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SUMIVìARY.

During investigations of the X-band microwave spec'brum of

Mn2* ion" adsorbecl on bacterial cel-Is, weak doubl-ets were noticeci

between the main (&n .. o ) hyperf ine .l-ines . Simil-ar doublets had

been reported in the s¡rectrum of MnZ+ adsorbed on inorganic ion-

exchangers, which at the commerrcernent of'this work had not adecl uatel-y

been explained. These rloubl-ets were tentativeJ-y assigned as

forbidden (am = + I ) transitions, and investigations to test this

hypothesis h,ere carrj-ed out. Initially it was fountl that there was

poor agreement between the ex¡rerimentally de terminl'd .line ¡rosil,iorrs

of these daut:l-ets and -Líne posii-ions cal-cul-ated us;ì-nq simple ncln-

angular exptessions. Vr/hen arrguJ-ar dependent terms \^,eIe taken into

acÖount, utiÌizing a method used by Bleaney and Rubins to explain

splitting of hyperfine lines observed lrom a plasticine sample,

agreement between theory ancl expeliment coufd be obtairled for lhe

)t

spectrum of the adsorbt:d Mn' ' ion.

Investigation of spectra from powdered sampl-es corrtaining Mn2+

in sites of large axial- crystal- fields then showed that the original

theory of Bleaney and Rubins was unable to BVen qualitativeJ-5'exp-Lain

featUres of spectra observed . Because of this, exact methods were

used to predict the intensity variations of al-lowed and forbidden

transitions with angle between the crystal f ield ¡¡xi¡; .ltrd Llre a¡rplied

statie f ieId, ai-rd interpretat-ion of a-j-l- powder: spectra wa¡r then

obtained.



The effect of rhombic crystal fieLd symmetry on powder

was then considered, and it is shown that certain component

of powder spectra are preferentially broadened, arrd as weII,

spl.itting of hyperfine lines can occur.

During the search for suitable samples, material-s were

2+which produced Mn- ' spectra previousJ-y not reported.

spectra

Lines

obtain ed

Finally a technique is reported which, when refined, could

enabÌe invostigations of central (M = *+tq = -å) transitions

without the compJ-ication of overlappíng fine structure, and enabLe

identification of component -l-ines in oVerJ-apping spectra.
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CHAPTER i

The Soecl.rum of Adsorbed Mn
2+

1 .1 Intr_qduction .

The ion-excirange properties o'F bacteri-al ce-l-l-s is a wel-l-

krrown phenomenon (Dubos 1949), and el-ectro-rregative cel-1s washed

in Manganese sol-utions ¡eadiJ-y take up Mn2* ions.

The X-band microwave spectrum ¡ecc.¡rded from a sample of t.Col-i

washad in 0.01 N MnClr, is shown irr fig. 1.1, and may be compared

with an E.S.R. spect::unl fr'om Mr'2+ ud*orbed on the ion-exchange resin

Amberlite IR-1 20 ( H ) , 1ig. 1 .2 . The observed speclira are seen to

corrsist ol' six broad hyperf ine lines (am = 0, M = + ---) M = -*l

between which can be observed five pairs of broad weak lines. These

broad doubl-ets, observeo in the spectrum of adsorbt,l Mr,2+r were

originally identified as rfine structurer by Faber and Rogers (1959).

Atthough fine structure is observabLe in celtain MnZ+ powder spectra

(Kasai 1962, Bleaney & Rubins 1961) it seened unlikely to this

author that the doubfets observed in the spectrum cll'adsorbed lt4n2r

we¡e fine structure. In Mn2+ powder spectra ,fine structure lines,

if observed, shoul-d also appear outside the central hyperfine

sextet ( M = å) , whéreas the weak lirres ol-:se¡ved in the spectra

shown, all lie inside the central sextet. These weak lines wete

the¡ tentatively assigned as forbj-dden transitions (¡r = tl ) anrl

investigations carried out to test this hypothesis. Identj-fication

of the waak doublets whj.ch are observabl-e in t,he spectrum of



N.B. The numbers running across this and other chart recordings
shown, are inch markings, and do not refer to lines in
spectra.
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2

2+adso¡bed Mrr , as forbidden transitiorrs, was made by NicuIa et al_

(1965) on the basis of l-ine positiorr measurenrents. The analysis

used in this work does differ, however, from that used by Nicu_ra,et

a1 (who have used incorrect- expressiorrs for -line positions, as sl-rown

later). The analysis used to explain features in the adsorbecl
)t

Mn-' spectrum may also be extended to obtain an inter.pretation of
)t

Mn- ' powder spectra in general.

l.¿ ta1 Fie tr bed Mn
2+

have b'een observed when

Io¡.

the Mrr
?_+

1C) n ISì

( I rr:'re)

','¡
the Mnfor example L-yorrs and Kedz ie 1966.) ln acqueous

ion is surrounded by s ix hvdrertecl wetter mol-ecu-Les

F

Forbidden trans.itions

in eil;her' ¡r nil,r¡ ol" cLrlric or'¡rx:iiiJ c;rrvl;t,ir.L f ielrl r ry¡nlrre l, r.'y .

:;olution

perturbationsrmight be expectecl to occupy a site

field symmetry. It is shown in appendix A that

sity of forbidden transitions of Mn2+ ions in u

, and neglecl.inq

of'cubic crysta-ì-

the rerative inten-

site o'F cubic field

symnretry is proportionaL to the square of the cubic fiel_d parameter

rratr. Title (1 963 ) has presentecl evidence that this parameter is

smalr when the hyperf ine parameter A is large, which is the ca..;e

experimentally for the adsorl¡ed ion. Because of ille relatively

large nreasured interisity of the doubl-ets,we must then consider that

the adsorbed Mn2+ ion is in a site clf axial o¡ rhombic crysta]- field

symmetry, which may be due to distortíon of the sur¡ouncrina hydra-t,erl

cagè of water molecul-es, due to the adsorption process.



.3 Experimental'Line Positiorrs and Spacinqq.

For powder spectla the parameters A e¡d g (or H = hv/qp)oc

may be determined approxirnately by a fit between experimental .l-ine

positions; or field differences between adjacent l-ines, and non-

angular dependent dxpressiorrs (Faber & Rogers 1959 , ln/oIga & Tserrg

196.4). Eor f ield differences between ad jacent reEjonances, Vlolga &

Tseng (1964) have given the folLowing expressions:-

H m
A

) (1 .1 )

H- (mr l) 2n-1 +

A - -97,3 0e

Ho = 3,27O 0e

Experiment

90.5 (+- 1"0) o"

93.4 il 
'l

97 .O tr rr

1OA.7 il il

1ll2.g r il

2
l_ZA- + 2srHo

2H

(1 .2)

t¡ans itions

and spaeings cal-

A best fit between fiel-d spacings for allowed
)t

observed in the adsotbed Mrr"' spectrumr. fíg. 1.2,

culatad¡ using equations (1.1 ) ís obtained for :-

n

-3/z'

-1 /2

1/2

3/2

5/z

TheorV

91 .2 Oe

94 .0 rr

97;o tr

99 .9 tl

182 .8 n
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If

sPecJ-ng

these val-ues

for forbidden

of the parameters are then used to calculate

doubLets, usíng equation (1 .2), the

obtained -foJ-lowing ¡esu.l-ts

m

-3/2

'1 /z

1/2

3/2

5/2

-E-:.pe-¡i¡P-!!

23 .5 111 .¡ ) oe

24.5 rr rr

26.O il ||

27.D il il

2B.O il rt

are

Theory-

2? .8 0e

24.9 il

aa 4 ilLl cl

29.2 ',l

31 .4 'l

The poor agreenrent bet,ween theoreticaf and experimental

spacingi; woufrl then seenr to indicate that simple non-;-lrtqtl-lar

expressioTls are insufficierrt for the descriptiorr of the expeli-

mental.ì-y determined l-ine positions f or the adsorbed Mr'2+ =pect"u.

As wetl, theoretical l-ine positions for single crystal- spectra also

predict that forbidden dc¡ubfets should l-ie midway between all-owed

(M = +, am = 0) transitions. Experimental-Iy it is found that the

doublets observecl in adso¡becl Mrr2+ spectra are shif'ted towards the

high f ietd side r.e-l-ative to the midpoint between aLf owed transitions,

with the ¡el-ative slríft increasing with f ield. Simil-ar shif'ts

have been reported for forbidden doub.l-ets observed in powder

1L'r (Waldner 1962, oderrhal- 1963) .specimens containing Mn
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1 .4 p".-Vieu= Auprrpt= t" q¡.p1._i¡__S[iL!S_.

In/olga and Tseng (1963) considered the possible effect ot'

variations of line positions due to random crientatiorr of the

crystal- fieJ-d axis in the crystal-ites comprising a powder sample,

re.Iative to the appJ-ied static magrretic f ie-l-d, using an averaging

method, and concl-uded that lor a value o1'D = 50 0e, no large

¡el-ative shifts between l-ines should occur. Their concl-usion is

hc¡weve¡ suspect for two reasons.; firstly, their apparent irrcorrect

derivation of hiqher-orrlel correc tion¡¡ usirrq pertulbal;iorr nrel.f rrrrlri ,

and secondly, by following 't.hrough the c¡:l-culations nuggestecl by

these authors, it is apparent that they have f'ailed to weight the

f urrctiorr they averaged, when cc.rnsider'irr g for-bidden transitiorrs, to

take into account the sínz20 angular va¡iation of interrsity observecl

for l-ow values o'l' D.

h/al-dner (1962) and Nicu.l-a et a-l- (1965) have al-so considered the

el''fect of random

function: -

orientation, using as an average shift the weighted

H

1Í

I: H(B). sinB.I (B). ds

where H(B) is the variatiorr oj'line position with angle between the

Z axis of the crystal field and the direction of'the applied

magnetic fiel-d, and I(S) is the angular variation of line intensity.

Rel-ative shifts of forbidderr doubl-ets were predicted using this

averaging method. As expJ-ained later, however, these authors have

used incorrect expressions for H(S).

If an avelage is to be taken, the following may be considered .
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1 "5 Averaôinq Ove¡ Random 0rÍentgllq-U-p-.

Suppose H = H(s) is the predicted fiel-d at which resonance occurs,

and the di¡ections of the crysta.L fiel_d axes are randomJ_y orienterl

wíth respect to the directio. of the static field. ro nraintain con-

tirruity with angJ_es def irred in the next chapter,

al-ternativeÌy, that the crystal axes

field direction is randomly o¡ientecl

probability that the fiel_d clirection

Z
c a bcut

are fixed in

with respect

will- l-ie in t he

the direction B,f ,

¿w = sin8 d0 df
ATE Atc

probability that

we mav consider,

space and the static

to these axes. Tha

so-lid angle dw,

as shown, is

the fiei-rl direction

H(S) function

H

ïhe
Y

c

range H

in the

wl-rich may be

1966 .)

If thé

I

Ir' 4n

wil-l- Iie between B and 0 + dg, irrespectirre

or / is then -

If P(H) dH :.S

T
sinB d0 d

o

the probability

then P(H) dH is

sinB dE
2

of transition occurring in the

equal to the probability of B l.yingt.o H + dH,

B to E + dB range

l-.e

OT

corresponding to the

P(H)dH = |sinsdB

P(H) = |sine *3
ref e¡red to as the -l-ine sl-rape facto¡. (Bersohn & Bai¡.cl

intensiby varies as a function o1. H

to H + dH is P(H) dH.I(H), and as -the range H

c)r g, the intensit;y irr
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i(H)dH - I(S)dS

the Íntensity in the range B to 0 + d8, -e,r H to H + dB is then

F(H)dH.I(H) = I(s)-s-iagjg
2 dl,

ds

The average or effective shift due to angular terms can therr be

taken as the first moment of H(9)

fl
17

J

H(S) I(S) sinB dB
dH

ds2

lr,n) P(H) r(H) dH

/ntHl r(H) dH

oH=
JI,

2
I(s) sinB dE

!r/hen this f unctiorr is eva.Iuated f or [:oth a ]-l owed ¿rncl f oltrirltlen

lines, shifts of f orbidden Lines .relative to alJ-owed tr¿rnsitions

are predicted. Averaging methods are however unabl-e to explain

everr qualitatively other features observed in some powder spec-tra,

such as splitting of hyperfine transitions. As well, as sliown in

section 4.2, averaging methods may predict va.l-ues which diff er

considerabJ-y from experimental, resul-ts. Arr extension of the

method usecl by Bl.eaney & Rubins (1961 ) to expÌain observed splitting

of hyperfine l-ines observed in modelLing clay, will predict the

observed shif'ts of .l-ines . In adclition, the method errab.Ies an

interpretation of afl- powder spectra, when intensity variations of

al-l-owed and forbidden t¡ansitions, computed by exact methods r are

useC .

I
o

?_

dtl
4c



B

Before clescríb-ing how the ll-l-eaney & P,r:ir''it rrrq1,¡rta may be

usedtoPredict-l.ineshiÍts,etc",ifisfi'rs-LnecËisìscrr:yto

clerive expressior,s lor .l-ine por.lil;ions, cor.cecl, -Lo third order,

for. which considerabJ-e rlisaqreemen'b exists irr 'bhe pubJ-is;herd

l-iterature . As we.Il- , it was f ert necessaIrV to tes't the I'elative

affect of'-bhe so caI-l.ed cubic conìPonent oJ'a crysta-l fiel-d ori

precì icted intensity variatiorls. For this purpose an electro-

static crysta.L field o1= trigonal- svmmetry is arbitrari'l-y

c ons ide ler-l .
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[}.iAPTER I I
ON]AN F R TRIG 5 f\1E R

The Crvstal F ield Potential for Triqonal- Svmm¿trv.

The Spin Hamil-tonian rePresenting

magnetic ion with an applied magnetic

ions, may be written as: -

tl-re interaction of a para-

fieLd, and with surrounding

H= : .H+V
c

(z.t¡

interaction energy, and

energy due to'bhe elect¡ic

represented irr the form:-

(2.2)

g

where the first tarm represents the Zeeman

the second term the rrcrystallinerl

field of the surroundirrg ions. V

p ote ntia I

can be
c

V X -aV(xr,Vr,tr)

nl .r vl G,ú)

c

whera v is the potential of the crystal fiel-d and x. I v1r z. a¡e the

coordínates of the i-th el-ectron in the urrfilled sheII. By assuming

,that the wave functions of the paramaghetic ion and the surrouncling

ions do not overlap, the potential V satisfies Laplacers equation, and

may'be expanded in a series of Spherical Harmonics -

V (2.:¡
frm

Ihis expression may be considerably simplified by retaining only

some o1' the terms . The Mn2+ ion has a 3d5 e-l-ectron conf iguration,

and when V is cal-cul-ated with the aicl of d-eLect¡on wave functions,
c

the vl for. which l- ) 4 wil-l give matrix el-eme.nts equal to zero

(Alttshuler & Kosyrev 1964) . Al-I terms in odd 1 may a.Lso be omil;ted

as their matrix el-Ements equal zÞro, since the eIeÒtron wave func:'tiorrs

are invariant under an inversion transformation. The term in 1 =' 0
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gives an additive constant r^rhich may be set to zero r and f ulthe¡

simpJ-ification is obtained by considering the symmetry of the

crystalline e.l-ectric fie-l-d at the site of the paramagnetic ion.

For the case of trigonal symmetry, i.e. V tÁ + Zfi\ = V(ø), the

véIuês of m must equal 0, f3r 15r 19 since the d dependence

determinea by 
"itø. 

The previous condition, I = 4, with m = fr

1-1 , I-2, ..... -1; then gives the possibl-e values for m as 0 and

The terms which are then applicable for the MnZ+ ion, in a crysta-ì-
+^

field of trigonal- svmmetry, ate Y!, Yf, and YlJ, and we write:-

l_s

+
I

For a real potential, and with a choice

such that (Yi). -. (-l)tti.*, we must hava nf

1958).

The mat¡ix el-ements of V" may

gration using \rr/i gner coef f icients ,

(2 .4)

ofl Spher'J-cal Harmonics

--ì-4.". (c.t. [rrr;rjn
4

or by expressing the Harmonics

rroperator equivaJ-entstt (Stevens

.an

now be ca.l-cu.l-ated by direct inte-

++V I-r re)"2vi * nj"avjuT'otT n;3=avo3 )
c

cartesian coordinates which allow

to be calculated, which can then

The latter method wil-l be used by

If we assume that the Zeeman

1 952)

be used to obtain the matrix el-ements.

this author.

inte¡act ion ßS.q,-x H is much larger

than the crystal field interaction it is convenient to use a co-

ordinate system in which the Zeeman te¡m is diagonal. If H is

þarallel to the Z axis of a coordinate system which has Euferian

angles (,1,,E rú) rel-ative to the crystal system, then on the assumption
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that th¿ g factor is isotropic, the problem invofves trarrsformation

of our Hamiltonian by rotation through (lt,Srú). (Low 1960, Kikuchi

and Matarrese 1 96LJ) , and in practice the ú rotation is arbitrary and

may be set equal to zero.

Under thís transf ormation B!.9..[ --+SÉlS.U

The transformation of tlre crystal fiel-d terms may be accomplished

by first converting them to their operator equivalents, which are

functions of' the spin opelators S.r 5*, S_. Known transformations

may then be appliod to each of these operators, to obtaíh a transformed

operator equiva16nt ( Low 196Ol' .

411,e¡.ll¿r 1,j.vel.V, ar-r11 w-i-l,lr rnrrch Ler;t; el'l'o.r't, clrrB m¿i,V rl.je l,lro f ;rr:1.

that, the o¡'réra'bor etluivalernts,clenotecl Lry IT, which arê rlerívetl Ir'orn

the cartesien f'orm of the SphericaJ- Harmonics, possEss the same l,ratrs-

formetion properties (Dorain 1958), as outlinad in the nexl. s:ection.

2.2 Transfo¡mation of 0perator EQuivalents.

Followin g

R (ø, B ,f ) where

1 ) A rotation

2 ) A rotation

3 ) A rotation

with positive

The same

Hamermesh (1962) we

the t¡ansformation

through the angle

through the angle

through the angle

denote the transformation bY

is described by -

about the Z axis +( Xt ,Yt ,Z) axes

rotat ions

ro ta t ion

f

defined by

is produced

El about the Yr axis --+(X",Yt,Z') axes

f about the Zr axis-+(¡tt'r\" 11') ¿l xes

the right hand screw ¡ul-e.

a rotation about fixed axes in

ttre order f , then El , then / .

f or'
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Associated with the transformation the operator 0* such thatl-s

DR(ú rg ,rl') T
1

T
mt
1

D
mlm
t (Ø,e,9¡m v (2.5)

mr

are nratrix elements of the irreducib.ì_e repre-rnihere the lltt{d,s,1,)

sentation of the rotation group, given by 2-

DT't(l ,8,*) = rit'ó"in|o mlm
i_

(s)

al''{e ) ( _1 )m 
,_m+F 

[-*^ ) t(r-m) l(r+m' ) !(l-m, ) I

(I+rn-n) l(f-m'-n ) ln I (n+m, -m) I

. (cosg/2, 2 l+m-m ' -'n (sir¡g/2, mr -m+2n (2 ,6)

and the range of the integer n irr the sumnratiorr, is determinecJ by

no.n-negative factoriaÌs in the denominator.

Fo¡ our purpose, the finel- rotaiion I is compreteJ-y arbitrary,

and may be set equal to zero.

Berfore (z.s) is used to transform the crystal- fieLd te¡ms to

tha Zeeman diagonal system, we mäy fi¡st consider establ-ishing a

relationship between the coefficients Aoo ana nj. This has been

establ-íshed by Kikuchi & lvlata:¡esse (196o) using an al_ternative

transformation - the folrowing, it is hoped, is a cl_earer expositiorr.

For a fourford axis of symmetry the crystal field potentiar

is qiverr unambiguously by:-

Kj-kuchi & Mataresse (196D)
Ballhausen (1 962)
favenett (1 964a , 1 964b)

(2.7)

This expression cc¡ntains no ternr

t
n

uo =ïu['t.Æ(r1 *';^']

where 3a = zero f iel_d spJ-itting.
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- -+1in TO' . Vrle may then trans florm the cubic potential expressidrr

¡eferred to a threef ol-d axis, to a f ourf ol-d axis, and equate the cct-

1efficient of TO, delived from this transformatiorr o to zeto. From

fíg. 2 .1 , it may be seen tha-b the transformation may be performed in

two rron-equivaJ-ent ways, viz. z-

a) a rotation about Z bV - I
OR

b) a rotation about Z bV ^ I
i.e. *(-1,1..=-1 t/å)

Performing the t¡ansformation we find -

ï.0Í,'Í-'i'I -*, /r o.ni :

, then a rotation of -cos

, then a rotatior¡ of +cos

0)

-t , ,å, about Y,

-' ,É, about Y,

o,t (
,ft,

4

+
-c os

t 

'r+' 'o' I A

_iïr
a 4 4,

{t .tri).T4. e 
// 

1fl

whence A

A I

l
4

4

A
+ l-:u:,t 7

(z.tl)
4

(The ambiguity of sign has beerr discussed by Kikucl-ri & lvìata¡esse '1 960)

Simi larly : oo( ï,1.o"-t{fi1 ,ol [ ^;'; 
: ->

and on equating with the coefficient of TOo in equatior (2,7) ,

')ti-t.' 
I

A
3

T
o

4

o

4

A
2a
45

2,3 Transfo tion of Cr stal Fiel-d Te

As our crystal- field potential we USE :

7ee Dia onal- 5 stenr.

V = DT:_c¿
+2a

45 [';
/r!J t'

3

';' 
,] (2.e)

where we have put D = 41, and wil-l- be referrecl to as the axial- f iel-d
¿'

parameter.

For a genÞral transformation by R(0rS,f), we then obtain

T(
4



!i

i.-;

{0:i; 1(i,1,'.i)

I

i.- l l'



V
c

0, (8,,0;P )

Ë
2

(3c OS 8-1) + T

o

2

=n!r!+n

(-/ã'sinZB) +ï
4

.)

(/¡¡ sin'e
4

2
2

_2*14

*t;

{ 
g Iz"inze"os2g + sin2u i qlz (3sinzocos3* - 4sin4ocos3f

+ i3 sin2eco=e"i"ry )] ]

{q fr"tn2e - 7ein4e ! z 11 

^lz"o"3s"íns"'".*..,
- í (¡sin3e - 2sinÐl"r"sp)] ]

ltuqIse [7"i.n3e"oee I ã {cos3/(4"o.2s + 4stn4e - 7sin2e)

+ i .irrlt/ (acoatl - 9sin2[lco¡:B ù]]

ri 
{l13 

[=in4e i a tr {cos3/ (4sinBcostn * arrn3B.o"g)

(4sine - 3sin3s,)f l]

(35cos4g-30 cos2g + ¡1 zo,.Æ."in3gcosBcos3{)

+_
-¿ t¿ 1a

+ i sin3/ (2.10)

where for brevity we have listed only those terms which produce

diagonal o¡ abovc-diagonal matrix elements, noting that the resultant

matrix íe Hermitian

2.4 Rhombic t .

l¡/hen the electrostatic crystal- fieÌd a t the site of a para-

magnetic ion possosses rhombic symmetry¡ the energy interaction may

be represented by the fine st¡ucture Hamiltonían (Al-rtshuler & Kozyrev

1964).

H
c

!z +^ +_

itT . oi'rì'T T( Rhombic )
2

+A +A
4 4

(2.11)



For the purpose requiredrthe so-ca1lerd cubic terms T] will be
4

neglected.

trigonal or tetragonal fiel-d may be taken to be the sum of

an axíal field (represented by eifil and a cubic field (represented

by terms in t.i). Simitarly, it is convenlent to regard e rhombic

field as being equivelent to an axial. field with a rhombic component
+^ +^

(rapresented by e)¿fr¿1. Transfo¡mation of this rhombic component

to the Ze6man diagonal system then produces:-

(0,8,.É telt)2 = ^'rlr| Esin2ocoszg

sin0 (cosBcós2f + i sin 2/)
{ )

+ T 99S-?j (cos
)

(2.12)

where again we list only terms which produce diagonal or above

díagonal matrix elements.

2.5 Opeiator Equivalents .

The for'm o'F the operators used are fisted beLow. IZr rtr rt
,|

and TO are derived from the Spherical Harmonics in appendices C and D.

0thers have been taken frorn the tabfes l-isted b.y Alrtshul-er & Kosyrev

2s * 1) + i sinzf.cose))]

- | s(s + 1)

t1
= È (ss++5+5)

Jo 2 - - z

(1964).
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Fo= ghg4$þ symmetry the following expres9ions ara then used:-

6- =:-[nt3.o=2s-1 ) + 3E sin2ecoszf I (2'14)
2t

D sin2g.+ E (cos2fcos2l + cos2*) + 2iEcos9sinzf]
(2"1 s)

(2 .16)

!
4

f

À = 1 sing[.ose (D-E cosz/) - ir"inzp]
2L

and wa neglect all cr.¡bic te¡ms,and have vut Xl = Y'le /Z

to the most common notation.

For triqonal sYmmetrY hJE use3-

q = g (3"o"2g-1)
2

D sin
4

¿
Ef

T ! sin2B
4

B a

516

æ= g
1 r440

(35cosAg - 30cos2g + ¡ i 2t..ll.sin3gto=gcos3f)

to conform

(2.17)

(2,18 )

(2.19)

(2 "2o)

["inzetos28+sin28 i4E

(3sin2Bcos3ú -4sin4Bcos3/+ i3sin2BcosBsin3f)] tt'''' ¡

" fe"in2e - 7sin4e !z,11 {z"o=
-l2BB'

3Eeingcos3,l' - í
ö

á

(¡sin3s - 2sine )sin{}] Q '22ì

I z"in3e" rae îfiþos3l (4co 
"2s 

* 4sin4s - 7sin2s)

+ i sin3y' ( coso - gsin2oc""sù] Q'23)

B

144



1B

¿.-sin'O + 4 /z* (..=:./f a

+ i sin3y' (4sinB

3 aJ
a a

576
s i-nEc o s 0 +-3sin Bc osB )

:"i"3el) 
]

(2.24)
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CHAPTER I II

EXPRESSIONS FOR LINE POSITIONS

3.1 Line Positions for Fine Structure

To obtain an expression for the field intensity at which an

induced transition may occur, which is often sufficient to describe

the fine structure to the accuracy warranted, we need only consider

diagonaJ- terms in our Harniltonian. The energy eigen_values are

then, for trigonal symmatry :-

E([4) (u I H'l M)

SBH .M + !( :co=2e-l I [*' -gf-Þr]-ll
V t -3

+ q
1 ,44O

I ro"o*ae-30cos2B + :120.,,/7.=in3e"o"ecoe3t']

.Iuuta-uor(s+r 
) ttt2 + 2,"rq2-6s(s+1 ) - 3s'1r*, l']

This expression is equivalent to that derived by Kikuchi &

Maiaresse (196Q), noting tl-rat a rotation (9,8) about 0Z and then
I

ÔY is êquiva-lant to a rotation

these authors have used.

(rt
2

-* rE) about 0Z and then OXr, as

' The expression for the aigen_values derived by Dorain (19S8)

is considarad by this author to be incorrect.

The resonance condition is then given by:-

yo = ePHo = E(lvt) - E(M-1 )

Fo¡ I = 0, we then obtain:-

Hs

H^-zr-sa

/z H -4D+4aOT

nr/,
3



2tr

(3.1 )
o

H/zHt

H H +2D+5a
3-1 /2 o

H_._= H +4D-4a-r/¿ o -
wha¡a the paramete¡g D and rrarl are noh, express¿d in 0ersted.

Hvoe ine Structure.

I¡Jhen the nucl-eus possesses a non-zero spín, the Hamiltonian

may be eupplamented by : (Alrtshuler & Kosyrev 1964)

N
+ B(S I + S I )XX YY

For tha Mn2+ ion, A + B (Ingram 1967) and putting Sx = S* + S-

Etc., h,ê Llsc -

=ASIzzH . 
åf 1-+ rtr+r l] (:cos2s-1 )-s*9*HI,

[':

tL

H
N

=ASIzz 5I
+

SI !,
2

+++4,(
?

+
_ 1 I(I+1)

3

( ¡oo"2g-t )

To first orde¡ the correction to the line

H = -An

fo¡ tha aLJ-owed ôin = o transitions, end

H _ _ À (2m_1)
2

for ths ¿m = I 1 forbidden transitíons.

- gNPNHIz '

positions is then

Sac.ond Ordeir Correct,iorrs tc Line PositiqqE¡ .

The corrections to tha eigenstatÊs ara found to be



ll=,,å1"[ '{

,Ì]

tup lM
x
Mrm I

2

(Mml H'l Mlm')(M'rnl H!l Mm)
tr -tr*Mm *Mrml

L2
2 eFH

[*'-t(I+1 ) - m(zrvr-r )]

o

24M(M-1) - as(S+1) + 9

where we have inclucled only terms in D, E and A. Ïhe torm in A2

has baon givun by BJ-eaney & Rubins (1961 ), Folan (962), Ì,rtaÌdner

(1962) and the terms including Drhave be¿n derived by Ëleaney &

Ingram (1951 ). From these terms the following coirection to line

positions is calculated:-

H=

N
sFHo

L-BL?

For M

ePHo

+1
2

A2(
2eÊHo

2

A
2

(om = o)35) +
4

m-

2

2sFH
m
2 ,.
-m+t) + (om = + 1)
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t
spH

(m2-m-62)
4

-X
Mrmrr

+ 641 Àl
oßH

o

(r

(am = -t )
2

2

To second o¡de¡, for rhombic symmetry, agreement is obtained

with the expressions derived by Morigaki et al (1g5g) and Kasai

(1962). Brovetto et ar (1953), Takeda (1g67j and Bir. (1964) tist

va¡ious different expressions which are considered incorrect by

this author.

3.4 Third Oqder Cor¡ections .

Third older perturbation cal-culations, rerevant to the Mn2+ ion

in a site of'axial- crystal fierd symmetry, have been carried out by

a number of' authors (ll-l_eaney & Rubins 1961 , lrr/aldnar j962, FoJ-en 1g62,

[t/olga & Tseng 1964, Nicu]_a et af 1965, Odenhal_ j963), with remarkably

rittla agroemant between the expressions dorived. In an attempt to

rÊisolvÊ which, if any, of'the expressions was corróct, the calcula-

tion was carried out by this author, ths f ul_l cal_cul-a_tion, being set

out in appendix B.

Tha general- form of the degenerate perturbation solution may be

derived from expressions risted by f,ondon and short]-ey (1951 ) , viz. -
M'/M
X (MmlHrlMrmr)

Mfml

Mr

Mr M

Mlml
2{

Mm

Mm

(3.3)

Mm

E

rtmll

M

a
Mlml

Mr

(r
Mr

E

Milmil Mm (3.4)
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Mm

{"

{.

{.

Mm

( M"lM )

(3.s)

( 3 .6 )

(3.7)

Mrrmil MmI
I

Mmrl

E, (Mrm)

¡4rr rfM

x
Milrmilr

M'IM
)l(

Mlml

Mm il ilt ilI Mrr I ilI

Substituting (3 .4 ) in ( 3.3 ) produces: -

Mm

r
Mmrr

( m"lm )

Mml H¡ I Mrm' ) (M'mt I H' I Mm) (Um lH'l Mm)

(E
Mr

(EM-EM,, , ) (E

', 
)t

M 'IMxx
Mtmf Mtlmrr

E

Mrmrl Mm
tqmlHtl r I Mrrmrr I

E E
Mr (3.8)

If equation (3.6) is now substituted directly in (3.8), tha

oxpreusion 1is1.ed aricl Lrserl tr.y V,laltlrr¡r (1962 ) and Nicula et a.I (196fi )

is ol¡Lainod. f-l-ris sr-rbsLitul,íoll ir'; rtot corr:ec1;, llclwevel:, ils (.1.f')

is defined strictÌy for M"lMr whereas the summation X in (3.8)
MilmÙ

or ( 3 .4 ) involves a summation over all M" (and mrr) , including Mrt=M.

The correct expression for the third order perturbation may be

found by writing this summation as -

Milmil M,m,l H,l Mml {"Mtl r 
Mt}

M

L
Mll mil

mttlrn
+X

mrt

il

(E¡4r
M

E E

y¡rrlM

+X (

Mil mil

MmrlM ila

M
E E¡l

rm ll

Mmrl

Mm

(E
Mr

(r
Mr

M

Milmlt

(3.9)
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Substitution of (3;5), (3.6) and (3.7) in this expansion of tha

eummetion then Produces:-

E (Mrm)
M'IMx(
Mlml

*rilMx(
Milmil

3

M 'IM-x
Mrml

MmlH'l Mr r ) (Mrm¡l Hrl Mm) (uml Hil Mm)

(E
¿

Mr

r[ ¡4tttrr
M'IM

F
1-

Mlml

rlMr il il

(r*, -E (r F

M M Mil

MmlHrl Ml | ) (Mrmrl Hrl Mm't ) ( rrl ¡rl Jv¡rr rmrr I ) (Mrrrmtr t I Htl Mm)

(EM-EM,,r ) (EMm-EMm,,)

(3.10)

Th¿ filst two terms only in this expression are given by lrr/al-dner

(lgeZ) and Nicula et aL (1965).

performinS .the calcuJ-ation, using (3.10), the f ollowing is then

dorived for the third order correction to the eigenvalues, where we

list only terms involving both quantum numbers m & M, which contri-

bute to the expression for line positíons of the central hyperfine

trans ítions .

mttlm
\'

mtt

E, (M,m)

¡4rr tfMx(
Mrr rmlr I (EM'-EM)

I l=inze]
t ^rpt. 

j
2

I tu2-=(s+1 ) l'-r')Am

M

+ Ds in2g 2 znv'Izu2+1-zs{s+r )]

t^' . (3cosZ0-l ).1[.(s+1 )-M(M+1 li{rtI+1 )-¡{m-r ¡i

.(2M+1 I - {t(s+1 ).M(M-1 l} [l tI+1 )-m(m+r )i

(2M-1 ) ]

4oßH
o

+

a(sBH.)2



25

?

+A'
(Ve

c) XXX+ 18

which is

(1 961 ).

important

3 ) As shown

In=inze]
LGEI J

' nr[r2-=(s+l )'ì 
2

ML 3 I

9*o )' [{r,=.'' )-M(M+1 l} {r tI+1 )-mt.-r l}{'-u-r}

*{sts*r )-M(M-1 l} {r tI+1 )-m(m+1 )} {*-'-,} ]
(3.11)

Comparing this expression with those derived by other authors we

find :-

1 ) Complete agreement is obtained with the expressions derived by

0denhal- (tgeS) and de V'lijn and van Balderen (967).

Ð The first term in this expression is the resultant ol' terms

derived from the single, double and triple summations in the

perturbation calculation. As shown in the appendix we find for

this teim in AD2=in22g :-

a) x+ -ll=r"r9.]2. nrv'[ (zu+t l2{sts+1 )-M(r'r+r [ +(zu-t l2{sts+1 )-M(M-1 Ù.l

14gpl1-l Lt''.t
which is the expression given by tn/aldnar;

b) X+XX+lr"rlrel
| +sBH" J

Am Itrr*l l2{sts+t )-M(rvr+r } -(2M-1 l2{sts+1 )-Mtu-r {
¿

which is the expression given by Nicula et al;

the expression originally given by Bleaney & Rubins

This term, as these authors have stated, is the most

tarm (in magnitude).

in the appendix, terms in Il3 , which a¡e functions of

H2

only one quantum number (M) are also

do not contribute to the expression

(M=+t--+M=-+) .

obtained, but these terms

f or l-ine positions f or



4) The third order corrections for the case o'F rhombic symmetry

(Elo) may be derived from the above equations (3.11 ) by sub-

stituting -

c=+[l{l"o=2s-t) + 3EsinZscosl! I tot D (¡cosZs-1) etc.t2

3.5 Ll"" Position= ln.ftüS- Third Order forrect aons.

F¡om the expression for third order cor¡ections to energy

l-evel-s obtained in the previous section, corrections to the

expressions for line positions may be obtainedn Performing these

cal-cul-ations and coll-ercting alI terms we obtairr the following

expressi-ons l'or line positions : -

o

H=H -A (2m-1 )+A
o

2

t (.2-:s)-lt. t
2H 4 zu2O6

26

+ H1 (A,DrQrElrm) (3.12)

(2m-1 )(m2-m-!þ)
4

2
¿¡m

Âm=+1 :

(uteu FIELD)

o:H=H m+A m _65)
4

¿ (12-r*f¡-43 (2m-1 ) (12-m+73)

4H2 42H
o

+YHo+H, (A rD, QrBrm) (3.1 3 )

am=-1
(L0hi FiELD)

where the parameters

H=H -A (2m-1 )

"v
.Lz (.2-r-!J)-A3
2N44H

o

-a

are

-YH +H (ArDrQ¡orm) (3.14)
3

are all expressed in oersted, Y = gnpu , and

rF-
angular dependent tsrms, which for conveniencethe H. (A,D,q,8rm)

we write as !-

4e2
H.

a
(i = 1,3) (3.15)E. (

l-
3cos 28-1 )+r

f
( sin 28)+G

t-
l-n
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a)
-2D' +ÃD' (zm-t ¡

; ,zoo

H (2n-1 ) (¿m

by perturbation methods is

resonance ocÕurs. Better

was obtained substituting :

= o)

= 1l)A

2

for H . in the denominators of expressions. This substitution is
o'

used in aIl future cal-culations of' Line positions for axial spectra '

N.B. The term Ho in expressions derived

an approximation for the fieÌd at which

agreement between theory and experiment

H -Am (am
o

o

'))
4D'-1 8AD'(2m-1 )

H H''oo
e(2m-1 )-4-p-e2 (zm-t )

2 u2
o

i=3
(am=-t )

-2 D
2 .oo't2m-1 )

2HH
o

É -,t^f (2m-1 )

H H2oo

-Q(2m-1 )

z
l_ ¿

(am=+1 )

G.
l-

2
-2D*

;
o

2+ 2AD*m
2-

H_
o

ú
H

36AD
2

m

^o'

-A!Ct
H2

o

a=l

( ¡m=o )

F.
l-

E.
I
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CHAPTER IV

TR AN P R!I]A JES

4.1 Trans ition Proba bilities bv Second 0r er Perturbation -

AxiaI Fiel-ds.

Thetheoryof.thevariationofintensityoftheforbidden

( a, = it ) transitions r/üas f i::s t considered by Friedman and Low

(1960). The expression derived by these authi:rs predicted " 'ín228

variation in intensity of the forbidden transitions, which for smaII

values of D is observed experimentally (see later), but could not

account for the observed va¡iation of intensity with the applied

static field. An expression for the intensity variations was

f inally obtained by B.tean ey & Rul-rins (1 961 ) which predicted the

,in22g variation, and - f, u-ri--tion with appJ-ied static fiel-d.

A derivation of the expression given by Bleaney & Rubins is now

outl-ined to il-lustrate the general method, which wil-l- be used later

to derive a correct expression for the intensity variation in the

case of' cubic crystaJ- field symmetry' (Appendix A)

The transition probability describing the transition from a

state ürr,n , to a higher state ür,,rn,

t .. I (ü u,'n, I s'l

is given bY

2

where St is a spin oPerator

inducing R.F. field . For

the crystal axis, which is

SId (S
+

(a.t ¡

which reflects the polarization of the

Iinear polarization in the Y direction of

the case experimentallY

+ 5-) (Shutz-Dubois 1959)

ú *,''



To obtain an expressj.on for the intensity we first expand the

2A

(a "z)

(c .:t ¡

I ü ,,,n) es a .l-inear combinertion of zero-orde¡ wave functions,

l-.e

w hence

| 0 ,,,n)

| ü ,rr) = fi,,,.,, "il,T"t M" rn" )

¡r4,t , r,,*
Mt,Dt

(M"rn" ltS. + S )(xu,.. lrr"
|'4 tt , mrl

Mrm

2

The coeff icieñ+- -Mtt ,fltt i n tnts -r,:;, in the expansion of the perturbed wave

function may be cafcul-ated to second older in perturbation theory,

using the general expression given by f,ondon & Shortley (1951 ),

which in our present notation may be written;-

lMttrfrtt )

(Mm'l l-lt I Milm'r)(Jv1"r" I H' I MmJ. IMD')
¡rf¡ MillM

lM,m) + )l X

lI I Mltmll

For our perturbatioir Hanríltonian we use:-

Hr _2J D

4
D

2

ltrn , )

Is(s+s)+(s+s)sl
L z + - + - z)+-1s(s+1 )1. (:.o"Ze-t )

ãi

. 
åf 

sz*s2Jsin2e * AS, t. * I 
(s*I- + s-I*)

For the operators in this expression,the possibJ-e terms in the

summation are:-

(M,m+1 I s'* | M-1 ,m+1 ).(M-1 ,m+1 I s: Ii I M,m).1 M,m+1)

(Epi-Eu_t ) (rrrr-rrrr*1 )

(Mrm+1 I slli I M+1 ,m).(rvr+r,r I Si ¡ t"t,m). lM,m+'1 )

sin2B

(4.4)

(ttn-tr*, ) (trrn,-trrm+1 
)
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(M,rn-11 s: lM+1 ,m-1 ).(wl+t,m-1 I sil: I ¡lm). lM,m-1 )

(M,rn-l I s t 1r I M-1,m).(['t-t rm I 5_lMm). lMrm-1 )

( Er-El,r-1 ) ( a*rr-tr,r-1 )

(E*-E**t ) (rr,r-ar,r_1 )

ll,t,.* 
* s*s,)] si-n zewhere 5

+

then obtain : -

Teking E,, = eFHoM and r,r. = gBHoM+AMm as aPProximations, we

etc.

lM,rn) + [, lM,m+1 ) + Czl M,m-1 )

¿

(4"s)

(4.6)

(4 .7')

(a.e ¡

ù

| ú 
'r,r) =

wha¡a C ¡sinzB {s ( s+1) - 3M2ì frrr+1) - m(m+1) ¡+
1 4oßH M

o

"no ,, = -rsi4e{s(s+t )-=-gull [t(I+t ) - m(m-t t] +

o

Forbiddan transitions occur between states (M,m)-+(M-1,m11 ),

and fo¡ the ¿rm = +1 transitions, the transítion probability is then:-

,IF*|,ú r,rl (s* * s-) I ü rq-r,r-.,) l'
For the axpansion "f lú M-1 rm-1 

) we obtain:-

lü ¡,,-,,r-1 ) = lM-1 ,m-1 ) + crlM-1 ,m) + colM-1 ,m-2)

whera c, = r"inze{s(s*r)-=l(U:l )2} lt(r*t )-r(r-r ù 
+

ïand C
4 4qBH (M-1 )

o

I+1
l_
2 (4 .g)
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Substituting in the expression for the intensity we then obtain:-

l(
I

F
oc (Mrml + C., (M, m+1 I cltN,m-1 I ) (s*+s_) (l u-r,m-1 )+

+ c3lM-1 ,m) + c4l M-i ,r-2) 
12

lr_tvr)(cr+cr)12

rr*[r2rul 
I

.t

l'

where F (M) S (S+1 )t

2

r-L
M(M-1 )J '?

(4.10)

(4.1 1 )

(4.12)

Substituting for the coefficients C, and C.
J

we find:-

]'['

i

+ S(!tl )

3M ( M-1

2

I ( I+1 )-m(m-1 )
23Dsin2E

asßH
o

For the a.l-l-orved transition (Mrm)-1 (M-1 ,m) we obtai.n in a

simil-ar manner: -

I æ t (M)

Ds in B

1-l' 1¡+1 -3M
M(M-1 )

I r{r*t)-'1}

:ì c,t -3 M-1
A

2

the forbidden

t¡ansitions relative to the alfowed transitions, we thus obtain the

expression derived by Bleaney & Rubins

For D (1 Ho , Locf2(¡l) , âFrd for the intensity of

(4.1 3 )

asFH

4.2 Rel-ative Intensitv in Powder Soectrum

Bleaney & Rubins (1961) have stated that for the purpose of esti-

mating the magnitude of the parameter D, using the rel-ative inbensity

of'forbidden to all-owed transitions observed in a powder spectrum, the

. 2^^sin-28 term in equation (A.lZ ) shoul-d be repJ-aced by 8/lS. A val-ue

of lDl = 125 0e was then cal-culated by these authors for the measured

2 1 + S(S+1 )

3M(M-1 )

I ( I+1 )-m(m-1 )
2
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rel-ative intensity observed in the Mn2+ =pu.trum from a sampJ-e of

modelling cJ-ay (plasticine ) .

The manu'Facturers (under l-icence) in Australia, of Harbuttrs

plastiçine (Bel-l-co Ltd ., Melbourne ) , kindJ-y provided this author with

samples ol" the ingredients used in the manu'Factute o1' this material.

The component responsibl-e for the Mn2+ =po.trum u,as found to be

powdered caLcite. If we assume that the Mn2+ =p""trum from the

pJ-asticine sample used by Bleaney & Rubins, was aLso due to Mn2+ in

catcite, ( lll = et 0", Hurd et al 1954), the computed value of

lDl = 125 0e from the plasticine sample spectrum is then seen to be

in error by -SOl"" Fig. 4.1 shows a spectrum recorded from a

powdered sampJ-e of Magnesite (MgC0a), from which a vaLue of

lDl-130 0e was obtained from the relative intensities of forbidden

to the first aLJ-owed transi-Lion (n = -5/2-), using tlra Bleaney &

Rubínsr expression f or a pr:rwdar: spectrum. From single crystaJ-

measurements, however, a value of IDl = 85.5 0e has been obtained

(Vinokurov et al- 1961 ), and once again a va.l-ue of the parameter lDl,

J-arger by - 50/" than the singJ-e crystaJ- determination, is obtained

from powder measuremonts. An even Iarger relative error was found

in a similar dete¡mination of rDr from the spectrum of powdered

Zn(Mn2+)C03, f íg. 4.2. From the rel-ative intensity of fo¡'biclden

Iines observed in this spectrum, a value of lDl-90 0e was obtained.

From single crystaf measurements however, lDl = 44 0e (Burley 1964).

It must then be assumed that the determinatíon of the axial-

splitting parameter D, by applying the expression fo¡ the rel-ative
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intensity of forbidden trarrsitions in a powder spectrurn, given by

BJ_eaney & Rubins (1961 ), to experimentally dete¡mined valuesr mav

produce rel-atively large eIroIS. The expression derived by these

authors for the rel-ative intensity observed in single crystal spectra,

equation (4.13), does howevÈr predict values which are in reasonable

agreement with experiment, for the MnZ+ spectrum observed f¡om

crystafl-ine calcite. For this spectrum, the predicted íntensity

ratios of f orbiclden to all-owed 'brarisitions, in the central- group

(M = å) of Iines a-b X-band, and I = 45o, as cìete¡minecl from (4.13)

with D = 8'l 0e, H = 3r300 0e' are approximateJ-y :-

m= -l1Z '1/2 Uz

Rel-ative Intensity 1 : 5"2 1 z 3.2 1 : 2"9

From the spectrum shown by Ursu et al (1966), corresPorrdìncl ex-

perimental ¡atios of
1 : 4,2 1 ; 3.?- 1 : 3.1

ara ohtained.

It woufd then appear Lhat the rel-atively larqe erlol, in ];he

determination of rDr from powder spectra, is due to the substitution
a

o'f'B/15 for sint2g ir, (4.13). The factor of 8/15 was obtained by

Blearrey & Rubins by an averaging method. The failure of this averaging

process to produce a factor which woul-d enabJ-e ieasonable agreement to

be obtained between the theoretical expression and experimental val'ues

of relative intensities in powder spectra, would then seem to cast a

doubt on similar averaging methocJs used to predict relabive shilts of

line positions in pov,rder sperctra . (Nicuta et al- 1965, Wal-dner 1962 .)
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4.3 Transitíon Probabilities bv Second 0rder Perturbation

Rhombic Fields.

Vrlhen the electt.ostatic crystalline fiel-d Possesses rhombic

symmetry,the analögous expression for the ral-ative intensity of the

forbidden transitions may be found by substitution of I l, I for

Dsin20 , ví2. ,-
4

1 + s(!tl
3M ( M-1

s inO
¿

I ( I+1 )-m(m-1 )
1
L

with I Àl
Ico=e(D-Ecoszf) 

+ irsinzf]

(4.14)

Mrm )

(4.15)

4,4 IntensitV Variations Usinq Compute¡ DiaooneÀiz.al-ion-of -t!9.
3 e1 I n terac tio

tha expansion

Suppose E

i.e .

ì¡lhen off-diagonal te¡ms in the energy matrix (M" rh" I U I Ul ,mr )

are ng longer small compared to diagonal eJ-ements, perturbation

methods arê no longer accurate, and exact methods ale necessary to

cal-cul-ate (say) the coefficients ofl the zero-order wave functions in

of pertur"bed wave functions.

denotes t he eigenva.l-ue of the eigenstate | þMrm

the expansion in

by (M"rm"l , and

lü ,,')
terms of zero-orde¡ functions,

integration, then allows us to

l{ ,,') m
Erui

5 ubstitution of

mu It iplicat ion

write : -
_ ^Mtmt
"r, r, ^Mt

E(M"¡"¡ HlM"mt )
Mrm

( Jv¡ 
rr.tt I M rmt ) (4.16 )
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oI:-

[t''r H '' )-tr,,JA +
2 3

A (1lHl2) + A (1lHr3) +
Mm Mm Mm

36
Mrn

+A (1lHl36)

3+A (2t Hl2)-E +A (2lHt3)
Mrm M Mrm

36+A (2lH 136 ) 0
Mrm

1 2
A (21 Hl1 )

Mn m

1

AMm(36t Hl1) f ..¡.. * oillrIrru,rt36)-r.M,m] , 0

(4.17)

Wi-l;lr mode¡n clirli'h¿rl t:onr¡rul.errq l,ha (:tf: x .lr¡ ) erìFlqv j rrl,er;tt:1, i rrn

matrix (MttrttlH lMtrnt) may be readiJ-y diagona-Lized to fínd the eigen-

values a*rr. Substitution of a particular eigenvalue in equations

(4.17) above, then enab-Le the coefficients oil;tt to be found. In

practice one coefficient OilT t= set equal to urrity, and the other

coefficients expressed in terms "t Oill. Any 35 of the 36

simultaneous equations may then be so.l-ved to find these co-

efficients.

Noting that the

(M), and that si lu,m)

operators S* and S onJ-y tink states (U1l ) and

= Fi(M) I M11 ,m), the intensity of a forbidden

transition mêy then be written:-
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'*l[r,'r,,0il.iîr.,, 
(M",¡"t] t'**''l 

rîr,^il,;'' 
l'"''']l

=l 
*1,",,0ü.*î::.,, [^ü:;t''"F+(M"+1 ) . oil;;t''"F-(u"-r 

I
2

(4.18)

where F+(M) [sts*r,-t1¡,r1r l]

Thc intensity variation for tha central forbidden doub.Iet, for

D = 81 0", obtained using the method described above, is shown in

figura 4.3. As described j_n chapter vI, the computations

ntscessary to obtain int¿nsity variations may ba reduced by a

1
factor of 

-10J, 
using a method described by Bir (1964\.

N.E.
The vertical scel-e in fig. 4.3 is completely arbitrary. The

absolute values computed for the forbidden transitiorr intensity by

this method woufd have to be normalízed, using the B = 0o value

obtained in a similar manner for allowed transitions.

+
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CHAPTER V

Line Pos tiorrs in Powder sPectra '

R sl Mea e

Havingderivedrequiredexpressiorlg,WealBnoh,inaposition

to return to the problem of l-ine shifts , etc ', observed in powder

spectra.

Theobse¡vedspÌittingofthe¿m=ohyperfíne]-inesobserved

f"on Mn2+ in a sample of powdered cafcite (caco,) has been

adaquately expJ-ained by BJ-eaney and Rubins (1961 ) by considering

ext¡eme values of the intensity function -

r'(s) = sin8 I(8) ( 5.1 )

^dH¿;s

For the forbidden transitions we may use¡ for values oflDlless

than about 100 0e'(as shown Iatar), th¿ intensity variation with

angla

I- (E ) æ sin2zg (5 '2)I

and for the same range of D, we assume that for the allowed

transitions -

I^(S) = constant' (5'3)
A

Using H.
a a

(¡.o=2e-t ) + F.s
l-

l-n 2E+ (i = 1r3)

2 (s.4)dH.t
dg

an B)

whe rc 4F 3t_
l-

2
^G.sin'B

l_
E

sin20(U. + V.s

U
l_

V.
l-

1

2G. - 8F F

irr section 3.5.

l_ I
where E i' l-

and G
l-

are defined



\¡le then have for our interrsity or line shape functions for

al-l-owed and f orbidden transitions by substitution of $ .2), ( 5.3 )

ancl (5.4) in (5.1 ) :-

IÅ (s) oc
2

cosB ( U +V s l_n s
t_ l-

0c sinElsin29

38

using only

su bs t itu t ion

rÊ (s)
2U. + V.sin

l- l-
B

For allowed transitionsrextreme values occur for 0 and

B arcsan ,arrd for the forbidden transitions we have one

extreme value at El corresponds apPloximatelY

TT

2

arcsin /-U. ,whichtf

J v.ra

to I -40o, 
and will- be referred to as E -40

o peaks in the Iater

functions e¡r:e showndiscussion. TYPical intensitY o::

plotted irr fig. 5.1 .
/ -r r

9=arcsi"/i! isaturning
J V.

line shape

point (or maximum) ol'the H(0)

vtsrsus B curve. The physical significance of' the peak correspondj-ng

to this val-ue of 0 is that for resonence in the range H(S-40o) to

H I au, there is a much larger number of spins contributing to the

iesonance, compared with anothe¡ general range (except H(S = 90o)

to H1 ¿u).

Thashif'tinthelinepositionfromthatcalcul'ated

non-angular dependent expressions'carl now be evaluated by
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of the val-ue of 0 for a maximum, in the àppropriate angular depen-

dent expression H- (S).

2+
5.2 Aopfication to the: (Mn ) Powder Soectrum from CaIcite.

,As a test of the theory we may fi¡st consider in more detail

the powder spictru. of Mn2+ in powdered calcite rfor which the approp-

riate parameters ale A = -940e, D = -810e and g = 2.O (approximateÌy)"

(Hurd, Sachs and Hershberger (1954), Materesse (1961)) Experi-

merrtally determined variations of intensity with angJ-e between the

crystal axis and the applied static magnetic field,are shown in fig.

5.2. These intensity variatíons were obtainecl using a natural

cal_cite crystal (picke'd f rom crushed marËrle ) , which was sJ-iqhtly

st¡aínad (as eviclencerl Iry [.aue backscatter photographs ) . In this,

and other strained crystal-srsuch as Da\dÛO disrcussed l-ater, the outer

sextets of hyperf ine -l-ines äre so broadened rthat away from E = 0o,

observations of the centra.I transitions are not obscured as the

crystal is rotated in the applied magnertic field (fig. 5.3). For

these outer t¡ansitions (M = + 5/2é M = 1 3/2 and M = 1 Z/Z .-'-+

Vl = ! l/Z) the field position at which resonance occurs is much more

angul^ar dependent than fiefd positions for the central- transitions,

and variations in the direction o1'the crystal fiel-d axis throughout

the ionic sites in the crystal- due to strainsrwoufd thus produce much

graater b¡oadsning of the outer transitions,than for the central-

resonances. t¡/ith the assumption that observed intensity variations

for a strained crystaÌ do not differ greatly from those in an
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2
unstrained crystaJ-r orJr previous assignment of a sin 28 variation

for forbidden transitions, and cor¡stant intensity for the all-owed

transitiorrs is qualitatively (at l-east) justified. (Quantitatively

the assumption of constant intensity for ôm = o lines is not

justified . )

The predicted shifts for the forbidderr transitiorrs and comporrents

of the split all-owecl transitions, using the method described in the

previous sectiot=r , are shown in f ig ' 5 '4 '

From these calculated ghifts h,e cou]-d thus expect:-

1) The soacinqs between the fow field (S = 90o) conrponents ol- the

split all-owed transitions shoul-d be slightly less (-0.2 0e) than

spacings pr'edicted using non-angr-t lar expressions '

2) Spacings between high-fieJ-d (S-40o) comporrents shoufd be wider

( -Z tie) than preclictecJ by the non-anguJ-ar exPression '

3) The forbidden doublets should be approximateJ-y midway between the

Hi-gh-field comporrents of the al-towed transitions '

Fig.5.5showsasPectrumrecor.dedfrompowderedcalcite.By

compal'ison with spacings cal-cufated using non-angular expressions,

and by observatíon, ít is readily seen that predictions 1-3 ale cGn-

. firmed experimentalJ-Y.

2+
ti on of 0bserv¿d Line Shi fts in Ads rbed Mn Spectra.5.3 fxo lana

The otrserved shif'ts of the

between the all-oweC

forbidden doub.l-ets rel-ative to the

trarrsitions in the adsorbed ionmid points

sPectrum; andotherpowderspectramentior¡edearlierandnowreadily
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expLained. In a sample in which the lines are broadened by

mecl-ranismrthe comPonent of each aLlowed transitiorr mêY be so

each a.l-l-owed t¡ansi.tion willthat orrly a single resonance for

any

b¡oad

be

observed. The centre of this observed line will lie approximately

miclway between the centres o1' each unresolved component, and from

fig. 5.4 we can readily see that the forbidden transitions will- then

be shifted towards the high fiel-d sicle of ther spectrum mol'e than the

ot¡served all-owed transitions, with the rel-ative shift between for-

bidden dclubl-ets and al-lowed lines inc¡easing with f iel-d, as is

obsarved expelimentaJ-Iy. t-xperinrentaJ-ly this is al-so found for' the

spectrum ol'a powcJered sanrpJe of'c¿rlcite which contains tr hiclhe::

)t

percentage c1'Mn'- tl-ran the cal-cite sample which produced the spectrtlnr

discussed earlier. For this heavily doped sampl-e, fig: 5'6, the

l-ines are Cipolar broadened, no splitting of the alloweci transitions

is observed , and f orbitlden dc¡ub.Iets are seen to be s hif'ted towards

the high field side rel-ative to the al-lowed transitions '

5.4 The Catcul-ation o'F Parameters from Powde¡ Soectra.

To furthe¡ test the theory presented, a computel' pl'ogr.amme was

written to eval-uate parameters by a best-fit between theor'etical and

experimental line positiorrs , using an iterative l-east squales '"t4[oJ'

described by Marríage (1 965).

The f ol-lowing assumptior.s were made : -

1. The position of .l-ines in a powdel spectlum are given by equatiorrs

(3.12), (3.13) and (3.14),



o

2+

FIG. 5.6

IN POh/DERED CALC]TEMn
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-U
with I ît,^

/¿ and alc sl_n for all-oweci components, and

arcs]-n fol forbidden transitions.

I

-U

1

2. llhen

J-ine rthe

centres

The

s pect rum

for the

a llowed

c en tre

components are broadened into

of this broadened line is at

a single obse¡vable

the mid-point of

of the components.

programme was tested on the

shown previously in fig . 5.6

foltrowing value of parameters

Powd e¡

A = 94.3 0e

broaderred ca-l-cite powder

. A best fit was obtained

Sinql-e Crvsta-l-

A 94.0 0a

D - -75.9 tt c.f . D = -81 .0 rr

Q = - 0.2 rr

The theo¡etj.caf ljne positions and spacings ol¡tained for these

val-ues of the parameters for this powder spectrum, and the experi-

mentally determined vaLues, are shown in table 5.1. Fhe

theo¡etical- val-ues are shown in brackets.
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Table 5.1 :

ExÞe¡iment and Theoretical Line Positior¡s and SÞacinqs

fo 2+ dered Cal-cite (X-Band-Room TemÞerature

Line: Spacincs (Ue) Line Positions (!e )

88.4 (89.s) 20.1 Qt .t )

36.0 (36.8)
3,065.5

3,101 .5

3,122.2

3r153.9

3 ,191 .2

3r21 4"3

3,285.3

3r310.7

3,340.3

3 ,382.1

3 r408 .7

3,438.1

3,481 .2

3 r 509.7

3,539.3

(3,064 .3 )

(3,101 .1 )

(3,122.2)

(:,tss.e)

(3,192.O)

(s,zts,a)

(3,246 .O)

(3r285.5)

(3r:110.9)

(:,:40.e )

(3,381 .7)

(3,408 .g )

( 3,439.2 )

(3,480.5)

(3,s09.3)

(3,538.3)

31 .7 (31 .6)

37.: ( 38 .2 )

91 .B (92.2) 23 "1 (23.4)

3't .4 (30 .6 )

3,245.1
39.6 (39.s)

94,6 (94.8) 25.4 (25.4)

29.6 (zg "g)

41 .8 (40.9 )

91 .B (98 .4 ) 26.6 (zl .z)

29 "4 Q9 .3)

43.1 (42.3)

1DO.2 (10Ò.1 ) 28.5 (Ze"A)

28.6 (29 .o)
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Bètter agr'eement between the parametèrs determined from this

powder spectrumrand parameters determined by singJ-e crystal

measurements, may be obtained however, if it is assumed that a

smal-l- relative shif't o'l'l-ines may occur as outl-ined in the next

section .

5.5 Line Shif'ts due tn I ine Shaoe Functions.

By prevíous theory, the line shape or interrsity functiorrs,

used to predict peaì<s in powder spEìctra, have infinite val-ues; at

celtain points. In practice the val-ue of the irrterrsíty at thrrs;e

points must be f inite, and i1. cou-lcl be expected that lor (say ) the

al-Lowed transitions the l-ine shape functiorìs would rise gradualL.y

tc¡ maxima at I .l,40'r ancl E = 90or as shown exaggerated in f ig ' 5.1 ,

toqether wrth a lirre shape l'unctio¡ d::awn (rir.ralita,rtivel.y) as ¿'r

func[,ic¡n oi lj.elc] l,;trr:ngLh. fhe resu-ltant r:rhape ol' l,he ,rlrsrr,r¡rtictri

curve expected may then be calcul-ated from the I'(H) functiorr by

assumir¡ g a l-ine shape (Lorerrtzian or Gaussian generaJ-Iy ) , and

summing the contributions at each point, of the Lorerrtzian or

Gaussian lines (modul-ated by the appropriate value of the intensity

function it(H) ) originating from aJ-l points at which resonance nìay

occur. If this is done it is readify seerì 
' 

as shown in fig. 5.Bt

that the maxima of the resul-tant absorption culve do not coíncide

nith maxima of the intensity functiorr Ir (H) , í.e., the peaks in a

powdeÌ spectrum woul-d be shífted f¡om fie-l-d positions corresporrding

to B = 90o and El - 40o by an amount determined by both the shape of
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the intensity or fine sl-rape function, and the natural- fine-widths

of the resonance l-ines. From fig.5.B it may be seen that the

g 
-4Uo 

components would be shifted towards the l-ow fiel-d side and

g = 90o components shifted towards the high fieJ-d side, by such a

mechanism. we nright therr expect that the splitting of the

a.l-l-owecl hyperfine l-ines in a powde¡. sPectrum, would be fess than

the f iel-d dif ference tìetween turnirrg points of the H (0) variatiorr .

Exper.imentally this appears to be the case f'or the splitting of the

hyper.f ine lines in the cal-cíte sipectrum shown earlier in f ig . 5 .5 .

TheoreticalJ-y a field difference of 15.9 0e between turning points

of the H(0) variation for the * = * 
U/r rtun"itions, is predicted

using J_ine positiorrs l_isted ín section 3.5 . Experimentally, a

f iel-d dif ference of 1 5.3 (1 f .O ) 0e was f or:nd for turning points in

rF
the (n = ' " /2) J-irre positiorr observeci , as a sirrgle clystal of

calcite is rotated in the applied fiel-d. The measuled splitting
rE

of the nì = 
I'/Z 

"I¡.o^ecl transitiorr in the calcite powder spectrum,

shown in fig. 5.5, is found to be 14.3 (1 t.o) 0e however, indicating

a possibl-e shif't of powder l-ines of - 0.5 0e. f onvergely, it might

be expected that a determination of rDr from observed splitting of

alfowed transiticns in a powder sPectrum, would yieJ-d of value of

rDr slightfy l-ower- than that obtained from single crystal measure-

ments. It may be noted that Bleaney & Rubins cal-cuJ-ated a value of

lD I = 70-Bú 0a f ¡om the splitting o l' all-owed transitions oL:se¡vec

in the spactrum of plasticine (cal-cite), which may be compared to

the single crystal val-ue, lDl = 81 0e.
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In a powder spectrum in which the g 
-40o 

and I o
9l-i c onr-

ponents of an al-l-owed transitiorr are t¡roadened into a s ingJ-e line ,

tine may not be st-rifted bythe fiel-d position of

this mecl-ranism. The

be shifted towards the

this broadened

El-40o forbidderr doubl-ets woul-d, however,

l-ow field side relative to the observed

alLowec transitions. If this were so, it wouJ-d be expected that

the parameter fitting method, described in the previous sectior:

woul-d return va.l-ues of parameters cLoser to single clystal values,

if small- positive j ncrements wele artif icial-l-y added to each of the

experimentally determined forbidden l-ine positiorìs, or a small-

equivalent negative slrift included in the theoretical expressiorr

for forbidden fine positions. Such was found to be the case.

As increnrents are added to each of the experimental- forbidden

line positior¡s, sho\^,n in table 5 .1 , the values of the parameters A

and D determined bV the patamel;eI fitting programme, decreers;e arrd

inc;r'ni:sla, reFì[]!!c live lv .

The best f it betweern t;he val-ues o1' parameters deteltnitred l ron'

single crystal- measurenrents (n = - 94.0 0e and D -- - 81.0 0e) and

values determined from the cal-cite powder spectrum (A = - 94.2 Oe

D = - 81.4 0e) was obtained when an increment of 0.8 0e was added

to each of the forbidden Iine positiorrsr e.g. 3102.3 0e c.f.

31U1,5 lle, used f6r l;he fír'r;1.; f-crrlridclen ljrre ¡ro.'iitic¡¡r, el,c:.

As well-, for this val-ue of'the increment, the sum of the

squares of the differences of experimental and theoretical l-ine
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positions (derr oteci 5) is smalfer (¿ '09 ¡e

no increment has been added (4'SA Oe2) '

The parameter fítting programme was

positions given by \n/aldne r (1962) , f or Mn

') than calculated wheri

also apPlied to line

2+ in powdered MgAl,

parameter rDr is

04.

Fo¡ this spectrum, however, the sign of the

known. The third_order correctio's to J-ine posítions cc¡ntain a

))
term in nnz7tl¿, and the sign of this tern'¡ depends or' the sign of

ID|.Itwasthusnecessalytoobtainbest.fitsfo¡'theparameters

of this spectrum, for both negative and positive tDr ' \¡lithout the

addition of increments to fo¡bidden line positions, the following

parametersh/erecleterminedfromthefourteenlinepositíorrslisted

by Vr/aldner.

1l ( + ve.) D (: ve)

- Bü .1'l 0e

- 52"0 rl

- D "12 
tl

g.47 oeZ

A -tlü .9 fje

not

D=

0=
S-

As evidenced

good fit between

52.3 tt

û "17 "

1 .13 oeZ

relativel-Y small

and experiment is

Lower val-ues o1' s were again oi¡tained , however, by the

addition of increnrents to forbidden line positions. The para-

meterscorresporrdingtotheminimuntvaluesofS'toQetherwiththe

corresponding increments r \^'ere: -

by the

t heory

values o'F S, an extremelY

obtained.
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A

D

a

S

I nc ¡eme nts

I (+ vg)

= - 80.6

= 66.9

= o.2

= D.76

- 1.6

L (:-:s.)

0e

il

tl

oe2

ûe

80.8 0e

53.2 rt

D "12 tl

0.46 tje2

D.2 0e

It must be notecì, however, that the bettel agleement obtained

for parameters obtained from sing.l-e crystal- measurements and powder

spectra measurements, by the addition of a smal-1 inc¡ement to

forbiddenlinepositionsinpowderspect'ra,tocompensatefora

shif't att¡ibuterl to the l-ine shape factor, may also be explainecì, if

one of our originaL assunrptions in section 5.4 is incor'¡ect ' It

was there assumed that in a broadened spectrumrthe line positiori for

an obser.ved all-owed transition ries nridway between the line positiorrs

ofthebr,oadenedcom¡lonents.If'thelinepositj-onofana].lowed

transition in a b¡oadened spectrum does in fact lie towards the high

field side of the midpoint of line positions of the comportents, by

a SmaI]- amount, the spacings between forbidden and a].Iowed lines

woul-d differ by this amount from that predicted, by the method

described in the previous section. A snlaJ-I increment added to the

measured forbidden line positions observed in the powder spectrum,

woul-d then pioduce closer agl'eenìent with singte crystal Parameters

using the best-fí.t method describecl, with assumption (2) of sectiorr

5 .4 taken to be val-id .
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Amorecletailedj-nvestigatiorlc,facompilriSonoFlinepcrsitions

atturningpcrintso.l.theH(B)variationobserveclwithsinglecrystals,

and line positions in powder spe'ctra ' 
is planned in an attempt to

cJ-arify the mechanism(s ) f or this small- relative shif't of the f o¡-

biddendoubletsinpowderspectra.Tl-readditionofsma]-lincrements

totheexperimerrtallydeterminedforoidden]inepositionsdoes

produce ãn rncrease of the parameter tDr and a dec'lease o1'the para-

meter rAr using the method described in the previous section' The

valuesoftheseparametersdetermj-nedusingthi.smethod,withoutthe

additionofirrcrements,maybetaker¡asanindicationoffowerand

upPel limits o'i I Dr , and tA t 
' respectively '

2+
5.6 ram IS Ads bed

Gorter' (1932) has shown

positive wl-terr ¿Ln irrrt llite jr;

molecufes, which is the ca'se

meters then obtained for the

exchange resin shown irr fig '

in eection 5.4 r \^'ere: -

¡\ = -96.4 Oe

D = 78'6 rr

Q = 0.8 rt

Ho = 3270.0 rt

Acomparisonofexperimentallydeterminecì]-ineposi.tionsanr:l

spacings, and corresPorrding values cal-culated f o¡ these valuÉs o'l'

the parametersr are shown in table 5'2' Theoretical values are

shown in brackets '

ec m

that the axial fiel-d Parameter 
rDr is

rìur.roLtlrclecl ['ry an clc i'nlterì r:¡'rn o I w¿¡1 e r

i'r¡r the ¿lrlsor:irerl M")'''' i"" ' ll'e Iìar'r-
)t

s pectrum of' Mrlt* adsorbed on thc' ion-

1 .2, by the method previously described
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Ta Iø 5.2:

Li ns it

m er IR.

sf
2t

Mn-' Ads ed

H Ion c han Res0

(X-Band : T
ot< 

)

I ine Soacinss (0e)

37.0 ( 37.7 )

90.s (91 .s) 23.5 (23.8)

3o.o (29.8 )

39.0 ( 39.1 )

93.4 ,94.2) 24.5 (25.2)

29 .g (29 .9)

41 .0 (40.s)

91 .o (97.0 ) 26 .O Q6.6\

',)9 .t) ( 30 .5 )

43.b (41 .9)

'loo.7 (99 .A) zl .t Ql -g)

30.1 (30.0)

43.6 (43.4 )

1O2.g (1o2.6) Ze.o (28.8)

31 .o ( 30.3 )

I ine Positions (0e)

31026.O (3,025.1 )

3ro63.o (3,Û62.8)

3,086 .5 ( 3, Û86.6 )

31116.5 (3,116.4)

3,155.5 (3,155.5)

3r180.o (3,180.7)

3 r2O9 .g ( 3,21 0 .6 )

3r251.0 (31251.1 )

:) ,271 .O (:l , ''11 '7 )

J,.ìlì6.9 ( l''ìtlf 'rr)

3,350.5 (3,349.5)

3,377.5 (3,377.4)

3 ,407 .6 ( 3 ,407 .4 )

3,451 .o (3,450.8 )

3 1479 .5 (3,479 -1l'

3r510.5 (3,510.0)

æ
77

-3/2

-1 /2

1 /r:

3/2

5/2
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For these J-ine positioris, S = 4 '2 Oe

?
at 4.07 0e' for a shift of the folbidden

the following values of parameters:-

A = -96-2Oe

D = 93.4 'r

a = 0.8 'l

t. A minimum of S occurs

doublets of 0.7 [Je, with

H = 3270.0
o

1

From the Bleaney & Rubinsr expression, equatiorr (4'13)' " F

varjationispredicteclforthejrelativeinterrsityofforbidden

transitiorrs. Fig. 5.9 shows the spectrum o't Mr'2* ud=orbed on

Amber.Iiteresin,recordedontheQ-bandmic¡owavespectrometer.at

the Department of Physics, Monash Universíty' by courtesy of Mr'

GclrdonTroup.Thedoublets,whichhaveare]-ativelyJ.argeinterrsity

in X-bsnri spËctr:a, ¿¡r,'e lraÌel.y r:esr-rì.var)I€l ¡-lt the hiqher frar¡rlÉrr(ìv'

lho Ii.n* ¡rr:rtil.j-r¡trri ril l:llr:r lie rltrr.tl-r leì,sl , ¡ttrtl l'l're irrl;¡rrtrii l'y vrtt ¡¡'¡'jrrr

withappliedfrequencyancìmagrreticfie]-d'are.thenarlecluately

explained if these doubl-ets are forbidden transitions, as originally

postuÌated.

F¡om the relative intensity of these forbidden doublets' a

varue of the parameter rD r oi'- 1 100 0e, is obtained bry using the

methodofB]-eaney&Rubins,discussedinsection4.2.Thisesti-

mation of the p;.rrameter' rIJr is then -2.51' J-arqer than the vaLue

calculated from J-ine positions ' 0ther powder spectra were shown

to preclict values larger than single crystal val-ues by ) 5Û/'. As





shown lator in section 8.3, a rhonbic component of the crystal'

fiel,d may recluce the relative intensity of forbidden transitions

in powder spectra. The overestimation of the parameter rDr by

compirred with the va}ue obtaincd from line position

meaEurtsmËnts, may then be taken as a Possible indicatiorr that a

smal-I rhombic cornponent is present ín the crystal field at the

adsorbed MnZ* ion site.

5.7 of ameter rf ec

Us;inq Non-Anqul-ar. - Dependent ExÞressions '

From the predictecl shifts shown in fig ' 5'4, it may be seen

that if the components of alfowecl transitiorrs are broadened into a

single observed peak, the centres of the measured allowed transitions

wii-] have field separations wider than those predicted or cal-cul-ated

ucing only non-angul-ar expressi-ons . Conversel!, it could be

expected,that if experimentaJ-ly determinecl spacings between the

observed allowed peaks, and norr-angular theoreticaL expressícins weI'B

used to calculate the magnitude ot'the hyperfine parametertAt, a

val-ue of A larger by -'l 0e than the va]-ue as determined by single

crystat measurements woul-d be obtained. Experimentalty this is

found for the broadened calcite powder spectrum shown in fig.5.6,

for which a vel-ue of A = - 95.4 0e was determined using non-anguJ-ar

expressÍone. Thi$ val-ue may be comparecl to the value of A = 94.0 De

oLrtained from single crystal measuremehts (Hurd et af 1954), and the
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value of A = -94.3 Oer obtained using the method described in

'section 5.4. Simil-arly, the vafue of'A = -97'3 De, determined

from expe¡inrental rine positions of the adsorbecl Mn2+ ion in

section 1 .3, is higher by - 1 0e, than the val'ue obtained when

angular terms and shifts are used, as given in the previous

section.

5.8 Ex La in es. of 0bserv

Spec Lle .

Tha theory of powcler spectra as presanted has only límit'ed

application, as a brief survey of spectra from available powder

samples,containing Mnz+ in t¡ace arnounts,quickly showed. The theory

of Bleaney & Rubins, as presented and applied to exp.ì-ain features

of the poh/der spectra of M.2+ in sites of el-ectrostatic crystar

fiald symmetry characterized by an axial field parametar lDt of less

than -1Û0 0e, ís urrabl.e to even qualitatively explain features

observed in high-D Mn2+ powder spectra. For example, if we con-

sidar the powdar spectrum of Mn2+ in apatite (C.1o(P9¿)6(Frc1)1,

raported by Kasai (1962), we find that for the válues of lDl- 433 0e,

and lAl- 96 0erobtained from single crystal- measuremants (Burley

1964), we should expect to find, using the Blbaney & RubÍnsr theory,

a splitting of the allowed hyperfine lines of the ordar of hundreds

of oerstcd,. It is immediately secn; however, on inspection of the

spectrum shown by Kasai, or the spectrum of a powdared sample of

apatita from Eranfriedersdorf, fig. 5.10¡ which contains Mn2+ ion

impurities, that no splitting of the allowed transítions is
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observableatall.Aswell,nofo¡bíddcndoubletsararesolvable'

wharaasthesimplBBxPressionfo¡forbiddantrensitioninter¡sitiaa

derivgdbyBleaney&Rubins(1961)predicts,thatfo¡thísvaluaof

D, tha forbidden transitions would rival tha allowed transitions

in intpnsity. For intermediate valuas of the axial paramatar D'

the powder spact'ra are extremely complex' Fig' 5'11 shows tha

Mn2+ "p""t¡um 
recordecl from a powderecl sample ol' gchealite (Ca['l0O) 

'

for which from singla crystar maasuraments the MnZ+ ion is in a

site for which lDl i'150 0e (Lyons and Keclzie' 19661' For both

spcctra, cornplete line identification is not possibte with any

degrea of certainty by existing thaory' However' as will now bs

outlined, ínterpretation of aII Mnz+ powder spactra is obteined

wherr exact nethods aret usËcl to predict intensity variations '
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CHAPTTR VI

TRANSi T ION PROBABIL TIES - BIR'5 METHOD.

6.1 Introduction

The expression for the variation of intensity o1' the forbidden

transitíons as derived by BJ-eaney & Rubins has only limited

applicatiorirasacknowledgedbytheseauthorsthemselves'\dhen

the axial- crystaJ- fiel-d splitting is large, perturbation methods

arenolongeraccurateenoughranditisnecessarytouseexact

methods to obtain intensity variations, as outl-ined in section 4 '4 '

SimpJ-ification of the computatíons necessary may be made by using

a method given bY Bir (1964).

The derivation of expressions, which enables a ca-l-cu-l-ation of

intensities for the case of'trigonal symmetry, is now given'

including terms in the parameter rrarr which Bir has neglected

because of their general- smalfness.

6.2 Gèneral Theorv

Bir considered'that

direction of quantization

pf the applied field, but

fiel-d due to the magnetic

effective fiel-d was much

direction dePended on the

the applied field and the

when hyperfine interaction

for the nuclear sPin was

instead the cli¡ection of

occurred, the

not the direction

tl-re effective

moment of the unpaired electron ' This

l.arger than the appJ-ied f iel-d, and its

electron state and the angJ-e B between

axis ol' the crystal--l-ine f iel-d. The

dependence ol the eff'ective fiel-d on the eLectrorr state,tl-ren led to
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a non-orthogonality between the nucl"ear spin functions for different

e.l-ectron states, and the nucl-ear spin projectiorrs, which resulted
+in the !m = :1 transitior,s beconring alJ-owed, with a corresponding

reduction in the normal allowed transitions.

Bir considered that the eigenfunction I Vf,m, which diagonal--

ized the Spin Hamiltonian, couJ-d be written as a product of eÌection

and nuclear functions.
(M) (6.1 )M

where $u i" tr,t

HamíJ-ton ian , and

an electron state,

in the absence of a

a linear combina'tiorr

tF

{ìì"

m Yt
eigenfunction which diagonalized the fine structu¡e

(M)' : were nuclear spin functions corresponding to
m

denoted (M). It + ; represented eigenfunctions

crystat field, the fi
(M) 

"outd b"
m

expressed as

(M) mrnll

ì
(q

(uH

0

ü
o

lr

weight I = 5/2,

direction of the

(6.¿)

and g
(MHo)

e ffec tive

m mrl

nlmft

I

o
(Mr.r)

where the D (s ) were mat¡ix element¡; ol' the ir:reducible

representation of the rotation group of

is the transformation which rotates the

field Ho in the absence of a crystal field,to the direction of the

effective fie-Ld HM fo" a gíven el-ectron state, when a crystal field

was present at the site of the, is¡. The components of the fietd,
M

H"rcould be found by calculating the expectation value of the

elect¡on spin in the state denoted (M) 
"

(M)
t- A

pNsN

S
MaH a

(V¡,,1 v (u x t! ¡z) (6,3)



Bir.then showad that the transition pr:obability between states

l-abelled (Mrm) and (M'rm') was proportíonal- to the product of' the

square of the modufus of the m¿rtrix efement of the electronic

(which produced onÌy small angular variations of inten-

the square of the modr:lus of the product of the spin

(M)
ano

m ü
(M')

, which was strongly angular dependent '

Ínn, ü jY',l z G.a)

tta ns it ion

sity ) , and

fu nc ti ons

i.e.

The effective field directions for the

s7

(6.6)

(2S+1 ) el-ectronic states,

In the absence of a

ü mr

r (ansura') cl ü

Bir th¿n derived -

roclalm' rur*,)l 2 (6"s)

where the dlmt (prr,) are known functions and Prr, = cos û¡4¡4r 
'

with cI¡v¡¡4r I tl-re angle betwean l,he quantizaIicln axis or tlrer nuc'le;r'r

spin for electronic states M and Mr'

Thisexpressionfortheintensityiscorrectforthetransitions

M = 1 5/2-+vt=! l/2, and M =! z/z¡+M = !t, but is not stri-ctly

correct for the central hyperfine sextet (M = å -+M = - +) ' This

isshownmosteasitybyconsideringaxialsymmetry,forwhiclrth¿

effectíve fiel-d has components, using Birrs expressions' for a

generalangleE}betweentheappliedfie]'dandthecrystalfie]-daxis

6. M2 - | sts*r I

-0

H
X

H
v

H ocM
z

is then shown diogramatically in fig ' 6 '1 '
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crystal field the experctation values of 5" and S

hence H and H are both zero, and the direction
xy

field acting at the nucleusris then parallel to

applied field for electronic states 14 = + 5/2 
'

antiparall-el- for M = -å, -3/2 a¡d -5/2'

Vrlith our convention for positive rotation '

2.2, we then have for our exFansions:-

ù
xr,,Dît" ,n 

{*å' Ho ) , + li' with S
(*å)
m

SimiJ-arly
¡ I ¡¡tt (-+, Ho )

are zero, and

of the effective

the direction of the

+ 3/2 arrd + å', and

defined in section

(++, Ho ) +p

+

(-+)
mr

x
m

H"Dmm"

= lH.ol'"tPl

D
(o)
mlt

(s t with S

(-å,Ho)
-p

6 mmt

oT"'t'(P)

il I

T hen

¡ I ¡¡lt

IIæ (p) D (-B )
o

using mr

mlmllasd (-p )

L 4;+

mlt

mmll

Ixd (p) al''" t-p)l
-Z

milm r

Id (p) 2

I

mml
id (zB) 2 ftot the closure properties of the d I

mmf

(6.1)

From the diagram, 29 = n - dt -L¿, ¿

loî'' {r - ø1,-1)l

loî'' (-p+,-+)l 2

2 or as a func;tion of U. r =COSdr 1

'àt'à 2t-2

the negative sign in the general expressaon

transition probability, is compensated by the

whence:

IoC

Iæ

The non-appearance of

given by Bit fo¡ the



non-appearahce ofonegative sign' when M = +-M = - *, in his

ganeral expression for pMrMr r as wiII be shown -Late¡'

For the functions altt{p), Bir has used tha expressions listed

by Gelffand et aI (1963), v7_2. :-

I-mmlml
I (I-m)l

.ml-m
t-_
7I

s9

I+m

(6.8)

d ( ir¡4¡u¡ ,
(-1 ) I-m)l(I+m')l

(I+m)t(I-m')l

-(mt-m) -(mt+m)
.(, -tr) 2 .(1 +P) 2

I-m( ( I -i.r.) (1 +p.)

2n+m | -m
¿

d

dp

I-nl

I-ml

For continuity, we wifl use the equivalent expression defined in

section 2.2

m I -m+nmml

Id (Pup' r (-1 )
n

( I+m) !( I-m) l(i+m' ) l0-mt ) I
n!(I+m-n) l(i-m'-n) !(n+mr-m) I

' 1ll¿ 2I-Zn+m-ml

2.

For the M = å-+M = - .å' transitions, the

and f orbiddan I ittns a re -Lllort : -

A llor'red (¡m = o )

m

u-1
1
L

intensities for a.l-lowed

1l
aifit-vt 23/2,3/2

5/z
(-p) 2

dd: /2/z
,5/2 2(-u)

*1
-2

J:3/2!:5/2
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m

wherts we häve used

and

For the expressions

I 
oi,'' (p)l 2 

=

I 
oi'-'' (ìr)l 2 

=

of interest we

I al' '' trrt I

2

d
m (-ir),ilt 2

I

2

obtain using equation 6.8

5
d
5/2,5/2
5/2

3/2,3/2
5/2

(-p)l

(-p)l

(1 -u)

31¡ * su)
2

(6.9 a)

(6.9 b)(1 - Lr)
2

(1 -_-tl)

2

2 ¿
d

l'+ùi
1(- furÎ * z¡¡ - t)2 (6.9 c)

?

( -t-L)

'.t/)l ,.l/2
¡/2d ( -t.r )

3/2,+
5/2

r(1 - r))
2

(1 + li) (t,.1,l,t)

I

¿

4

2

d (-p )l (l - -U)2 
(t + þL) (t + sP) (6.9 e)¿ 2

Note that the power of three is missing in the equivalent

expression for (6.9 b), given by Bir & Sochava (1964)' and the errol

has béen duplicated by Manoogion (1968)'

In the absence of a crystal- f iefd we have d +r-+ - I +P = -1 "

The interrsity of the al.l-owed trarlsitions rS then utri Ly, i 'e ' no

change with angufa¡ variation, and the probability of transition for

¿m = I 1 is zero.

I

dT
5

,|

tT
/2

(+p) 23/2 r+
E /a (-p) 2

d
l'zl:'z/2 çv)l 2

t*-t!2.*lt/z!3¡2.- !5¡2
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6.3 Comoonents of' the E ffer: tive Fie l-d f or Trictona l- Svmmetrv .

To de¡ive an analytic expression for p (= cosd MM,), we must

fi¡st derive expressions for the components of the effective fiel-d:-

M
H

cx, ä" 
(Yu I tolvu) (a = x ¡vtz) (6.10)

Exparrding theff, in terms of zero-order eigenfunctions of S.,

sN

we have:-

lvM) lu) *tM

!sin28
4

M+2

I\4
lM+2 ) *tM lM-1)

M-1 M-2+a lM-2) +
M+1

l¡,1+1 ) + a
M

where by first-order perturbation theory
Mr

uM = (fvt I H'-l_M' ) ,
tM-f*

and to first olde¡ in t*l it is onty necessary to cal-cul-ate
t1

M+1 M-1

"M
and Ê

M

As our perturbation Hamil-tonian we use:-

Hr = À(s
z

(S +S ) (s.+s )s ) * ß(S f(s ) + f(s )s )+-z*zz++

.tÊ

+B(s-f(sz)+f(s )s )z

where À =

ß = -+- (7sin2gcosZtt + sin2B ! A.lît-4sin4gcos3f + 3sin2acos3y' +r 576
2

3
S - 35(S+1 )S -S7 2Z

f(s
z z

i3sin ScosBsin3{ ) )
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M+1 (À(2M+1 ) p (f(M+1 )+ + f (M))) r (M)

62

(6.11 )

+
(M ).

(6 .12)

Then
"M

+

"M
(tr (2M-1 )

-9 FHo

+ p(f(M-1 ) f(M)) F (M)M-1 +

s FHo

tut(tur*-1 ) )å ana we have taken q PHOM as
where ¡11u) = (S(5+1 )

an approximation.

The comPonents of

Fl 
t',1

the effective field may now be calcul-ãted

H
M

A (9,',, I s*l 9r)
s NFN

[.[*-t ,r-,t +a
*M+1

M
(M+11 + (Ml (s +5 )/z

+A

sNFNr

A

2 sNFNr

t
l' (M) -r F (M+1 )

*M+1

M

*M*1

M

2

lu) + lM+1 ) *"MM+1
tM

M+1
uM

M-1
tM

M-1 lM-1)

t +a F (M)
+

*M-1

M

,l

F (M)(a

(f(M+1 )

+ F ( M-1
+

t'
=A

2nru9ru _(M) ( *-M +

*M+1

M
*tMM-1

e

)+

o

+

M+1

lf

ìl

ùl

F (M)
*

(2M-1 )(À +\) + (f (M-1 )
I

+

r(M) )(F +9)

-L

A

sNF¿ HN

(u) .{(zu+l )(}'"+À) r(M) )(9 +F
+

oßH
o

lr'
L-

=A
s*9*o

(M ). t (2M-1 )À + (f(M-1 )

(2M+1 )À + (f (M+1 )

B,and R(À) = À..

+ r(M))R(p)] -

- f (M))R(p)l]

F

BH'o

where R(p) real part of
{



For M = +* t (2M-1) 1(M-1) + f(M) - o

-16A ( -1 :ir(p))
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(6.13)

(ri.14)

(6"1s)

_2
t-

+
(M)

(2M+1 ) = 2

f (lvì+1 ) + f (M)

B

B

-30 ,

M = -+: (z¡l+t)

n2 (yt)

f (M+1 ) + f (lvl) 0

and we obtain :-
1

H2
X

and

H

(2M-1 ) = -2

f(M-1 ) + f(M)

1

-2

+30

-16A (À - r5R(ß)
s* F* uF Ho

H
X

Similarly -
HM = A^ (V¡4ls,l,¡M) = A^ (.l,M 

Io n*Ê* Y 'r'r gN9ri r''

and on substitution oi t he expansion of t he rfi ,
ohtain -

5-S+-
¿L

tú

ancl reduction we

M

H

l

")

v
f-

l-2
v

e*fJ*e[3Ho

M

z

t
2

z

H A^ (Vr¡l trl .+,r)

9trrPttt

AM

sN FNI

I

-H'= A

' 2ã*g'
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6.4 Cal-culation of þ[ = cos oMM t

The cosine of the angle between the directions of the effective

fiel-ds corresponding to el-ectron states M & Mt may be cafcufated in

terms of the componentsr ví2. :-

HM
X

HM
X

+
,HM
zz

andM=*-z/zÉM=!+,

HMHM' + H

= +1

Mr 2
(6 .16)

M 2 + (H + (H(¡ + (H
zX J v

M
For D (( Ho and rar (( Hor H and are both (( H and we may use

z

the Birromial approximation to reduce this expression to :-

p=

p

2M )z * (HM)2
z tHf 'l2 M

M

v
HM

X

HMHM 
O

,'l+

HMìx!

'yJ

rl
H-2 IJ,I
,;" 

J

HM

-v.
HM

2

2

tran s ítion s

obtain

noting that

Nl = t --+M =

the denominator must

(6.11)

be positive). For

term=-1rand

z

HM
z

*! * M, and

HM
z

+ 3/25/2 æv1For M

HMHM'

1

M(u )z (t¡w' ,'] +

z

(as

the

WE

1

2 however, this

1

2
tr (6.18)

Substituting for these components from (6.1 3), (6.14 ) and (6.1 5)

we 'ul-.r L¿irr -
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u-
{sPH.,)2

1 - 2,O48. ¡" r sn(þ)] 2
+ 1s l(0)

1

z -DAB fl- o =ints;,2{L¿tgp' 'cl / L

1 sa f7sinzgcos2B+si nzela .Il(-l=in{e.o=:!:=in'n"o"3* )Ì I 
2

ffi, 'J

6 .5 DiscussiSr¡ .

\rdriting p = -f(DrarErf)

identicaL with the expressiort

[4 = - å, and E = 0), arrd that

for intensity variations, i.e

Bir:

(6 "19)

we find that for a = D, f(D,0r9,0) is

for f-l derivecl by Bir (for 14 - + ----+

iclerrtical- explessions are obtained

.1H., 2 . l2 .=inz'cosgsin r*] t 

Ì ]

mml

1P = +f(Dr0'gr0) and Ioc d (+p)

Ihis author
mml

1

2

2.

d
mml

1
(f (Dro,Bro)) 2

2
l^t, = -f(0,0,9r0) and Ic,c d (-p) mml

Id (f (Dr0,g,o))

l-his doubla change cr1' sign nray be regardecl as trivì-aJ-, if the

approximate expressions orr ly, are used, in the cal-cu-lation of

irrtensity variations . \nlhen exact methods are used , however, to

predict these variatiorrs for the M =' {- tr-nsitions, this doubl-e

change of sign must be taken into account.

0nJ-y first-order perturbatiorr methods are necessary to derive

the expression for l-t and it woul-d be expected that for val-ues of lDl
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which a¡e not smal-f compared with H, more exact treatment woufd

be required. For lDl) ^400 0e,wd in fact f ind from this approxi-

matiorrrthat at B = 45o, the value of p (= cosû *r,) becomes

greater than unity. Rather t.han derive explessiorls for p, using

higher orde¡s of D/N,and higher order perturbatiorr methods, an

exact solution was then J'ound. A computer ploglamme was written

which found al-l- coefficients in the expansion of the perturbed

wave f unction, by computer diagona.l-ization of the 6 x 6 energy

matrix for. the fine st¡ucture, and val-ues of p were found by direct

substitution of the cal-culatecl comPonents of the eff'ective field,

in equation 6.1 6. The computecl intensity variations by exact

methodsrfor varioirs values of paramete1lsr are shown l-ater in

figures 7.1, 7.2, 1.5, 1.11 - 7.16.

/\s stet,erl L,ælrtre, tlre numIrer,c1- c¿llcL¡ì,at; iol]tl lì6cË]r; f-ìiì1 l-V t;rr

obtain predrcted intensity variations by this method ' ale of the

order of three orders of magrlitude less than the number requirei

using the method described in section 4 .4. The total computer

time required to obtain intensity variations for six lines, in the

range B = 0 to g = It/2t at Zto interval-s, was in fact less than one-

hal_f that required to obtain a single point of the intensity

variation, by diagonal-ization of the 36 x 36 matrix, as described

in sectig¡ 4.4.

The effects on the predicted intensity va¡iation of a forbidder¡

transitíon, of va¡iations in the parametertatare shown in fíg' 6'2
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Qiralita'bíve Iy

the r:esul-t¡¡nt

variation rnay

For

these va¡iatiorrs may be taken as having no effect on

interisity va.r'i;:tiori , bLrt qLrantitatively, siqnì-f icant

occur il' tlrr-r ricubicrr telns are rr eglec'Lec1 , f or

srnall valur:s of IJ,

the purpose

spectra is

cf the f ol-l-or,rinq work,

mair¡1.y rlu.r 1i'batìve, the

in which interpletatj-on

cubic ter:ms wi l1 bec,f powclrrr'

treqJ-ected,

b "6 .itr tcrri; i_i.,rr.. !/j,rJl^lgJllil

ìr.

. itr:L- ill-, ornbir:; [-¡v'-.;ta1 F:ir¡ld.

lt.c¡r rhi:nrbìc crys;ta I l.irre f ir:Ìd siyrnmetïy we ob-Lairr : -

2,iL{li "1,\l 
;l

)
lnirlt)'

crisE(D-.t.cos2f) + iEsin2/with I l"l
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1 .1 J¡_t-¡cd_us!.i-e.E-.

\¡Je have seen thrat features of some Mn

and 1t(9) oc

CHAPTER VI I

I n t e rp ¡ e t a t i on o-f- -0![ e-r^ Ax ia I P olvd e-I-.-Þ sl-14.,

2+ powder spectra are

adequately explained using the intensity or l-ine shape function: -

I' (S) = sinE).I(B)
zd1 /¿e

I (B)

(7.1 )

whe¡a we have previously used -

i(g) oç "in22g 
(¿m = 1l )

' and I (S) = cons'l,arrt (om =' 0)

Quantitat,i,vely, featuresi o'F a1l" axial powcler spectra may ba

axplainedrL:y consirìerjrr q maxim¿r of thø line shape fr-tnction,

ec¡uation (7.1 ) übr.lve, usi-nc1 interrsi Ly va:riat,jons I (B) , pretlrc t;od

using Bi¡rs method.

Fcr our interpretation ì^/e assume tl-rat the I(S) variation

modulatds tl-re 
-1--- - - 

f t-lt'rct ion , whicl-r has f inite values

cosE](LJ.+V.si,n28)
Ll-

¿
ca'rsB(U.+V.sin

Il-
s)

at E = n/2 and I =.aicsin , - 
40o , rather tl-ran undefined-u.t-

I

velues.
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7.2(a) Apatite ; Transition Probabilities in Sinole C¡vstal-s.

The intensity variatiorrs predicted, for all-owed and forbidden

transitions of the centraJ- hyperfine sextet, are shown in figures

7.1 and 7.2, using the exact methods described in section 6.5.

Experimental verificatiorr of these predicted va¡iations. for a.l-1

l-ines was not possible because of the overlap of outer transitions,

and the rapid rise of am = 1 2 (and possibly am = 1 ¡) t¡ansitions,

as the angle between the crystal axis and the applied static

magnetic field was increased from zero. It was, however, possible

to fol-l-ow the variations ol intensity for the first atl-owed l_ine

(m =, - 5/2) and the first forbidden transition (m = - 5/2 -)m = -3/2)

over a large range of angles for a single crystat of apatite from

Erenfriedersdo¡f. These variations are shown in fig. 7.3, and by

comparison with the predic l,ed variations we ot.rtain excel-lent

quaJ-itative agreement between theory and experinlent. The experi-

mentaL intensities near B - 450 are smal-Ier than the predicted

intensities. This woul-d be expected, however, as overlapping biy

adjacent fines woul-d produce a reduction in the observed peak to

peak of the derivative of the absorption curverwhich was taken as

a méasu¡e of the intensity.

7 .2 (6) Apatite : Exolariation of Featu¡es of the P owder Soerctrum.

Assuming that for the othe¡ al-Lowed and forbidden lines, fo¡

coul-d not be foJ-Ìowed,which intensity va¡iations with rotation
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the

pea k

1.1

vÉry

the

intensity variations are as predicted, but with the measurecj

to peak intensities smal-1er near B 
- 

45o than shown in figs '

and 7 .2, we may conclude that the intensities of aIl linee are

smal_.1_ near El * 40 - 45rJ. [¡/hen this modu]-ation is applied to

fu nc tíon --.'' 
we could then exPect that for a

2
l_n s)

powder sample the g 
-40o 

peaks predicted by this function would

only be of very smal-l intensity, and may not be observable' For

the alrowed transitions hre coul-d then expect only B = 90o peaks,

i.e.rinapowdereclsampleofapatiterweh''oul-dnotexpecttoobserve

splítting of the al-lowecl transitions, as is observed for low D

samples, and we would exptsct the observed l-ine positions of these

lines,to coancl-de approximately with fine positions observed foIi a

singJ_o c1.v5! bar ,¡t Èt .= g0o. Such j,s tha case f or tho a¡rat;ì t;e

powder spectrum shown irr fig' þ'10 '

Kasaits (1962) assumption that the Mn2+ apatite powder spectrum

corresponded to the B = 90o single crystaJ' spectrum' ín his deter-

mination of parameters, is therefore justified' It mãy be noted

thet Kasai has used only second orde¡ cal-culatíons in his analysis

whichpredictequalanguJ-arshiftsforeachhyperfine.]-irre.Third

order terms predict unequal angular shifts for the central hyperfine

Iines, and as shown previously in section 5'2, predict that the

spacings between adjacent allowed hyperfine l-ines' at B = 90o' is

l_ess than the spacings calcu.l-ated using onJ-y second order terms '

cos8 (U . +V . sal-
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Conversely it would be expected

dete¡mined

that if the

by fitting

hyperfine parameter A

experimental B = 90o) WAS

from a powder spectrum, to theoretica.l- terms con-

taining only up to second order corrections, a val-ue of A lower

than that obtained from single crysta.l- measurentents woul-d be

obtained. This coul-d then explain why Kasairs determined val-ues

(Att = 94.4, At = 92.4) are slightly lower than vaLues obtained from

single crystal- measurements (A¿ = 95.0, At = 92.6 : 0hkubo (1963);

Att=96.2, At = 95.5 : Burley (1964); Att=96 (lt), Ar = 93 (1f l :

Vinokurov et al- (1964 b)).

For the forbidden transitions,the modul-ation by I(B) produces

a smaLl- broad peak irr the intensity function at g- 70o - 80o.

It coul-d then be expected,that in the powder spectrum,the forbidder'

doubl-ets, pos$ibJ-y broaciened -i.rrl;r¡ ¡l sinqle lrroacl leFion¿rrìce, cotrlrj

l¡e obeo.rverl at lirre ¡:osritj.orr ri co.r'respLrrrdirrg to B -'/Uo - [ì0o, crr:

20 - 30 0e towa¡ds the high field side refative to the mid point

between the al-l-oweci transitiorrs. For the spectrum shown in fig.

5.10 ,such broad resonances are observed.

(or A2 and A¡

line posi-tions

In the

was observed

spectrum l-ras

('r963 ) .

It has

single crystal studies of apatite,a much weaker spectrum

underlyjng the main spectrum, fig.7.4. This weaker

been reported by Vinoku¡ov et al- (1964 b) and 0hkubo

been assumed that the apatite powder spectrum discusseci

the spectrum due to the main ion site.in this sectiorr was actuaJ-ly
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As shown l-ater in sections 7.4 and 8 '4, if two or more non-

)t

equival-ent Mnz+ ion sites exist in a materialr the features of a

PowdersPectrumrnaybedominatedbythesiteofloweraxia]-crystal

field splitting. This may occur'even though the single crystal

)t
Mnz+ spectrum of the lower rDr ion siter maV be of relativefy

small- intensity,compared to the single crystal sPectrum f"om Mn2+

ions in the higher rDr site. Because of this, a brief investiga-

tion was carried out to verify that the apatite powder spëctrum

¡:revioucily dis.cusiged rwirs; in f;rc1. ,duc! to the íon site which producarr

Lhe main spectrum in single crvri l,al studies'

7.2(c) Aoatite SinoIe Cr vstal Soectra and Annea lino Exoeriments.

Thereareth/onon-equivalentCa-sitesintheapatitecrystal

Íitructure (St. Naray - Szabo 1930)" The CaI site is on a trigorral

symnìetry axis in the centre of a slightly twisted prism of six

oxygerr atoms (point group symmetry Ca) ' In fLuorapatite the CaII

site is irr a reflectiorì plane containing an adjacent fLuoride ion

a.l-so in the ref lection plane ( point group symmetry tt 
f' 

) ' In the

chlorapatite the halide Lies on the same hexagorral scre\^i axis as

the fluoride, but between the reflection pJ-anes (Johnson 1962l,.

Butle¡ and Jerome ('l 950 ) , and 0uweltjes (1 951 ) , have concl-udeo

thet the shift in the ruminescence emission of Mn2* tith change of

cr- and F- composition, is evidence that the Mn2+ i= in the caII

site. Na¡ita (l9el), however, has calculated the effect of change
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2+in lettice constants on the emission spect¡um of Mn in halo-

phosphates,assuming the nanganese to be in the CaI site, and found

that the caJ-cul-ated shift was ín acco¡d with the experimentally

observed ef fect or: the Mrr2+ enrission spectrum, of changing the

trt-]/ t o-] ratio. Johnson (1962) has appried symmetry ârsuments

to expJ-ain the observed spontaneous polarization of lumínescence

of single halophosphate crystals, and has concluded ,that in

f .truorapatite the Mn2+ i= predonrinantly in the CaI site, in cl-i1or-

apatite the CaII site is preferentially occupied, and in mixed

halides, incl-uding natural crystals, both sites are occutpied.

Kasai (1962), on the basis of the electrostatic symntetry at the two

sites, concludecl that the paramagrretic resonance of Mn2+ in powder

synthetic apatite phosphorsrwas due to the Mn2+ ion occupying the

more symnretric CaI site. \/inokurov et aL (1964 b) have come to the

gåmB coticlr,llitrn,f'clT: l,tra rrrora inlrnrr-.ra riingle crvrllirI lr¡.racl,rrtm

observed irr naturaJ- apatite clystals. These authors reported

observations of a much weaker spectrum underlying the main spectrum,

which they attributed to Mn2+ ions in the CaII site. Ohkubo (1963)

has published spectra from naturally occurring apatite crystals,

showing this much weaker set of lines,which he al-so attributed to

Mn2+ in the caII site. The parameters for the Mn2+ spectrum,

generally attributed to this ion occupyirrg the CaI site, have been

giverr by Eurley (1964), Virrokurov et a1 (1964 b), Kasai (1962 ) and

0hkubo (1963). No parameters have yet been detelmined fo¡ the MnZ+

ion in the CaII site.
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Johnson (1962) reported that E.S.R. observations of synthetic

chlorapatite crystal-s containing Mn2+ irpurities, indicated that

this ion was in the' caII positiorr . In reply to a letter by this

author requesting the parameters f or Mn2* in the Ca I I site, Jol-rnson

(November, 1967) has stated that rrdue to large departures from

stoichiometry resulting in many centres of the type studied bry

piper et al_ (1965) having hyparfine interactiorr r,.rith the two CI

ísotopes, the E.5.R. spectra of chlorapatite crystals are hopelessly

c onrp lex tt !

Apple anrJ Ishl_e¡ (196¿) observed that the rate of cooling 1'rom

elevated temperatures affecteci the structure and l-uminescence ol'

cal-cium halophosphates with Sb and Mrr. These authors proposecJ that

very fast quenching (vsec) from high temperatures (800 - 'l ,¡OtJoC),

rrfree2es inrr a more random distribution of Mn over the two Ca sites,

whe¡eas orì sl-ow-cooling,the MnZ+ tends to migrate to,and occupyrthe

CaI site, and suggesteC that E.S.R. measurements orr annealed samples

could help to substantiate o¡ disprove their proposals.

0hkubo (1963) reported that the weaker CaII - Mn2+ sPectrum

was reduced in intensity with annealing, which would seem to sub-

stantiate the proposal of Apple & Ishler (1962), th.t Mn2+ woul-d

nigrate from CaII sites to CaI sites, with annealing. Quenching

and annealing experiments wele carried out by the authorr using

single crystals, but in aLl- cases a large reduction of the intensity

of the weaker spectrum was the only effect obse¡ved. This large
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reduction of Íntensity of the weaker spectrum with quenching,wouJ-d

then seem to cast a doubt orr the proposal of App]-e & IshJ-er, if

this weaker spectrum is due to Mn2* in the CaII site'

No J-arge reductiorr of the intensity of lines observed in Mn2+

epatite powder spectrum occurred with annealing ' If the Lines in

the powder spectrum were due to Mn2+ ion=, which produced the

weaker spectrum in single crystal studies, these powder .]-ines shoulo

be ¡educed ín interrsity with annealing or quenching. v'/e may then

conclude that lines in the powder spectrum discussecl in the previous

)t

sectionrare, as originally assumed, due to Mn'- in the iorr site

which produces the main spectrum in single crystal' studies '

7.3(a) S el- Tra

¿+

P bí1

TheexistanôeolstrainedsinglecrystalsofCa!r/0ocorrtainì.ng

marìganese for which only the central- (M = å-f M = - +) transitions

are crbservabl-e (Lyons & Kedzie, 1g66)renables the study of intensity

variatiorrsofa]-Iowedandforbjddenlinesinthecentra].transition,

without the complication of overl-apPing fine structure ' Natural

crystars of cavl¡o of unknown l-ocarity, which contained MnZ*, and

producecl intensity variations simiLar to that described for the

synthetic crystals, h,as found among specimens in the Geology Depart-

ment of the university of Adel,aide. Near B = 0o, alt fine structure

in the Mn spectrum was observabl-e, but for B greater than about

observations of the
50, the fine structure was so broadened that
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central structure urere not hindered. ExperimentaJ-J-y determined

intensity variations obtained from this natural crystal are shown

in fig . 7 .5 and predicted va¡iatiorrs shown in fig . 7 .6.

Taking into account the reduction of observed intensity due

to over.l-apping by ad jacent lines, exceJ-lent agreement between

experimenta-l- and theoretical- variatiorrs is orrce again obtained.

The experimentally determined intensities wele al-l- taken

relative to a D.P.P.H. signal. At certain angJ-es between the Z

crystal field axis of the tungstate crystal,and the applied fieJ-d,

this D.P.P.H. ljne overlapped the central forbidden lines ol'the

tungs'bate spectrum. Because cf thi s , the intensity variatiorrs o1'

these forhidclen l-ine.q were no1, fLrlly rletelminerl .

7.3( b ) Scheefite Powder' Spectrum.

For the al-J-owed transitions it is seen from the predicted

intensity vari¿itions shownrthat "¿ 
g 

- {[Jo, the f i¡st (rn = - 5/2) ,

and last (m = + 5/2) , of these transitions stil-l have a relativeJ-y

large interrsity, whereas the other a-l-loweci Lines (m = ! 3/2, ! 2¡

are reLatively weak.

ln/e coul-d thus expect that f or the powder spectrum, the I - 40o

peaks in the interisity functiorr woul-d be rel-atively large for the

f irst and l-ast al-Iowed transitiorr s, and rel-atively smalf for the

central four allowed lines. SpJ-itting of the al-lowed transitiorrs

woul-d than be observed only for the m ! s/z resonances o



For the foroidder¡ transitions (am = ! 1) tthe intensity at

B -40o is rel-atively large, and the interrsity variation could be

approximated by o =in22g variatior¡. In the powder spectrum we

woul-d thus expect forbidden peaks corresporrding to 0 - 40o. These

predíctio¡s, both for the allowed and forbidderr transitiorts, are

verified experimentally.

, For this, and all other powdeî spectra from samples for which

the Mn2+ ior is in a site of axial fietd symmetry, we could perhaps

generalize rand state rthat the resultant pov'/der' spectra can be

regarded as the resultant of the síngJ-e crystal spectra at g = 9[Jo

and 0 - 40o. This is sl-rown for the tungstate spectrum in f ig. 7 .7,

where the powder spectrum, and B = 90o and I - 40o epectra from

the straiired -singf e crystaJ-, have been aìigned using a D.P.P.H.

marker, making possible a complete identificatiorr of major línes in

this powder spectrum.

Líne Identification

77

5plit al-l-owed transition (m -5/2r6m = o)

Forbidden (n =, -S/Z ---tm = -3/2r am = +1 )

Al-lowed (n = -3/2¡ Ám = o)

+ Fo¡bidden (n = -l/Z --+ m = -5/2t 6m = -1 )

ForLridden (n = -l/Z -+nr =i -t, Ln = +1 )

Al-l-owecl (r = -å, am = o) + Forbidden (m = -å*n = -3/2,ôm = -1 )

Al-Iowed (m = +|, om = o) + Forbidden (. = -å+m = +tr, 
^m 

= +1 )

2

3

4

5

6

7
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9

10

The spectrum

by Vinokurov et al-

of Mn

(1961 ) .

lDl

dependerrt than cor¡esporrding

powder spectrum of this lD I

a much larger fiel-d region,

7B

in dolamite, CaMg(t0a)rr has been reported

These authors reported the existance

= 150 0e site are trruch more angu-Iar

transitior,s of the D - 0 site. The

= 150 0e site wou.l-d then be spread over

with a corresponding large¡ reduction

Alfowed (n = l/2, ôm = o)

Forbidden (n = 3/2 +m = tr, an = -1 )

Allowed (g = 90o component) (m = 5/2, tm = o)

+ Foroidden (n = 3/2 -+ m = 5/2, Am = +1 )

Forbidden (n = 5/2 + m = 3/2, tm = -1 )

Aflowed (B-40o component) (m = 5/2, am = o)

11

12

7.4 Dolamite: Sinola Crvstal and Powder Spect,ra.

2+

of two overlapping spectra, or.e characteriseci by I Dl = 150 0e, and

the other of reJ-ativeJ-y smalf intensity bl' D - 0. Thu Mrr2+

spectrum from a sampJ_e oI powderec] dolamite is shown in fig.7.8,

together with B - 40o ¡,rnd B .. 9CIo single crysti:r1 spectra, ther three

spectra being aligned using a D.P.P.H. marker. (For this sample of

dolamite, the outer fine structure al-so fell rapidly in interrsity

away from B = 0o, enabling observation of the central hyperfine

transitio¡s. ) Complete identification of the Iines in the powder

spectrum is than possible and it is seen that the major lines in the

powde' spectrum are due to the MnZ+ ion in the D - 0 site, which

produced reLatively weak

Transitions of the

Iinès in the sing.Ie crystal spectra.
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in the obsa¡vad paek 'bo paak interrsity, than wouLd occur for the

powder spectrr,rm of the D - 0 site.

7,5 -nnl_grt" I Sr¡qle CrVStal .

The spectrum of Mn2+ in an kerite , Ca ( lntg rF"2*, Mn ) ( COa ), has been

reported by Vinoku¡ov et a-l- (1961 ) . These authors, however, were

unabl,e to determine parameters accurately, due presumably to the

broadness of the l-ines observed for the sampJ-e used, which they stated

we¡e b¡ciadened by an Fe -. Mn dipola¡ interaction. The I = 0o spectrum

from a single crystal of ankerite from Vr/estern Austral-ia, obtained

f¡om Mineral Specimens Ltd., S.4., is shown in fig. 7.9. For this

spectrum a best fit between experimentally determined line positions

and theo¡etical line positions was obtained for the fol-l-owing values

of parameters -
z .Do (t a .oos )

A = - 94.1 (1 o.s) 0e

IID = - 1s4 (: s) De

. = J 1j iI s) oe (T = 2ooc, = 9.17 Gc/s.)

The vaLues of these parameters appear identical (within experi-

mental elror) with those dete¡mined by this author for dol-omite, The

spectrum of a powdered ankerite sampl-e is shown in fig.7.10 and

appears to be just a broadeneC version of the dolamite powder spectrum

(tig.7.B). As the doÌomite powder spect,rum was shown to consist of

two overl-apping sets of lines, it is reasonabl-e to acsume, from a

comparison of the powder spectra, that the¡e a¡e two sites avail_abl_e

for MnZ+ iorrs in ankerite as wel-.I , with a weake¡ spectrum masked and

unobservabl-e irr the single crystal observations.
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7.6 Summarv of Theorv for Axial Spectra.

At'this point we may summarize the theory of axial powder

spectra as fol-lows: -

1 . For any val_ue of tl-re axial- parameter t D t , a powder spectrum

may be regarded qualitatively,as the sum of the I = 90o and

g 
- 40o single crystal sPectra.

2. For vaLues of lDl(- 100 0e, the intensity of al-.1- al]owed transi-

tions at tl ^ 40o is refativel-y J-arge, and a powder spectrum shou'l-d

consist of both B = 90o and B - 40o al-l-owed peaks, which may be

broadened into orr Iy a single obselvat¡l-e -l-ine. Forbidder¡ douhf ets

shoul-d be obselvable (corres,porrdirrg to ts - 40o ) , ¡rnd in t¡ro¿rderrecl

spectra wilt appea¡ shifted towards the high fiel-d side Úf the

spectrum,rel_ative to the observed alLowed transitiorls.

3. An additional- smaf 1 refat.ive r,;hif't of the forbidden doublets

towards the l-ow field sidermay possibly be attributed to the line

shape factor.

4. The determination of the parametertDt, using the Bfeaney and

Rubinsr expression foq reLative interlsities in a Powder spectlum,

may be J-arger than the value detelmined frorn single crystal measure-'

ment by >5O1" (for vafues oflDl<- 100 0e). The method is not

applicable for large val-ues of lDl.

5. ForlDl-150 0e, the intensities of only the first and fast

6 = ! S/Z) allowed transitions might be sufficiently large ' near

B -40o, to have an effect, on a powder sPectrun. Doubl-ing of orrly
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these allowed fines may therefo¡e be observable in a powder

spectrum. S -40o fo¡bidden l-ines should be observable, but may

be so shifted rel-ative to the allowed B = 90o peaks, that ovelJap

ocEurs . e.g. f alrrl0O powder sþectrum, f ig.5.ll.

6. For lDl = 250 0e and I Dl = 350 0e, predicted interrsity

variations are shown in figs. 1.11, 7 "12, 7.13 and 7.14. From

the varíations for allowed transitions, it is seen that near

B - 40o the transition pròbability is re-lativeLy smaJ-l for aIl- lines.

In axial pot,i,der spectra of Mn2+ in sites for whrch lDl-250 - 350 0e,

h/e might then expect that all B ^ 40o al-lowed components may be crf'

rel-ativel-y small intensity, comparecl with g = 90o peaks, and may

not be observabfe. For forbidden transitiorrs, the predicted inter-

sity near El -40o is relatively J-arge for only the first and fast

pair of transitions (m = I 3/2.->m = I 5/2), and only these pairs

of l-ines may be obse¡vabLe in a powder spectrum. High-fiel-d fines

have a larger variation of fiel-d position for resonance, as B is

varied, than low f iel-d l-ines. Hi-gh f ield l-ines in powder spectra,

are therefore broadened more than low fiel-d l-ines, and it might be

expected that the l-ow fiel-d forbidden doublet (m = - 3/2++n = '5/2),

would have a larger intensity than the high field doublet,

(m = + 3/2 <- m = + 5/2), and may even be the only forbidden -Iines

clearJ-y discerrnable .

1, For larger values of rDr (^¿S0 0e) the interrsities ol al-l-

transitions at B *40o may be sufficiently small that peaks in a
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B.l

powder spectrum, corresponding to crystal-l-ites possessing thi.s

orientation, may no'L occur. The ¡esul-tant powder spectrum then

corrsists basically,of alrowed transitiorrs, corresporrding to

I = 9Oo. e.g. Apatite powder spectrum, fig. 5.10.

8. Predicted intensity va¡iatiorrs for lnl = 876 0e are shown in

figs; 7.15 and 7.1 6. F¡om these,we may predict ,that for val_ues of

'Dt , of this order, g = 90o ar-r-owec peaks shour-d stir-r be the

dominant feature of a powder spectrum.

It is of interest to compare the intensity variations, for

I = S = 5/2, Inl = 876 0e, calcu]-atecl by Birrs method, with

intensity variations fol I = 7/2, S = 3/2, l}l = 876 De, shown by

BJ-eaney arrd Rul¡ins (1 )61 ) , calcu-l-ated by computer diagorral-izatiorr

of the 36 x 36 energy interactíon matrix. Forrn = 1 å (¿m = 0,

am = 1 1 ), the va¡iations predicted by the two methocls are

qualitatively in agreenrent, as may be seen bv,a comparison of.

figs. 7.15 and 7.16, with fig. 3 of Bleaney ano Rubins (1961 ).
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CHAPTER VIII

Ihe Effect of Rhombic f,rvstal Field Svmmetrv

8.1 Introductiorr .

Hayashi and Ono (1953) huve reported the existence of four

non-equivalent Mn2* ion sites in MS50O .7HZD. These ion Sites

were characterized by the parameters A = - 94.7 Oe, D = 428 Oe ¡

E-0. fhe Z axes of the crystal fiefds at these sites possessed

direction cosines reLative to the crystal axes a, b and c cf

(! o.zaz, o.gsz, D.122) , (! o.zaz, o.gsz, -0. lzz) .

For this value of the parameter tDt, the theory presented

above predicts that the spectrum from a powder sampJ-e of

MgSOO .7|2tr (MnZ+), shoul-d consist basically, of six B = 90o

al-l-owed l-ines . Contrary to this predictiorr, the spectrum

obtainad was e xtroma-ly com¡rlex (fiq. 8.1 ), wil ich strggesrtacl Llrat

lhe publishad parameters were inco¡rect, ånd single crystal strrdiet:

were then undertaken. Agreenrent with Hayashi and Ono was

obtained for the magnitude of the parametertDt, but a relativel,y

large value of E(-80 De) was necessary to describe the observa-

tiorrs that for ¡otation irr the X-Y ptane (g = 90o)r large va¡iatiorr s

of l-ine posítions and .l-ine irrtensities occur¡ed. It was then
)t

postuJ-atéd that the complexity of the MSSOO.TNZO (Mn'*) powder

speôtrum was due to the rhombic component of the crystal- fiel-d, and

the theo¡y of such a component, and its effect on powder spectra,

was then investigated.
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It has been assumad by some authorq that the orrly cffact of

a rhor¡bic component of the crystalline fietd, on a spectrum from a

powderecl sample containing Mn2*, is a broader,ing of lines. (Kasai

ig62, de \dijn & Van Balderen 1967 . ) It wil-I now be shown, however,

that if a rhombic iomponent exists -

a) the B-40o components of the powder spectrun are preferentially

broadened, compåred to the B = 90o lines'

b) SpJ-itting of the I = 90o lines may oecur'

8.2 The effec t nf Random 0rientation.

Forapowdersamplewehaveseenirrsectionl.5thatthe

probability of the di¡ectior¡ of lhe appJ-ied field lying in the

elementery solid angla dw, about the direction Brf , is:-

sinBdBd* (8'1 )

4n

From the symmetry of the p variation, it then foflows that for

a gíverr g, the intensity or.l-ine shape function for the f variation

is:-

r' (*) ôc r(ú)
¿H/ a* E = cons

r(*)
¿H/¿v

(8.2)

The angular va¡iation of line positions for rhombic symnretry,

maSr be derived from line positions for axial symmetry, given in

saction 3.5

Substituting -

for D(¡cos2g-1 )

2å lt,3"o"2s-1 
) + 3Esin2e"o"z9 

]



tì5

t\l 2

,2
tPt

h,e 'ctrtain

+

may occul

re .l-a t ive

in0cosB ( D-Ecos2f
{r"ins=in *\'l

2

I li=

I
(s,

Ds in

'!

2
+

{
.,,s2ll} t * þr"o=8"r"zfi 

2l2 I + E(cos2/cos2B

for

then producee:-

for ( Dsin2B )

z

-32 32 Am

H2

1

6

+

1

H

2

R.c+S..¡,2 *r..P2
aJ-a

(8.3)

l.
a

H
oo

D ifferent ia t íon

sin2f 
[-..* . "r-n' ,{'

þ=&
at intermediate values depending on

2 2 2
èH.

l-
ãe

E+S san 8c os B ( D-Ecos2* ) s r_n 0cos2fE+

T.t
4
lrz "o"2ecoszf - t (.os2B+l ) (Dsin2E+Lcos2{,(.""2e*r I l}]

Extrenre vaLues o¡ 1/àH then occur at

(û.4)

0 and * = 90o, and

the magrritudes and

-32- - 1 6A (2m-1 )

HH2oo

a I

(¡m _1 )

-32-164(2m-1)
H H

¿

o

í=2
(4m = +1 )

64 - -576¡!.)HH*oo

-842m

H2

a=l

(am = 0)

c
J

J-
R.

l-

signs of the various parameters.



For I (f) we use the expressiorr in Chapter VI, viz.

I(*)æ d
mml

I t-rr*-*l 
I

2

where the expression for p (= cosü r-r )
2-2

posses6es a rhomt,ic symmetry, has been

t-r = - (1 - 2.049 1Àl
a

H,
o

At this point b/e may note that for E

lÀ12 =D2=ín2zefte

but

l¡,1 2 - er-)?,in?z*f tt

wl-¡en the crystal field

given in

2.
)

section 6.6 as

at

0

forflOrandE-90o

and by comparison we

90o, are simil-ar

may conclude

to the I(S),

the I(*) v¿rriatic¡trrr

0 ) va¡iations , with I)c

that

(r ?t..

8.3 Discussiort .
1 _

Typical values of fu-
3+

I (*) and I ' (*) x I (V) /òHhþ

shown qualitatively in f íg. 8.2, and the I t (*) variations, coup.Ied

with the spread of the lines, due to the y' rotatiorr, calcul-ated

from equations (8.3), shown in fig.8.3. From this l-atter diagram

it is seen that the spread of .l-ines is greater for g '-- 40o than fo¡

I = 90o. The observed intensity of a líne in a powder spectrum

general-Iy decreases with an increase of the fiel-d region ove¡' which

resonance may occur for the randomJ-y oriented microcrystal-l-ites.

It might therefore be expected, that, when MnZ+ ion= are in a site

are
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of rhombic crystal fieLd symmetry, (EIO) tfr" E = 90o aLlowed

lines dominate the spectrum from a powder'ed sample. Such appeqrs

to be the case for the spectrum observed from a powdered sample

of querched Nafl(Mn2+), shown in fig.8.4 for which the parameters

listed in fig. 8.3 apply. (Morigaki et aI, 1958) fhe magnitude

of the parameter tDr for this spectrum, i-s approximately the same

as for the Caì¡iO. spectrum, discussed in section 7.3. If a ¡homE:ic
4

component brcradened aJ.l lines of a powdel eipect::um equally, the

powder spect,rum of N¡rCl-(t,ln2*) shoul-d then I¡e a hr.o¡,denerd edition

of tlre tur'gstate ¡:owder spectrum. A comparison o I' these s¡rec trrr

shows that this is not so. lhe obse¡ved feertures of the chl-oride

powder spe ctrum are expJ-ained however , if E - 40o corîrponents are

preferentially b¡oadened.

This preferential broadening could then introduce an under-

estimation of the the

to

Elo,

of

B7

the

Bleaney & Rubinsr

parameter tD' from a powder spectrum, using

expression f or re.l-ative intensities, derived

symmetry. The ratio of forbidden (S- 40o)purely for axial-

al-l-owed (g- ¿Oo

thanforE=0r

and I = 90o)

for the same

intensity would be smaller for

val-ue of D. An underestimation

parameter rDr cc¡ul-d then resul-t

was then applied to the measured

if the Bleaney & Rubinsr expressior.

rel-ative interrsity observed in a

forbidden doubJ-ets may

r¡honlbicr powder spectrum.

In the case of rax-L¡¡L t puwder sperctra,

not be ¡eÌativeLy Large for both ver.y smaJ_l (D ^ 0) and large
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(D - 400 De) values of D. For rhombic spectra these doublets may

not be relatively large for al_f val-uês of this parameter.

For lEl = B0 0e, the computed intensity variatiorrs in the X-Y

plane,fot all-owed transitions,are shown in fig. A.a%na it is seen

that the inter,sity of al-l lines is a maximum at * - O" and 90o

(i.e. H//DX and H//OY) and ¡elative-l-y smal-I near 'þ = 45o. As

1/agh,l, al-so has maximum val-ues "t f = 0o and * = go", it would

be reasonabl_e to conclude ,that as ther line shape function for

rhombic symnretry I' (*), is the product of r (f ) "nd 
1 /òH6*, both

of which have maxima at *= 0 and / = 90o, that for E-80 0e'

B = 90o powder'peaks are not spread evenÌy by a rhombic component

burt concentrated into two components, corresporrding to þ = 0 and

* = glo, wíth the magnitude of the splitting approximately coristant
Fq î,htt¡

fo¡ each -l-ine. For axial- symnretry we have seen that qualitatively

a powder spectrum nray be regarded as the sum of g 
- 40o and [l = 90o

single crystal spectra. In a similar manner h,e may genelalize

¡¡nd state that for rhombic symmetly the resul-tant powder spectrum

coufd be expected to be the sum of the H//OX and Li/OY single

crystal spectra.

I .4 Interpretatiorr of the f'lg 1Mn2+ )504 .7H20 Powder Spectrum "

SingJ_e erystal spectra with the applied static fiei-d paral.Ie1

to the 0X and 0Y crystal- fiel_d axis of one of the ion sites are

shown in fig. E.5rtogether with a powder spectrum, with an
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interpretatio. of the powder lines illustrated bya projectio. of

ljnes in the single crystat spectra' Reasonable agreenrent with

theor'y preserr tecì, that f or rhonrbic symmatry a powder spectrum ITlay

be regarded as the sum of single crystal H//OX and H//o\ spectra'

is then obtained.

2+
8.5 Mn in Tremolite.

The spectrum of M.,2+ in tremolite, HrCarVl}s(SiO3)8' has been

studied by Manoogian (196g a, 1969 b) ' He reported the existence

of a single ior¡ site characterized by the parameters:-

. S = 1 .995t A = -19'9 0e, D = -442"9 Oe' E = -79'4 0e'

For the value of the parameter rErr it coul-d be expected that

a complex powder spectrum coufd be obtained. The powder spe'ctrum

observed from the fírst sample of tremorite obtained by this author

(locality : St. Lawrence County, N'Y., U'S'A') is sìrown in fig' B'6'

In contrast to the predictecl comprexity, a re.ratively simpre six-

rine spectrum i,s obtained. Because of this, singJ-e crysta] inves-

tigatiorrs \^iere carried out to check the parameters giverr L'y

Manoogian, and an additional Mn2+ spectrum was detecteC' Struc-

turatly, trernolite and diopside are similar' (Manoogian 1968 a)

Two Mr,2+ ion sites have been reportecì for diopsicJe (vinokurov et al-

1964a)andasecondionsiteintremo]-itecou].dbeexpected.Fis.

8.7 shows a single crystal spectrum recorded with the applied

magnetic field paralJ'eJ- to the Z axis of the site (denoted I)

describecl by Manoogian. Lines of this second spectrum (II) may
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2+
These featu,¡es al-l indicate that the Mn ion site mainly responsible

for the powder spectrum is cha¡acterized b¡' lll= S0 Oe, E- 0r or

a slightly larger D value with lf l,- t 0 - 20 0e. I-t: may then be

2+
assumed that the powder spectrum shown in fig . 8.6 is due to Mn

in site II and this spectrum masks the spectrum from site I, for

this particular sample of tremolite.

The rer-ative occupation of the two sites, by MnZ+ impurities,

apparently varies from srample to sampleras the spectrum from pink

t¡emcrLite s.;lrown by Manoogi;tn (1 968 a ) showc; r-ìc) r.jECorrd slpectrunt.

l'his was conf irmed by single crystal obse¡vations using samples of

this pink tremol_ite,which was ki.ndl-y sent to this author b¡' Dr. A .

Manoogiar.i (February, 1969). The powder spt:ctrum from this sample

was extremely broadened however, and showed no cl-ear hyperfine

structure. The broaderring is attributabl-e mainly to dipolar inter-
)L

action, the lulr't* Oo.,"entration in this particular sampJ-e being -3/".
(Manoogian 1 968 a).

Another sample of tremolite obtained produceC the powder

spectrum shown in fig. 8.8. The seven-l-jne spectrum observed,could

possibly be interpreted as being due to Mn2+ tith rr0Xrr and rr0Yrr

peaks of spectrum I , overl-apping r as s hown in this f igure . TÌ-e

sample from which this powder spetctrum was obtained was poly-

crystaJ-J-ine,and single crystal studies were not possibJ-e. The rr0Xrl

and tt0Yrr spectra, shown in this f igrrre, are f¡om the New Jersey

sample.



q2

The thermal breakdown of tremolite to a pyroXÊt-¡E of diopside -

cl-inoenstatite type by dehydroxylation' has been studied by

[16f,fi4rì and Taylor (1960)' Attempts to f'o]low these charr qes' lrv

obr¡ervíncl clìanges in the Mu2* .rl'.,e.t.r'il, me t with rltr riuccer''F ltcrwr¿vel- '

After heat t¡eatment at 1,0il0o -' 1'2000 C for periods up to 24

hours, no hyperfine structure coul-d be obser'vea in the samples '

It is krrown (V'Jittels, 1952) that iron impuritirts in tremoLite ur'der-

go a change of oxidation state u¡ * 8000 C ' 
and this woul-d probably

occur with Mn2+ impuritias as wel-l'

8.6 Mn
2* í, Cordierite (Dichroite, Iol-ite ) Rratutg (si A1) 0

Dordierite,anaturalsilicateofaluminiumandmagnesium,rs
. )t

a semí-precious gemstone (water saphire) ' The spectrum of Mn'- in

thís minera]- has been reported by Hedgecock and Chakravartty (1966) ,

who were however mainry concerned with an investigation of u F"3*
)t

spectrum al-so observable, and gave no parameters for the Mn' I

spectrum.Quotingtheseauthors-||Pre].iminaryobservationsindi-

cate that manganÉse occupies a single site' having nearly axial

syninretryabouttheCaxisandwithacomparitivelysmallcrystalline

fie1d. (The groups of hyperfine línes overlap at X band')

presumably manganese is located substitutiorrally at the Mg siles'rr

The spectrum obtained from a powdered sample of cordierite was

recorded, and is shown in fig. g.10. It was apparent from the

features of this spectrum (six broad Iines' no observeci splitting
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2+

of al-l-owed transitions and no large forbidden fines)' that the Mn

ionwasnotoccupyingasiteof||comparitivelysma]Icrystaflina

fierd, - ¡¡having nearry axial symmetryrrand single-crystal investi-

gations were therefore carried out '

Samples of co¡die¡ite from th¡ee focalities were obtained

(Ceylon,Hart,sRange(Australia)andTsihombe(Madagascar))"Th¿se

samples hacì the apPEarance of a glass with ncr recoqni'zabl-e crystal

faces,andexhibiterltheintensedichroismchar¡rcteristicof.thi:;

materiail. Viewed in unpolarized white Iíght lhe samples appeared

bl,ue in a direction parallel to the c axis (lvliers 1929), and yellow

awayfromthisdirection,asdescribedfortheMadagascatlcordierite

used by Hedgecock and Chakravartly ' The spectrum obtained from the

feylonsamplewiththeappliedstaticmagrreticfieldparaJ-leltothe

Caxisisshowrlinfig.B.ll.Identicalspectrawereobtainedfor

the samp-Ies f rom Herrtrs Range and Madagascar ' 
and it is readily seen

that forthls X-barrd recording, the gr,oups of hy'perfine l-ines do not

overlaprincontrasttotheobservationsbylledgecockandChak-

r:avllrtty. Tlle paramet,ers'; obtainec] from :.;irlgle crVstal me¿ls;urernenÌ,s

WEIE -

00

ff = 92.5 Oe

D = 430.8 0e

E -10 0e

= 9.157 G Hertz

= 2goo K

+ 0.00s )

1l o.s)

(1 ro)

¿

T

ñ=2
J

I
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The featur-es of the powder spectrum discussed above t are

theninagreementwiththeoryPresentedpreviously'forthese

va-Iues of Paramcters .

Itcou-Idorrlybeassumedbythisauthor,thattheobservatior¡s

by Hedgecock & Chakravartty were made in th¿ X-Y plane of the

in a fetter received from

Ietter Herdgecock has also

sma If crystal-J-ine fiel-d'r at thel

f i e-Lr:i was smaJ-l comP;rred
Mr,2+ j-o,, site, was meant to i'mply that the

'tr
tr: the f ield ¿1, Lhe F e''* sit'e , f'or: which Il " 14 '6 k 0e '

2+
The foflowing parameters fo¡ the Mn'- spectrum in cordierite

were al-so communicated by Hedgecock '

3000 K n\

432 D

crystal fieId. This was confirmed

Hedgecock (Jarr uaryr 1969). In this

pointerJ out that the ttcomparitively

422
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8.7 Mn
2* ín PectoLite : Ca Na H(Siû3)3.

2

ThespectrumfrohapowdereclsampÌeofpectoliteisshownin

fig. 8.12. The difficulty of obtaining precise informatiorr about

the crystaL fÍeld symnretry and parameters, ftom certain powder

spectra, is illustrated by considering this spectrum as an example'

The broadness o.l. the observed al-Lowed transitiorrs coul-d possibly

indicate a large D val-ue, if the crystal- field symnretry was com-

pletely axia]_. Howevel, the same effect coul-d be produced if the

fiel-d possessed rhombic symmetry, with E rel-atively smaIl (-30 0e),

and lll< -100 - 200 0e. The same choice woul-d aPPfy when considering

the fack of any rel-atively large forbidden doubl-ets in the powder

spectrum "

The parameters fo:: the Mn2* =p.r"trum from this naturalJ-y

occurring silicate have not been published, to this authcr's know-

ledge. The normal- habi.t of this míneral- is acicular crystals, oIr

fib¡ousmagsesofradiatingstructure,whicharenotsuitab]-efo¡

single crysta3- studies. A sampJ-e of coLumnar pectolite (New

Jersey, u.s.A.) was, hGwever, obtained from the Adelaide lvuseum,

which produced crystaJ-s - 1mmxlmmx3mm, and al-l-owed single cr.ystal

observations.

spèrctra ol¡tained f rom t,hese crystaJ-s ar.e shown in f igs . B .'1 3

and 8.14. The parameters determj-ned from these spectra hiere:-

2.001 (*- o.oo1 ) D = 2so 11 1¡) oe

A= E - 25Oe9:.s (1 ¡.5 ¡ oe
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The featu¡es oJ^ the powder spectrum discussed ear.l-ieI, arE

then explained by the rhombic crystal- field symrìetry, with E

relatively smaJ-Ì.

The structure of pectolite has been dete¡míned by Buerger

(1g56) and a projection in the ar-b pIane, showinç1 orr'Ly Ca arnd

oxygerì sitee, is shown irr'fig. 8.15. the perfecL cleavirq",, (tutl]

.na {OOf} , and the reJ-atively large refractive index va¡iations in

the a and c ciirections (Dana 1932)renabled alignmerrt of the clystals

irr the applied magnetic f iel-d . Experimental-J-y, the z axís of the

crystal fiel-d was found to l-ie at an angle of 50o (! z" ) to the u

axis, and at an angJ-e of 50 (! z" ) to the a-b plane ' This di¡ection

is approximately parallel to the directions betweerr the oxygen

sites ma¡ked t1 | and t2r, or r3r and r4r in the structure diagram,

which a¡e the most distant of the six oxygen sites about the

cal-cium sites .

8.8 The Powder Spectrum o1' Nl-lO Mg (S04), (ft'ln
2+

The hypothesis that a large rhombic comporrent of the crystal

f iel_d may cause comp_Lexity in powder spectra , by spJ-itting of J-i nes ,

appears to be further verified by a compa¡ison of powder spactra
')t

ot¡tained from the Tut'ton sa1t, NHO M9 (S04), (Mn'-' ), fig. 8.16, and

the powder spectrum of pectofite, fig. 8.15. For the Tutton salt

(Bleaney & Ingram 1951 ), tl-re magnitude of the axial- parameter rllr

is comparabLe with that obtained for pect,olite, but the ¡hombic

parameter rEr is much larger'at room temperature and T = 9Uo K for
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the Tutton salt, than for pectol-ite. The conrplexity of the

powder spectra from this salt, compared with the powder spetctrum

of pectolite, may thus be attributecl to spJ-itting of all-owed B = 90o

ljnes, due to the relatively larger: rhombic componerrt of the

crystal- field at the ion siites in this saLt.

With a decrease irr sample temperature, the magr,itudes of the

parametêrs rDr and tft, fol the Tutton salt, inc¡ease and decrease

respect,ively. The value of lDl increases from .-260 0e to

.-294 0e, and the val-ue ol lEl decreases from - 107 0e to - 75 0e'

as the temperature is reducecl From roonl temperature, to T = 9Oo K"

(Bleaney & Ingram 1951 .) For these changes o'fl parameters,

rel-atively targe changes in the splitting of alfowed H//OX and

H//O\ powder peaks are predicted. Tha marked differences eviderrt

in the pohrder spectra recorded, and shown in fig.8.16, may then

be attributed to the cliffelences of splitting ol these powder peaks,

at the two tenrperatures.
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The Spect¡u

CHAPTER IX

from Cement and fement Components.

Spectra obtained from two dry cement samples are shown in

fig. 9 .1 . The main features of these spectra are -

1) a six-linE powder spectrum att¡il-rutabl-e 1,, M.'2+

2) A b¡oad signal- at g = 4-23, attributabÌe to F"ll* in a site oF

lov,r crysta.l- f ield symmetry (Castne¡ 1 960 ) .

3 ) a broad signal underJ-ying the Mn2+ op".trum, which m;:y aJ-so be

attributed to Fe3+

The relative intensities of these three signals, obse¡vable in

al-l- cement samples examined, varied with the type of cement.

f,al_cium carbonate is one of the principal ingredients in the

preparation of cement, and during the manufacturing pr:ocess is

converted to cal-cium oxide which then combines with other components

to form various calcium-al-uminium-iron sil-icates. Manganese is a

common impurity in naturalJ-y occurring calcium carbonates, and

possibly other ingredients used in the cement industry¡ and should

be incor.porated in va¡íous sil-icates formed. As the microwave

spectrum from Mn2+ ions can indicate the crystat field symmetry at

the ion siies, changes in the ionic eurroundings o1'the Mn2+ ion

may be detected. Duríng the hydratiorr o1' the various sil-icates in

the cement-setting pIccEss, clrarnges in the ionic surroundinqs of'

the incorporated Mn2+ ion= might occur, which woul-d ¡esul-t ir' changes

in the E.S.R. powder spectra, and any observed changes might then
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provide

In view

samples,

could be

some useful information about the cement settíng process.

of this, a brief investigation was carried out on cement

to see whether cl-tanges in the manganese powder'spect,rum

detacted during the setting process.

sampJ_es of various types of cement ware mixed with water,

al-lowed to set at room temperature, and periodicalJ-y examined over'

a period of' six months . Samplcs werc al-so autocJ-aved (1 5 p.s.i. )

lor 24 l-rour periods. In alL cases, no obse¡vable cl-ranges irr thc

Mn2+ ri"towà\/è spactra wer'e rocorciecl .

Powder samples o-F two of the main comporrent si-Iicates, doped

)t

with 0.05y'0 Mn'-, were kindJ-y prepared by the Division of Applied

MineralogV, C .S . I .R .0., Fishermenrs Bend, Victoria, in an attempt

to identify the component(s) containing the Fe3+ .nd MnZ+ producing

the observed signals. Figs . 9.2 and 9.3 show spectra recorded

f¡om drv C^S (trical-cium al-uminium silicate) and C,AF (tetracalcium-'--"' --r -3- 4

alumirrium - Fe phase). The Mn2+ spectrum observed f¡om the cas

sample appears similar to that observed in the various cement

samples, and within exPerimental- error possesses the same hyperfine

splitting. No changes in this MnZ* =pr"trum fron these comportents

were obse¡veo following a 24 hour autocl-ave.

It can onJ-y be conc.l-uded that during

Iarge changes in the ionic environment ol'

the setting process' no

the Mn
2+ l_on occurs.



Hno o

.N (t ìoo{o(t o o

sCr

0..4 rír

FIG. o)

I



D.?.?r

ffir,r+
Mrtar

ï

t ta,/r-v
\ J^,r

fr

FiG. 9.3



100

THAPTER X

A Modul-ation Technique

10.1 General-

The use of strainÊd crysta.l- to study intensity variations of

the cantral (M = å--+M = - +) transitions, although convenient, may

be criticized because it is known that strain may produce changes in

the crystal- fiald par ramêtersl (1¡litov 19(r1 ). tlec.rause of

this, some means of observing these central transitions, without the

compj-ication of' overJ-apping outer structu¡è (U =. 1 5/ZÍ U = ! l/2,

M = 1 3/2=M = I +) was sought. A technique w.-rs devised, which in

its simpJ.est form showed som!! promise of achieving the unobscu¡ed

obse¡vation of the centraf transitions in unstrained crystals, and

also enabl-e the identification of component l-ines in overlapping

spectra.

If the angle 0, between the crystal- axis and the applied magnetic

fielci is va¡ied periodical.ì-y with an amplitude E, the fiefd position

at which a resonance occurs will vary periodically, and for a given

0rthe amplitude, and hence the velocity, of the variation of fiefd

position for a transition to occur,wiJ-l be generally J-arger for the

more anguJ-ar dependent outer transitionsrthan for the central transi-

tions. As the recorded intensity of a resonance depends on the

sweep rate through the resonance, it was reasoned that if B was

varied periodicatly during a sweep of the applied magnetic field

(+ a.c. modul-ation) through a complate spectrum, the transitions



h,ould be broadened,and decreased in peak to peak intensity. This

broadening would be larger fol the rnore rapidly v'arying outer tran-

sitions than for the central l.ran::itions. The ef fect may be

e>lpJ-ained more fu.l-l-y as folJ-ows: -

Vr/e can imagirrer tl-rat a periodic oscill-ation of tl-e angJ-e 0 about

a mean angular position Do,is causinq an oscil-l-atj.on o'f an absolp-

tiorr cu¡ve. Vr/e can aJ-so inagine tl-rat the applied magnetic f ield and

t[',e smal-1. modulatir:n field ur;ed fol a.c. detectioltr cc,rìsrtitui.a an

rinformati.on p::obet which samples the sJ-ope of the absorption curve.

This information probe is then swept slowly over the fiel-d region

containing the oscil-l-ating resonance. Suppose the resonance for Bo

is centred at Ho ,and the information probe is at a field position A,

as shown in fig. 10.1 (a). During one cycl-e of the B variation, the

information probe woulrl record the slope of the curve from 0-I(A)-0,

as shown. For the next cycJ-e the info¡mation probe can be imagined

to have movcd to B, and dr-rring this cycJ-e wi.l-1 record the slope from

0-I(B)-0, as shown in fiS. '10.1 (b). If for the next cycl-e the probe

is at C, pest the field position corresponding to a point of infl-ec-

tion of the ¡esonance curve, the output wil-l- be as shown in fig.

10.1 (c). The output as the information probe moves completely

through the fiefd region of interest ris then shown diagramatically

in fig. 1D"e", together with the integrated record which would be

obtained. Fo¡ a small- amplitude o'F oscillation, such as may oÊcur

for the central- transitions, the output is shown in fig.1D.3.
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To plovide the variation in 0, a coil- was nrounted around the

microwave cavity to provide a varying mdgnetic field (-2000e)

perpendicul-a¡ to t he applied static f ie l-d . The resu-Ltant f iel-d at

the sample, being the vectol sum of these two fields, coul-d then be

periocìica1.ly varied in d j.rection Ie-l-ative to the sampl-e. To provicl e

the coif current, the output ol a llewl-ett-Packard l-olv '[reqrletrcy

function genelator was amplified using a d-c coupled PohreI amplifier'

A frequency of 2-3 c.p.s . was found to produce satisifactory results

for the spectrometer used.

10.2 Appl-ications .

Fig.10.4(a) shows part of the normal spectrum of single crystal

calcite, near g-450. In fig.10.4(b) tne spectrum ¡ecorded with

the vertical- moCul-ation applied is shown. The main (am = o) crystal

transitions o'F both spectra are roughJ-y aligned. The drarnatic

¡eduction in the intensity of Lines in outer hyperfine gloups, may

then be seen,f¡om a comperrison of 1;he two spectra.

The technique even in its presBnt simpJ-e f o::m, is capabl-e of

removing the overlap of a centra.l forbidden J-ine by one of the outer

a1.l_ov¡ed J-ines. This is most easiJ-y shown using video display of

the spectrum, but can al-so be seen in the cha¡t lecoldings shown in

fig. 10.4. Fo¡bidden lines in the normal- spectrum, marked 2t and

3 t , are partly, or completely overlapped, by outer t¡ansitions . This

can be seen by considering the, rel-ative intensities of the doublets

2 and 2t, and 3 and 3r. In the modulated spectrumrthe overlapping
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lines h¿lve almost completely baen remÔved, as can b¿ seen by the

¡eJative intensities of 2 and 2t, and 3 and 3r, in this spectrum'

The use of this modulation technique in ídentifying components

of overlapping spectra is sl-rown in f ig. 10.5. The lowe¡ record was

obtained from a single crystal of the Tutton salt NHO M9 (S04)2(MnZ+),

with the applied magnatic field perraJ-l-et to tl-te I axis of Lhe crystal

field of one of the two ion sit,es in this materia.I which may be

2t
occupiarJ by lvlnt*. (Bleeiney 8. Ingram 1 951 ) . The transi'bions f'or

thic B = 0o site are much l-ess angular dependent, for a chalrge g, than

transitions for the other site, for which the z crystal fiel-d axis is

not paral]el to the applied f ield. h/ith the vertica-L modulation

apptied, J-ines in the B = 0o spectrum are only slightly b¡oadened

compared to l-ines in the other overJ-apping spectrum. These l-atter

lines are then broader,ed out, enabling easy identification of lines

in the E = 0o spectrum. The spectra shov'n in this f igure h¿¡ve been

roughly aligned using a D.P.P.H. mark¿r to allow a comparison of the

reduction oi. Iines . The centra.l- ( am = o ) hyperf ine sgxtet, of the

I = Do spectrum, is easily iclentifiable when the modulation is applied

(marked 1 - 6\, u\i hereas without this modulation line ídentification

of this sextet is much more difficuft. 0f perhaps moÌ'e importanca

in the determin¿rtion of parameters fo:: overlapping spectra,is the firm

identification of outer grouPs of hyperfine l-ines ' In the normal

spectrum, shown in fig.10.5(b), some ambiguity exists as to which

l_ines belong to which spEctlum. hlith the modulation applied,
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posi itive idantification

spactrum (marked 2r- 6t)

of the 14 = 3/2 sextat of the B = 0o

is possible.

¡ l' i ^+ercsti no ique was devised nêar
Thi,s extremaly interesting modulation techn

thacomPletionofthisthesisrtldtimedidnotpermít'theinvesti-

gation of any oxporimentel refinemants' or relevant theory' 0na

futurerefinempntplanned,istheapplicationofenadditionalvarying

fieldinthedirectionof'thestaticfiald,atthesamefiequencyas

theperpendicularmoclulation.ldíththecorrectamplitudeandphase,,

,theinformetionprobocou]"clthanbekeptl|irrstapllwithanoscil-]-atirtq

line,oflines,of.interest,andef.fectively,nobroadeningof.these

lines would then result f¡om the verticel modulation '
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A general theory of axial

presented, which for aJ-l_ powdel

with experimentaJ- observations.

It has, been shown that fo¡

CONTLUSII]N5.

and rhonlbic powder spectra has been

spectra considered, is in agreernent

2+
Mn .l-otì s l_n sites of axia-I crystal

rel-ative irrtensities,

corlel,ated with l-irle

field symmetry, not only fiej_d positiorrs, but

of main Ìines obser'ved in powder spectra, arÈl

positions and rel-ative intensities observed in single crystal s;pectra

at El = 90o and E -40o.

Ït has a.Iso Lreen shclwn that; tlre use cJf Uirrs nrethod bo ¡:rerl ic t,

transitions,

variations for the

interrsity variations of both al-l_oweC and forbiclden

produces agreement with experimental.l_y detern ined

central (M = + å) transitions observed in single

axial symnretry "

crystal spectra for

To this autho¡rs krrowJ-edge, the expressior¡s derived by Bir have

only been tested previously on outer transitions (M = S/2, ! Z/2, - +)

for axiar and rhombic symnretry (Bir and sochava j964, Manoogian

1968 b). Intensity variatiorrs obtained using this method have been

used to predict featu¡es of powder spectra characterized by

lDl- 250-350 0a and - 850 0e.

In the case o'F ¡hombic spectra , it has been shown that E -40o
conrponents oi a Mn2+ powder spectrum are preferentiaJ-1y broadened,

resulting in B = 90o components being the dominant feature of these

powder spectra. using the intensity variations predictecJ by Birrs



method, for rotatiorr in the X-Y

presented that sPlitting of I

Large rhombic fiel-ds (lEl-80

For axial Powder sPectra

EXpressaons

for the casa
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plane (B = 9Ûo ) , evidence l-ras been

90o powder lines may be observed for

100 0e).

clraracterized bY lDl - 80 0e r it has

be obtained bY a fitbeen shown that an indication of parameters may

between experimentally determined line positions, and

giverr in this work, and a determination of

of Mrr2+ adsorbed ort an iorr-exchangE r'69in

theoretical-

pa ramate rs

has been macle

using the method.

Thetheo¡ypresentecì,andspectrashownirrthisthesis,willbe

of help to workers errgaged in future E 'S 'R ' investigations of

material-s for which single crystals studies are noL possibJ-e' Fo¡

e>:ample,splittingofallowedfinesforbothrhombicandsymmetry'

and the ¡elative interrsity of for¡idderl lines ol¡se¡ved in some axial

spectra, are all clue to second and higher order effects and all

decrease rnrith f ield. The ccrmplexity introduced irrto powder spectra

by t,hese factors woul-d then be expected to be reduced considerabJ-y

by recording spectra at higher frequencies and fiel-ds '

If (say) microwave spectroscopy h/as to be usecl by any investiga-

tor, as a non-destructive ¡rethod to determine the Presence of MrrZ+

impurities in powder samples, Q-band, rather than X-band ' 
investi-

gations woufd then seam to be preferable. If Q-band investigatiorrs

of a powderêd sample of unknown symmetry produced a relatively simp'l-e

Mn2* "p".trum, 
but X_band spectra from the same samp.Le were complex,
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this coul-d be taken as an indication that either a rel-ativeJ-y large

rhombic f ield, or an axial fie.l-d characterized by lD I *1 50 0e,

Z+existed at the Mn- ' ion site. Any attenrpt to obtain quantitative

estimates of parameters from such compl-ex X-band powder spectra by

line position measurenents, could not hope to be "ut"-="fr1 however,

because of the virtual- impossibility of identifying powder l-ines

without the aid of singlo crystal spectra.

The determination of parameter's from l.ine position measu¡enrents

at Q-band may be possible for sampJ-es whose spectra at X-band are

conrplex. it !¡,as nob possible, however, for the author to obtain

Q-band speetra of Mn2+ in such material-s as Scheelite and Tutton

sa1ts, at the time of completion of this work, to substantiate o¡

disprove this suggestion.

Correct derivations of (a) third-order corrections to eigen-

values, and (b) intensity variations for cubic crystal fie-ld

symmetry by perturbation methods (Appendix A), have been given,

and finally, it is fel-t that the modul-atiorr technique describecj in

the final chapter, wiJ-J- be of interest to many investigators.
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APPENDIX A

ans roba b i or Cub stal F S t

4.1 . Introduction.

The theory of the intensity va¡iations obse¡ved when ions are in

a site of cubic crystal field symmetry has been considered by cavenett

(lgSqa, 1964b), who has derived, using second-order perturbation

methocis, the following expression for the relative intensity of

forbidden transitions.

[- z¡.I 2 
ff=inze (1 -cos49)

f seH"1 ¡t
+ sin 2}cos2}(7+cos4$)

*{a"in3eut"o+}'] [

)
2

I (i+1 )-m(m

¿tl (194,1')

,.r I (41)

wlro lrirrlolhe bherlry hrts ¡tlso beert corlsirlorecJ b.y tli:: elt

derived f or [ìrr, : -

Pr',M'= 

{. 
-å[rË,.J'

w here

35 M
4 30 M2.s(s+1 )

y2+25

22

MM

MM[{t+,n,] 
't+ +i 

'}
,l

(A2 )

F 65(s+1 ) ¡s2(s+t )2
M

2 n'r' (n'-r')'2
*2t2 (t

[{,+, 'tr
f=

Bir (1964) has

intensity may

I+,

t2r2 (t2 -rz )2 *

sin0cos,|, m =

shown that for

be approximated

-n +

(1 +r.i) l- , t ,*, )

2t

sinOsinfr n = cos9

small values of parameters the relative

by-
1

- rn(m+l )l (43)
J

substituting for [.t in equation (43), an explession is

which is not in agreement with that derived by cavenett.

r-rb Lai-rred

AJ-though
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spectra from samples containing M.,2* ion" in a site of cubíc field

symmetry are not eonsidered in this thesis, it was fel-t desirable that

this disagreement should be investigated.

The de¡ivation of an expression for the intensity variations

using both second-order perturbation methods (as fo¡ the case of axial-

symmetry) and Birrs method was then consideÌtsd, and it was found that

Cavenett lrad made errors during his derivation. The following

clarivatiorr, usinq parturbatiorr methoci s simil-a¡ to th¿r t us,ad to r.r[r ba ilr

the tsl-ear'ey and Rubinsr expression, is now outlined and an expression

which is in agreement with that obtained using Birrs method is derived.

A.2. Intensitv Variations Usinq Perturbation Methods .

For a four-fol-d axis of symmetry, the crystal fieLd

expressed in ciperator equivalents is :-

u"=,?(r;+/¡n 4
4+ ï -4

4
))

480

potent ia 1

\llhen this potential is referred to the Zeeman diagonal system, by

rotation through the Eul-er angles (frer0), the expression for the
tr

poter-rtial contains terms TO' , which are functions of the spin operators

S., S and S_, necessary to obtain the expressions for intensity+. _ z 
1r

variations. f onsidering only the terms TO' , we f ind on app-i-yinq the

t¡ansfo¡mation -
R19,e,o) 

,å''t; !,i'tf, * tl.t
tr
4 ^ 

,1Ã (7sin2ocos28 + sin2B+T

(A4 )

-+
3+

4sin"Elcosgcos4f - i4sin
IJ

Es in4f ) (As)



The fo¡m of the

(1964) and derived

viz. i-

tr
operators TO' given by Alttshul-er and KozYrev

11
Harmonics YO' in Appendix Cfrom the Spherical

6ts
Al

f(s ) + f (5

where f(5 )

+

7S -3S(S+1 )S S
z

z

z z

AS

43.

(ne ¡

(A7 )

+
I; )

cJ
z 1

3

z

3(Cavenertt has incorrectly derived f(S 7S -3S(S-r1 )S s9s )
z 2 z z

\¡/e thus obtain for our pertulbetion Hanr íftonian .-

s (5
384

+
f(s

z
+ f ( 52 ) S+ ).f (8,t/ )

+
t+

a (S f (sr) + f (sz)S )f (s,P)) + À
384 2

S

wave functions 2-

ca I M+1 ,m+2 ) t¿ Itvi+1 ,m)

I +SI
++

where

and

f(Br*) = Tsin2Elcos2B+sin20 - 4sin3g"o"g"o"4f + i4sintn=in49
*f (s,*) is the complex conjugate.

For forbidden t¡ansitions (w,m) + (M+t rrn+1 ), we have fo¡ ou¡

expansions of the perturbed

Iw,m) + c., I

I wt+t , m+1 )

M, m+1 ) + c, I tt4r.-t ¡l[ ,,' )

| Þu*r,.*t

Ir oc

+ +

where the coefficients C (i=1 t4) m.y be found by using the perturbation
l_

method as befo¡e.

The intensity is then

ü

F

M+1 ,m+1 I (s* + s-)l ü 
','

-a

I (M)(c. ++l t^' 
lFoc

2 (A8)
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A4.

(Ae )

(A1o)

h/ herB (s(s+1 ) M(M+1 ) )

(Davenett h¿rs derived Ir oc

(M) . f (s,*), ! (r (M)F (M+l )f+-+ (m) (f(M) + f(M+1 ) )

F (M)
+

g
384

F
+

F (M)F (M-1 )f

In*tul c,, l2 I

+ f (M-1 ))

spHo

(m)(f (M)

M

+ F (M+1 )F

M

(M)f (rn+1 )(r(u+t) + f(M))
+

M+1

F (M+1 )F (M+2)f (m+1 )(f (M+1 ) + f (M+2)
2

M+1

,n1mIr ) )
1

2
where f m (I(I+1 )

2+
For the central- sextet of hyperfine the Mn microwa ve

spectrum,M = *, and on substitution arrd we obtain

. f(s,*).F+(M) (I(I+1 )

o

For the a.Ll-owed transitions Id r]tUl, and for the rel-ative

thus obtai,n -
2 (t(t*t) - m(m+1 ))((Zsinztlcos2e + sin28

intensity we

1

'o*l å 
.nË,,

lines in

reduct ion
I

- m(m+1 ))2
2

3 2
-4sin BcosBc os4{ ) + (4sin Bsin4{ )

t'":t'J
3 2

which may also be written

[r t l*r )-m (m+1 )]

+

sin2[Jcos29 . ( 7+cos4f )] 2.

[=i"ze 
(1 -cos4{)

{a = 
in 

3e" i"o./}'l

0n r:nmparison with the expression qiven by Cavenett (1964a)

find that the factor of 73 in Cavenettrs expression is replaced
o

+

(A11 )

WE

by 5.
4



For the (110) plane; * = ouo, and we obtain '-

- m(m+1)],[z=i"28 + 3sinonT'[rtr+t )

45.

(A12)

t4=+r+M==-f,S
2

4.3. Intensitv Variations for fubic Fiel-d Svmmetr-v Usinq Birts Method

Using the perturbation Hamiltonian (Equation A5) we obtain for

p 25 t

= 5/2,

(7sin20cos20 + sin20 - 4sin3gcosecos4f)2

8H2
o

]l+ ( 4sin 3Es in4V) 
2

This expression can be shown to be identical- with that derived by

Bir et aI (1965), fquation 42.

substituting for l-t in Equation 43, then produces an expression

for the relative intensity which is identical with that de¡ived by

second order perturbation theory, Equation 410.

The intensity variation for rotation in the (110) plane, calcu-

l-ated from I æ 
I 
oît'(-p)l t, is shown in fisr. A1 ,o'l A3..

The experimentally deterrnined intensity ratios fo¡ transitions

observed by favenett (1g64b) in the ZnSe , MnZ+ spectrum, for I = 31o

in this plane , are shown in Tabfe (A1 ), with theoretical ratios shown

for comperrison. The experimentally observed intensities of the

for.bidden transitions are smal-ler than predicted by Cavenettrs

expression, whereas the observed intensities are larger than predicted

by this authorrs expression (41 2 ) .
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Tab1e A1 .

Intens tv Ratios oí AÌlowed and ForbÍdden Transitions.
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APPENDIX B.

Thi¡d Order Perturbation Cal-cul-ations

As our perturbation Hamiltonian wE use!-

#' = 
å,ti-1i(s+t 

¡ ) (:cos2e-1 ) * 
å,t,(s*+s-)

(S +S )s )sin20+-Z+

+ D(s
4

)'))'+S')sin-B + AS I+ - zz A(S i +S I )

T +- -++

The possibLe terms in the single, doublê and triple summations

of equation (3.1 0) are then:-
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We take :- Eyl

etc.
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(s s

z+z

+z
CJ

SS +SS

+ s s ) lvt.r1 ) = (2lvl+1 ) F+(f4) lM)
z

(s s

z
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' (,.', )--¿ - [n"i"zC.ì2(2M+'l )2(s(s*t ) - M(M+l ))'AMm

[asBHo -l

(1 .z)-+ - [ìsi"zel2 (2t4-1)2(s(s*l ) - u(M-1 ))'AMm

L4spHo I

N.B. The sum of these terms is the expression given by vr/aldner '

(2.1 )-+ fp=i"Zsl2(zv*t)2(s(s+t ) - M(M.r1 )).n.(M+1 )m

L¿ePH" I

(2.4) --+ [nsinze']'(rr-, )2 (s(s+1 ) - M(M-1 )). A '(M-1 )m

[ 4ep ll, J

N.E. The sum of'the above four terms is the expression given by

NicuIa, lJrsa & Nistor, ví2. t-

The [xoiessign j,n (Dsin2B) 2

2

4

which is the term gíven by Bleraney & Rubins '

(3,i)-+ - fD"r"2g.l
-1 L 4sBH.J

À ((zl¡-r )zra (r2--r2-) * (2M+1 )zrltrz*-t7l
M=t

86.

(li(:it1 )-M(M-1 )))(usin2g¡2ltr{(zu+t)2(s(s;*t) - l't(M+1 )) - (2M-1 )
2

6

L
i

+ (zu+t )(2M-1 )r2*r2-ft2--t2*l) where F- = r (M) and ¡- = r-(m)

1B fD"r"2g.'l'Rt(t"l' - s(s+1 ))2
L agBH"l M 3



87.

4
The Dréssion in sin s

P#-r
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(2sBH.)z
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The sum of these terms is then:-
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The sum of these terms is then:-
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3
A

The Expression in /r,

(1;3)+ AMm

(sFH)

(1.4)-+ - (A)
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2 2
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The Te¡m in $3 / 
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STN F_(M+1 )F_(M)F+(M-1 )F+(M) (zU+t ) (2M-1 )2Bsin I

)
(gFH)-

2^^ 4
s J-n ¿ Us r-n F_(M+1 )F_(M+2)F+(M)F*(M+1 ) (ZU+t ) (ZU+¡)

z ( s0H)

. 2^^sl-n zusr-

2

n4n F (M-1 )F (M-2)F (M)F (M-1 ) (ztul-t)(2M-3)
+ +

2

I

(2 .5 )--> +D
3

64

(z.e ¡+ -g3
64

(z.to)--- *!.3
64

a
2(g9H)'

.2^^ 4sl-n zusr-n
)

( spt_t)'

.2^^r-n lUsIn

I

4 F_(M+2)r_(u+t )F*(M+1 )F+(M) (zu+t ) (z¡l+¡)

z(sFH)

(z.tz)--> -D 
3 

* i.'22 g= in4 g F+([4-2)F.+ (M-1 )F_(M-1 )F_(M) (2M-1 )(zlui-:)
64

z ( sPH)
2

stn22g"in4g (2M+1 )(2wl+:)(s(s+i )-M(M+1 ) ) (s(s+1 )-(M+1 )(M+2)

s
2

3

2

+(zM-r )(2M-3)(s(s+t )-u(u-l ))(s(s+1 )-(M-1 )(r'4-2)

-2(2M+1)(2M-1 )(s(S+l )-N(tul+t )) (s(s+1 )-M(M-1 ))

X-+ D

64 (sßH)
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APPENDIX C.

3 2x + iy) (72 ¿ 3zx

+y2 9
* z', and substituting, we obtain:-

lde denote 5 , a, ..no 5, by X, Y, Z respectively'

)4\
- Jl_ yzy l

(c.1 )

ì¡Jith thie

notatíon the commutation rules êrel!-

. XY - YX = íZ (C.za)

. YZ _ ZY = iX (c.zb)

ZX - XZ = iY (C.2el

The operator equívalents are found by substituting X, Y and Z

for x, y, z with a mtsan value of.all permutations of còmbinations of

xr V end z being considered.

ïhen -

¿"r1+ xz3 + zxzZ + z?xz *z3x

= xz3 + z3x + (xZ + iY)22 + zZ(zx - iY)

= 2xz3 + 2z3x + i(Yz2 - zzY)

= 2xi3 + zz3x + i. {{iX + Zy)z - z(-ix + Yz)}

. = zxz3 +zz3x.-xz-zx
Simllarly -

i4yz3+ L(2Y73 + zz3Y - zY - YZ)

3xzx2--> !. (xzx2 + ZX3 * {32 + xzz-x)
4

yl = - Jl (¿*=3 + i4yz3 - 3xy"2 - 3r.y2 - 3i vzxz

(0.3 )

(c,4)

t
4

Qxzxz +zx?zx+zx+xz) (c.5)



3íy.y2-¡,3í(IYZY7 + 2Y2zY + YZ + 7Y)
4

_2Sxzy -->
1

(xzYz + ZXY +2Y X+XY y2zx

c.2

(c.6 )

(c "7)

2 2 2 2
3

¿

+

3

2I

Z+ XZ+ Y

YZYX + YXYZ +

rcxzYz + 6Y2zx

XYZY+ZYXY+YZXY+YXZY)

- 5XZ - sZX)

3iyzx2--¡ 3i(6YZx2
12

+6X ZY 5YZ sZY )
2 (c.8)

Then

Putting -

we obtain

lÊ [zxz3 + zz3x
i'L

Y -+- Y7 ZX
4

3 3+ i(2Y z

- 3(2XZ
4

x2 + zXZ

+22 Y -2Y YZ)

+ XZ)ZX+ZX

))3i (zYzY' + 2Y'zY + YZ + zY)
4

y2 + 6Y2zx 5XZ 5ZX )

- i(evzxz +6X ZY 5YZ 5ZY

- 1 (6XZ

4

+

2 ,]
4

tl
16 i B ( X+iY ) ,u * ezíl ( x*iY ) - 4z( X+iY ) 4 (X.riY ) Z

6 (X+iY )z (x2-rYz ) - 6( XZ+Y

Zz(x+iY) + 2(x+lv)zi

2

S
2

z
Y2x2

)Z(X+iY)

+

€
I

+

4

X + iY and S(S+1) - S

1J
Y ls(l*

3

1C
IJ 35 (s+1 )S -Sz zz

4
T35{l.r )S -S )s ìz z'+J

->

+ (7s
z
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APPTNDiX D

The Spin Operators T
o

Spherical Harmonics in rectangular coordinates are given by

Ballhausen ?g62) -

2
T T

Y7 1

4

5

4n

L,
r

, s.
,lqn

Tto c 3'2 
'lr

IT ß.2 - ,')
'/ 

ã'

lT (=(x + iy))
,11

?
l: (x + i.v)-
JB

C

--c1

2

¿

2
Y

= -Æ-.2(x + iv)
,l qx 2 ,2

¿

whera C

Than -

t2
T êt

5 3 .(x + iv)
Att\z r

- 1s(s + r)l5)

C

(s2 - 1 s(s + 1))zã

C1

ñ

c1 [s2Lz

r4r''*- c iã.t (s s + 5 s )'2 l7V z+ +z ,ß
+SSC z++z

(S S

2

c
J3

I
ts2.I

z++z

_2J
+

C

¿

+

where C 3C

J4

0¡

T S - S(5 + 1)
z

to
l 1 2

co
2

T

(S Sï I1

2

2 3

T
r1

I -1
'le

1È
Jb

+SS)

T,,

2

2

t2
T I
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APPEND IX E

Experimenta l- Detail-s

The mic¡oh,ave spectrometer useci to record the majority of

spectra shown in this work has been described bv Cavenett (1964a,

1964b), and is shown in fig. E1.

The spectrometer util-izes 1 35 c.p.s. field modulation fox

cha¡t recorder output, 50 c.p.s. modulation for video display,

superheterdyne detection, arrd a resonãnce cavity frequency of

approximately 9.2 G c.p.s.

l-he cavil;y opelate d in t.he lf 102 mode, ancJ s:rnrples cou_l-d be

¡c¡1;a l;ed in 1;he cavity about a cli¡ection paraJ-J.el- to the r;rr.lio-

frequency magnetic fiel-d. The static f iol-d cc¡u-l-d be rotated in a

hc¡rizorrtaJ- pJ-ane.

Magnetic fieLd interrsities were measured using proton resonancE.

The frequency at which proton resonance occurred was obtained by

zero beating with a signaJ- generator, the zero beat frequency of

the generato¡ was then measured with a Hewlett-Packard counter. At

the proton resonance frequencV )/0, the following corrversion was

used : -

H = 2.3487 x to-A. I
p

Co¡rections to line positiorrs measured by proton resonance

were made by pJ-acing a smaìl quantity o1'D.P.p.H. on the sample.

The fiel-d intensity at which resonance occurred for the D.p.p.H.

was calculated using:-



r:
i 

-i-
iI



E2

hiit h

.P.P.H.

= 6.62518 x

= D.92132 x

9l.P.P.H.

klystron frequencY )o was

osciJ-Iator, and counter.

F"t,/p 9D.p.p.H.

-21'l 0 -' erg-sec

-2010 Elntu

2.OO31

measured with a Hew-l-ett-Packard

-4

Hn

h

ri

and the

transfer

I rrr' Y ,l*l-l*/U[ì, a vEllr¿ ol' '].76 x 10 vr¡-tli tlsiBcl .

Line positions of'forbiclden doublets in the adsorbed Mn
,t+

spectrum, werê determj-ner.l by li.near extrapolatiorr between all-owed

transitions, using chart recordings'

Crystals o1' Mg50O.7HZD \^rere grown from aqueous sofutions at

room temperatur,e. Dehydration did occur if these crystaJ-s were feft

exposed to air. Investigations of the MnZ+ =p.,.tra f¡om siuch

samples were always carried out on freshl-y grown crystals '
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APPENÐIX F

Mn
2+ Soec tra from Other Minerals

Three overlaPPing sPectra have

VrJol-.lastonite from New .lersoy, U.S.A

Spectra attributabl-e to Mn2+ h"ve -l-so

other naturally c¡ccuriing silicates by the

being investigated. A preliminary report

below.

h/oll-astonite ( CaSi0, )

been observed in th¡ee

author, and are currentJ-Y

of these spectra is given

been observed from a sample of

X-b ¿r n tlFiq. F1 shows an

racording wiLh t,he appJ.iecl s L¿r l,ic f ielrl a1. ¡ttt r'rnc¡1e rt(' 1-( (t;l )" ttt'

the c axis in a plane normal to the b axis, and at an angle of 60(12)"

to the nagative a axis. ì-his direction appe¿rls to be the z cr:ystaÌ

field axis o1,- one of the ion sites. The overlap of the spectra and

the broadness of lines have prevented any determination of paramete¡s '

Specimens are being sought which mãy produce spectra with narrower

line widths.

ol-ivine 1Mg , Fez+ ) sio4

Portion of a spectrum obtained from a smafl polished sample of

the gem-stone peridot (olivine) is shown in fig ' F2' The exact

composition of the sample used has not as yet been determined.

Investigations are planned to determine the crystaJ-lographic axes,

in an attempt to correlate electrostatic crystal fiel-d axes with

crystal structure

The minerals of the olivine gr'ouP show complete diadochy between

the atomic pairs Mg and Fe, i.e. between forsterite , VgZSi04 ' 
and
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fayalite t FerSiOO, and other samples of this gl'oup are being sought

to see what effect, if any, changes in the Mg:Fe2+ ratio have on

)L

the Mn'- spectrum. It; wil-l also be of interest to compare the

parameters o1' the spectrum shown, with those eventualfy pubJ-ished

fo" Mn2+ in monticellite (CaMSSí00) which is al,so incl-uded in the

olivine group. Th j.s latter spectrum has tleen

by Mr. G. Troup of Monash University (personal

August, 196Ft), and by Dr. A. Mannoogian of the

(personaJ. comnunication - J:,lnuerry, 1969 t to [te

[-¿rn¡rdi¿in .lotr:.'n¿ll of l'hvsi i-cs ) .

inlc Me-,(Lrtt)rl;int),,0(;r '.j.?tl, b 9.1:i, c 1tì.9 ll,

that lvln occupies

observed independently

comnrunication -

Unive¡sity of Ottowa

pLrhlishecl j-n 't; he

f 
I I 11001 lir )

The powder spectrum obtained from a sample of baby ¡:owder is

shown in fig. F3. The featu¡es of this spect¡um indicate that the

)t
Mn-' ion (s ) is in an electrostatic crystaJ- fiel-d of axial or rhomt¡ic

symmetry. Talc usually occurs in massive fol-iated o¡ fibrous

aqqregates or in globuJ-ar stell-0.r groups. Rarer tabul-ar crystaJ-s

do exist, and the autho:: has recentJ-y been abfe to obtain a sampJ-e

of this form (loca1ity : Ha¡ford Count5r, MaryJ-and, U.5.A.), which

has enabled single crysta.l-s investigations. The crystal-s exhibit

perrect {oor} cleavage, and the a and b axes have been de'Lermined

from interfe¡ence figures observed. X-band observabions indicate
2+

structure.

paralJ-eJ- to

field axis

Fis.

the c

a number of non-equiva-Ient sites in

F4 shows a spectrum recorded with the

axis. This direction appears to be

the talc

static field

the

o1' one of the ion-sites . Fig. F5 shows another

Z crystal

spectrum
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recorded with the diraction of tha static field approximately in

the (110) plane arrd at an angle of- 45o to the ab plane' This

di¡ection aPPears to be the Z axis of another ion-site or sites '

Insíght into the structure of talc was first gained by L'

Pauling(Proc.Nat.Acad.5c.U.5.A.16(1930)123).Lattice

paranratars have bean datarminad by J. lrj. Grunar (z . K¡ist 0s ( 1 9:ì4 )

412)andverifiedbyS.I].Hendricks(Z.Krist99(1938)264).

The ídealized talc structure is shown in fig ' F6'

Talchasalayeredst¡uctureinwhichasheetofoctahecl::rrIJy'

coor.dinated Mg ions is sandwíched between two sheets o1''l-inked 5iOo

tetrahedra. The two possibJ-e ways ol' stacki'ng Si04-0H sheets' as

discussed by Hendricks, are shown in fig ' Fl , with coordinating

octahedral groups about Mg sites outl-ined. If the ions surrounding

the site o1= a paramagnetic ion are octahedrally coordinated , the z

axisoftheefectrostaticcrystalfieldattheParamaqnEticionsite

might be expected to be approximately parallel to the direction

between two of the surrounding ions. The direction Lretween ions

marked .lr and 1n irr fig; F7 (b) lies approximately in the (1,1,0)

plane and is * 45o to the ab plane, and it cou'l-d be expected that

the spectrum shobrn in fig. F5 is due to Mn2+ substituting for

magnesium at such a site. The octahedral groups of ions su¡roundinq

theMgsiteshavethesameorientationinspaceforagivenstacking

of 5i0o-0H sheets, and it cloes not seem feaoibla (to this author)

that the Mn2+ =pr.trum shown in fig . T4, for which the e.rectrostatic

crystaÌfieldLaxísisapproximatelyparalleltothecaxis,arises
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c o-orcl inat-ir-. g oc -[a hed:ra ab ou,b t lret nla gnr: s;i_unr ¡..corns 
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from Mn2+ substituting in r-:uch sites as shown

direction for the crystal fiefd Z ax1s cotll-d

if lrin2l+ was at pos itions between J-ayers ( f iS '

ions al, the corners; o1' a 1-ri;-rnguJ-ar prism'

l_ fig . F7. Such a

be expected however

F6) , with surrounding

Detailed irrvestigationE¡ o1'the mj.crowave spectra from this

mine¡aI are continuing.
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