
50 .332 -t .032
61 . 347 : . 035
62 . . | .296 - . 035
673 .381 . . 035
64 .218 ' . 035
65 . ' .234 . 039
éé 504 ' ' .039
OT ' -329 : . .04’1
63 o, . +259 .041
5¢ .238 - . .044
70 | . - 208 : .045
T1 : ' <203 _ . 047
72 ( 330 ' .048
13 .248 . . .049
T4 354 | ' . 052
75 200 . 052
76 .286 .056
17 . .152 . 057
73 | .178 ) - .058
19 : .220 o L0611
80 ' .133 . . 062
31 .332 . 065
82 .284 \ ) . 065
83 137 ‘ L0639
34 ) L1569 . . 075

' .132 . 075
85 , LT - LOTT
87 175 . 084
83 .192 . 031
&¢ $3359 . 092

P4 3L, SESULPS FOR FIG. 3.5.5.

]
7



i -52 -
SINGLE CRYSTAL SOURCE AT 82°C.

Channel No. - _ Anisotropy o Errors)
40° ‘ .053 .085 .,
41 Co=.141 ' .05
&2 ) o . -.091 . 034
43 B =024 . . 028
44~ . -. 063 - - .023
45" = o -.036 . .022
46 , . \ : . 044 .022
47 - T . =.001 _ .022
48 .« : .94 K . 022
49 . . 068 ' .023
59 ) L 136 . 024
.51 . - - .157 - - .025
52 B <131 ' 1,025
53 ' .1%4 L .026 -
54 . .206 . .027
22 L 209 . .028
56 C . W235 ) - ..028
5T ‘ - .232 ~ .029
58 . | oL271 o .030
59 - o 272" | L0531
8¢, o197 7 | .031
6L - 31T - ‘ .054
62 - T - .283 : . 054
63 N .232 . 035
64 T | ' 244 . . . 036
66 - oo 24T _ .039
67 s 5 5 S . .01
68 RS N .253 : . 041
69 - : . 267 , 045
70 T - 244 _ . 044
71 | 277 S . 046
12 o .300 .049
15 : . .337 | .350
T4 . - .150 .050
75 .263 " ,053
To .254 . . 056
T7 . 244 . 057
73 .258 .053
g o .185 ‘ . 059
80 .255 . 062
81 .135 . 065
82 ATT - 067
33 ' , 342 . .069
34 .398 . .076
85 ' .170 : .075
86 ) .264 . 032
87 .256 .085
SS L1112 .085

89 .281 .995

TABLE VI nISULTS FOIR FIG. 2:5.7.




-
| - 53 -
. SINGLE CRYSTEL SJUURCE AT 100 C.

—-——-.-._————-—_-_—.———--——_—————

Channel No. AniSO;rOPy.
40 -.316
41 -.214
42 - ) ' . "0196
43 . - -.186
44 -.218 -
45 . ] --214
46 ~.243%
4'7 -0.182
48 -.164
49 -.149
50 -.150 .
51 -.090 *
' 52 1‘0135
53 -.127
.54 -.022
55 . : -.030
56 -.025
57 -_.024“
58 -.039 |
5% =, 047 .
60 . 007
61 .020
£2 . 091
63 .038
64 .019
65 .096
66 .048
67 .054
68 .020
69 . 008
70 . 004
Tl .082 .
72 . 035
13 . 045
T4 -.098
15 +=.001
T8 . 097
73 . 012
79 -.050
S0 -.033
S1 -.006
32 .024
83 -.11%
34 -. 062
85, -0017
86 .24
S : ©.101
> P -.052
39 \ -, 359
TABLZ VII _ RESULTS FOR FIC.

i Error(z) -

.094 "
. 059
.042
.034.
. 030
<030
. 030
L0031
. 031
032
. 033
.035 .
. 034
. 036
. 037
. 039
. 039
- 041
. 043
- 044
. 045
- 04’7
- 048

.+ 051

050
. 053
-053.
. 056
. 058

L0562

. 063

065

. 065
. 069
.074
. 074
. 076
. 081
. 052
.081
. 084
»090
. 086
- 099
.103
.110
-108
<113
124
0129
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‘f, .\\ - M// Jn
‘,lléb\SINgLE/pRYSTAL SOURCE AT 124 C.
- ¥ Aniaiatn o2t
Channel i*\o Anisotropy T. Error(s).
\\/ .

50 o -7 .152
41 -.415 L . .078 .
42 ’ ".4’1 , 0045
7? ~-.434 . 032
r -.361 ) .025
45 -.291 ) - .023
40 -.299 ' - L0235
47 =.255 023 ¢
48 -.215 o .. .023
40 -.206 . ' . 024
5o -.203 .024
?l _0*37 0025
52 -.115 _ .025
2? -f073 0026
54 -.103 . . 027
55 -.059 : ‘ . - .028
50 -.037 . 028
57 . 011 . 030
53 -.034 - , . 030
29 -.028 T..032
60 0 . . 032
61 -+ . 007 . - . 034
62 : -. 028 .035
o3 -.014 : .036
o4 .045 : - . 037
90 ~062 . _ . 040
o7 « 055 _ 041
58 . 014 _ 042
oo -.049 . 044
7o ‘ 063 . . 046
T1 . 047 . . 048
72 .008 . . 047
73 .051
if . 052
12 . 054
70 . 056
17 . 060
7S . . 059
79 - .060
80 062
31 . 068
Q . 067
83 970
34 . 076
35 . 081
38 : .. L,080
87 . 085 .085
S . 068 . 038
39 -.007 . 096

PABLE VIII RESULTS FOR FIG.3.5.9. °



Channel HNo.

.40
41
42
45
4%

. 45

44
47
48
49
5Q
51
&2
53
54
55
56
57
53
59

TABLZ IX

Anisotropy

, _
-.538

-.489

RESULTS FJR FiG. 3.5.10.

Tor Lty

.119
0064
0040
.029
.024

.022
323
. 023
. 024
.024
. 025
.025
. 026
.027
. 028
. 028
. 029
. 029
L0351
. 032 »
.033
. 034
.035
038
.038
« 039
L0041 -
L 043
L0453
. 045
L045
. 047
.050
. 050
. 053
. 053
. 058
.058
L0611
. 064
. 066
079
072
076
TT
.82
. 084
. 093.
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—— 56 ..‘

BN

' SINGLE CRYSTAL SOURCE AT 155 C.

—-_—_—-———__..-—-._—_..-_————_.—————

Channel No.- Anisotropy
) 40 _._-545 .
41 - -.361
42 -.325

"',0262
45 <179
45 -.115
-0074
43 -.111
49 -.052
51 T -,008
52 .057
53 <055
54 . 034
32 . 074
56 L048
57 . 086
58 .107
. 097
0 141
1 . 025
63 « .165
ok . 087
63 .139
66 .109
&1 . 097
65 L1314
69 157
70 174
71 . 094
72 .019
13 .123
T4 .176
75 .183
76 . 046
1 .287
8 ¢ 115
19 L2354
80 .129
81 .202
82 - L018 .
33 .228
S .128
85 - .058
86 .105
ST . 076
$ .071
39 .148

TABLE X RESULTS FOR FIG. 3.5.1L.

Error )

.118

0065

C.042

+ 032
027
.026
.025
. 026
. 026
0'027
.028
L ] 028
. 029
. 031
L0351
033
. 033
. 034
. 035
. 036
« 037
. 039
. 040
. 041
042
- 044
. 045
. 047
. 040
.050
.052
. 054
.055
.057
.060
[ ] 061

© L0653

. 065
. 068
2071
071
t080'
L0788
. 085
. 087
. 089
. 089
.095
. 096"
.109
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CHAPTER IV

DISCUSSION OF RESULTS

) The exnerlmental anisotropy was c0nnared with the one ob—
tgined by‘the theoretlcal caleculations, EnugtLOn 2eTe9 WLth A
-given by Eﬁuation 2.7+3. In this caleulation symmetry about the
%z axis was not asgumed. The following parametefs. viz, the asymmetry

My we ( defined in Fauation 2.6.13 ), smearing 6 ( a measure of
the distribution of v, dssuming a normal-shaped distributidon ) the
Buler angles d-and p defined 2s in Fig.2.5.1, and a deléy parcmeter
( used to shift the data in time since the © =0 position did not
necessarily coincide on the first channel pOSlulon of the data
under analysis ) were varied until the‘best fit was obtéinoé using
the goodness of fit test.The fitting of the deta also ook into
consideration the mixing ratios ( defined in EQu. 2.7.3 ) and the
time resolution of jhe SXS»CW. The resulis are shown 1in Table XI-
XII. - o |

Using the pest fits, the electric quadrupcle frequency\u

ané the maximal component of the quaarupoTe interaction V,, were.

ct

evaluated, The EFG was calculated from the quadrupole frequency
weo( defined 1n ZQu. 2.6.15 ) with the quadrupole moment as 2.53
* 0.1 barns. The variation of these quantities is illustrated in

Table XIII.

I§ wes seen that in the tetragonal phase the EFG decreases .
with incéca%ing temperature. Fowever, at the Curie.point, the EFG

does not vanish COﬂDletEIy ané this can be acc01nuea for oy lattice
imperfections. These imperfections are really due to the unit cell

not being cublc througnout tﬂe_crystal,_thus destroying cubic



v

‘_‘67‘; ”

symetry at some lattice sites. This produces 2 small remaining

The asymetry parameter 7 was. Tound to‘be‘non-iero in-
cicating the absence of axial symmetry of the field about the c-

(‘the 2z axis ). The value for ﬂ; at room‘température waSlO.léZ
Tor the single crystal soéurce, .Since Ba‘i'io5 has'téfragonal structur

at this temperature an axially syametric ZFG ( . = 0 ) is cupected.
T y . DEC

to 2 distribution of asymmetry parameter.Also from the definition
of asymmetry paraneter " is limited to positive valﬁes_dsﬁgl.
Thus 2 distribution of M lecds %0 a value greater +hon zero.

The fundzmental freguency u%was‘also determined: from the
Fourier power spcetrum of the perturbation function. ThHis spectrum
w2s calculated by numerieal integration of the cquatibnk

Tz o z
Plw) = 1 L A, G, C€) C,xlb(cw{') A l

However in this calculation T was‘tnken zs thne time'§§an over wnich
statisticaily significant data was obiained and the value was
aprroximately 36 nano-scconds. The pover specfra of the periturbatio
functions cre shown in Fig. 4.i- £.9. ALl the curves were adjusted
such that P ( 0 ) = 0. The values of w. obizined by this method

dgreed feirly well with those obtained by fitting. The slight var-

intiong can be atiributed to the apnroximation made for the time

span T. IT was also obvious from these snectirz (Lhat there wos no

svidence for the existence of a distinet second tice sité since

onlr one sev of . som. ,
is the 1o érifting of fre-

cuincloss dovnvea

L4 ——



not disappear completély but rather 2 small remaining interaction

was obscrved. The magnitude of‘this fréquency compbnent was

approximately 2 compared 10 an mpl oude of about 500 at room
temperature. These amplitudes are me3stred on 'the same but’

arbitrary scale. Thus, this remaining effect may nave been present

.always but had no influence on the results due to its small

, . . - - I

ahp%itude.
lIn Fig. 4.10 we have showvn the existence of a.nrlnc 2l
axis 2z, different from the c—axis (a"aLlS) This ls the direction
of the EFC described Dy the Zuler angles « 2and p . As the crystal
aéproacﬁes thelCuﬁic phase ﬁ'hés no mganing éince the crystzl can
{hen have three equivalenf axes.
.‘ we can conclude that the temperature dependence of the
cuadrupole inﬁeraction‘demonstrates.that the perturbed angular

orrelation method is-a sultable technique to study phise-

Q

rensitions and ferroeleciric properties.
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Value 2.167. - 0.224 . |  25.390

Erro%/’yﬁy .+ 0.05 ‘ i‘0.05 . 554

P LT ) -

Table XI: Values of various parameters for the polycrystalline

- source (£452:-0.104 ;4137=-1.131) - | ¢

Lo
1
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Tenperature Quacirupolé frequencyw, S|V,
Room Pemp. 25.462+0.770 2.6510.07 X 1037 |
40 c . . 22.531*0.770  ]2.34%0.07 X 1017
2 ¢ 17.129-10.770 ] 2.78+0.07 x 1017
g2 ¢ ‘ 13.889:0.776 _ 1.45+0.07 X 1017
100 ¢C .+ 11.57410.770 1.30:__0..07 X 1017
w2ic . 1l.574%0.770 1.2020.07 X 1037
145 ¢ . ~ 11.574%0.770 1.2020.07 X 10}7 B
155 ¢ 11.57420.770 | 1.20%0.07 X 101T
- X
} .
| Table XIII: Variation of weand [Vyz|with temperature
(e in MHz; IVgglin V/en2 )
& . :
i - N ' -

e
- L
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APPANDIX : . T

athematical Preliminaries. . .-

The theory of 2 gul_r_correlatlon is mainly concerned wltn
the representation of auantun ﬁechanical systens in terns of Elgen

stotes of angular momentunm opecrators and wlth the uransformatwon
caQ?dbting_diffeyent repres nuau10n° of tnis uype. In a»tenntlng
%o do this, the concepbs involved arc: -

(1) Vector Addition Coefficients and Racah Llgcbra.'

(2) Rotational liatrices. -

(3) Demsity liatrices.

(4) The Wigncr-~c&art theoren.

Veetor Addition Coefficicnts and Raczh Alseom

£C0T2 .
Sonsid 2 system consisiing of two non interacting part§’

cacn of which ds characterized by.its total angular momentum and

- ~

a component in sone pcc fied 41 rcctvon. Let J, J, and J - cenote

. _ ] . -
angsular momenta end m, m, @nd mz_corrGSpong ta thelr associzted
nognetic quantun nunoers, resnectlely : - -

The Clebsh-Gordan coefficients for tne veetor addition

J +J =d, ™m,

: 2 2.

. ”

e defined by *the transformzation /
v

17,7, T.m>= 2 <77 o T o > T, m > T myy s AL

(et

m. a

w

fhese coefficients are the eleaents of 2 unitary matriz and the
B o Y
paases of the elgcn-funCulons are 5o chosen. that the Clebsh-Gordan

coefficients ~are rcal numbers ~nd henes the motrls ig orthozonal,

Caleulations involving Clebsh-Gordan coeificle-nts are sinplificd

- - - L) ; - - . - - : - CLL N el

by replacing tne Clebsh-Cordan coefficients by thedWlgacer 3-J . ~
symbols wihich are relatec Dy



e e o e —— S ‘ - e e N,

J Jy J- Ji~d=™ -‘L;, ] . - M

m, m m) S (- (240 < Jp iy [ dem > - Az
The ; j symbols pOSSLSS symmeiry oo opcriies as i‘ollows -
an even permutation of l'the colunns leaves the coefficient unchanged

A . . J!*J;‘PJ
while an odd permutztion is cquivalent o 'nultlpllca‘tn.on by V)

(J. Iy ) _ (JL J J,l,') ] (J J S S . T as
m, M, ™ m, & ' Am m ™/ . ,@

. j\- J" J-f'\‘_i\'r_j g J“L Jl, J i . .
(% = m) = 1) - A4

i ™y m, mr_ ™ . -

.

. ) " ) - , -
fhe Wigner 3-J symbols a2lso satisfy the o&tnos‘o*ﬂ. 1ity relationshlp

s A R D) e e A8

g @i 25 R IR T S Aé

> e o

In the development of the theory of angular corrclation,

-

1t ig necessary to galculate. the suns of wmroducts of Cléosh-Gordan
cuefficients over all possible masmobie quantun numbers. The.use
of Racah Alzebra nﬁs cnzbled these sun:ations to be simplified.

R

feain consider o systah conpoe eé of thrce poris ‘eharacterizad by
A .

-

e, 56, c . The state oblained by 2 linear superposition of
stA TS gcorresponding o ax and b A to yicld a_rz‘:sulta.rfl't e i\':hich

N 4
ig then combined with ¢ ¥ and denotedsgls ‘6,8 o Alternatively 1L

: 5
sq,;‘ccb D/’:L-na c Yare adaded to yielad 'state f¢nnd pon conbined
with Sx-we Ovtain d 5. .
N ~ ]
his g oeofwisascl oy . ’

. - ‘ . & .'

) {fn brede o >:z%«/s <ax b,@].ez><e :;g g x,].d' 5,>f_g,o<>]b,fs>]c,a’> Al

@labe(f)ds = 5_'_3’ <bi§¢¥]-,fLP ><acxfo¢] d,J}]@id},[ b;87[c, ¥ A
pYY ' -
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-

A unitary ur_nsformatlon connects these two schemes of the

. s

ome svf'tem and is -given by

» o ,
where = V2e+1 ; ,/ )c‘.,, _ ' ' -
‘ .

and the T functions are called the Racah coefficients.

In torms of the Clebsh-Gordan coeffiecients . =~ = ¢ "

W ebie dief) b by o 1 5 (s ples)(es, as]er)

C-f <pbry . _
- . - X @ﬁdfﬁ't}’)(a-z felc Y) | _ AGs.
oT (qxbp}ex+p)(e«+p dS]c w+p+8) ;'%_éfﬁbﬁ,déjﬁﬁfé)

x(aa,{ﬁ?é C<+ﬁ+5)\d(abcd,ef) S - [0.

tational-Matr*ces.

-

- Ehga};gisformatlon PrODe”uleS of elrenfunculons of angular

¥
nonentum uncder the rotat*on ot hn coordinzte axeas

are 21s0 neacec. The v-ota't:.ons takmg one coorcmate system “into

‘v

another are specl fwed by the Euler angles ( 6, é ¢ ).

This is

. -
effected by neans of 2 rotation € about the original z axis,

followed by é about the new y axis and a rotation ¢ about the

new z axis ( HEere we use 2 right handed coordinate system and alil

rotations arc positive). b

Figenfunctions associzted with angular momenta Y2 are .

. p -
transfommed into new eigenfunctions with thé same value 2 such

-

tha<t r

LY

: Ay = Z}mc><o<1 (RYJ "> o All.
where D°( R ) 2re the elenents of 2 unitary

- " . ]
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- 86 - | S
rep':esén,tatiop. ‘usually z_:é.lled. the rotation matrix, esrrying the .
coordinate system yieic‘:i_ng guantum numbers a«, into a-'nq{v coor-
d¢inate system with Quantun numbeers a« by meens of -,‘c.he _rotal'ti'o'n‘
R(6.,¢,¢). §£n}>e D (R ) is unitary it follows '

a 2 P o '
Z ! "D-:-c" = | _ . ‘ Az,
Some useful properties of the D* functions are o

§ Do (RID.-, (R = D (R R,) t A3
DL (R) = D7 (RTY C A I4a.

. . - . A 5 E

vhere R, R, stand for the procuct of successive rotations R, and .
(] : o .

“gdands for the iInverse roitcztions to R, so that

-1

3

R, and R

| R 2 (-¢,-¢, -6) of R= (6,4, ¢)

ilso | . ' o _
D0 (R = =Vt () ' A 14

a - 5 , s oy c .

D,,'_‘ D/sjs - .:Zx':/ (a’ b5 {ca’ )_(Qa,éﬁ/c?) Dw A /3,
Do (8, &, w): Ve X5(§,60)]/(Vaid . AL
D CQ',.?",@) = [ Jer )f“ Cé‘,t}')_]/[wﬁaﬂ.] AT
Dy (68 ¥) « B (wsd) . . Ag

where ‘;': ) Y:‘i‘eprés_ent the spherieal hormonies 2na P“.( cos ¢} . .

are the Legendre Polynomials.

J

‘Tn the study of angular correlztion we dezl with.en zss~
. - lﬂ! - ) M .

Censity liatrices.
».
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embly of systems._about Whlch only llmltea 1nformat10n is knowﬁ.-
This information is not- sufflc1ent to nrovlde a comnlete quantum-
mechanical description but rather 2 statlstlcally 51gnlilgant one.
For such systems the concept of densitylmétficesiis important.
Consider an assemﬁly of 'N similar systems, ‘the stafe of

one such system tke 1+h} being described by wavefﬁnctivn ¢ .

u (m ) represents a complete set of orthonormal wavefunctlons.

‘then

“,> = %_ c.:,‘] m>> - A_A;'T_'.

The average value of F in the state 1¢> is

o <UFliy= T3l cho<miflm’y T A2

" The average value <F> in thls statlstlcally snec1f1ea systen

'<'F'>= z’F = ZY =, c""c-(m/ﬂm} A2l
vhere § 1is one nrooabn.l:.tv o“ flnamg the systen in some state

,9, among many pDSSlble states. Defining the matrix elements of a

-~
v

density operator f as

A /OMM. :’ < m'[/o!m> = Z b".‘c:ci, - A22.
then, ' ¢ | . S

<F> 2 5 Km[F[m><mfplm> A

<E7 | = Trace CF[.O) = Tro.ce({ﬂp) } A_?_lf-,

and <m'[[o] En) is ‘clhe density matrix.

Pour useful apnlications of the density meirix formalism are

(i) Assuming that 2I+1l states [{> exlst and that .21l have equal
weignt and are equally populated, then the states [m)> can be

selected such that the density matrix ie diagonzal.

_ <m'lplm> = QI+1) b A2S.
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(117 Thé-probébility of finding the’pure staté'l[é> in thé;sfafe
Imy> is given by d: ci . The probaﬁiiity f t m ghof finding in
the 's'ta“té‘lm) a.ny me;n’ber of the. mixed ensemble is given by ; Y, cf_'ci
or . -
.PC{'").z <m]plm> St A 2.
The éiagonal elément§ of the‘denéity matrix gives thg probability
of finding the ensemble in the state [my.
(iii) considering tfansitions from 2 cert;in lével_A'to a level

B we shall denote the set of guanium numbers describing eigenstates

= [ . ‘-_' . B

.of level A by 2, 2 ,....... 2nd similarly characterized states of
'

level B by By D eevennvenn . The operator H inducing transitions

from A to B is assumed to be linear but not necesscrily Hermitian

CE[HIY = HTES - Al

Assunming that the system is initially in an eigenstate |[¢> of level

by

4. The transition results in a state _ . ‘
. ' ‘ TR
» }{>:H|L> - <-,[, :.<L'}H A 2%
that is not necessarily an eigenstate of B. The probability B,
( o j of finding the system after the transition in a2 certain
eigenstate [b> is given by
2 oz :

Po(o) = | <blf>| = [<b/H]a>] Aa29

(iv) Generally, the system will not initially be in an eigenstate

but will be cescribec by a dexsity operator

e FA=2,IL>XL']<£} ; -

X . .
Lfter the transition induced by the operator H, the density operator
in level B will Dbe

pas T A

<b/FD/b'>:Z<b/H[L>B’¢<LIH'}b'> | A30
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In terms of .'the eigerzsta:tés Ja> A : e
<bj Fefb>’ z, <B[HIa><a li> b’t-(i/,_og')gq'lﬁ-l*]b’}‘ '
Z <b}H/ﬂ><a (oﬁja><b/ } > A3l

" The u:.me*—.:,cke.r't theorem.

The matrix element of 2 tensor onerator qu of ‘tensor ra.nl-'

A can be written as a product of ‘a 3=3 symbol { geometr:.cal factor )
and a2 sealar factor, the reduced matrix element which does not

depend on any magnetic quantum number. e

) .A . T ‘
<Tm|TolLim >z (F AIOI T }/I > A32

-m 9, m

. 1
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