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ABSTRACT

CALCULATION OF FORBIDbEN-DO_UBLET SEPARATIONS AND INTENSI_TV OF '’
ALLOWED AND FORBIDDEN-HYPERFINE TRANSITIONS IN THE EPR SPECTRUM
- ' OF TRANSITION-METAL COMPLEXES

' Kingsley Okwuchukwu Mbaeble . , C

‘ .
Three im‘].?ortant problems concerning the posltiox{s and intensities of‘

EPR lines have been investigated in t;ns thesis. They ar‘e‘as follows: "

(1) The/62 ‘detalls of a - préc;edure using - the tt‘;ird-order

mbation-ener'gy expressions of the gpin-Hamiltonlan H = BQST.E.H +
T T T

s'.D.s + s'.A.1 1 PI - BnIT.En.H. whereln the axes of the various

~

tensors §, D, '15, and gn a.r; a.ssump?l‘, to be non-coincident, to derive the
’expressions' for ‘the doublet.’ separations of the hyperfine forbidden
transitions: AM =t]; Km =t1, 12 (M,m are the electronic and nuclear
magnetic quantum numbers, respectively) In the EPR spectrum are
described. “These expfessions are usefuyl Nf‘or‘ '"estlmating the nuclear

9” . quadrupole tensor, ﬁ, and the nuclear g-t‘é;xsor, En’ which cannot,
otherwise, be determined, in first order of approximation, from the
posltions‘of'.the allowed transitions (AM =t1, Am =0). The expressions
for the doublet separations, speclf;cally applicable to an+ (S= 1= -5-;
S and I are, respectively, the electronic and nuclear spins) have been
1 1 3 1

C listed for the transitions M = 5 & ~5: Am =11, Am = $2; M = £ 5 i

3,
5

(1i) It is well known that forbidden hyperfine. transitions of

Am =1 and M =t§- «— Am =%1.

no\p—zero intensity are not observable for the external magnetic fleld

- orientation along the two-fold symmetry axis, when it is parallel to a
crysf,gl-fie1d~ axis, of paramignetic co—pplexes, characterized. by
monoci\inic site sWtry; but are observable fc;r all orlenta,tions of the
exter‘n&l magnetic fleld f'or‘complexes /cha.racterized by triclinic

~
4 .

~
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o symmotrva General expressions are girven for the 1ntensit1es of the AV

' “i‘orbidden hyperf'ine tr'ansitlons (AM -:i:l Am =t1), relative ,to those.o_f

I'

S ¢ the: a.llowed 'hyperfinée' transitions. (AM =t1, \m =0)" for an, arbitrary

< I

orientation of the. external magnetic field The three cases where the

/

monocllnic symmetry axls is parallel t:o a 'crystal-field axis ‘have been - .
specifically considered c° . "1 o L -

(111) Expressions have been’ derlved for the lntensity of' the fine

R structure (s> 1 1=0) and hyperf ine (S > 2, "I #,0)- transitiong in the’

EPR spectra of paramagnetic l:omplexes described by the. spln-“Hamiltonian )

\ !
Hm "ez + sz + nhf + ?qu + ”nz' ‘where ‘the yar‘ious ter'ms repr'esent,

4

- ,respectivel'y.'lthe elect;‘oni.c I‘Zeeman,, "zero-f‘ield. _hyperfine, nuclear
¢ ",quadr'upole and' nuclear Zeémari' interagtions. The particulaf' case where
r. - the excitation field 1s oriented normally to the Zeeman field, and the

. - various epin-Hagniltopig,n~£ensors are anlsotropic wlth non-coincident

1 1 Sas

,principal axes, is considered. It is assumed, followi,ng Bir (3], "that

. ' ' {
3 Rez >> ?{z >> XM The axis of qua.ntizati,on for the ‘hucleéar spin is

chosetf to be along the directioq of the effective magnetic field at the

S nnuclear site produced by‘the electrons in a given electropiq’ state. The

\present results are compared with those published previously [3,15],

\ ’ ta.king into account the speciftc, approximations made in the

. s_plnjﬁmﬁitopian tensors bor}sidered therein.

.
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In closing, the following Auotatlon from Abraham Lincoln (The Great

[ .
L

Thoughts) seems most appropriate: And. .inasmuch [as] most good things

& /
are produced by labour, At follows that [all] such things of right
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in all the ages of the world, that some have labured, .and other have, -
. J

G

belong to those whose labour has produced them

¢

B T
. .

. But'1t bas so happened
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N
.
,

1

with;aut labour, enjoyed & large proportion of the frults. This is wrong,

and should not continue. To Isecure] to.each labourer the whole product

of his labour, or as nearly as possible, is a most worthy object of any

good government
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' CHAPTER 1

INTRODUCTION ' ﬂ;
7 ‘\
L ' : < A,
Paramagnetism occurs whenever a system of charges has a j
resultantangular momentum. If this momeqtum is of electronic erigin, one -
speaks of electronic paramagnetism. S;xch paramagnetism’ can occur in

. <
various ways. (a) Atoms, molecules, and lattice defects possessing an

odd number of electrons, as here the total spin of Lhe system is not
zero. Examples are: free sodium atoms; gaseous nitric oxide(NO); organic

* +free radicals such as triphenylmethyl, C(C6H5)3° F-centers in alkali
B 7

halides. (b) Free atoms and fons with a partly filled inner ‘shell of

-trangltion-metal elements, ions isoelectronic with transition elements,

rare-earth and actinide elements. Examples are: Mn2+. G¢3+, U4+.

Peramagnetism is most commonly -exhibited by many of these lons' when
incorporated into solids, although ﬁot always. (c) A few-compounds with

,
an even number of electrons, including molecular oxygen (02) and organic

biradicals. Examples are: (NH4)2 Zn(Sb4)2.8H20,i(NH3)Cr(SO4)2.12H20. (d)

Metals. In all these cases, transitions between energy levels 1nducéd by

: an appropriate excitation magneti& field in the presence of a; external

- Zeeman f1e1d<”can be observed, whose frequencies correspond: to the

) _‘ %nergy-level separatlon.'Substances consisting of lons of the vérlous
transition groups are paramagnetix materials. In general, a paramagnetic

mat;rial is ;ne which possésse;,ﬁo resultant magnetic moment in the
absence of an external magnetic field, but acquires a m;;netic moment in

the direction of the applied magnetic field, whose magnitude is a

- function of the intensity of the field [1]. In this thesis, attention

24
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L
L3 i

will be confined exclusively to . those substances which exhibit
! - ] R

P‘f%

paramagnetism; the"correspohding"lspectroscopy' is referred to as .the

.

pargﬁxagnetic resonance spectroscopy. Also, attention is focussed mainly,

oh single-crystal host int.o") which the , paramagnetic ions are |
| " T

- incorporated; for, more useful il)fo}'matlons can be obtained from i
5 l N ., "
measurements on single crystals tpan on polycrystalline (powder)

materlals. - . ' s < .
Paramagnetic resonance, whenever it can be measured, usually ylelds

~ the most accurate description of ‘the ground state (1.e., the lowest

energy levels) and 8f the effect of the crystalline surroundings on the (
\) -

energy levels of the paramagnetfc fion. One’ of the principal <

1n'format';'ons', that can be galned from electron pa:ramagnetic resonance °

~

(E}?R) spectra, is an estimate of the varjioué parmnetené a;;pearlng in the
spinrHamiltonian. To better understand an EPR spectrum of kfpar‘ticﬁ’lu

par‘a‘{pagnetic 'syitem, the EPR d“a.{a,_ need be recorded at several\/”/

L-

~ temperaturés, at several frequencies of the q;ccita'tion field and with r

g
the, use of various microwave powers. At times, thé EPR spectrum may bed"
% -

/J used to identify an unknown transition-metal ion, or lattice defect, or . \
- ) ' it may be used to distinguish several valence states of the same lon.

- The ESR spectrum frequently identifies the ﬁ;ﬂce site and symmetry of .

" the paramagne‘f,ic species, par‘ticularl\y if single-crystal sguctzme data

.o~
are avallable.
i

N \ ﬂ

) ‘When a magnetic field is applied to a paramagnetic ion, imbedded in

A »

" a solid, splitting of,Jte ~free-ion energy levels occyrs, the energy
) B N R

levels being those due to the electronic Zeeman, crystal field, nuclear
quadrupole, hypérfine and nuclear Zeeman, terns, as considered in the
%,

present thesis. If a microwave field.of appropriate frequency, v, is

A ’

* -

.
'
* .
. N
Ve N .
/ A , . -
¥ » . -
N , ,
» -
. ‘ 14 : ¢ . .
1, . «
it L PN . K . . o : T . - .
T ot a b Mg g 3t e v P 4, e
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l?-“" / R c . . ‘(
. applied perpendicular to the direction of the external magnetic field H

- P

(thls' is. the case considered in 't.he present work), energy 1s absorbed by

the system, and the photons, (microwave qganta:)-. possessing 'ehergies

v . N i ¢

I£3 4 '
/% . equal to the differences~in -the ®nergy levels, will induce transitions.

,Another" Amportant condition for transitions to be /mduced is thgt the
brob&ibillty fgr‘ transif{ion 'betwee:n'the levels participating in resonance
be non-zero. The energfr absc;rbeéi as a functib;x §£¢tﬁe magnetic field i:s ‘
referreci to as the paramag}métlc resonance(EPR)spectrum of'. ﬁhe naterial

[12]). In a&‘lncﬁple, pa,ra.magnetic resonance can be observed even at low

&
frequenc(les, However. it is in general, preferable for interpretation of
0
. data to operate at the—hlghest. possible magnetic fielduintenslty, and
. . yax
v B /
thus, the hi#M8st-possible frequency available.
~* M * v ’ 4/

The gx\gular variption of the EPR spectrum is, ggﬁer{ally, studied by

_~ : . . . !
\keeping the frequency of excitatlon field fixed and varying the external

magnetic fleld - in magnitude and direction with 'respect to a

reference~axes system, fixed w;thin the sample; these are u/sually taken
to be the cryst.al or crystal-field, axes. Alternatively, one can vary
the microwave i‘requel}cy and keep the magni;:ude of: the e;(ten;a.l magnetic
field fixed (in the laboratory frame) and rot# the cxxstal itself. The
former approach is Lypical of EPR experimental ar'rangement

3

g In EPR one generally observes the so called "alloved" (AM=+1 Am =0) -

and “forbidden” (AM #£J, Am =0; AM =1, Am #0; or AM #f1, Am %0)

X . P .
“tramsitions. "( Here ¥ .3nd m denote respectively the electronic and
y ‘ N
nuclear magnetic quantum numbers ). \The forbidden hyperfine transitions
y
in EPR are those apparemiy violating the selection rules of the so

Acalled "allowed" transitions. These are wusually observed in

~ ?‘ N (' ,
trans}tlon—metal lons because™8Y the non-orthogonality of the nuclear

Y4




part of the wave function due "to pert.urbatlons. e.g.. by t.he

v, A ]

crystal-field,’ the’ hyperflne. the quadrupole. the radlo-frequency. and

y »

the dynamic phonon Iinteractions. The perturbea nuelear part of a

. wavefunction thus becomes a linear comblination of the unpertubed

wavefunctions , so that the apparently forbidden transitions become
weakly "allowed". The selectllon rules for these weak hyperfine lines are
AM = 'tl; Am =%1,22,..... ,etc. These are referred to, in the 11teratur-e.
as hyperfine forbldden transitions. The EPR spectra are experimo;nt‘allly
observed as ty‘pical first derivatives of absorption of 't.he microwvaves by

the samples as functions of the magnitudes of the external magnetic

field ( or Zeeman field ) H, for a chosen orientation of H. This is

because ‘It 1s convenient: for the spectrometer output to record the first:

derivative of the absorption line, rather than to record directly the

absorption /(me itself. _Occasionally.' the second derivative of the

.absorption line, resembling the actual absori:tlon more ciosely' than the
first derivative, which is easier to 1nter§rete. is recorded.

There have been’ published numerous calculations of the positions and ‘

»

intensities (absorptions) of EPR lines in a variety of hosts. However,

-in most of these systems the studles. were confined to isotropic g (and /

or A) tensors. In‘the cases studied where g and A anisotropy were
considered, - their principal axes were assumed coincident ( Misra and
Upreti (23] ): In éthe/’present.'work np~Buch restrict:ion is made with
regard to the anisotropy of the w}arioué\spin-ﬂgmlltonian tensors.

In this thesis, three important problen;s concerning the positions

2

and intensities of EPR lines have been lnvestigated in detail. They are:
a

(1) A procedure to calculhate the doublet separations of the hypei‘fine

forbidden txjansitiens to cover _.the -case, where the various tensor/a\,

b ettt v

A

K
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appearing_ in the applicable spin Hamiltonian have non-coincident

§

principal. axes [8,89,30,39] 1is presented. The separations of the

9

forbidden hyperfine doublets (AM =t1; Am =%1, #2) in the various fine

LS
structure transitions for Mn2+, for which the eléctron and nuclear spin

o

values S and I are each g, have been previously reported [16,36]. These
e;pressiéns for forbidden doubl@t‘ sepa.r‘étions derived by Mialhe [16] and
by Upreti{ [36] are found to contain some important errors in them.
Moreover, their éxpressions are not valld vf'or. the general ca.ie of
non-coinci&ent principal axes of ,the E. 5, X, f5, and :én tensors; they

Ld

assumed the principal axes of these tensors to be coincident. (ii) The

possibility of observing forbidden hyperfine transitions for tthe‘

orientations of the external magnetic field along the principal crystal
fleld axes, for the monoclinic and triclinlic site symmetriés, has been

previously discussed [5]. However, the spin Hamiltonian considered did

A

not include all necessary terms needed for triclinicl symmetry; "in
~

particular, the terms with the spin operator Og (Oﬁare the equivalent

operators of the crystalline fleld épin Hamiltonian as def‘ined by
Abragam and Bleaney [1]) with q<0 were omitted. In addition, the

spin-Hamiltonian for monoclinic symmetry was not at all correct: no

account was faken of the specific orientation of the two-fold monoclinic

symmetry axis, C2’ with respect to the crystal-field axes. In th}e‘\

¢ '

presént work, the intensities of the f‘orbidden hyperfine t;;nsitions (aM
=+1, Am =11), relative to the atllowed transitions (AM =1, Am =0) fdr“an
arbﬁ;ar& orientation of H have been treated in detail; Lpartit:t;lar
specwlalizat.io' of the relative-intensity expression fof the orientation

of H along the principal axes of the crystal field for the yonoclinic

site symmetry, using the cbrg‘ect spin-Hamiltonian has been made. (ii1)
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The method of BIr [3] has been usedsto derive explicit expressions of

the intensity-of fine structure ( § > %.I = 0 ) and hyperfine ( S > %.I
# O ) transitions, with no restriction on elther the orientation of the
ﬁrinéipal axes of the various spip-Hamlitohlan tensors, or the direction
of the excitation microwave field. Pregiously. a method to calculate the

angular dependence of transition probablilities in electron paramagnetic

resonance spectra has been given by Bir [3], wherein the difection or‘.

the external magnetic field H was assumed to be normal to th§ direction

of microwave radio-frequency excitatlonofleld. Futhermore, the principal

axes of the various spin-Hamiltonlan tensors were assumed to be

coanident, with the E and A tensors isotropic. -

/y

e
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A , CHAPTER 11 ‘
e ¢ SPIN HAMILTONIAN .

I1.1. General Hamiltonlan I
> 'n jl'

It ls wort.hwhile to write a single Hamiltonian th&t encompasses all

1

lnteractlons In doing 8o, we should remind ourS/elves of the
significance of each term. Written below is the Hamiltoniax’\ describing a
nucleus interacting with an electron in the presence of an applied
magnetic f’ield H. Define a vector potential 2 associated with the

field H, and another, Jtn. that assoclated With ' the fleld at the

electron, due to the nuclear moment, H (normally, xn= E_%‘,g ) [35].
Lr o r

Define the vector
;t-jlv ¥ 23 (11.1.1) T

Lo , , {

The energy of an atom, or a radical containing unpaired electrons

" and nuclel with non-zero spin, is written in terms of the following

Hamlltonlan:

. .
Re- D Pev +v —D B Ex B+ 2R

o . cryst om 2c2

2,2 .
e s . e A e
* 5 (B.2+ X?) + zmcz * 5 (&’.R; xn.??) + h geBeﬂ.g

8eBegan 3( 1.2 ( g.2)
* 5 Pﬁ? - fg] + 5 mh’g B8 B T. §6(r)

-

? . /
Koq = B gnpqﬁ.? . (11.%?2\}

The coupling of nuclei with each other and the magnetic coupling of
electrons with each other can be included, if so desired, In the
expression of the general Hamiltonian of equation (II.1.2). The termy -
h va is the sum of the kinetic energy of the various electrons. V is

&

A

5 ‘
. ;
o, . . .
%ﬁ.&w:ﬁﬁ#‘z_{uz B 3 gearar YL el .
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~

the electron potential energy in the field of the nucleus and that of
the other electrons. The potential energy of ‘?ach electron relative to.
the nuclel is -~ Zne?/rn, and the interelectronic repulsion energy ls:
2 2
Vo =Z -Zne /rn‘ + z e /r

1,0, 1>)

" (11.1.3)

vhere n denotes the sum over nuclei and i,} denote the sum over the

electrons. vcryst. represents the electron potential energy due to

charges outside the atoms; one can say, that |1t arises from the
electrostatic action of the crystalline environments. In the
point-charge approximation of the crystal fleld, ordinarily, only the

mearest neighbour ligands are taken into account. It 1s esSentially a

!

stark effect resulting from an electric poteritial of the type

e
v=1 QT y

1, )

where the summation is over the j charges on the host lattice and the 1

(11.1.4)

electrons. ’i'he fourth term in the Haniltonian of eq\m?ion (11.1.2),
nepresents the electron spin-orbit coupling. An electron of momentum, 13.
moving in an el';ctr'ic‘field, E, experiences a coupliné of its spin to
the orbital motion, denoted by }( . This spin-orbit interaction can be
written in the well- known form J\L § where the par*ameter A s t‘he
spin-orbit coupling constant, L/ =BEx (B + e/c 1) )Y, and 8 are the
orbita and spin angullar momenta vectors respectively. .—?ic':' (B.2 + A B)

2

+ = o represents the c—ouplling of electron orbital motion with external
2mc * o :

.- fleld. %E (i’.xn + Xn.?l) is the coupling of nuclear moment with the

s

orbital electron . hg B H.8 is the electron spin Zeeman energy. In
general, it is written as B § g. ﬁ and represents the interaction with,

or coupllng of the electron spin moment to, the external magnet.lc field,
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B-e i the Bohr magneton,, E is the electronic spectroscopic splitting
- ,“. ' v

g-tensor, The nineth term represents the coupling of the nuclear moment

& with the " ‘électron spin moment for non S-state lons. For t‘he case of

S-state ions /this term is zero and must be 'replaced by the tenth-term.

"

The most general form of the l;xyper.t‘ine coupling is obtained by adding

the coupling of the nuclear moment with the electron spin moment for non

N

S-states to the ~<~:—oup11ng of the nuclear moment with the electron épin 0
: (3 : S ‘ .
moment for S-states. The result glves

-

4

_ #  =3LA7, o - (I1.1.6)
which is the interaction between the electronic(sand nucleaf-spins; here
A is the hyperfine splitting_ tensor and the superscript T ‘denotes the

< o

transpose. Following }:his term in "equation (II.1.2) 1is the term
.expressing .the coup‘ling of* the nuclear moment with the eledtron spin

/
: smoment for S-state. ’ . 4
- . A . .
- ﬁ °

= 20 3 S ~
.. % mazévaﬁ [5 (LIg + 11 - 5«312]? 3 ( .

(I1.1.5) ‘ : /

is’v the coupling of nuclga.r‘ quadrupc‘ﬂe. moment to the field, gradient due

. o (e, B) = (x,y,2)

to the electron and external charges; here Q is the quadrupole m%ment of

the nucleus, vaB is the field gradient. :an is most often writteg as

?T.a.f.\ where Q is the quadrupole energy- tensor. The nuclear Zeeman

. AP

. term, - -

4 ,
> t ”

R_=-h gnanﬁ.‘r‘, . (IL.1.7)

. 18 due to the interaction of the external magnetic field, H with the
nyclear spin fv It is usually given by -BnﬁT.En.f where Bn is the
nuclear Bohr magneton and En is the nuclear spectroscopic splitting

¢ ‘ ~
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. tensorv/The coupling of the various nuclei wi

-
/
/:
W

the e‘£ression,
/

/ .
. = T ~
B /xn SR AN

/

, 1>

- .

(11.1.8)

-

th each other is givenﬂy

where jij is the exchange-interaction tensor. The magnetic coupling of

electrons with each othr is, llkewise; expressed as

T,

¥ =YV2.5
1) 1"

>)

J

J

The order of magnitu

doLa{/ihese interactions can be estimated from the

. (11.1.9)

observed atomic spectra for the rare-earth,[?glz

. c 2 2 ' 2, . 5 -1
Re1=2pl/2m ZZne/r'n +Ze/r .~ 10° cA ',

1

PR »

S -
H o~ 10

. ez
R’ o~ 10

11

other terms, not listed above, are excluded in the estimate. .

1

1

cm

cm

1

-

1

1,n

E
nz

]
nq

. |
11.2. Spin-Hamiltonian

-

From the general Hamiltonian above, only those terms that are spin. -

dependent are now exbrgcted; the spin- independent terms are dropped,

cancel out when the energ& dif

i
1>

® = [D(szi -1 s(s+1)) + E(S2-5%)) ~ 1emll,
S z 3 ,, x y -

4 - -
~ 10 3cm 1,-

~ 10-3cm-1,

-3 =1

?&5 10 “em 7,
-3 -

’3hf 10 “cm

1

°

- 4
.

/.

4

since they only shift the enerti levels up‘én down equally and hence

ces are takenllnto account in the

resonance spectra (see below). The total spin Hamiltonian ‘can’ thus be

expressed as:

"= Rez * “hf * N;s‘+ an

4

“p

+H
nz

+
Rn'

where the varlous terms N;z. ﬂhf. ”;s'

10

(11.2.1)

F 4 .th

and X represent,

a

A

A



respectively, the electronic Zeeman, the hyperfine, the electron

J

spin-spin interaction, the quadrupole, the nuclear ' Zeeman, and the

nuclear spin:-spin interaction terms. Ordinarily, only three, or four of
A .

the above terms are present for most cases. “Typical spin

Hanilltonians for certain caseg are: _

H - Rezb + Rhf + “ss (ESR, electron spin resonance); (II.2.2)
H=H_ +H (NMR, nucléar magnetic resonance); (I11.2.3)

= an + an (NQR, nuclear quadrupole, resonance). (I1I1.2.4)

I

11.3.Equivalent operfitors ) -

The spin-Hamiltofllan for an unpaired electron spin, §, coupled to =a

nuclear spin, f. can be, equivalently, written as

~- T ~ T ~ - T ~ ‘ q ~4d

® aeé’ g.H+8 .57 3nﬁ .gn,.? + Zsk o (11.3.1)
k,q
(k even, = 2S)

The first three terms have. been defined in the general Hamiltonian and
have thelr usual meanin Particular combinatiogs of ahgular momentum

: ”~ ' .
operators are referred to as equivalent operators Oq; they have
coefficients B:.D The integers k must be non-zero even numbers, s 2S

*

while q takes both positive and ne'gative\bx}tegers within the limits - k .

= q s k. The coefficients’ Bg assume deflinite wvalues for specific
s : . ‘

interactions. .The Og operators. that - are encodntered ‘in crystal-field

theory have been tabulated by [2], aigng with their non-zero matrix

elemernts taken between various electronic states. Another good' source is
: 1

the text by Abragam and Blearey 1. . ‘

1

.
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‘ ; CHAPTER 111
DOUBLET ‘SEPARATIOQS OF FORBIDDEN-HYPERFINE TRANSITIONS
 IN THE EPR OF TRANSITION-METAL COMPLEXES ‘
III. 1‘.- Introduction N
The normally forbidden hyperfine (h.f.) EPR transﬁlons (Am » 0;
where m is the nuclear magnetic quantum number), which are due to the

3

non—ortﬁogonality of the nuclear wavefunctions in the presence of

'perturbatl‘ons,‘ such. as crystal fleld, h.f., ‘and nuclear quadrupole

Interactions can' often“be observed [22,23]. The measurement of the
intensities and posit‘i\f:':ns of the h.f., forbidden tra’.nsit.ions is
important; for example,the evaluation of the’ components of the
nuclear-—quadrupoie and the nucle'ar-g tensors, which cannot, be estimated
from the intensities and positions of the allowed transitions can be
estimated from them [22,23. (For allowed transitions AM = #1, Am = O,
here M is the electronic ;nagnetic quantum number.) Mialhe (18] has

calculated the values of these parameters,for an+ (electronic spin S =
‘/\

g and nuclear spin I = g), in the host lattice of a-alumina single

crystal, from the positlops of the h.f. forpidden transitions é’.m «

-%,ni‘tl and %,m A %, mtl. From a measurement of the separations of the

h.f.-forbidden doublets corresponding to the M = :tg « tl~

2
> Z,andM-:tzH
3

15 transitions, Upreti estimated the values of the nuclear quadr"upole

momént of MnZ' in the host lattices of Cd(CH,C00),,-3H,0 (38) .and
13 ! ¥

Zn((}H3C00)2-2H20 [37] single crystals. By redoing their calculationsg, it
‘fsy found that the) expressions for h.f. fort?idden-doublet separe‘utions,
derived by Upreti (36,37] and by Mialhe [16], contain some significant
errcg‘s. Their expressions can not be applied to the general case of

nori-cgincident principal axes of the g, D (zero-field), A (h.f.), P

-

TS




(nuclear quadrupole) and §n tensors.

-

It is the purpose of the present thesis to describe a procedure to

calculate the doublet separations of the h.f. forbidden transitions for

the general case, where the
tensors are non-coincident
calculated to third order

procedui'e will be applled to

~ ~

principal axes of the’?'.k\in, 5,..'A and* P
[8,9,25,26,30,39], using the eigenvalues
in perturbation [8, 34]. Finally, this

the explicit derivation of the expressions

applicable to the case of Mn2+ fon for the transitions M = é‘ > -% » Am
=1, 42; M= £2 o t2, An = 1; and M = 2 & +2, An = #1. (It should

be noted that the derivation of the expressions for the: doublet

separations for Am = 12 has, here, been made only for the transition M =

% > -%. in y!onformit'y with that done 1in. the pr:evious publications

[36,37). 1t should be mentloned that". the Am = #2 h.f. forbidden
. .

transitions are not of much Interest, being characterized by much weaker

1ntens.1t1es. in comparison with those of the Am = %1 h.f. forbidden

transitions; thus they are often not clearly observed.

I111.2. Spin Hamiltonian”. ®
Lrhe general spin Hamiltonian (S.H.), where the principal axes of the -
varlous tensors are non-coincident, can be expressed as [9]
R-"ez+nzf+th
\____where, -

/ T ~
Kz ™ Beg R '

+ an + an; (II11.1)

sz - gTﬁg.
Rh.f = §T=Z-'1’; ' ; '

T -~
an - T -P-?, and
T ~
an gnf "&n H. :

@

In eq. (IIl.1), Be and Bn are, respectively, the electronic %’d .nuclear

]

. ;e

13




e

" interactions, and the superscript T denotes th“e' transpose. Here, E, A,

'
. Vaxl /

1 [4 r

Bohr magnetons, 3 and T are the electronic .&nd nuclear spin vectors, n

[N
~ ~

is the external magnetic field:vector, E. D, A, P and En sre the usual
P 1

-~
4

S.H. tensors characterizlng_. ,respectively, the electronic-Zeeman,

zgro-—field. hyperfine, nuclear quadr"upoile *and nucle&r-z;oman
~ ~ ~ a ”

D, P and g, are described as 3x3 matrices, ‘e.g.. with coonnents 3“3 .
AaB (a, B =%, vy, 2); whilg ﬁ is described as a col(:mrlu vector, whose
elements are Hx’ H;?? Hz (x, y, z are the laboratory axes), (ﬂT is then a
row vector).

To find the eigenvalues of eq. (III.1), it is helpful if a-
transformation is made to different sets\of axes for the electronic and
nuclear spins [9]. The quantization axes for 2and T are, here,’ chosen
to be along thel‘dir'ections represented by the vectors ﬁT3§ a.nd' HT-E-Z.
respectively. For these quantizaf.lon axes, the Qarious terms of the

spin-Hamiltonian given by equaf.xion (III.1) can be expressed [30]:

’ s
Rez= BegHSZ . ;‘ . ) , .
1 © o , : ¢
_1 2 T =~ 1 o227 1 2,27 = ®
e =g (S, - s(s+D)T,.5.7) + 7 SUA_.B.T) + z $%T,.B.1)
! " P ' .
1 T 1 T
3 (58, szi;+)(i'_.n.i’3) r3 68, ¢ szf_)(i‘+.n.i'3) c
o ! T 1 2T ~
Hoe=KS,I +381 T, K1) + 35S, MAT)
~ 172 2 } 2
1 T ~ 1 T ~. 1 T2
+ 7S, L,AAT) + zs 1.0y + g5, 1_ (@K1
N ¢ ’
1 ,T ~ ‘ - )
+ 7S 1,0 .AT) -
=1 2 T =2, 1 .22,TX%29, 1.22Tsg 4,
Mg = 2 (3122— 1(1*«1{))(1’3 AR ORES W AN SRS G AN A )
- - v Gt P
14 - R o
" ) , -



k4

i " T,y , 1 T 5 2,
vz (L 12:+)(i'_ BTy o+ 5 (11, + Iz:_)(i'+ BT,

y
~

R 12T = e (T3
Koz ™ = Bolily (0.8, D1, + 5T g DI+ () .gn.w‘})x_zaj
.‘ ¥
' (III.1a)

[N
d

In equation (III.1a), Ix WYy z) and (x,y z) represent two special -

coordinate systems introduced in order to obtain the most suitable form
of the spin-HamiltfonlaEn of equation (III.I). T and T represent the real
unitary matrices used to'transform the laboratory (x,y,z) system in
which the spin Hamiltonian of equation (1)\ is given into the (x ,y '2, )

and (x Y 2, ) systems For the sake of more concise notation T and F

matrices are .cohsidered as arrays of three orthonormal row vectors, ’

namely :
F L r
7 ]
1 1 ~
~ - ~’ "
T -?a . and T = ?z , where ? (T ‘2 Tm) ,
- ’ = ’ ’ 1
! Ei‘3 J | ?a ] ?l (Tn'th'Tla)

- ¢ ~

1 = (1,2,3); ?t = ?11 1"1')2. '?; = T‘;t 1?;

7

S, =S5 £S5 , I, =1 1l *(IT1.1b)
¥ % v, % X2 Y2

' The vectors defined by ?1 and ’l"; in equation (III.1b) are proJjectors,

vhich facilitate the description of transf‘ormations.‘Here,ﬂ ?3 and '?;

vectors glve the project;ons onto the z, and z," axes, and are equal to

§. n/g and K.E.n/l(g respectively. K, g, m are defined in equation (III.3)

" below. Other projectors ? ? ‘f T" are pa.rallel to the unfixed X

yl. xa. y2 axes respectlvely. The calculation of the elgenvalues of ‘the

spin Hamiltonlan, given by eq., (III.1), using the perturbation technique

15
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to second-order approximation, and choosing the. quantizaf.lon axes s

' described above have been published by a number of reseu'chcrl. (See

3
[26] for a general review). ‘As ‘for . t.he 'thlrd-order perturbltion

calculations, they have been reported by Goldlng and ’l‘enns.nt. (8], and \wL

' Weil [34], for the same cholce of the quaxit.izatlon_ axes, as described

aggve. (It 1s noted that [34] 1ists only the third-orger h.f. terma).

The energy expression t:orresponding to' the S.H. given by~ eq (III.l'.)..

calculated to third order in perturbation; is [?34] )

«

S

[y

. .\ . ° .
E, =GM+3d (M -2 + bb (8M° - ax + N .
ot 2% 3 5G .

¢ \

‘ ) M 5 *
‘+aa(2x-2M2-1)§a+KMm-GxBnHm

2,.2 :
a BHm opBH _,
10 . B a2 3 2 _Y
+ ) i (3m y) + 3 Pl(m 3)
L . . @ ¢
= 2 m
- + o (8m°~ 4y + 1 + ag_.7(2yl - ,2m 5 1)BM

M
* X +%a[aM(y-m)-(\2c(x-M2)m+2aMm +4a(3M2—x)m]

+ -—--[Sd {s s LM +1) S s (M 1)}

326? .
+ Km{S] S}, ~ S5} ] y -
bb 3 2 ) 3
+ Elzdx(so (2M + 1)° SO;(ZM -1) ) : R
4G .
' s 2 .2 . 2, . :
) + Km{S] (2M + 1)° - S-(2M - 1)7}]".
a ¢ K
+ --—-—[ d ($® 1% (2M +. 1) - s%1° -(2M - ))
1662 21 70101 & 01 01
ot K{SmIm(M +rm + 1) - Soxlo-{(M +m-1)}]
*
B B Sz
+ ---i[zdl(smlm(zu 1) - SL12 (24 - 1)}
16G -
. 18 ’

! “ —~
N
.

[



', 5 'J ) » ; 4 \ “
~ ' - . ’
N . ~ N 4 *
\ ‘ * 2 .2 . ‘ —2 - -
- KIS Ioo(M = m°+ 1) - S:z%;‘“ R - 1)}]

- O wthen '

L - ¢ 222 oM v 18P (2x C oM - €M - 3)
. ) \ 16G . o1 .

| g = (oM - 1)s%(2x - 6° + BM - 3)]

A, )

. : N + -

| ‘ A iecz< - £

| “In eq. (t11.2), ‘ :

L o, .
s ' e ~
" sa = Tr(5%) - 2d, +d] -2d_det (B);
. © . v s 2 . .
. N . . bb 7- d2 - di; S ,
‘ . » .& LY e
3 ! L ~ ~ ¢ * ~
- CFF = RLE) - 1® - Bhee (K 0 o
- ‘ > LT~ e
B'B. = Tr(AL.K) - kK2.+ 2det(R);
11 ‘ K ‘ )
: e X . ‘2. 2 -~ ‘ H ) ]
b * = (gn Gl)/“x' ¥ B

4 P
4 T 1) -2 > .
,{é . . \ az -TI‘(A .A) kt H " -

e oy = kdet(R)1/K; " .
,,‘n . -4 s TN

o« = (K- Ka):' (

- * 4 ! .- og” ;“Q
’ o R

« = [q»— GiPII/K; i .

!
a
LY

v . .’ 1 - . 2
" ' a-= [P - v . , ,
o [ 2 ?II/K, ‘ ,

N7

i

. ' 8T = - l 2._ ‘P :
S o, = [TrQ;.P} Py + PY - 2P_det(BYI/K;

- )} / h
s . . , .
= - s 0 . ’
L . ae K(e di)l . :
o : T
» ‘ : G .38#3“; , |
(] . e ~ . ' \
R ¢ ; '“ . . ? .

. . > Q ' . . > ‘? . ’.' o 17 ' '_
o . ' .”'-N,l J . - . l.'_h_ ¢
. L ) T . S :

(y -m2)(38F - x).  (II1.2)
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AT AT ~ * . .
g£=n.8.8mn .
3 v -
\ gzdn= Tl an (n=t1, £2); ,
2 _ T ~T~ 2
8“ =7 . 'gn ’
821(2 = ‘nT-ET.KT A E n . - I .
K% = 4L gL ALK AL A gom
N N NV ol
. 1 ,~T ~T ~ ~T w ~
gl((;1 =7 -5(8 A.g ¢ n.A.g).n,
kP = gL ALK g (nm= g1, $2) | ,
gkq = 1. 3@ LALEE +E.BAD.N :
n n ) -
R AN
g% = .z SB.ALE + KLED).gom
S‘a =‘[x- (M + a)(M + B)]; o ' -
o8 . .
gely-ms s ] (e 0,820
x = S(S+19; and
R i : v »
. ¢ N ‘
y = I(I+1) - (111.3)

In egs. (III.2) and (I‘I'I.B). o, B subscripts on S and I (e.g., S&B'A“Ic'zﬁ)

are shorthand notations for the subscripts (-a) and-<(-B) respectively. -

The star (*) denotes the complex conjugate, and the caret (*) denotes ‘a

a

unit vector. '
<@ j *

To calculate the eigenvalues, the electrbnlc Zeeman term. of the

\

‘s\‘n.. given by eq. (II1.1), has been assumed to be the dominant term.
. ¥
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The term in eq. (111.2) varying as l,%has been derived on the assumption

that the first-order h.f.-energy term, KMm, is much greater than the

'

nuclear-Zeeman and nuclear-quadrupole terms. Thus, eq. (III.2) is not

Ity

appliéable to the case for which M =0.

I11.3 Procedure for the Calculation of Forbidden Doublet Separatlons
Typical EPR resonant transition, is induced between a pair of energy

levels (characterized by the quantum number M,m and M'\,m’, with energies
’ u

I-:1 and Ez respectively), when (1) the energy of the microwave quantum,

" hv, equals the difference in energy of the pair of levels par;tlcipating

- -

in the r'es;'man.ce:
‘AE = |E, - E,| = hv, (II1.4)

and (i11) the transition probability from the level M,m to the i?vel

)‘M'.m’ due to the interaction of the electron magnetic moment with the

microwave  excitation Yteld 1s non-zero (1]. (Here h is Planck’s
constant, and v is the frequency of the microwave field.) The external
magnetic fleld value, Hr, which satisfy the condition (II1.4) is called

the resonance field. Let H’_1 and Hra denote respectively the ,resonance

flelds at which the transitlions corresponding to the forbidden doublet

Mmn ¢« M-1,m and M,m & M-1,m’ (m = m’) occur. Hn and H _ are, then,
the »line- posltionsg correspo_ndiné to the forbidden doublet. The

dirf‘—t:erence of the two resonance flields, AH = le " Hrzl’ i1s referred to

»

as the forbidden-doublet separation. This separation can in genera'.i. be ,

calculated by the method of successive approximations [14].
Using thé\elgqnvalues. calculated to third order in perturbation,
given in Section 2, it 1s, now, noted that any resonance field, :Hr,

obeys an equation of the form

s

FS




Pt

wy

c b ¢ .-, : ' -
H = Holl -—a-g-- 1, . (III.{S)

r

+T

3

where i{o = hu/g8 ; and a, b, c are constants. The solution of eq.

(II1.5), to third order, using the method of successive approximations,

’

is
" H® =R[1-a-2 -8_ ¢, (I11.6)
r 0 H 2 2
o Ho Ho )

Using equations (III.2), (III.4) and (III.6) one can easily, derive the

general expressions for the doublet separations. The calculated general

expresslons (retaining only terms in Ho, Hi. H;l. H;a and- also constant

terms independent of these) turn out to be very long, and are, thus,

given in Appendix A.

‘I11.4. Doublet separations for an+ (S =] = %)
The specific case of Mn2+, considered by Upreti (36}, will now be

treated for illustration. The partiéular' S. H. As' as follows:

2 1 2
R= gﬁeHSzl+ o‘(Szi-— 3 S(S+1)} + pS/
B * ) , 1
+ps+ 2s. s +585)+2(s. s +855 )
: - 27z "+ +°z 2 z - -z’
1 1 1 1 .
+AS 1 +Ms1+s1) - : h
z 'z 2 T4+ - T-T+
1 1 J ,
- 2 1 ~ «
- g B HI, + P{I - 31(I+1)}, - (rir.m
1 1

-

where the external magnetic field His along the zx-axls. The quantitl\es
o, p, and A, appearing in eq. (II1.7), are defined below by eq. (fII.B).
The g, A, and §n tensors of the spin Hamiltonian dre isbtropic, while ﬁ
and P tensors conform to orthorhc;;nbic' symnetry.

The \(ar,ious“doublét separations, pi'esent.l.y calculated, are 1listed
for the transitions M o M1 (M 221 1 .2 mestanan=l

4 v
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(II1.8)

Q

Yy

In the expressions, given by egs. (I11.7) and (III1.8) above

o= [D(Scosze - ;) + 3Esln29cosz¢];

[Dsinze + Ecos2¢(1 + cosze) + 1 2E cosBsin2¢];

B DO -

p=

A = sing [(D - Ecos2¢)cos® + 1 Esin2¢)];. - -

p'= i [Q’sinze + Q"cos2¢(1 + cosze) + 1 2Q" cos0sin2g); "

4A

3

A= -§1gg§[cose(0’ - Q"cos2¢) + 1 Q"sin2¢);
N | ,

2 2

p= % [Q (3cos®® - 1) + 3Q0"sin%6cos2¢];

b4

L]
”

hy .
H= —— » ]
o~ g8} . | . .

gan/(gBe);'ané - N ' ’ v

. - ) 4 :
(8, ¢) = Euler angles defining the orientation of i with respect to ¥

24

MR AR



&

J ' <
\‘ 23 N
the principal axis of D. . (I11.9) —
! ’ & I 9 . , '%”:‘1
ymscusslon . : .

In this present thesis the axis of quantization for the nuclear-spin

(I) has been chosen to be along the vector, ﬂT.ng for the calculation of

h.f, forbidden doublet separations; this is in conformitywith that used ﬂ

traditionally, e.g., by Abragam and Bleaney [1], Orton [27], Iwasakli
(8], Well [39], Rockenbauer and Simon [30], Golding and Tennant [8], and
Low [12]. However, Upreti [36] used tfae axis of quantization for"I to be
aloné the effective magnetic field, i?e. which 1s’d1fferent for different
electronic states in accordance with thaé. used¢ by Bir [3]; i.e.,
e MM &"(g A <M|SalM> «B = X, y,z Bir's approach [3] is valid

for the sitpation where t'he h.f. 1nteractlon (§ .A. 1) is much smaller

than the fcrystal field and electromic-Zeeman interactions. In the

typical X-band EPR situation the h.f. 1interaction term, being

"suffiplently'largé. is not small compared with the “crystal-field and

electronic-Zeeman terms a.nd cannot be neglecf‘ed In this case, it is
appropriate to choose the direction of ﬂ .8 A as the quantization axis

for I, the same as that utilized in this thesis. .It i's noted that Mialhe

[16) chose the direction H'-g as the axis of quantization for both the

electrondand nuclear spins, t .

3y

The presently-derived expressions. do not quite complement those of

Upreti [36,37]. The' maln .reasons for this discrepancy are as follows.

(1) Upreti used-the same expressions i.e., H., = H,, to approximate the

resonant flélds in the. denominators of both the transitions M,m

~

1
M-1,m’ and Mn < M-1,m. This approximation isnot correct, since
different transitions do .occur at different resonance ineldzt(ﬂrl #

HrZ)' (¥1) The correct coefficient of E appearing in the real t of p

¥ -
.
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in the expression for the Hamiltonian.‘ considered by Upreti [38), should

read cos2¢(1 + cosze). as given by eq. (II1.8) above. (1ii1) The °

quant}zation axls used presently for I is different from that used by
Upreti [36]. This cholce of quantization axis is also r;sponjible_fbr'
the coefficlent of Azp in the present thesis .belng different from that
of Upreti [%36]. Upretl [38] employed the method, proposed by Bir {3], to.
¢alculate the eigenva\lues to third ;rder. U;'ing these eligenvalues, 't!a
E:alculgted the doublet separatlons; all the various terms glvén in [38)
are fo@d to be c:)rrect.- as verified by redgiﬁg his ca.lculatlon.s

e\r.xtirely indepeﬁdently. except for (1) the coefficlient of the Aza- term

given by Upreti [36] for the —g > -g'. Am = %1 transition should be 8nm

instead of 18m; (1i1) the coefficlents of the A3 terms given by Upret!

[56] for the various transitions are gal] wrong; the correct expressions

8

should be the same as those given by eq. (II1.8) of the present thesis

and (1ii1) certgln terms are completely missing, because-Upreti did not
take into account some important seco;xd and third-order terms in the

L

application of the method of successivedapproxlmations. These missing

terms are listed below for the. various doublets:

_1 1 s )
M—z(—) 3, Am=?t1.

-

3 2P, 33 A%p

2 7H .- (2m + 1) - (n® 4+ p -~ ——)—
° 4 13H2
, 7o oo ‘
sl l e s
-M Z»H > Am = £2: ’ R
16 7 Ho - 32 + m(4nm ;31)_5:.12.
%o Y57 -~
. 6 m
26
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B COFL T S ST e RIS I T QAT ST e R L .
STTRRRT L T T r.%;,;‘A*c:,ﬂ:av,ve.«;”’W:"}-?’“‘aﬁmzm
. B b wrdda

» - . N NN
L]
- 4~ c [
2,1, . .
M= 2 ) 2 Am = £1: , \
7 ’ . ) 272 C e 3 h . - .
- {40 + (2m + 1)A] = —[A + (2m + 1)P]) + 27 Ho + , -
7, . A :
o - 33 37 A% o
- 4+ (2m" - m -~ - )
- 232 : '
- ) 2 , 4 1°H‘§
M2 o 2 i = 11: : [
- = [B0 4 (2m+1)A] = — [2A + (2m+1)P] + 2% Ho. + ]
‘l' 70 s L 10 . . N
- ' .— \
' s _p AT 7 a1 A% - e
¥ + (20" - 50" - —n -~ —)35 - . T
1,3 , >
M#& -5 & =5, &n = 2] i ' .
, ; 2y° g ’ ] N
— [4c - (2mn1)A] + — [A -~ (2m+1)P] + 2 Ho . ’ ‘
7, 7,.
. AZP\ R . ; ' {
-3 2 23 29 » ! .
. + (2m” + Tm - sm - -a)———ahz . ,
. . 70 0 B 1, ‘
M--z(—-)-g. Am = *1: - N _l 7
— . | .
\\__ .?A ? R ?72 ) 3 - '
SV =—[8c -- (2m+1)A] + —[2A - (2m+1)P] + 2¢y°H : : =
. o .
N 10 . 70‘ 1 . s .
« - 2 3
15 25 AP ’ .
+ (-Z‘m:3 + llm2 -——nm - -")".S—Hg (I11.10) - ke
2 4 “10 0 ’ il
| Here, 7, ,- gBe and 7 = (gﬂﬁn/gﬁe)‘ . -
G " Mialhe’s calculation of doublet separations [16] considered a spin
“ ’ \ - i - '
e U 1
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x{amllgﬂx/a\n with \isotropic E and En tensors while D, A, B te;mora
~

gpnform to , uniaxial symmetry, along with fourth-order terms in

electronic spin, approprlate to trigonally-distorted cublc symmetry.

/}&ver. all the contributions coming from the second-order terms ih the

eigenvalues were not ta(‘x/er{ into account. 'Aftgn an lndmpendent

calculation, the corrected Hialhe's expression (eq. (‘III.B) of [18]),

[

s
except for the C(6,¢) term, is listed beiow:

ol A - A = -§g—[(3cosze -1) - 6(A-B) sin 9 coszel
13 18 g8 B o
« 2'2 2' 2 e . .
] - N 2 ’
32DB 2 2 2 100B A -
. = —=~—==-2(3 cos"857 1)(A sin"@ + Bcos“0) + ——=—-m-- .
. 3 3
(8,)°H2 (g8,)°H2
18Q" | o 2 2
4 e -[B“(3cos“e - 1) - B(A - B)(Qcos ® - 10cos“@ + 1]
’ (gB )3H2
)
32D i 5
+ ———em——— [B(A ~ B)(5cos @ - 6¢cos“@ + 1)]. (II1.11)
3 .

l In eq. (III.11), AM n = HP(M,m & M-1,m+1) - Hr(M,m'rl « MXI.K)q Here,

no attempt was made to check the correctness of the C(8,¢) term ‘of (18]

Fad g ]

. N
w/hich arises out of thg‘fourth-order terms in electron splrr‘ogerator\ix:
ake

/ the S.H. Fimally, in this thesis, these fourth-order terms are not t
’ e
/ -

y into account in the S.H., given by eq.(III.1). ‘-

/ . ) .

/ II1.6. Numerical Fitting
A

-

'As shown in section III.4, forbldaen hyperfine transitions oécur in
— .
PR pairs, and the \ma‘.gnitudmf thes splitting of these pairs of lines

depends on the orientation of t:.he external magnetic field,H, as well as

28 : s




e

]

)’” the ‘pin—Hamiltonian parameters. In this section the measured doublet

S |
~and AHex

L -

separations, reported by Upretl [36], will be used to estimate the

parameters Q' and Q”; these are, remspectlvely, the axlal .and rhombic

components of the quadrupole-coupling constants of the anf nucleus. In’

order to calculate theoretically the forbidden-doublet separations one

W

needs to know the parameters A,D,E, as well as the klystron frequency,

<4
v. A, is the isotropic hyperfine coupling constant, while D and E are

the’ zero- field coupling constants. These parameters have been listed by°

Upret!i [36]). However, there is no mention of the klystron frequency, v.
The klystron frequency, v, along with other spin-Hamiltonian parameters
‘can be estimated by the use of a least-square fitting procedure with the

“chi-squared” (xz) value for EPR data defined [40] as xz = Z(Aﬂiai -
i

L are the calculated hyperfine doublet seperations

AH )2, where AH1
ca

expt 1

pt are the experimental ‘(observed) doublet separations. The

index 1 covers all the datd points used simultaneously in the fitting.

To commence with the least square fitting, Upreti’s expressions for the

doublef separations of the forbidden hypc;f'fihe transitions M 172 &
-1/2.(\9:11 = t1 were used to fit the observed doublet separations to
estimate the microwave frequency,v, the 1lsotropic hyperfine :coupling
constants A, the zero-fleld coupling constants D and E, using the
reported values of (‘' and Q” by Upreti [36]. The best-fit values of the
spin-Hamiltonian parameters (A = -86.417G, D = 340.986G, E = -344. 001G),
along. with the microwave frequency (v = 9.461GHz), so estimated, were
then used in the expressions for the doublet separatlons.of the
forbidden hyperfine transitions M = +1/2¢& -1/2, M = +3/2 & +1/2, M=
-1/? ¢« -3/2; Am = %1 and M = +1/2 & -1/2; Am = 12, obtained

presentedly (see equation ( III.8 ) ) and assuming gan/gBe equal to

a
29
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ok

A

T 0.37 X 10°° .as given in ,NMR Tables [40], to determine the best-fit

values of Q’ and Q~. These are found to be Q = 0. 4026 Q” = 0.814G.

{I‘he doublet separations qf the forbiddan-hyperfine tvansltlona M = +5/72

PPr3/2, M = 233 5 -5/2; An‘= 21 were not ingluded in the fitting,

since these ?cnt’ai’ values g{gther imprecise as revealed by a

g

comparison of caléﬁlated values of Upfietl [36) using Q' = 0 28G, Q”

= 0. f?G estimated by him. Comparing the present best-fit values of Q’,
Q" width those reported by Upretl [38]. significant dii‘ference in these
two sets of wvalues are found. Q' presently estimated 1s larger by 43.8%
than thaf. reported by Upreti, whereas Q” estimated presently is smaller

by 8.4% . As for the xa values, xz e 26G% for 20 lines ( included in

Tables 1-3, 6 . using) th; presently derived expresslon, whereas kz--
652G usir;g the expression gi\en by Upreti [36]). These, values of zz is
improved by a factor of 25 using the present éxpreésions. The observed
(36] and calculﬁted doublet s)epaa.rat.ionsr ( equation III.8 ) for the
transitions M = +1/2 & -1/2, M ="43/2 & +1/2, M= -1/2 & -3/2, M =
+5/2 & 3/2, M = -3/2 & -5/2:‘ Am = %1 are listed in Table 1-5
respectively, whlle those for the transitions M = +1/2 « -1/2; Aulnt = 32
are’ given in Table 6. Tables 1-6 also include the calculated values of
the various forbidden doublrets using Upreti’s expressions along with his
reported Qf.Q” values. The agreement between the observed [38] and the
calculated values is fairly good, except for the tr.ansitlon M= +5/2 &
‘+3/72; Am = 1 (Table 5). The relatively large ‘di’fferences’betwee.n the

observed (36] aind calculatfqd doublet seperations for this group may be

due to a large angle & (= 20°). For large angles, conventional

* perturbation -~ theory 1is known to be unsatisfactory, because of
% N 1

considerable deviation of the direction of the nuclear magnetic moment

[y
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‘ TABLE 1
N o | L
- - OBSERVED ‘AND CALCULATED DOUBLET SEPERATIONS (IN GAUSS) OF FORBIDDEN-?
' TRANSITIONS Am = #1 IN THE-M = +1{2 «y§A-1/2 TRANSITION AT 6 = €°, ¢ =
0°. Q' = 0.402G, Q* = 0.514G (present); Q' = 0.28G, Q* = 0.87G
{Upreti) ;
~ . T '
. 8H = Hy o me1 o -1/2,’{' Hija.m e =172, m1
[}
-~ m Expt. (Upreti) Theor.(Upreti) Theor. (present ) [
‘ -5/2 13.72 13.55 14.5Q o
-3/2 17.01 17.57 . 18.05 .
-1/2  21.30 21.59 21,59
+1/2 25.32 25.61 . 25.14 ’ .
+3/2 , 29.54 29.63 . 28.68 / N
s “
’ ]
- - TABLE 2 : ' S
s 0 * ' . . , 'y
OBSERVED AND €ALCULATED DOUBLET SEPERATIONS "(IN GAUSS) OF 'FORBIDDEN
TRANSITIONS Am = %1 IN THE M = +3/2 ¢ +1/2 TRANSITION AT 0 =
\ ‘ : I :
{ 10°, ¢ = 0°. For tpe .Q’, Q” values see the caption of Table 1
[ 4 v ’ ;
, ' 81 =Hy o me1 o +172,n " Ba/2,m o +1/2,me1
- P
m  Expt.(Upreti) Theor.(Upreti) Theor. (Present)
-6/2 189.35 179.34 - 188.76
-3/2 . 191.72 _ -186.61 190.59
-1/2 192. 12 194. 00 192.49 o v
4172 193.04 20150 184.45 - )
R +3/2 195. 14 208. 12 196. 49
- ’ [: 3 v
w \ ‘
[ 4 R ° -
2 '

+

%r'" &
(R0
2

¢}

,

L

3

d

&

4
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OBSERVED AND CALCULATED DOUBLET SEPERATIONS (IN GAUSS) OF FORBIDDEN
TRANSITIONS An = %1 IN THE M ; -1/2 ¢ -3/2 TRANSITION AT 6 =:

10°,. ¢ = 0°. For the Q’, Q” values see the caption of Table 1

TABLE 3

~

!

rd

B A= H 1 /2,m1 o -372,m " H172,m © -3/2,m1
m Expt.(Upreti) Theor. (Upreti) Theor. (Present )
-5/2 150. 52 156. 04 150. 08
T 152,87 157. 42 151.69
-1/2 154.17 158. 92 153, 37
/2 156.22 160.54 ¥ 165.13
" sa22 158.29 162.28 156.95
_TABLE 4
OBSERVED AND CALCULATED BOUBLET SEPERATIONS (IN GAUSS) OF %pnBIDDEN"
. TRANSITIONS Am = #1.IN THE M = +5/2 « +3/2 TRANSITION AT @ =
20°, ¢ = 0°. For the Q’, Q” values see the caption of Table 1
M= /2, m1 o 372,m 7 Porz,m o 372, me1
m Expt.{Uﬁreti) Theor. (Upreti) Theor. (Present)
-5/2 . 332.73 341:23¢ " 333.08
c =372 ' 346.04 349.82 310.27
172 352.25 , 358.63 7.8
+1/2 359.85 - 367. 67 354.76
322 369.45 376.96 * 362.04
. " *
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‘ TABLE §
"\ :

OBSERVED AND CALCULATED DOUBLET SEPERATIONS (IN GAUSS) OF FORBIDDEN
TRANSITIONS Am = 31 IN THE M = -3/2 ¢« -5/2- - TRANSITION AT @ =. )
29°, ¢ = 0°. For Q’, Q" values seé the caption of Table 1 \
- L M oz Mazm o s
v n Expt. (Upreti)  Theor. (Upreti) Theor. (Present ) ‘
" -5/2 318.25 ' 315.77 » 312.45
-3/2 321,12 <. 324.48 ' 317.565 ‘
_1/2 326.23 333.46 -~ 322.68 "
‘\( +1/2 331.54 342,66 - . 327.84, “
, \ a2 335.87 352,08 3302
TABLE 6 _ . ' .
OBSERVED . AND CALCULATED DOUBLET SEPERATIONS (IN GAUSS) OF roaan;ni-:n
,  TRANSITIONS ~Am. =12 IN THE M = +1/2 > -1/2 TRANSITION AT 0 =
8°,.¢ = 0°.For Q', Q” see the caption of Table 1 ,
BH = H) p mt1 o ~1/2,n-1 ~ B1/2,m-1 o -1/2, m1
) m Expt. (Upreti)  Theor. (Upretl) Theor. (Present)
» =372 31.95 31.33 32.70
-1/2 39.24. 38,23 38.68 P
“ R 46. 12 " 47.13 L s '
+3/2 53. 89 _55.03 53. 65
v ’
' . \ "
. | \
. ) :
- - . 34



CHAPTER 1V
OBSERVABILITY OF FORBIDDEN HYPERFINE TRANSITIONS ALONG

THE PRINCIPAL AXES IN THE EPR OF LOW-SYMMETRY COMPLEXES

IV.1. Introduction ¢

Forbidden hyperfine transitions can be observed when the -

orientations of the external magnetic field d 1s along the pril;xcipal
axes of the crystal-field when the symmetry of the crystal-field is
higher than monoclinic ‘[22.23]. Pandey and Upreti [28] have discussed
~the possibility of observing forbidden hyperfine trénsitions for the
orientation of the externally applied magnetic field along the principal
axes of the crystal-field for monocli«'hic and' triclinic site symmetries.
However, the spin Hamiltonian they considered did not include all the
n;acessary terms required for the tricilinic symmetry; the terms with
"spin operators o9 with q<0 were n(bt <;onsidered. The specific or"f’entation

k
of the two-fold monoclinic symmetry axis, C2 with respect to the

crystal-field axes was not taken into aE:count; that changes the: form of

the monoclinic spih Hamiltonian.

Misra and Rudowicz [24] recently, discussed the form of the spin

Ha.miljlmian appropriate to monoclinic symmetry (for three cases C2 i X, ‘

Y, 2 where X, Y, and Z dre the three principal axes of the
crystal-field). The calculation of the intensities of forbidden
hyperfine transitions for i along the principal axes of the
crystal-field taking into account tht; correct nlonoc linic
spin~Hamiltonlan (for t.hree cases'Czsll X, Y, 2) and for tr'iclinic

symmetry is presented in this thesis.

IV.2. Spin-Hamiltonian 0 .

A.Triclinic symmetry




an{ﬁudowlcz [33]. The explicit forms of the zero-field Hamiltonian, X

yr e ey Yo S (RTINS IR AN AR

1
The spin-Hamiltonian for triclinic symmetry, in the notation of
Abragam and Bleaney [1], is
( N )
" =‘“Rez ¥ “zf * Rhf * "nq (A.1) . i
In equation (A.1), Rez' sz. th' and an ére. respectively, the
electronic Zeeman term, the zero-field term, the hyperfine term and the

nuclear quadrupole term. They are expressed as follows;

T ~ a . _
®, = ‘feg .g. 1 : (A.2)
+k . ’ ’
o = Z [ {Bg)(og); ( k even, s 25 ) (A.3) .
k q=-k ’ )
B = 3T x. 7, (A.4)
T ~
R 7'.8.T (A.5)

In equations (A.2) - (A.5), g A, P, and Bg are the usual spin

Hamiltonian parameters that can be determined from experimental data

k
or example,’ by Rudowicz ([32]. Curly brackets

(EPR line positions and intensitles), and ‘03 are the extended stevens/

operators, as defined,

at the parameters an e operators are exprﬁ_ssed in an

original coordinate system. Recently, the\subject of spin operators was

. S .
reviewed anda‘rarlfled (33]. The relationXbetween the conventional

stevens operators (OT) and the od operators of eq on (A.3), as well

k

as their transformation under rotations is given in [32].

o

B. Monoclinic symmetry

The cases where the monoclinic symmetry axls, 02 is parallel to o

ar

of the crystal-field a.xes X, Y‘Z have been consldered in detail by Misra

z2f’
for these three possible choices, including terms upto sixth order, are

'133]: p ° : .

oy,
v
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Hoe - Hortho * *aono - (B.1)
Q *
where,
D) (Bzu Ky + )j(a“)( y + Z (BENO}
k=0, 2 k=0,2,4 k-0246
@2 ¢
+
and for: C2‘ Nz,
Hoono = (8o MO + (BHOD + (5] Yoty
T, _(BB 0D + (BHOGY + (B0 (B.3) ‘
A s
C2 hy, |
Roono = (B0} + (Bg >{o4> . >(o4)
+ (BLNOY) + (BINOR + (BIMOD) C(B.4)
c2 X, , “
L (B oy + (B oy + B30 |
5 Moy + BONOGY + (BPHOY T (B.B)

Iv.3. Intensitie_s_of_f‘orbldden transitions relative to the allowed

"transitions

A. Derivation of intensity formulas
Consider a paramagnetic ion, with electronic and puclear spins S and
I respectively. Assume the spin Hamiltonian for such a paramagnetic ion

ln a triclinic symnetry crystalline field is,

[
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= T 'T K ey . b 704
#=pgs .H+Aa8.7+ PRCHIOHRE) (B;){0,)
q=-2 q=-4
o dy rnd
+ L (Bg)og) - (e
q=-6 :
Assume for simplicity that g and A tensors are isotropic. The electronic

4

Zeeman 1s chosen to be the dominant term, the hyperfine term being small

or large compared to the eletronic Zeeman term depends on the

circumstances. In this thesis, the situation whereby the hyperfine term, ,

is small compared to the Zeeman term should be considered. In order to
ca.lculzatte~ the intensity of t:he~ forbidden, relative to the allowed
transitions, the normaliséd elgenfunctions of the spin Hamliltonian of-
equation (C.1) should be. calculated by the use of perturbation tiaeory.

“In the EPR situation, usually the electronic Zeeman term ls chosen to be

' very much greater than the remaining terms in the spin Hamiltonian. Now,

choose the quantization axis for the electronic spin such that the
electrbonic Zeeman term is 'diagonal.Let the direction of the external
magnetic fleld vector,ﬁ with respect to’ the crystal-field ax‘es (X,¥,2)
be described by the- spherical cfoor;dinates @ and ¢. Since one assumes
that the spectroscopic splitting factor, E, is 1sotropic,then the Zeeman
térm can always be chosen diagonal in any coordinate system, in
particular the one for which the Z-axi rotated relative to the
reference coordinate system by.angles @ and ¢ [12]. 'Tbe result obtalined

on tran%forming the hyperfine interaction operators is given in [12]:

1 .
ASI +5A(S5I +S1I)—>AS]I +

1
2
1%

5 A(S,I_+S1,).

[+
The subscript,6 1 designates the Zeeman diagonal coordinate system. The
transformations of all Oﬁ opera.tor"s and their assoch;.ted coefficients in

the transformed coordinate system, ‘denoted by the square bracket [82]
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have been listed by Rudowicz {32]. ‘'In the Zeeman diagbnal coordinate

" gystem, the spin Hamiltonian of equation (C'{) takes the form: ) ~

=B gHS, + AS)1 + 5 A (S,I+SI) )
- 49 151 . . - )
+2 +4 +6 . .‘ -
e Grod1 + T s%rod dyrod )
C 7« [ ey + T rEgaog + T (eglog) (c.2) |
T g2 q=-4 =6 - :

' The unperturbed Hamiltonian #  1s now chosen as
pre 0. 0
“o = ﬂegusz: “‘Sz:zi+ [82][02] . . N

+ [BJJ(03) + [BQUICG),

¢
o

»

whose eigenstates are_|M,m)’.

+2 .
X R 1 4 q q
#= 5 AS,I+s1)+] [BJIO]] +

q=~2 r
+4 “+8

. T 'tediod + ¥ “shiod (c.4)
q=-4 q=-6 A

t
.
[}

is then chosen as perturbation.The prime ;wer' the summation sign in
equation (C.4) indicates that the terms with q =0 are not included.
The [Bg] are the coefficients of the [OE] operators, which are ex_pr'essed B
o _1'n the transformed systen. [Bg] c/:an be olbtai‘ned from ~ {Bﬁ). the
coefflq_iaerpt_s in the oriéinal system using the transformations listed by
lRudowicz tai]. Wavefunctions - |M, m)° are pertux;bed by the off-diagonal

matrix elements of the spin-Hamiltonian of equation (C.1); the perturbed

l.: Coe wgvefunctions .are denoted as |H.n)(n). where n is the order of
‘ ‘ perturbation and takes values of 1,2,3,....,etc. n = O corfesponds to

U - . .
§'?~ . . R -
. A A s, ey L
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the zero order wavefunctions.- The of f-diagonal op&rator .R'lu expressed

as -
: R Re B+ H R+ R R R (C.5) _
" where, ¥, = SA(S,I_+ s_1+)' (c.8) ‘ _—ﬁt\/
F # = W [8;'10,] + TBgNo, + [8;'M0"), + (a0l | o
| ; [3;1][Q;1] . )

~a 2

-+

o , 2 2 o2 .2 2 2 o
- \ *, = [B]I05] + [B,"N0,°) + [BYIO)+ [B,“10,]

2.2 . -2 -2 s
+ [86][06] + [BS ][O6 ] ‘ (C.8)
3,3 -3, -3 -3,,~3
= [Bylloy) + 1B N0g) + ]+ B 05T
oo . (c.9)
. = madirad -4 -4 4.4 -4, -4
p = [B,)0,) + [B,lo,"] + [BSMOG) + [Bg MOg ']
) (C.10)
Sar D -5,,~-5 . .
| | ¥ = [B5l05] + [B5 IO, ] | (c) -
6118y . ro=Byn~6 -
Rea [BB][OBJ + [86 ][06 ] . (C.12)
) Only those states admixed into IM,m)(p) for which the denominator s of
B order (B egH) will here be considered. Furthermore, for the forbidden
transitions AM =11; Am =11, one only need consider admixtures of states
i‘ which produce AM =11, Am =11.It is therefore, neccesary to go-to second
? order in perturbation where these admixtures are obtained. For this, one
£ . ’
R requires the matix elements °<M | ¥ | Mt1>°, which are independent of m;

TORALHTI P
el F4
&,

thus, one needs only those parts of\ the c_rystal-ﬂéld operators which .

b -
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ghifts the M .values by %1. Since the crystal-field operators' are
L[] - : - N N
q
06’ H -
( definitions of the 0: operators are given in [32]), )one lpbks for the
1 .
coefflcients (of the parts of the spin-Hamiltonian which have the form of

’ ) . *
0:1, where k =2,4, and 6. The crystal-field operators 0;1, Oil and 081

R >~ -
composed of second, Oq. fourth, '02. and sixth, order spin’operators

) - s . ,
along with the hyperfine interaction, ?T.A. ?. mix the hyperfine states.

The second order perturbed eigenfunctions are [5; s ’
/ '
TP ! ) . ;
. Mym> = (M,md° + Foay,y oo 1M mD, (. 13) o
N.,n k
where N,n are non-zero integers, the a;s are the second order admixture

coefficients of the states participating lx; resonance; they‘ar'e y

proportional-to

Q< M’.m’l u lM,m >0 /l// \\\,
o 0 ) o -
(E M,m EM’.m') N
o] oM, m* (3 1M,md° O’ m 1% M, m">°

0 0 0 )
M¥, m¥wM, m (EM. n EM',m’)(EM,m— EM".m“)
The prime over the summation sign In \equatic;n (C.13) indicates that the

term with N = n = 0 has been omitted.In evaluating the matrix elements

“of [O]], the relations

o lb;qm% % x°<M'|og|M>° , (C.14)
>  lend 1081M-g5° = (-0 1081 -Megd®
| = °<H-q10§IM>° (C.15)

have been used [2,38].In equation (C.14), the upper and lower signs
" apply to M'< M and M'> M respectively. Specifically, since one only
needs the operators Oﬂ. where k =2,4,6 ,the only states in the second

- -~ Q

order perturbed wavefunction, |M,m) which one needs to consider are the
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® following: - 4

Mm> = (M, + alM,m) IM,me1)” + B4 M, m=1" + 7 (M,m) | Ms1,m=1)°

0
© 4 7 (M m) M1, me 1) (c.18)
<
where

s L.}
a(M,m) = - kOt [°<M.m+1|[3;1to;1 + [B1(0]

-
L

+ (BLI031 1M1, mv1>° ~1°4, me11(8;11003) + B} 'l0)

§ : .

. s..1
4 tBs‘noénu—a.w»f’] + {°<M+1.mua;no§1 + [Bl[0)

a

- +'[Bé][0é]m.m>° - 1°(M+1.mI[B;_1][0;] + [BZI‘][OII‘] -y

+ c[8§][°éiﬁm>°]. (C.17)

S..1

B(M,m) = — o1 0 [°<M.m-1|w;1[o;1 + [8,[0y)

(ol |

+ IBIOGIM L+ e m-11(; 10 ¢ (8,0

‘ = 2
+ [B;1][0é]|m1,mrl>°] + 20}61 01 [001_1,m|[8é][?é] + [Bi][ﬂil

¢ (BgloglIMm° + 1°¢-1,mI(8'03] + [B,'1(0y)

1

+ (85051 1M, m°), (C.18) .
~ AS. I .
01701 .
11“4. m) = L (C.18)
A S -I »
12(H.n) = 01 01, (C.20)

In.the EPR experimentel. set-up the applied microwave field ho. can be \

- T~ —
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arranged to lie in the xy( or xlyl) plane, with H-in the z or zl-axis.

The spin Hamigtonian for the microwave fleld can be taken as

”"
=pg(h, S +h, S +h S ) (c.21)
R? e 0x1x1 Oyly1 Ozlz1 n
Here, hOxl’ hoyi. hozl are the components of the amplitude o‘k;the

microwave (r.f.) field with respect to the (xl.yl.zl) coordinate system.
The general expression of the intensity of the hypérfine forbidden (If)
transitions M-1,mt1 > M,m relative to the correspyndlng allowed (Ia)
transitions M-1,m & Mfm apﬁllcable to any orientdtion éf the external
magneiic field 33, with the é:;itation (r.f) fleld being along*jthe

xl-axls. choosing the zl-axis along the external magnetic field, ﬁ,is

given by [3]

\
Loyp = g el (C.22) |
£/1.7 M-t a1’ | :
where,
’ - o R
“M-1, mt1 <”.1'm*1|5x1|M-m> / QM l.mIlelM,m)
(C.23)

X In equation (C.23), Sx is the x-component of the electronic spin. (Here
- 1

the excitation field, 1.e. at 90° is a typical EPR experimental set-up.

For instance, the excitation (microwave) field could be in the vertical

direction, which does not vary, while the external magnetic fleld is

rotated in the horizontal plane.) Direct evaluation of the matrix

.~

element of the numerator of equation (C.23), using equations (C.13),

- ? (C.14) .and (C.15) and retaining only terms in G 1, and approximating the

denominator of equation (C.23) as °<M--1.mISx |M.m>°. yields
. 1 \

43"

the cholce of the direction of the external magnetic field relative to




: 5 ‘.
0 . . . - ( R
a(M,m) + B (M-1,m+1), for |M-1,m+1>e>|M, )
‘ " . " ¢ transitions (C.24)
- M-1, mt1 . ~ | .
i a (M-1,m-1) + B(M,n), for |M-1,m=1)>|M, m)
transitions (c.25)
. where,
: , g - - o
& a(M-1,m-1) = ,ﬁﬁ—%l- [°<M—1.m|[8;1[0é] + [B:?wil
v a°<M-1.m|tB;‘1to;1 + 18y noa + B 10g}|#-2, m>]
Soilot ' |
+ D] e m 1|[le[021 + [BlIo] + [BRIIOR1IM-1,m-15°
| - e - 1[041 + 15 0g 1, m0>°]
‘ : - ’ ' (C. 260). £
T e S.=1 . - "
B(M-1,m+1) = %[%Mﬂ.mlmélloél ‘ .
L 4 spiog . [BB][06]|M m>° . a
+ 1°01,n]18;0L) + (5740011 + 185110} Ogi. :
+ 2—(1.%,:9}—[% 2,1 |[B31I03] + [5,1107] + [BQHOBI -1, me1>”
v

1%z, m+1uB 1031 . 123 00g) + - sk 1, w1)?]
S e ‘ o~ (C26b1
- From equat.ions (C.24) and (C, 25) it is seen, that. the intensities of
the two lines corresponding to the two forbidden doublets M-l ntl & M n
are equal ‘to #ach other. In equation (C.28), the operators 0 (k -2 4,8)

o -no longer appear since thelr matrix glenents have been relatgd-to those

1? i ". ‘o 44




I

. ‘ of the corresponding 0;. via equat;on (C.14). It is noted from equations

v | (C.22) éo (C.26) that the operators Oil_ (k = 911 even values = 2S) are
responsible for. the non-zero intensity of the forbidden transiti.onsl
Tl_ﬂs means that whenever their coefficlents, [B‘il],'f are fon-zero,
transitioné with non-zero 'intensity« are expected.: One“ now (reats
separately the two symmetry cases considered:

' a. Triclinic Symmetry. In the caé‘e of triclinic symmetr“y the

coefficlents [Bill, k ’=2,4,6 are not zero for any orientation of the

~‘ext.ernal magnetic fleld ﬁ, as seen from equation (A.3). Thus, forbidden

o

transitions are, then observed for the orientation of i including along
.the cfystal-field axes. '
]

b. Monoclinic Symmetry. The transformation relations, needed to

calculate If/la’ between the coefficlents [Bg] and (Bg) are listed in
LT - ., Table I [\3\1]. as derived using the matrix e'léments given by Al’ tshuler

and  Kozyrev [2]. It can be seen from Table.]I,. for the case of

3

monoclinic symmetry, that all the coefficients [Bill, k = 2?4,8 are zero Yo

\ 3 ﬁ
e * only for Hiz (c 1z, Hiy (C,1Y) and Hix (C2lIX'), i.e. for the external

%

- applied magnetic field along the monoclinic symmetry axis. For’ these hE
. ' « U
cases then, the :forbidden transitions are not at all observeg. For the
&

~

order directions of i?, one or more of these coefficients are pon-zero,

+ e,g. for Hix (CZIIZ). the coefficients [B;ll. [BZI], [B;ll are non-zero; .\ °

forbidden transitlions with non-zero intensity are therefore observed for

. these orlentat?‘sn of 'ﬁ : n"‘ . -

IV.4. Illustrative example
.. | , :

(S

. < .
. ! . Consider the specific case of S = §/2 and I,M,m are arbitrary (this

© is applicable to Mn°', for which S = I = 5/2.) For thbs case, the

\ “ = intensity of the forbidaen_transition's M-1,mt1 ¢ M,m relative to the
~ \ -

A . ) 45
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allowed transitions M-1,m ¢« M,m for an o.rbltx;ary orientation of the

N

¢ ’

external magnetic fleld, is using equations (C.22) to (C.27): ’
. ‘ ) o
Transition ¥1/2,mtl & 11‘/2,m:
1, osatg [ g, -1‘ 1.2 : .
T = ot |amgaste)® + (1Sl D - (1v.4.1)

Transition $1/2,mtl ¢ *3/2,m: : ' ‘ :

s
1 1 ‘
‘Iﬁ 0, tl[(11[132] 270[84]) + (11[8; 1. 270(B, 1 ] " (IV.4:2)
a 9G
,. “ / N\
Transition $3/2,mtl1 < £5/2,m: '
Ie 1% £1 )
= (4[82]+108[B D2 + (4[B ]+108[B 1552 (IvV.4.3)
a QG .

-
-

In equation (IV.4.3), the coefficients [B] denote the coefficlents in

the tranéformed ,coordinate syst.ém. i.e. for the chpice of Z-ax%s along

has

the ‘external magnetic- fleld. The relative intensities If/Ia—' as

/
calculated using equations (IV.4.1) “to (IV.4.3) and Tahle I, are. llsted
-in Table 1I. From Table II it is clear that for' complexes, characterized

by monoclinic symmetry, forbidden EPR hyperfine transitions should be

observed for the orientation of H not only along the directions off the

(Y

principal axes, but also along some of, the principal axes. E’qr example,

when C2|IY (ﬂllZ) the relative “intensity is 8410 ﬂ[(Bl)-IS(B}I)]z/Gz for

the +1/2 ntl & +1/2 m transitions. Furthermore, it is seen that one cdn
obtain thes values of .the combinations [(B }- 15(84)] and [(B )-15(8 )]
from the observed intensities of the forbidden transitions (31/2,mtl &
$1/2,1) relaitve to the allowe® transitions (31/2,m ¢ £1/2,m), for Miz

and,\ CzllY and Cqu'respectively.
5 ) :

- q ‘ . N8 N TR I T TN

foots :yq;‘,ﬁ
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) Table I
Exprerions for the transformed coefficients [B ] in terms of the
coei‘i‘lcients {qu), expressed in the qriginal axis system. For

reference, the form of the monoclinic spin-Hamiltonjan is described as

follows: - ’ - C ‘ | F
A L2, 2 -2, , -2 -4, , -4
Gz R (BPHOD ¢ (B0 ¢ (B THO
2® )+ {8y’ }{0 4 . {8 }(o 8y, -
- 1., .1 1,1 3,,.3 1, ,.1 _
C2 Iy: Rxﬁppo = {82}{02), + {34)(04} + (B4H04) + (BBHOB) )

¥
e

3,3 5, , 5
~——  + {BgHO) + {B}{Cp);

-1, 1, -1 ‘-3' -3
X 3= {B, MOy} + (B 1O} + (B HQ,")

C2 mono
-1y, ~1, -3, , -3 -5, , -5 -
B (GO + {BPHOZ).
~ Flui_ tay 0 Ruz
1 . . 1 s ;1 . 1
1B} ~(BJ} - R i
-1 - -2 o(nT2 -1
[B'2 ] - 2{32 } \ 2{82 } | '(B2 }
s W T 10,01 1
(B 4(3B=(By) 4(3?_}/»,{@ (8))
S T WU N | 1, 22 -4 -1
[84 ] 2(g34 } 2(‘84 }) 2(( 4 }'0'2(84 }) (B4 }
1, Loermlyarndrarediy drern-l -3 -5 1 ~
[BB] 8(5(36} 3(86)*(86)) 8(5{86 };S(Bs }+3(Bs }) {36)
S TR PN N R - AU P -4 -6 -1 |
| [Bs ] 4}(86.) 2(36 HS(BS }) 4({86 }+2{BS }+3(BS }) {BS } .
\\ \ » ’ |
1 ) ‘ .y ’

//
>
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Table 1II

b

. kl‘he ratio, If/Ia » of intensities of the forbidden (M~1, mtl .o M,

m). to aliowed (M-1,

the various crystal-field axes for monoclinic symmetry. Here"‘!t 3 -
' ]

[I(I+1)-(m+1)(m+J)] and G = gBH.

m e M, m) transitions,

’

<

as calculated for H nl&ng

).
= ' 1 1
. Forbidden Doublets ¥ 5 mil & ¢ 50 m
K *‘—“ 7 |
Hi 2 HiY HX
5 62 [op?y,, 842 o
c2 i/ 0 GZIO 11(2(8 )+) czlo n(z(Bz )+)
N (15,,0-2, ;o812 (18, ;0730 .m0y 112
2(“34 )+2(B4’},)) c 2((134 } 2(84 1))
" 64.2 .1 . 64.2 1
C.ly . =1 ({B.}~ 0 1 ({B,}+
2 G2 0,21 72 ) g2 0,172 )
1,.2 (15,001, 03y 12
(15(34}) ~MAR(3(B (B })®
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CHAPTER V

INTENSITY OF ALLOWED AND HYPERFINE-FORBIDDEN TRANSI%IONS IN
'“ - THE EPR OF TRANSITIO&-METAL COMPLEXES :
V. 1. Introduction - | S
In the electron paramagnetic resonance arrangement, where the static

magnetic field ﬂ, is normal to the microwave excitation fleld 80' the

selection _rules" for the allowed transitions are AM =tl, Am =0. However,

$hese selection rules are often violated, due to perturbations such eas i

crystal-field and/or ”ﬁyﬁerfine interactions; this leads to the
observation of hyperfine forbidden transitions, for which AM =t1, Am =0;

AM#1, Am#0. Bleaney and Rubin [5] ascribed the non-zero inteneitles of

these so called hyperfine forbldden 1lines to the off-diagonal terms

eoming from the crystal-field and hyperfine interactions in the spin
Hamiltonian.

The intensities of t;e allowed)and forbidden hyperfine lines of ions
in suffic{ently strong crystalline fields exhibit strong angulan
variations when the orientation of the externélly appllied magnetic flel@
is varied. It was shown by‘Birlal that the strong angular dependence of
the line intensities is a reeult of the presence of a hyperfine field,
as well as a crystal fieid. If hyperfine -interaction lis present, the
nuclear spin is not acted upon by the external magnetic }ield alone, but
also by the effective fleld associated with the hyperfirie interaction
withdthe electron spin. For X-band EPR this effective field 'ls much '

greater- than the external magnetic field, so that it is really the

(dif-ecuon of the effective magnetic field, instead of the external

magnetic field, that determines the nuclear spin quantization a%ls. Bir




I -
i

(3] has given a comprehensive theory, explaining ‘}he intensity
variations of the allowed and forbjdden hyperfine lines for the case of
small hyperfine Interactions compared with crystal-field and Zeeman
interactions — when a separation-can be made between the electronic and
nuclear states. He derived explicit expressions for the transition
probabilities of the allowed and forbidden lines as functions of the
spin-Hamiltonian parameters for thé case of isotropic coinclident tensore:.
in the spin Hamiltonlgn: This method considers the~effective-field’
direction as the nuclear spin‘ axis of quantizatic;n. and ascribes 's.he
strong angular dependence of line intensity to the angular dependence of ‘
the scalar product of nuclea:r‘ spin functions, and has been shown to give
results 1n good agreement with, experiméﬂtagl‘ measure'mex}ts [4,6,36].

The purpose-.of the present thesis is to obtain explicit expressions
for EPR line 1ntensiug’sr, using the nmethod of Bir [3], with no
restrictions on the anlsotropy (or coincidences) of the principal axes
o?‘. the various spin-Hamiltonian tensors. It should be mentioned here
that the assumption of® isotropic spin-Hamiltonian parameters as used b3;
Bir {3] has only limited applic;abllity. The present results will be
compared with those of Upretl [36], Bir [3] and, Mialhe and Erbeta
[15,17]. C )

V.2. Theory
'The-spin Hamiltonian of a paramagnetic ilon in a solid in the

presence of an external magnetic fleld (1) is of the form

. ha -

R= “ez * ”zf *nhf * an * Rﬁz' (v.1)
where all terms have been previously defined (chapter III, equation
ITI.1).. Here, one considers the case where the ground state of the

paramagnetic .ion is an orbital singlet. The result optained can be"
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extended to the degenerate ground state case. For a non-degenerate

ground state of the ion [12], the spfn Hamiltonian takes the simple form

1

" of equation (V.1) above.

In order to calculate the 1line \intensity,. the normalized
J .
eigenfunctions of the spin-Hamiltonian given by equatlion (V.1) need be
.. {
found either by a numerical diagonalization .of the spin-Hamlltonlan

matrix, or by use of perturbatlon-?.heory approximation. In the present

work, perturbation-theory approach will be utilized. Perturbation theory

. provides reasonably good Tesults for the S-state 1ions [3] for the

. elgenvalues EM m and eigenfunctions |M,m) of the spin-HaMiltonian, given

by equation (V.i). In_diagonaliiing this spin Hamiltonian one should
define axes of qusntization for the electron and nuclear spins such that
large off-diagonal matrix elements vanish. To this end, the approach of

Bir [3], along with the transf‘ormafloxi technique of Rockenbauer and

Simon [30], is wsed here.

+

Consider a pertupbed wavefunction of the form

1, m™ = ™ jumy™, : (v.2)
where, |M(m)>(n) represent, nuclear spin_functions associated wgth ‘the
electronic ' state designated by' M a.nd IM)(n) is the perturbed

wavefunction which diagonalizes the purely electronic part of ?t,he spin

Hamiltonian Re, ‘given by equation (V.1) ‘ '
x =g8.g#h+ 3538 (v.3)

(n)

The perturbed elgenfunction’ {M) is a linear combination of the

-

zéro-order eligenfunctions, IM, m>(°), of the ur;;%rturbe‘d Hamiltonian, .
The hyperfine Iinteraction term, 'S'T.K.'l', can be written as the

. N 1
interaction between” the effective magnetic field, ne;M,M' and the

nuclear spin, 'f, where the quantity ﬂe:H.M is defined by [3) -
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The effective hyperfine interaction,: gnpn((ﬁ*"“'“)T.f).) for A not being
too small, is much greater than the nuclea‘x: Zeeman term, gan(ﬁT.'f).
A’lso. ingeneral, the hyperfine interaction constant A is much greater
than the quta‘t:lr'upole~ energy tensor P. Under these appr'oximations,‘ the

\

operator

N M MT 5 _ T
Jcn-i’.g.?~+gn3n(ﬂe ). T gnan?.f, (V.5)

- is predominantly determined by the effective magnetic field.ﬁe;Mu"M: '
/ MM T .
# «gp (H° \”) 1. (V.8)

Consequently, t;he nuclear axis of quantization is chosen along the

effective magnetic field i'™HY,

Using equation (v.3), and choosing the electronic axis of quantization ’

to be parallel to g ﬁ the spin—Hamiltonla.n given by equation (V.3),

be transformed [30] : . - .

’ 2 T ~ 299T =
R, = BgHS, + 3/2(521-1/as(s+1))(?3.D.?a.) + 174 sST_.D.T)

2 AT ~ T x 2
+ 1/4 s_(i‘+.\\p.?+) + 1/2(s+szl+ szls+)(?’_.n.?3)

\ ~
+ 1725 s, +'s, s).5.1) (V.7)
N l 1

-

Here, ’f;. ?_. "l* are as derined prevlously (see equation (III.1b)

).Choose nonw 3(0 = BegHS to be, the unperturbed Hamiltonian, whose
eigenfunctions are denoted by IM)(O). and the remalning part of R; as
the pert\'.u‘bation. The™ normal\lzed eigenfunction, whlch‘@iaggnallzes the
spin Hamiltonlan, given by equation iV.B), can be obtalned from

second-order perturbation theory as [71:

H
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. - - 4+ -
where the admixing coefficients, a, .of the states participating in

resonance ar'f gliven by:

bb. 2 2
=1 - (2M+1) =(2M-1)7) «
*M = [ 2H2 So1'2M -
) © (ea /16),.2 .2
- — oSy, S, + s2-g2 )]
- 88 P 01°12 * ©01°13
s b(2M+1)S, * (1/a) _ |
\ . 2M+1)S b (1/8)a S v :
g = - ot _ "ot (2M+3)sf2 - 2(2M—1)S§I +
28 gH 46 Hz
b(3/2)d (2M+1) ss01 ‘
, B 28 g Hz . ’ -
L . -
. » .
g b (2M-1)§, ~ b(1/4)a s o .
v fyq = o, % amae; - 20241)82 | +
. ZBeSH 43 8 ‘ . . , -
| ‘ ¢c 1
. ‘ ‘ b (3/2)d (2M-1) 501
I o, ZB g H2 . o | /
'aM _ _(174)a 501812 b (2M+l)(2M+3) s 01 12 . ~ ‘
+2 . ZBeEH g ;3821"2 L
. - . (
U (_:3/2)3 (1/8)a (#+1)S,,S,, . |
) ~u Bigzﬂz .
Vo )_____ ,
y ] ) 54
SO B ¥
;;it’«.s.s.un UL - o



L ]
. .2 ,
. (1/74)a sOier- . (b }*(2M-1)(2M-3) Sdlsii \ - .
. a"M"z EB;SH BB§S§H2 - . ) A Y
AY ! ). . , \\ ‘
(3/2)d1 (1/4)a '(M-l)sois-ié . .

- 2

| i} b(1/4)a, (6M+7)501512523
- ®)+3 I;Egzﬂz

» .
(b )(1/4)a (6M-7)S.=S

. 0151253
BM-3 5 2
12538

2
(1/16)a 501512823534

ed ,STﬁesZHZ | _ . o

* 2
(1718) (a ») SOISiéséﬁsﬁa

a = - ’(-V.Ba)
M4 ;;3;2,{2 |

S ,
The quantities a,b,d,S . and I . in equation (V.8a) above hav€ been

) oB oB
previuvosly defined (equation III.3 ). Having chogen the .quantizat}on
ax}s for the_ electronic spin, g to be a'long §l_-1 which is parallel to
Ozl. shown in (figure V.1), and the direction of H making angles (é.¢)
with respect to‘ the (x,y,z) system (figure V.2), the averag; ;ralu‘e of
"the fxyperfine term in the electronic sﬁéte M, after the application of a e J

coordinate transformation, ?. already defined 1in chapter I'II‘. can be

e *
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. .V.1. The angles ¥ and ¢ 'which the effective magnetic field g
. . L. { . (
rected along Oz,1 makes with respect 'to the (x, y, z) coordinate

system.
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He‘M'M being components of the effective i’leld: nnd\‘hm expreassed -

X-Y ' Z
i 1/(gnﬁn)[(l’1.?'f)<MlstM> + (3,-1':)«'5,,"0 ) |
1 - ‘ 4

- ‘

~

T . i
(21.’?3)<M|sz!m] .

° 4

T ‘ 159
17(g 8.) [(22.?1)<M|sx!u> + (Xaj’a)mlsy!w

*
e

(Kz.i‘;)mszlw] % L

L

+

e;: MM

= ! T ’ . . (T s
e 1/(gnan)[(is.i’l)<n|sxlu> + (33;?2)m|sy!m»

~

I - /
+ (Za.?s)m|szlm>], . (V.8c).

« Here, the row vectors 'A’l,'A’2 and 'A’a of the 3x3 matrix A are defined in a
R ? ' . S [
similar way as the transformation matrices T and~'T’, 1introduced in

chapter® I11: A

3 x1=x.; 4’ * (V.8e) W
- N\A\‘/ ) ' : . a
A= zyS . _ (v.8f)

] ~—f S - P
R=kz( ~ . U2 P

The direction Oz2 of the effectivé fleld, ﬁe;M'M (which is taken to be '

along the nuclear spin axis of quantization) makes angles e_land ¢1 with

respect to the  (x,y,z) akes, as shown in figure V.3. They cax; be

4

expressed in terms,of the spherical angles '@ and ¢, which are determined

from experiméfxt. 91 and ?x here do not depend upon E ” w,x aﬁ’“ but
rather upon their special bilinear combinations,, which are, in fact,:ty
elements of the ,E.ET and Z.ZI tex;éorsi they are ‘given by: . |
i ] )
\z : . .
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[V D

- . ' 'I;K" ' T ~ =, T ~ =,
| + [(1‘1.5.?3)sx1f a 2.VA.‘:1"3)Sy1+ (?G.A.?a)slelz

the undefined X, ¥, 8xes respectively. (All \one needs

st @it

9" ; tang = \) ) . o
cos r————e N H) | . (H .H M)

The angles, (91.—¢1) have been ca.lculgted by Mialhe [15] for axial
symmetry and colncident principal axes of the various sbiflwlltonlm

?
tensors. In the present_work. 9x ‘and ¢1 are expressed for the general

L]

case of non-coincident principa}-axes The effective magnetic field,
ﬂe;y,M' hence the axis of -nuclear spin zuantlsatlon. can thus be’
determined from equation (V 4). The hyperfine interaction term § .A. f ls

then written,' in the notation of Rockenbauer and Simon [30), as: -

3TAT= [(?f.x.?;)sx: (?2'7"71)5;:1* @L.x. _i’;)sziux2 \
/f o i
IR (i ¢ ?;)le* (?:.K.i‘;)s);: (i':.x.‘l’;)sztny

2

t

s

2

h (v.9)

! £

In equation (V.9), T eduals ﬂe;M—’M/IFIe-‘M:M<|. T'; and "l”2 are parallel to ~—_
< * \

know is that

Bl

1]

value of ng? in the electronic state M leads\fo he determination of

the - X, ¥, Z,, components of the effective magne ic’ field, He"MM

experienced by the nucleus. These are expressed as foll

' e;M,ﬁ - I q ’ 1
Hx = llgnﬂn .Zl(Mlsle) +'22(M|Sy!M) + 23<M|SZI|M):

;H,M ' [ ' ‘ ]
M = 172, g, 2015, > + Z0s, I + 0]




)
.

‘MM ' ‘ / | .
i 1/gnpn[z,oa|sx!u> 205, 1> + 29<M|sz!M>].

L
where,’, | @
z, ':- @f.x.?;é.
| 1222\ dl.i1,
2, = AT.K1),
z, = @L% i';)._
= (R, 2)
z6 - (?Z.K.?;),‘ %
z, = (TLE1),* |
.
zg= LKD), v ¥

g
Zg ™ (?G.A.?a),

" 13M-5(5+1) 1. Re(b)

‘@s My = -

1 B gH

+

»

¢

o

. M IAS(S+1)-8H2-11(3/2)d1Re(b)

-

T B

7

~

r

\

(V.10)

\.

‘ 4M[-SS(S+1) + B + 1) Re(b(1/4)a}

a szsauzv
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-

! ) . '
lﬁz-scsml\lu(b), -
<M|Sy'M> = - ' ' :

1 Bget

M[4s(sl»1)—eu2-11(3/z)dlxn(b)
T2 2
8%

N

AMI-3S(S+1) +46M2 + 1] In{b(1/4)a’}

+ _—
22
B8 H

| . ¥y
| bb [4S(S+1)-8MP<1] | .
MIS M= M] 1+ °
| % , 23232}!2

]
(1/8)aa [-25(S+1)+2M2+1]
+
\Bzngz

. F hand

During a magnetic resonance tranéition, the e/'ff‘ectlve magnétic figld‘
experienced by the nuclieus does not remaln constant. 'Cl'h‘is is ;aecause the
initial (MS and final‘ (M) elect'ronic states participating in resonance
are different. The transition probability is therefore expected to be a
function of HS'™M ana HEM M

V.3. Transitlion Probabllity

The interaction of electromagnetic radiation with a paramagnetic
L

ion, 'embedd

in a system, can lead to transitions between the energy
. t ) . ' ’
the ion when the resonance condition is satisfied. The

(n)

levels

probability of a trahsition from the initial state |M. m)
(n)

to the final

state |M’ m') due to the action of a linearly polarized microwave

excitation f1i under the resonance condition hv = EM, n EM» is given

by [29]:
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2 . -
"’M’.m’;M.m = xtle’.m’;M.mI ' (v.11)
where, K
W (n) m'lW]M,m)(n). (V. 11a)

’
M’,M';M,m. <M" ;
. , f
Here, w is the perturbation operator(see equation (V.13) beldw) which
]
represents the effect of the applied electromagnetic field. J( is a

proportionauty constant.
An dutline of .the steps in computing the transition probabil is

given below. The paramagnetic transitions are initiated by an excitation

2

field
f;(t) = ﬂocos(wt.), (v.12)

where ho is the amplitude of the excitation fieldu and w, the angular

f‘requency of oscillation. The perturbation operator is|given by -
} ~ .
w = - u h(t) : (v.13)
. .

In equation (V 13), p is the electron magnetic moment vectdr of the jon.

*In quantum mechahical formallsnm, ﬁ should be repﬁaced by the appropriate

operator, given by
A \ . , B

i=-832% | AN (V.14)

Substituting equations (V.12) and.(V.14) into equation (V.13) gives

W= secoswt)‘s‘T.'é.ﬁo. _ (V.15)
Substituting equation (V.15) into equation (V.11a), and using equation

(v.2) the transition probability given by équation (V.11) yilelds

L4

©

l" (n) lg’l’ /-> IH’> n) 2

M, m; M, m [2 = B cos (wt)l

EV. 15a)

x |(“’<M(m)|u'(m')>(“)|2

() 4nd 1M (n* 2y Mare elgenfunctions qf the nuclear

The functions: [M(m))
' i
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spin z-projection operator with different directions for the °
.' ) &

quant{gation axis (zM axis), so they may be expressed as & linear

colenation of one another by means of the rotation matrix D;})M(B) of

the 1§reducib1e-group representation [3] with weight I

(n) (n) ' -

. (1)
=2Dm,‘m(B)IM(m)> (V.150)

m

IM (n’)>

where B is the rotatlon which relates the two elgenfunctions in equation ‘

(V.15b). Using equation (V.15b) and the orthorgonality relations of the
. T

rotation matrix,

can. be expressed in terms of the
. . \ , .
. square of the modulus of the rotatljr matrix element for the
irreduc®ble~- group representation

~

| p(1) ) iy ) (V. 15¢)

|2
(ny

- Finally,the transition probability from the state |M.m> to the st?te'

M. m 3™, s (31

2 _ (I) ) '
wM’m;Ml’ml we;M'Mll (‘-IM Ml)l (V. 16) ,
) vwhere,
L 2 22 2 (0 @l ~ 2 e (0)]2
Cg | = Bebgeos (ot) | HIS g B (M, .

. (v.17)

) 2

is the electron transition probabllity, and , the nuclear

. 3 ﬁb
. transition probability. #'=

-

, is a unit vector in the direction of
0| . - . _
, polarization of the excitation field. P(I) (uM M,)are known functions

-, . B .
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(I)

(-pI=m e [(I-m)!(lm‘)}]l/:!

,( )) = X
o, (I-m)1 2! (I+m)! (I-m’ )1

_(ln'-ln) _:(ln+m’) . J ' o )
"f“"‘u.n') 2 (““M,M’) 2 | T

dI-m

[(1 “M M’ i (1}#“. M/‘) I+m]

du

(V.17a)

A ’I

’ My M in equation (V.%6) is def 14 as the cosine of the angle between ' o
by the effective electron fields in the initial and final electroﬁ

states, desiénated by M and M’, respectively;
. . M7 ’
My = 'cos(ﬁ'e'M’M, ﬁe‘M M )y » _.(v.18)

.

Explicit evaluation of “M M using eqqatlon‘(V.IO). yields

MM’ '
- _ 2 S(s+1).2 L
Mg, IMM‘I[1~ 2 82Hz CERRURE | .

- 2, _ > 2 ! ) .
((F-F)(Re(b)}? 4 (rz-r;mm(bn - 2(F3-F4F5)Re(b)lm(b))].

B

= | (V. 18)
b}
wﬁef‘e. i
AALAR) o L o
Fi = v == u
-1 (1% A?) ‘ . ‘
/ R oo
~ ‘ ! - - v
. ' -~ -
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Note that equation (¥:18) 1s only applicable to states with M » 0. It is

. thus i;ossible, usfing e'quatri‘on (v.19) and the ve;lues of P'(nf,)n,(um,) from
equation (V.17a), to evaluate the nuclear transition probablilities,
given by equation (V.15c). In order to calculate the electron transition

. probability, . Iwe;M.N' Iz, applying the\ transformation’ introduced ea.rlJler

(see equation (V.8)) and re-writing gT.E.ﬂ’ as:

.- 8RR =yl dos, « 3L RS ¢ (ALEF s,

L

(v.20) . ‘
For the transitions'M+n,m’ ¢« M,m the electron transition probability ' -~

A’cr‘ix element, o (where n = 0, 1, $2, 13,.....,etc) can be

e; M+n, M

expressed’ as follows:

- ?T ~ Z' (?Ig ;" )2 -

Wo. Men, M = Behocos(wt)(%_.g. ) <M+n|S+|f4) + W X
- | crnls_ i 210 34 (L&)
n + —
. : ) [?.2.3 |2

.<}4+n|Sz1 |M>] | (v.21)
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hore,
rad[? = [Tad? = @"& a4 - v@dhd e,

and
s K O (v.21a) .

The matrix elements of S+, S_, and Sz in equation (V.21) are- lengthy;

.they are given in Appendix B. Abragam and Bleaney [1)-have shown that
' 4
maximum intensity is attalned when the direction of the excitation

thg
microwave fleld, ﬁo, is normal to the external Zeeman fleld, i

To compute the intensity in this specific case, it is found convenient

K\to choose & new coordinate systenm (xa.ya,zs) with 23 parallel to ﬁ. The
tra.nsformatj,.on matrix T transforms the (x,y,z) system to the new

(x_.,y.,z. ) system. In this new coordinete system, t.he vector B)O makes an

- angle Qo with the X, axis In the XYa plane. The componerits of ﬁo along -
the (xs,ya zs) axes are then ho(pqs¢°.sin¢;,0). The transformation by T”
" ~ ° H)

of the direction cosines 3 and »’ of i and KO respectively, are:

2= (:i:,,)T.,n(S)' and

-n om '(T" ’(3) / (v.22) -~

\ o v
where, {
(o SR |
- .,NA‘s) i ) A‘(a)\ t e .
-~ - " =10 90 = [sing, .

1 0 ' "

For thé specific case vwhere the Zeeman fleld, ﬁ. is normal to the

excitation microwave field, ﬂ equation (V.21a) can be expressed in the

-{x .y z, ) system by use of-the transformation matrix T as: ,
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T oo 02, 2, 2T =T~ a,
f._.g.n I cos ¢°(f‘ g ‘8‘1'1) +
+ sin?p (PTET.3. 1) + sinze )T 5. P0)

- %/32[c0s¢°(?;T.§T.§."l"l") + s'1n¢6(?;'r.§r.§.?;)]2
and
‘?:.E.a" - cos¢°(i’;T.§T.§.i’;) . s1n¢°(?;f.§T.§.?;) | ;

(v.23)

t

The determination of the transformation matrices T and T ias' not unl_que;

~however, in practice, one can always -derive appropriate transformations

[7, 10, 11, 17], which lead to the correct results (3, 15]; the ones

used here are listed in Appendix B. For the hyperfine transitions M,m <

M-1,mt1 and the EET and K.XT being isotropic, the general results for
‘ , P

the electron transition probability matrix element and the: transition

probability glven by equations (V.21) and (V.16) respectively, reduce'to

that of Bir [3]; as well, for §§T being isotropic, while X.XT. b, P

S

tensors conforming to uniaxial .syr;\metry.’ the Iintensity expression

reduces to that of Mialhe and Erbeia {15].

»
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CHAPTER VI ’

I3

CONCLUDING REMARKS ) )
{ -
z'l'h? present thesis deals with the following three calculations:

(1} A general procedure has been described to calculate t.he3
separations of the forbidden h.f. doublets (M,m’ « M-1,m; Mm
M-l,lgt ) for the case of the general spin Hamiltonian, consisting éf E,
A, ﬁ, P and §n tensors, whose pr‘ir?cipal‘ axes are non-coinci‘dent. Using

‘%e expressions, and the experimentally determined forblidden-doublet
separations, the values of the corhponent:s of 'the nuclear quadrupole
'tensor, 1'5. as welé as those of the nuclear g-tensor, En' can be

N {

estimated, since the forbidden doublet separations _clearly depend on

them, as exhibited by eq. (I1I1I1.8).
, o4

Il

9, Specific expf'essiqns for Mn™ (S = 1 = 5/2) have, here, been listed
for the spin Hamiltonlan for which the A, §, and gh tensors are
isotf'opic,' while the D and P tendors are diagonal, but anisotropic. The

h.f. forbidden-doublet separations can be used in a, least-squares-

E

fitting (LSF) procedure to evalugte the components of the._? and En
;ensors using the experimentally-measured doublet separat;ions. The
':general detalls of the LSF procedure, as applied particularly to the
case of EPR data analysls, have been described by Misra [18, 20, 21, 25,

26]).

Finally, the correctc expressions for the ldoublet separations to be
expected t‘_ér anf. using the approaches follewed by Mialhe [16], and Ry
JUpreti [36], " can be .obta.lned by taking_ into account the corrections
and/or omissions for the two cases, as’ pointed out in this thesisr
. (11) The correct spin Hamiltoﬁians _applicable to low-symmetry.
\monoclinic and triclinic). paramagnetic complexes has been taken into

account 1n this thesis. The rat.io,lflla, of the mtensities di‘ the ]




forbidden to the allowed transitlions,are found to be non-zero for all

a4

.orientations of the external magnetic field in the case of triclinic

symmetry. As for monoclinic symmetry, the intensity of the forbidden
transitions is calculated to be'zero when the Zeeman field is .along the
monoclinic syr;metr-y axis, 1.e., for 2 ‘(caui). ﬁn?,(czm and Ruﬁ
(Czll)(). However, forbidden transitions are calculated to have non-zero
intensity for orientations of‘ H parallel to the other crystal-field
axes, 1.e., for WX, ¥ (c2||2); MY, 2 (c,nR) and AR, 2 (C,I1N). From the
If/Ia. values, 1t4 1s possible to estimate the values c;f cfrtnin
combinations of the parameters (Bg). as dicussed Im® sec. IV.4. The
results reported in this thesis differ frl‘om those of ?andey and Upreti
[28] 1n' two respects. First, the present calculations included all the
necessary Og op;rators in the spin Harpiltoni‘hn, including those with
q<0, unlike that in Ref. [28]. Also, the present calculation takes into
consider?.tion the three possible orientations of the monocli/;xlc symmetry
axis, C2 (i.e parallel to X, Y.and 2‘ crystal-field axes). Pandey and
Upreti [28] did not, at all, incorporate this veyy important fact into‘

their calculations.

(111) The general method developed by Bir [3] is used in obtaining
expressions for the inltensity variation of the allowed and the forbidden
hyperfine transitions for( the case of anisotropic (r;on-coinéident)
spin-Hamiltonian tensors. It 1is noted that there ar‘el important
second-order admixtures arising from cross products of the terms in D
and A, because the spin Hamiltonian consg)sts of products such ss
(SzSt)(S;I i) and others formed by the permutation of the components of 3
and T. The magnitude of the effective electron fileld, ﬂe;m

v

experienced by the nucleus is calculated for the general case of

70 o



non-coincident spin-Hamiltonian tensors. The con;po?ents of the effective
electron f‘ielc;, ﬂe.MH obtained in the p',resent work reduce to the results
of+ Bir [3] .and, Mialhe and Erbeia [31] if the same
coordinate-transformation matrix T [15] is used for both,the electr\on
(83) and nuclear (T) spins vectors. This 1is because the hyperfine
operator, gT.X. ?, is expressed in terms of spin operators g(t) and 'f“’.
which are both quantized along the d1r$ction of ﬁ for Iisotropic §
tensor. (The superscipt 1 designates the coordinate system in which the
spin vectors are given). It should be mentioned that Bir" [3] has. only
copsldered the s mgv st éase, il.e.. that of isotropic’g and A tensors,
and an axial D tensor (the P tensor was not considered in .iew of the
a‘pproximatlons made), while Mialhe and Erbeia [15,17] considered the
case of lsotropic §. ard axlally symmetric X, D and P tensors. For the
pé*t.icular‘ case, where the external magnetic field, #is normalito the
excltat‘lon (r.f) field, RO’ which has been considered presently, the
deered,’expressions are found. tc_) be in good agreement with those of Bir
[3], and Mialhe and Erbeia [15, 17], within the frame-work of their
assumptions. It 1is found thats, factor of TP%;T is missing in the
expression for Hye + givén by FBij '

It is hoped that the results presented in this thesis would help the
interpretation and understanding of EPR data gf single crystals.

L3N
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The, genera.l ‘express ons of the doublet separations of forbidden ‘
.
hyperfine transitions/ (AM -:tl /m =t1, t2) ara 1isted ag follows. T
_ _ AM =:tl£ Ame =1: . : ° _
2 e .' . ' ’ )
- Al ’fg‘PM.m+1HM-1,m" "M,mm . Uy
= 268 H /(8.g) - 3d.G.8 (24-1)/(%62) - KC.g (2m+1)/(ﬂ2 2)-" ;
1Pn o’ ‘Feb 11"n Feg i'n 8. - ’ -
‘. 22 2.2 33
> KGTBL(2M- 1) (83 o8 3) - - 3P,G,B; (21)/(B,E") + 2;-,8 H /(B .
‘ "
c3g3 44 3.3 © o4 4 : .
ﬁ d, 18 (28-1)/(8_87) - KGlﬁn(2m+1)/Eﬂqg ) - K(24:1)/(8,8) - )
; T, (2041)/(8,8) - 0,8 [Gn-DE] + OWmICL (2MM-1BEY = N\
‘ , » ) '
rs e [{3(m+1).2-3M(2m+1)-I(I+1))H- - LT ' T~
. 5.n , 1 '0 \ N
(3m2+3M(2m+1)-I(I+1))HZ]/(M(M-'I)Beg) - © -
2 ‘ d . \
ae(ZW\@[24m(m+1Lﬁ974I§I+1)]/52M(M—1)Beg) + A "
( a7(2M—1)[6m(m+1)+3721'(I+1)]/(GM(M-lv)ﬂeg.) -
| a ' s | o
v 3 L
bb [24M(M—1)+9 15(s+1) 1[K(24-1)/(28%g H2) + e .
g 3p (zm+1)/(2a %) - 68 /(820 ) - Ko (ame1)/ (280" 00) -
{
. | - ‘
- . 34GB (2M—1)/(ZB g4H2)1 ‘ »
- r ‘ ‘ . ' : ° . ’
- aa [25(s+1)-6 (M-1)-3)[K(2M- 1)/(88 Hz) o
N TN R . .o
; ~ 33 Hz ,
‘ 3Pl(2m+1')/(83eg ~ GB /(4B g°H ) - 34,G,8, (2M—1)/(83 gH) -
, ‘ N . ' '
- KG B _(2m+1)/(888 Hg)] - - ' ~ y
. ) ;j"‘ g . e . = SN ¢
\ 4 - E o ] ‘ cL
. ‘ T4+ .

ayqaa’ e "
3
. T
-



o [-(2M-1) (20+1)/(48267H )~ 3d, (2M-1)%(2m41) /(8635 D) +

e® o™ . Ty e Yo’ )

| K(2M-1){16141) - (3n Paane1)} /(4838 H2) + o

3P, (2m+1){21(1+1)-2n° -2m-1}/(85 g Hz)
] ' -

rh " ) eg o

2 4 4
3d1013n(2M-1)(21(1+1)-2m —_2m-1}/(88ég Ho) -
L S 4
‘KGR (2m+1){I(I+1) 1-2M(M—1)-m(m+1))/(43 g Hz)} +
aauzs(sm-(znz-zm))/(zﬁigzno) . . ..

A Y L) . hd o -

|
3d1(2M-C§25(S+1)-(2M2-2M+1)}/(43333H2) " §

e o}

K(@m1){S(5+1)- - (a-am+1)) /282 gSHZ) S

- -
-~

3P, (2m+1)2(2M- 1)/(23 gSHZ) + cs (2M—1)(2m+1)/(ZB g a ) +

34,68, (2M-1)%(2m+1)/ (4828 H2) .

1

) ]

XG. 8 (2M—1){S(S+1)-1-P;(M-1)-2m(m+l)}/(28434112') -
1"n ! \ e® o
3P G8 (2m+1){25(S+1) - (2M2- 2M+1))/(4B H2)] -

.« [(zn-n(zmm/(aa g 2H) + 3d (24-1) (2m+1)/(43 g3H§) +

/ L K(2M-1) (32 +aa+1)/(2;3 gaﬂz) + 3P, (2m+1) (202 +2m+1)/(4B

) G8, (2m +am+1)/(2pgg3no} 3d G B (2M-1)ten+2ne1)7 (4% Hz) q )

[

xclpn(am;){znz-zmmzmu (28%*2) <

~

3P G 8, (24-1)(2m+1) /(23 g4H2)]




:::::

. ¢ &
aet{sizu?-a:{+1)-zs(s+1))/(43282H ye o

.. adl“(zu-l\srfz-sma.-ZS(sn))/(23233H§) +

v

K(2m+1)(-S(§+1)+9M2-9M+3)/(B Hz) + '

3(3/2P)) (2-1) (2n+1) 2/8%%%) - . ’

33
y 36,8, (24-1)(2m+1)/(B & Hi) - 5

o

3G,8_(3/2d,)(2M-1)° (2m+1)/(5 g H2

)

G,B_(3/2P ) (2m+1){6M -6M+3-25(S+1)}/ (B g4H2)] +
, | y
3d,(an’ JGB_(2M-1){-35(S+1)+5M(M+1)46} /(2848 K0 -
. Klaa )(2M-1){-3S(S+1)+21%-2M+3} /(8828 Ho) + -
; r A
KG,8_(aa )(2m+1){—ZS(S+1)+6M2-6M+3)/(4B ) - '
chsi(aa')(2M—1)(-zsts+1)+2M2-2M+3}/(83535H2) .
~ N . BdGB (bb )(2M—1){BS(S+\1)-20M2+20M-27/2)/(B g4H2) -
K(bb a(2M—1){4s(s+1)-8v?+au—9)/(zs g4H2) + ' C
KG,B_(bb ) (20+1){4S(5+1 )-24}42-9'29M-8}/(B:g4ﬂ‘2)) -
* KGPA2(bb" ) (2M-1){45(5+1)-8MP+8M-0} /(2858 HC) - e
) _
34, (FF )/32[[(-4S(S+1)+§P12~4H’M-1) .o, L ‘,
(1244 -12M+6-45(5+1)} (20+1) 1 /(B8 H) -
B -
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1845+ 18m+6m>-36Mu+ 12) /(3 gaﬂz) -

zclpn(\ (2-4S5(S+1)] (2m+1)-121 (1+1) (2M-1)+24n
+12M2+24Mm—12m-12m -2}/(3 Hz) .
62B2(12-45(5+1) ) (24-1)-4S(5+1) (2n+1) +

sm3+24M2m+4m-24Mm2+2)/(5335115)] -
/ :

xmf_')/’m[{zs(su)(-sm-zu-a)-'zl(xu)(zu-x) +

4M3+24M2m+énz+1zum +2M+6m-8m2-12Mm}/(B Hz) -
; %

26,8, (ZS(S+1)(-2m-1)—ZI(I+1)(8M+2m-3)+12M2m+

5M2+24m?u+2m-6m2+4m3+1zr4m)QB g4H2) +

~

G22(25(5+1) (-8n-2M-3)-21 (1+1) (2M-1)+aM>+ ,

AN

 24MPm+6M+ 12MnC+2M+ 6m-6mS-12Mn} / (B gst)] - :

)

¢ S
3d, (B,B])/32[{2(S+1) (414—4m-4)—en3+24nz-24um-’

28M+1%;2\4Mzm+12}/(6 £’ -

26,8 {25(S+1) (4m+2)+21(1+1) (~12M+6) -
12M2+48m+§,6%4m+24k4m-12m -24H2m-12)/(B g4H2) +
622 H2s(s+1) (4M—4m—4)-8M3+2913/24m-28n+12m+

20fue12/(826°H)) +

,\D

A

’

K( BIB: )/16[{25(S+1) (2M-8m-5)+21 (1+1)-41>+24M2n-12Mu-26M+

a2

UL




26 B_{2S(S+1) (2m+1)+21(1+1) (~8M+2m+5 ) -12M°n+24 M2+ 18M-BME-26m

-18m2-4nS+36Mn-12} /(8 g 1) +
o e &

co c‘fpi{ 25(S+1) (2M-8n-5)+21 (1+1) (24-1) - +24Mn-12Mn-26 M+ 18
+18m+8m2-36Mm+12)‘/(BzgSHi)] +

2

G I ab 2+a" b2]{(30-485(S+1)) (2M~1)+240M>-360M2

+240M-6Q} /(4825 10) ' -

- " - *
~[aF B +a FBJ/16[{25(S+1) (2m+1)-124 n-6M"+12Mms6M

-Bm—S)/(Bngﬂi)

i

“ . . v * : Q
-2 B_{B1(1+1)(24-1)"12Hn" +6n°-12Hn-6M+Bm+3) /(Bog Ho) + . \

N G2B2125(5+1) (2n+1)-12Mm-6M+ 12+ 6H-6n-3} / (BDg HC )]
AM =21, Am =i2: ' , )

AH = H

By metem-1,m-1 ~ M, mod -1, me1

-2K(~2M—1)/(Beg) - 12mP1/(Beg) +.4G 8 H /(B 8) -

: 22 ‘ 22 22 33
6d,G B_(2M-1)/(B_g") - 4KG B m/ (B g") - amlﬂn(zu-n/(ﬁeg ) -

ﬂ A .
3.3 , .44 3,3 33 2.2 33, _ * -
16KG B n/ (B ) + 16G B H /(B g") - 48G B P n/(B.g") . ) e
3.3 14 ,
o 20GE N1/ D) 5 3

. ‘ K i
.. aIBnIZM(H:'I)(BeS) [4Gxﬂn(2M-l)‘(-4K(2M-1)Hol\fﬂeg.) -

' 2,22 2,22 oo Lo
24P mH /(B g) + 64, K(2H-1)°/(Bg") + 24KP,m /(358 )+ -
‘ . [. \ ) ) . 4o ‘ ‘ A ‘ ~
o Y . , . } e v "
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384, P, m(2K-1)/ (8267 + ﬁxz(zu-l)s;/(aigz)f + . .
(~1+12cfg§/'a§gz)(zu-1)<gni - BAIHO(ZM-L)/(Beg) - 4KH /(B _g)+ .
6d,Km(24-1)/(B26%) + 24KP m(2M-1)/(82g%)+ 9df§zu-1)2/(é3§gz)

+ 21 (21 24en? 1 48287 + 720l (8260 - 4C;;Bnm/(Beg)(2H§ S
8d,H_(24-1)/(8_g) - 4KH n/(B_g) + saixmtzu—n/(pigzg +
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\ APPENDIX B

£

The matrix elements of S ,S_, and S, between the perturbed electronic -

states |M+n) and |M), required -for calculating the transitlon

probability in section 3 of chapter 5, are - listed as follows.
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n. n+1(2M+2n+1)/(2[3 gH) . a.
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‘ 2(2_M+2’n+1)5n'n+1}/(165%3 H2) e ‘ _
’ Zan's (2w Rl : . e
' 1t~ “n,n-1 o8 - R
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aM+n+2 a‘Sn+1 n+2 n, n+1/(83 ng) )
: 2 2 o
e Sn'mlsml’.n+2(2M+2n+1)(2M+2n+3)/(83 g Hz) - ~
. ’ . ° 2 ‘ . S "
+ 308 S o (mi)/(885HE)
. » : Ct . o :
| 2Min-2 = 2 5p,n-15n-1, nm2 /(8ReEH) s *’
‘ 4
-0 "2 2 2 .
n * S 1St e (2M+20-1) (2W+2n-3) /(882 s W) o
2 / ) . . . i
) —SdasnnLnln_/(SBgHz) o
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a“+n+3 a, n, n+lsn*1.\n+25n+2 n*3(6M+Bn+7),/(48388 Hz) ‘
¢+ _=absS S . 8§ (6M+6n-7) /(488 gzﬂz)
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an+n+4 =a S n+lsn+1 n+zsn+2 n+ssn+3 n+4/( 1283 ) .
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oo S ( | ,
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" A 2 . - . »mn,n, = 0,
o2 T : t1,42,..,etc (>
Imn“m“2 = [I(I+1)-(m+n+nl)(m+n+n2)l ,
\ . «Nété _thgab n = 0 corresponds to the unprimed admixing coefficients.ﬂ
o . aM_i(i = 'o. 1, 2, 3,4), In the above expressions for the matrix
elements of S,» S_, and Sz . .Thee quantity H appearing in the i -
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‘ denominators of. the above expressions , can be approximated by using the

expression, 1/H'= 1/H  + 3d1(2M+n)/(ZBegH§) S, Finally, the
transformation matrices T, T’ and T", required in equations (5.7) and

L]
(5.9) of section 2, and (5.22) of section 3 in chapter’S are given as

follows: . L . |
[ -k k /a(k202) 172 Kk /e 2 17508 w12 ]
T | a2 | -k, /(k242) 172 o
. kl/g S kzlg ’ ka/g . , " '
* In the matrix for T,
k. = z‘nmgmn; (m,n) = ‘1,2.3), . w

m

r

where n, are the direction cosines of the extermnal magnetic field wifh

respect to the (x,y,z) coordinate system. (A necessary condition for tha,.

transformation matrix T is that kf-#kz # 0).
cotwx sln¢1cos91 sincplsine1 i
T =|-sing cos¢ cos®  cos¢ sind * .
0 -sing, cosf,

7

. . . \ ‘ . ]
-In the matrix for T’, (91.¢1) have been defined and expressed in.chapter

V. , ' .
. -cos6cos¢’ ~-cos@sing | sine ’
T =| sing -cos¢ 0

sinfcos¢ sin6sing cos@

Lot

. It should be noted, here, that the general orthonormal transformations

*

_'Tg T and T"ﬁhould satisfy the conditions, .
“ ,
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