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resonance (p.r.) at lorn temperatures 

bee been investigated in 6 number of substances io the 

solid state, FeramagDCtic lone io the solid state are 

subjected to strong crystalline electric fields which 

profoundly modify the magnetic properties of the free 

ion* The orbital momentum of the free ion is completely 

or partially "quenched", leaving the spin momentum 

unaffected, except to a small extent due to spin-orbit 

coupling. The ground utate coneiete of a number of 

levels, generally ringlets or doublets. The separations 

of these levels may be varied by the application of an 

external .nagnetic field.

if two levels have energies ^ and * 2 and so 

external r.f. magnetic field, of frequency v such that 

h»   tfj_ - *£> is applied, transitions can be excited 

between the levels» within the limitations of certain 

selection rules, ^s the ^i/ulation of the two levels 

depends u^oo the tfoltsnan distribution there is & nett 

absorption of energy from the r.f. field when transitions 

occur. If this energy is lost to the crystal lattice 

quickly enough it is not reradiated. In practice a 

fixed frequency is chosen and the separation of the 

energy levels is adjusted by applying an external 

Magnetic field so that the above condition is satisfied.



By studying the fields at which the absorption occurs 

the position of the energy levels in zero field can be

inferred.

The energies of the levels may be expressed 

concisely in the form of a ''spin hamiltonlan' which 

involves a number of parameters which have to be found 

experimentally. rihe general spin hamiltonian for an 

ion in a field of rhombic symmetry is;

8 is the effective spin chosen so that the multiplicity 

of the ground state is & + l t 3 ie the Bohr magneton, 

the g's are spectroscopic splitting factors along the 

exes of the crystal field. i> represents the effect of the 
exial component of the field along the 2 axis and & 
represents the rhombic component of the crystal field. 

The transitions between the levels defined by these 

parameters give rise to the so-called fine structure 

lines. I is the nuclear spin and the terms in A, S and 

I represent the interaction between the magnetic 
moments of the electron and of the nucleus. This 

interaction splits each fine structure line into 21 + 1

equally Intense, equally spaced hyperfine lines. Thus



the number of hyperfine line* defines the nuclear spin 

unambiguously. Also the aeparatlon between the lines 

proportional to tbe nuclear magnetic moment BO that in 

certain caeca thia can be estimated.

The specimens used hare usually consisted of single 

crystals of a diannagnetlc salt containing about 1 of an 
isoworpnous paramagnetic salt. This dilution separatee 
the paramagnetic ions and reauoes tbe line width caused 
by their mutual interaction.

Tbe experimental arrangement is of the standard 
type used in oxford. Boms refinements of technique have 
been used for particular experiments which neadea them. 
Experiments have been performed at wavelengths between 
10 em and u.6 mm. A klystron oscillator, run from a 
stabilised power pack, feeds power to a half wave 
resonant cavity which coat&ias tbe sample placed in a 
position where toe r.f. magnetic field is strong. This 
cavity can be placed in a dewar vessel of refrigerant and 
between tbe poles of an electromagnet. A wavemeter 

measures tbe wavelength and a crystal deteetor rectifies 

tbe power cuupled out of the resonant cavity. The 

external field baa a email 50 c/s modulation super isiposed 
on it so that an absorption signal ia swept through loo 

times a second. The signal from the detector may then
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be amplified in a video-amplifier. If the amplified 

signal is fed to the Y-platee of an oscilloscope, which 

has a correctly phased 5o c/a time base, the trace 

displays a graph of absorption agaln&t magnetic field 

within the region covered by the field modulation. This 

technique enables a epectrum to be analysed very rapidly. 

Com ilex

The p.r. spectra of two complex cyanides of uivt^lent 

ions, &4VtOft>£j*i^u and K^Muiu^t^^u , have been studied.

The orbital moaentuni of the vanadoaa ion is 

completely quenched so that it is in an a » 3/2 state 

and its behaviour resembles that of the same ion in 

ionic crystals. The g-value, 1.992, is closer to the 

free spin value and the crystal field parameters, 

D » -0.0264 jt 0.0004 em"1 and b » -0.0072 £ u.0004 cm"1 , 

are smaller showing that the effect of higher levels is 

less than in the ionie salts. The hyperfine structure 

constant A * - O.OO555 * 0.00003 cm"1 is only 36,, smaller 

than in the ionic &alts, showing that the configurations! 

interaction which produoea the byperfine structure la 

not greatly oodifiea by the covulent bonding.

In the manganous ion the cubic field does not 

completely lift the orbital degeneracy of the ground 

state. The lowest triplet is split into a singlet and



e higher doublet by the rhombic component of the crystal 

field so that the g-valuee differ widely from the free 

spin value. The ion behaves with effective B*,in u » 1/2 

and baa g-valuee gx » 2.624 ± 0.1*06. g^ - 2.162 jt o.uuB 

and gz » 0.72 * 0.05. The hyperfine structure ie also 

aoibotropic and the fcyperfine structure constants are 

A x m O.O0845 ± 0,00005 caT*, Ay » U.OU465 ± U.i>uuo^ coT1 

and A 9 » o.^Ud3^ u.^13 cm** 1 . The i^anganous ion in this 

type of compound reaetnble* the titanic ion in ionic 

compounds and an attempt has been made to fit the

with the titanium theory of * or a gam and i ryct? 

Vbia givea reaaonable values for the configura- 

tional interaction constant and the mean value of the 

radius of the electron orbit. 

Unclear spine

The nuclear spin and magnetic moment of vanadium ^u 

has been measured in a crystal of K^P«(CK)63Hgt) containing 

a few milligrams of vanadium enhanced to contain ~ A/,, 

^V. The spin was found to be six and the ratio of the 

nuclear gyrowagnetic ratios of ^V/^V f u.36\>, agrees 

well with the value measured by nuclear ruk.ont»oce of 

0*3792. The spin and nuclear gyroomgnatic ratio 

fit well with the values calculated by Hitchcock 

using a j-J spin-orbit coupling tiiodel of the nucleus and



assuming   8-f unction potential.

The nuclear a t;in and magnetic moaont of radioactive

cob&lt 37 bfcve been measured in a crystal of
b7fc2*aii~w^20li20 containing >w.3 u.#rto«8 of -"Go. The

crystal altso contt*lne aotue b table ^Co up to a. k Hgra»» 

toUl cobelt content. <aoly one set of hyperfine * true lure 

line* ia resolved BO tnat the spin ana Magnetic moment 

of ^Co are tht aame aa ^oo; i.u, tbt» *^in le // 2 and 

the .iiagaetic (nooient ia 4-o ^ u.2 nuclear tmagnetona. 

Cbruttdc ^ethylamiae alam

A ai'ttm*#tjetic ict oofaficc (ttea&ui'eiiittfita on cryttale of 

br^hy^ii^jiwc^y^l^i^ ahow ttibt the cr^&taia uoa^rgo a 

ct*aoge in structure at 1^7 jt 3*^» **bove this tem^tu'^ture 

tbe cr^etal t>;wu*try ia cubic aoo the ^r* 4 r ion^ are in a 

field which nut a small trigonal component

oo the cubic component* o«luv, this

temper bture thtre ia nn actaitioaal rhombic component in 

the crystal field and the cr^etal ty^Heti',, ie 

^rwuaoU tetragonal. ^*t ooth &*& ana a# wil the 

in the apiu tibmlltonian are g » l.y?^^ u.Clo,

Theae values give a -tarfc splitting in aero field of 

i 0.002 curl which die agrees with the value of 

^ calculated b^ j^urti and uardner



froflH bdltob&tic demagnetisation measurements. - eei ui emente 

at frequencies near the btark splitting give results which 

lie between the two value® so that it is not possible to 

say whether this discrepancy is real. Measurement* of 

nearest neighbour lines and of line widths indicate that 

there is extremely little exchange interaction between 

neighbouring or*** ions.

The transition is possibly £ue to a freezing out 

of a random rotary motion of the metbylamine radical as 

the eub&t&noe ie cooled through the transition 

temperature. This temperature is the same as that found 

by Griffiths and * oweii (L^j2) at which th^re is a

in the value of the dielectric constant. 

bat we an

The p.r. a^ectrum ol t^o adjacent 

coosists of a series of iinei., corres^onaing to the 

various* orientations of the epins with respect to on© 

another, which occur as satellite® to the iines 

by isolated ions, the number of acid separation 

these satellites aepaoda upon the nlsw and oatur® of the 

interaction between them. The magnetic interaction r^y 

be Ctoiculatea if the distance between the ions is known, 

so that if allowance is made for this, th© size and

nature of exchange interaction :..b, inferred, from tha
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positions of the satellite lines. Investigations of this 

sort have been a one In crystals containing about 1O^ 

paramagnetic salt in an isomorphoue diaoagnetic one, so 

tbst there is considerable chance of having two ions 

edj&oent.

A study of lanthanum ethyl sulphate containing up 

to 3tf, neodyraium shows that there is a small anisotropic 

exchange interaction with the two nearest neighbours and 

undetectaole exchange interaction with the six next 

nearest. There is however no exchange with the next 

nearest neighbours in concentrated neodymiusa ethyl 

sulphate. Tbit cliacrepaacy ie not explained.

A fctuuy of nearest oeigbbour satellites wae made in 

£Gr(&eo^) k12H^. the problem is complicatea by there 

being four ioua in the unit cell all of which have 

different crystal 1'iela axes, it ha^ not been possible 

to make an unambiguous interpretation of the results 

and the be&t interpretation atea not agree with the 

results of adiabstlo demagnetisation experiments of 

&urti and Oardnar (unpublished).

The result* of this type of investigation are rather 

discouraging and t^eetc to inalcate that one can hope to 

obtain satisfactory results only In particular



paramagnetic resonance has been observed in terbium 

etbyl sulphate using tbe yttrium salt as a dilutant. Vbe 

spectrum may be explained using the bamlltonian postulated 

for tbe praseodymium salt laleaney and ucovil,

wbere g /( » 17. 72 ± u.o2» u » 1/2, I »

A   4>.2u9 i v.ui>2 cjn"1 and A » i).367 ^ w.W>I cm"1 . T be 

lowest level ia a doublet Ja » ,* 6 which ia aduilxed with 

J m m i* by tbe crystal field. Thie admlxefi the ^6 and -4 

levels aod AM « 0 traoaitioDa are obtained if tbe r.f. 

aiagrjetic field ia placed parallel to tbe external field. 

Tbe nuclear apin of terbium 159 IB estimated to toe 

i'^.£ u «^- nuclear magnetons.

Tbe work of aleaney and uoovil (1952) on 

praseodyiaiuoi etbyl eulphate has been extended using 

yttrium ethyl sulphate as a uilutaot. The assynKnetrical 

line shape is explained as being tbe result of tbe 

splitting A in the above h&tailtonian not having a single 

value but a Gaussian distribution of values, the nuclear

moment of ^raseyayniiua) 141 is estimated to be 

j£ 1*1 uuclear magnetons.
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The magnetic proportioa of t

have been widely studied in all ptse*e*» Their atudy in 

the solid state i& pai*tl0ulax»ly intarastifje t>®©ao$© 

the tuodif ication of the propartia* of the f re® icm by

cilootrio flcOA, proaaood l^r tho

All ixiram«^netlc eab^t^ncQB oontalD ioutf, v/bich 

ma^notlc dtpoXee f to which tfety 0\5f«i tb#i# rac 

proyertiee. In the ion the orbital and @pin nomotttu® of 

each oloctron have an ai3£tociQtod mai;netic nocKOit, taxi only 

iooe with an unfilled electron shtll have a resultant 

magnetic rnoruont. Ac the Vidoncy clocti^onr^ Vv1:ioh arc 

WHilly the outomoot onot^ in tho atumt ara lost when the 

otof.'j f ome a ooK^ound, only tho elects na in d- and 

f -electron sholls prouuoe parariagn^ti&m in th& solid &tat@ 

This limits p«rtir.iagn6tii3D to certain regions of the 

periodlo table known an tho tranaition £jvoope t which oootix* 

when the following Bub-shellD ajfn isartially flllods 

3d (the iron gi?oii|?)» && (palladium gs?oap)» 4f (VOM earth 

group), Sft (platinum i^poup), Sf (arai)iuKi group) » of those 

ifc* iron and rans eorth groups have ^e««i iK>0t fully 

inreetlgatadf and it i@ with thc^o that thin thesis io 

concerned.



At low tflfciparatures oo-^iwatiiro pfeeamaGiaa ©tiofc 

f*r?omagf>*tif$rn and anttfexrom^rootiBia often occur. Ao 
pfeODg^oaa do out ooeur ID tfe<* ^ul>utu,,oa& otudloci, to tbo 
t«aporaturo rangm? ooed, tfoey will not bo 
In a oonata param&go&tlc Bubiituoco ttie dipolos 
practically ludapooci^tit of ono ario^tor* tliu

miikiog uaiy ali^iut ouctii^cutiumi tu tuolr 

awigoetic ^ru^ortiooo Meet of thia ti.aoiB la t«>t)CGi»uGd 
iooo ID ^'hicb tboao Intcractlono tiove bar n reiluccKl off 

ttiitiiimttod, and only Gimp tor 6 ie oonoernoci with the study 

oi' the luteruutxoue.

Ittf«iinetio0 about ^iu-aoegi^tlo iuoo oan bo f amid in 
several w^y&* -u^yo^tibility, ^ifxrt^u^juotio reluxatioo*

iiauoe ( oi'tot* wivdB at>br«viat(Ki to p*?») an 

beat onwwia^ajuot^ nil curjU'Ibuto li^orj.iutiun of a 

cliff erout naturo, ID tho c*oli& fitatu tLoro aa.»o 

of too aevor&l ionu in tbo unit coll whiofc lire oltuntal in 

oryi-wal rioias; tills em^; lead to ttioii' 

magnetic? proyertioti; or, ii' ttio ca^utaul 

jiootroi^y^ to tb0ix* toiiHg

axes. Ao Bueceptibility, rulaxatioa and ttpooif io iioat

ii/volvu only i>JPopertloe averaged ovor the 

of

ciifitiriot

a Oifroroot &|>aoti*u&i for each tyjMi of ion tho



ill vary euitea tu laimsUgaUon oi1 -be aoULft Ptate, a? id

conti'iout« information muob iuoro detailed ttea that
metrical*. *l»o9 tfmaU quantities of 

ao ttot aft'-get the
«.... .,.--. -, - .,-, . . ,.-.i ,. v,-v**< -" • '- V » : -f •;•*'»••.•* •«

- e --* -'; '- ^ - '* J ** : -'- > -j' * -

The of i>eBoimfX5e

and
atxi , ttokard 9 ion

about CIQ

nm&notic 1'lelu euob that tiie yi^o^ootiuo oi* 

lil tb® aii-uctxoo ui ti>c i'l<*Iti In U 9

IB OD 

lac tor   0 tb@

If a

In a
field, with 0uoh a
it

wt»r<5 g ID the
aaid H t&*

fisia
to that of tho 

that ite qaaelBai ie tiv

raloa limit 
which AM » j; 1* If the ^dilating Held 
parallel to the etewiy

to tiiase la

n

cd&o. Batmen any two uo^uoent levuls, 

trt»DftitioD& ^re ioaucoa in butu uiroctiaoa.
tbo ur iovoX iti looti populatea thus tba

, 
cue,

to tbe factor » there ai»c



transitions from tte lower levol to the a&por level 
in tbe op ooito direction, and there i«* a »ett 
of energy from the* oodlleUiig field. It is f&tfe tfce 
detection and. explanation of thi» al>eorptio» tbat p.r» 
concerned. Ueing m convert ntly available fl*l& of obout 
5 Kgouae. thxe abaoDtion for a free electron ©pi® 
wben microwaYetJ of 1.^5 om. wovolor^ th ore uaeu to 
the uaolllatiiig riold. ^aveleogtiie i>ote;uon lu era. and 
ere ucuully used for this «aork* Xt i» general ppactiee to 
work «t ooDt tfxnt fro aonoy anu to rioewure tiis absorption 
es a rtwetioii of me^petic rioia, a«t tide i» much eaeioj? 
than Lioofit^iiig tt»€ eJtmorptioii ae a function of frequency.

If the nuclotte of the par«imttgoctic ion has a 
oiomoat tbie wili prodnoe e byporflne stiHicture 
cburoviutoa to b.f.©»}. io strong aw^oetio fiolda ttie 
nuclear asomeat will preeeoe about tbe nie^ootlc field

by ttic BurrouoailJ^ oloctrotj0. Tbe pa*oj©ctlon of 
ntselear mocaeotum vector ni ou ttia latter field way
valuoo I, 1 - 1, .,<, * X» ible BiO-ite tiie energy 

lovein CGITC to M into ai ^ 1 equally 
levels. The aeleoticm i*ulo® require ttat wtxaa a 
oooum Am » w* boc,- uoo tbe r*f * fiald has llttlo inter- 

with the emell Q^uetic trtc^ent of the 
for oiw^licity a eon* wtiou J * i/2 aini



theeaer0r lovole au a function of mEtarital magnetic 
have b«sp drcafn its diagram 0a. The transitions wfciofc 

transition ruleis ar® snow* tfce vertical line of 
roiiraeeatine the fixed ^uoatuBi of

that a ouolear spin I givea i*i0o to a 
structure of SX * I, equally e'pa3©d lioos* 

in a week wtoraal field, «beo it i©
tbo floid duo to the ouoloar ^ni^mtt ttic olootrori mut>t 
ra^araocl as b^ing in a con .oaito field* ^ba Ifyvelc^ no 
laogar vaxr liriotirl^ nltfo «ct0n3t^l f la24 00 that tba

linos are no longai* o^iuall^ epacou. /.Iso etatoe
m ore ateiJMi ©D that, ai- trar^itlooe ore allowed 

between levels whioh conttoin ojRi^nonts with tlie esw value 
of m, traditions raa^- occur l.otweon level B fur 
tremeltione wore for-ulddeD at bign flelde. ID 
i'lolui) tha total olocti^utuc nx^ooiit aiici tbe 
vectors mmt \>Q actdod to give a net? moatintuj:) vector F » *J * x,

If tha nucltjur. has a ay.$a#upole rrionjont ttl^fe Is 
iBtera&ticm between it @na tho gradient ot the electric 
field at tbe nucleus auo to tlm curi^ouoding aXoot;?t>nB 
s first appro&iia^tion t-iu intertictiou ct.eujgee tins 
levels by ao ainoynt yi\u>ortluoal to o^ 8 BO th&t

of the b^c>e»fine llne^ IB unohangeO* If tbe 
magnetic flald is not i^urallel to tbe graai^it of
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tbe el oo trie field at tho oucleue, 
different m ar« admixed, ami eorao

ara allowed* v'iia iutoiitiity
by thaee t^ai'jrctiuiina io 

of tbe

atatoe of

foruicldon

to tlio

ft0M aud tiio elocU^io Tield
Jo moot io»0 lOTostigatod t>^r p. 3?. tha 
too Email to taafeo tii0po llaoe aur^loi

ilwm tftwi 10n is ai^>dix?toa to utrotiu 
in tbo solid otitto ita anargy lovoic ai*o

\votaa be

ie

fiold

in f*h&
Ion baoaud natXWuts&A Tl^ii? bobavioa? lo a aa^aotic field 

baooaw aoieotru^ic a**i th^ (ko^xisn^tion of lovolo 0p3Lit 
the field oa^' cans* to be a ilmar function «^T 

iu vfoui; lUalilB* <dtriou^h thin twlsiio th« o^toti of
couipllMil0a

auob

tbe ground state

z1 . id a 
though it in

taottxid tw
to
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1.1 ...fflB jm^fQMl^li.^F, !BSBA Fli^fe _

Tbe toxnoe of ttio hu.iiltonlan of the free ion fu vo Loon 

fully diooutiBou in vurloua lltoraturu and a#o euraaaiPlMd t*y 

Uioauoy and . tavotic (19:^3j. ^ brlof aooouut; oi' tiiaa in 

given bero; tliuy ur« ouu: Mi'utoa in ortier uf 

;aat;nltudQ t as p«srtii£*bation motiicniB arc UBOC! 

oigeovaluae and the^ci'ore tiioy are doalt with In this

Yb© ooulonib intoi?aotluD oa* tbc el<K3U*uriti vritb 

viritb ociob otbai?

The first torn roprasente tfcta itinotic etieris/ ol^ ttao

ItiiB oxpruBBioo ie troatcKi uain£^ tb« self oofjfliGtiSOt floltl

method (09Q CofKlou atKi L iiurtloy, I3*&)» whioh atj^urow ttiut

the eloot?oQi> taovo iaOoprnjaoatly ai*oui*i a f ijooill onoleuiif bat

re&triotod 1>y tb© ro^uiraraentB or tls« i auli

iOrinci^a. the eiHenetutoG ts^ocil'y iodividaal

urbito tine; aro in teat ' outii'iL^i'atiaijB'. ^a tlio

betwo^i tiioa i& ~ IO^BBI.^ feynd at jpuuta toE;i«>oratux?o u

levele up to a few huooraft csm,*^ aim populat«ftf ooly th©



lowett cortflguratlcm tieeci generally b*
fb© taagnatio interaction between electron apiou 

orblta (VUD Vleek,

If the eplBK0plo and orblt-oi&lt oon^oaeate of tfg 
are included wltb W^ ao& the ci^o«viauGi> arc* roam t>y a 
Uiuro rtifiDQa method thau tli«j aolf cuiMilotofit f loia 
tb« ooriTiguratlooe are fDUiiti to be epllt up loto a 
of torr.ui c^eoltled by total orbital and total d^o momotituia 
v«ctor« I nod i* The Iow@3t tana In tho 
IB glvoo by liaoA9 & rula* ^tie Intejenetioa of oaoh 
Ite own orl>lt 10 rnuob etror^or thao that wltb other orbits 
BO ite oontritjutioD may be written njj^i^i» ^^ ^ only 
the lowest i; octral tern la oonelderod It ctoi be 
XL.U. vtilfi epllte each torp Into a nona>er of

bar a total aagular moment un vector J, 
botv/eon maltlplets boiog ^ 2U>^om«*^

The ititaraotioo of orbita and e^ioei wltb the 
field

where p is tbe Boto ni^tmtoo* fble glvue riso to 
levole eeyaratod by ^1 cKa."*3- io reuoily avullii}l«

Tbo magDotlo 1'iuia due to tbe csloctrun© iutoraote witb 
tto «figoetlu BiDGiDOt of tho nacletss iatrodtjoirig {Fermi t 193O}*



If M m r
k

• I 3(r
t

where Y

the uucltmr
the ratio of the tiuolouti

'i'tai u -function taro ia 
or tho eloctror^ couti'ibutitig to 

In the bolia v>tat« ar« in d or f
but uraor to obooi^vod

it ie »*c«etJery to ^c^uiuto tbot# lor part of 
the tirao, one oi' tho ele«ti?oae of utt iauai* B-iihali 10 
pronioted to an uuter &~f$h®ll, For exaciple, in th« iron 
group the uoutd wotifii^uz'ation le Ji{l 9 arid it IB puo tula tod
tbut a email wijuuut of oatifigii^ati&ti 
iotrotiucod. j-hetie ^-elootroiiii r.«ike a
to the h.f •©. f eo that a very email emo&nt of tbia

interaetiuo i& ooeueti to account foi» the
b.f«&«; the wr^uot ie ineuffioieut greatly to 

the rine etructuro uf th« i$^x«jti'uia. Th
iooal Interaotiou id lati.*uciycad by tb* Oouloidb 
between tha olootroijs, wt.ich la tha la&t tu**ca in the

The iutortiCtiori botv/oan ibo oluctric
of tiio oucleuo ( if 1 > <*&& tho ciltKJtric



II

gradient due to the electrons boa been ©bow® to 

(»•» Llcunoy and b tavern,

3(r,.I} 2
IT j- -•• - -5

Tho siuedrupolo muoaps w i0 38 Oititiiiod by M&ofe 
Tbl» io a very scroll t«wa» ^ 10^owT^»

Direct int0j?uction botwaoo tho oxternal field and 
tba roagfMrtic rnocsout of tb@ nuolmia Inurodooeft a esoall

ittiPJm i.

by a regular ainmy gf i0»&» «aout of which atti

/iB tbey are. all «l<K»treetationlly obar^od tha§r sat

?ii
electric fifud arcmntl tb© pe^atna^n^tio loo* 

1'be eymmetry of tlio potential ari^^gy V aue to tbia £ 101& 
depmide UIJOQ tho position© of tba iK>i(Jsbooriog i&iaj; to 
calculate tb© uiagoitud© of tfois onerggr aoeurately ia 
difficulty OQ tide ie uBually ot-tii^tod from tho B,4ittiog 

of tbe enart^ levelB it ^otiuo^e. it i& ia^urtunt,
ttieury i@ tused^ to add tiila term to 

in tba ourroct oi\lcr. VhretJ distloct
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which will be dlBCutmed

1. to tfc© lixm group (3d aholl) tbtf wffeot of
tto ci'vt t^l field iti iwattllu* ttoo ^ but lurgtir than i< 

and 18 usually atki&i in tbo calculation before tbe 
orbit coupling. It lifts tbo 2T. ^ 1 fold aogonorri 
tecTim to ao extent (i6»>onclif^r ui>oa tbu a^ir^ti^ of tlio 
Bet bo (1929) bee uaoa gi*t>up thoua-v metiKuds tu calculate to 
wfeat e^tout thin dageo@rcioy is lifted ia f leltki of 

lo tbo Iron group the parsoitagDatia ion ie 
by txn oatabaciron of winter {soleculews 00 it 

that the ilela ca^i^i^oci & Itii'^u oubid 
with a &mnl3.*r eo^poiic^t of luwor

of the orbital levels is ^ 1CA oui. ""'•** BO that 

it can bo 0® tinted l>y neaGUi'iiig abs&^tioo in thy 
eod iul'i'u reel ragioa^t ^^ ^^ t^%aitudti of t£*@ 
field uuioalatud from the cis« of til^ot o &@pttrat

If tb3 or^etal field loavo& a &it|gl@t urbital lovul 
lowwt the &yi0~orbit ooupliiig and r^oouiiU orcifcr direct© of 
toe cryfcitul f iald lii t tlie a^ * 1 fola aet:<juurucy uf

orbital lovul, eei>arc*tii3g the levola b^ a f<an

If tbo iowo&t lavei io aut no orbital eiugl^t then theee 
eff octa proauoe niaoh l^rg^ c >littitjgo.

ID tire otiwo wuaii tbo lowafet t^pta biie L « u tba crystal
huvu uu uiraat affect on tb«i levole £#*l la ouly



able to split them by high order ulYect^ tthrough epl» orbit 

coupling. Thie thoeie however is not concerned with this 
c&&e BO it will not be ctieuuaoed.

The theorem of Jahn UIKI 4.oiler (1937) etates that for 

polyatomic non linear molecules a degenerate is tat© ie never 

stable eince the molecule will automatically be distorted to 
give an aeymmetry sufficient to roaiovo the degeneracy* This 

theorem ID also applicable to a pftJMimagncjtie ion la a cryt^tul 
field, so that the crystal field distorte itself 00 as to 

remove eny orbital degeneracy tsrhicb may renain. There 10 
however a rule due to Kramera (1930) which states that in 

a ByBtera containing an odd number of electrons the degeneracy 
of each levol mu&t be at least twofold in the absence of an 

external magnetic field. Generally, therefore, in Ions with 
an odd electron resonance should be observed, ae the lowest 

level IB a spin doublet. In lone with an eveu nun&er of 
electrons, there are not Kraiiier 1 © doublets ao that resonance 
may not be possible.

Cape ,^. In the rare earth group (J*f) th© effect of 

the crystal field ie smaller than « 2 but 1^^E<^ than \,y 
The faot that thiB i8 BO much smaller than in the Iron 

group may be explained by the facts that the mean retilus 

for electronic orbits t& emaller than for 3&~el&ctronB, and 

that the J*f-electrons are deep inside the loo and are 

shielded from the field by the surrounding electron



•4-

In thie ci.i£'-e therefore tha osystcil field lift** the a? * 1 
fold. degotttirftoy of each oomrjonorit of tb« multl plats*

wuet work an tin rtjre earth loitf* hee beta* aooo in th® 
ethyl sulpfttftte* which IKHW J^ uyrrr^otry, vrtioro tha Ion 10 
in a f ieia of hexsi0im«l eymootrgr wtioeo ^tmtl- 1 10

(Elllott arnl »>t«v«m f 19£1)

4- 3r4 )

- y6 )

leveltb?a«i oa: this
by

tbo

o. in
which aiiYer by ^ 0 la JE » 1 his v;iix spUt eotno oi* the 
doublets U' J is lateral, (4id will (jlvu «Xlowed

within POO@ of tt^ aoubletc If «f 10
Integral

1ft in ao a atato ae I, u In this

the crystal field is only able to split up the spit) 
through high order Interactions.

frflimJt* 7hiB coae occure wht*n the 
be

to

bonded to its ncighbuurfc. 
9 in which the loo l& boixiad to six

, which are at tho coriw«?s oC a
ore the exiHr>i>lef> of th!0 ca»« which la this
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The ©laetrlc flaia of the
tim 0nw order ut» the uluctroi tatlc fleM betwouo ttio 
electrons ttiougb etlll aaulltu* ttooti the oouloat) field of 
the nucleus* Vhe theoi^r teas boon developed by Van xflook 
(1935)» ilowiu«l (I93§)f Kotaol (1%P) ^xl 1 tavern (3^3)» 
Tbe oociplex, wtilobt Is of tbo i'ona ,^^f m 'ti*eatod by a 

tu.lf-corrait tent riold mettHxa a0£;umlng thet tb« 
eiove in a field of octahedral @p«a0ti?3r. f hid 

the ret alt that ttio a-electrun configuration la 
ititu an orbital trijaot ut)U un ^bitul uo^blat aom 
1 hlirtior. It 1* tttmucjea tlmt thti 3a <2l6oti*Dii» go 

Into tba loirs? &lx IOV^IB obc^lo^s a mixilf&$& HoraElf 
t>uch that tUe vtduo of t- IG a oaxlmym* -'horo le 
abl« evlde«")c0 tbut thio IB jo&tlfiad fro® 
the 4a an4 ^d tr&ndtioa gapoape 80 «ell as DO tbe 
Ttiue with ttiroo ct-eluetrona tho rv;jlo ahouM bo ^/
four I, vltb fiva l/'Z arid wltfo ete 0* t?hl» o^plalne tto 
fact thtit ^otoa0iua rorrocyiinide and potci&slim cobalt!- 
c^anldo, v/I'ioh tiavo eix 3d Qioctron»» ure alv^aguotic,

A distortion or the octuhoarul aynfiaetry of tbo 
fioia 10 expected from the ^atin-Vollor rritKJl ;lo. in 
tbe Ci*yetale lieve low 0ys^:;0trl©s azwl tho r 
gttttrally ehow rhor^blc ayesmtfr* ^>ot as thlo o^i&o la 
to treat theoretically ti*o modification
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field hm b«©n invent Igatwl fc$r Lt0vef» 
This will of course tie a poor prcriiietion of IA»* • 
;;ropertiee if the eyaiautry 1© rfcorabio but t/ill b«t a bettor 
approsimtion than sosurali^ a pttr® ootftheclrol fiela 
tetragonal field together wltl, Bpto-oifcit oca ^lini will 

th« degencraoy of the low»et level.

(1930} bs^ s)howri bow a riuch Bii^ioi* hamlltouiao 
can be derived from tbo fall bamll tonic*) 0^009 

lowest ©lgcm»tat«P of tba full
, the ©pla iuiaJlltoc^an ^ it lei oulltxi, 

the eiKsrgy lnvolB clothe to tbo ground atato in 
relatively fe«r parcoetera* Tliln glv^j st natural. 
l/etwecn tuti>erimout ana tt-f^ry; the ru^jcr aeeka to
olecover a &j>in bntalltonl&n wtjlch will oxplain t&e 
observed, and th« latter neokr< to naqplcin the

a lo tenaa of a model » /ibragm? mm ir-ryee (1951)
ahow bow tbu ©pin hociiltonlcin Riey be derived,

b ia tbe afiectivo L, in of tba urouna titate OafiiK?d 
that the grouna state eatieiet^ of a» * 1 levels* 
term iti utually tKolttea && it if» inao^txi^cit cif b end 1 

not rmuii> tint *^uunen^« a$^ctrua0 it
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to tetaysratur* luuoGodeot tgpasiwtlsja. V|R; t$gu &o* to

botwoou tbe cmclous am* tho extei'nal field 

very stacill t*»a will ue i^gleotea r*B ttiit^ ttoelP 10 not 
eu accrued wltb O?IDGL ID widcb 

Vtio t^>ove htJBiiltuuliiti 10
teruifc of aottp®tt6DtB «doog a eyiitua oi1 sx®& aoTiii^cl by 
cryetul i*ieldf » l^alog re^ai^rod fox* t!i0 aaEl» of cvrjy oadal

Tbe t<3X^iB la B umi g cotno frof:i the &0con& OV&NF 
of tbe crystal flold ti>t;othur wltli B^lo-opl>it cDUplii^s and

iogj ti.uy giv^ a splitting oi1 tbe l€V«l.& of 
IP &&rt» oxteiuittl iioiu* y»lMKi th^i 

hue DO rljoiabio oua,>ooont the tona ID S IB uot 
Tbo valiiOD of &x» gy aod % are affect*! by tho 

bltfhox* luvoltt of tt,o lao* in tin* iiHJDi^ou:, if the 
field Iciuvui ;dj orbital Biaglet lov#eut mid well 
fro® higher lavolti tho mtigaotl&m atxaea mitii?€47 firaai

Tho t^^UiHuifttlt eaapHnic aa^djcet; othoi> orbital levale 
tho grouna lovol but tba «Tfuot i» TOull 00 that the 

lo ttie g*^rulu«B will bo utmai ooa tt^r v^lll



b« close to tho fr00 e^in vala*. If the lowo&t level 
not a Kinglet, or la a Bioglat with otber orbital levels 
doe© to 1%, tb0 orbital megnetlsim 1® oiftsf partially tx 
and, ais it if* tied to thu crystal field, th© g-vsluos 
very &ol0otropic« In the rare earth a#oi*p tbe g*Yolua0 of 
Q doublet £ Jg will be g |§ » 2A^jf and g A » o t wb^re A 
1ft the Laixie g ftKrfcoff. Adraixtuve of otli^r stat0» will 
modify both of tNiee g-valueo* If the ©^tr^iet^ 10 usetal 

can be ru, Ittood. by g . iind gr and gv by g .
JJ if* jf - J.

Th0 termti A A sod A are the otx^^oaotB of
etructui?e tern f wbicb is derived from 

and fcae the for® ^r/3/9^ (73) [* * ^^^^ -t*^^ s 
where K it> the contribution froc3 e-oloctrooe nixi tt»o other 
ternis from non o-electron» <Bae !•!)» wbeo ttm Bynn.^tiy le 
cudal Ax and Ay aro UBually replaced by B.

(1951) ^^8 quo tea cj^pro»rlonc for tbe allowed 
betv^ooD the lovoi^ de^criboa by tbe epiti 
for the caeo of t.i^b fields. Vhoro uru aeveral 

f ©etur©e of tb© 0yectriiE3 v/bloh are generally ^?«0 at^l whloh 
are useful for ufialyeiB oi' the enxjcttnita.

Xf the g-vulu«B aixi luf .e. oro anicotro^lo xvlth 
have K , t «

thun in any direction Ion tho g-volua aijti luf .&* 
K ar« given by:



Vbift giWft relation iur aw plane in whiub tbo
and and A and

P

where 0 is t&ft iiD^lo with the p
Following the usual method the results cletiopibuti in 
tb<98l0 will be rittai to a epio bornlltoaiaii awl an

of the values of tlje variouB paraoctoro will l>o

anaem.

not dei^ond 013 tbu upi^aratua uaoci but on
whett quanta are abeorbeci by trtiDBitlone botwe<^» two 

I0vele tbe i-u^ulatitin of ttm two levulr, tmt^s to 
equal BO that ebftur^tiun ul&apy0are* 7 ho s4>ici©

t& the cryctul lattice by

to that they aim trttiiof or eoorgy to it, aral thy@
ID rnaintuinea with the lattice. The tiroe
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It take* for * »|&& to exchange aawgy wltb the lattice 
a ohar&oturlctlo of the r.yuteia, Oe&cribod by the r*&«xatio» 
time, T » which la trie time content of the equation of 
approach of the system to G< uilibrlum. It IB ftfettft & @i0a0u 
of the lifetitoe of a e in in tbe u^itoxt ; tato. If r i® 
vary largo (T > l(Hh&Go) tb« two level® bucoe© 
populated in a ver^ short time and at>Dory>tlon IB 

or di&AppaarBi thlo effect la km>im a& 
r ia iuaall this lITetaoe dr a ay&o in tbo oaooltoa 

Biota. l f and thorcroro the iniietcvt.ar^cy lc> the 
large. Thle will prixiuce a b£*0a&0fiing of the a 
line whioti may be ©olurge that the line c,,fMK>t be

it in fouoa thi*t to iiroduon u lino vtlath of ooo 
rele^utlon tisid i%i©t bo ^ ICT^ a@o. f baa it 

ie imix>rtftnt that the relaxation tirie 10 within a smixll 
raogo of vtiluflti.

TlMKio rulnxaUuo jroceeooti tt^ke place boouueo tho 
thermal vibrutiunfi of the Ifittlo* oausa a modulation of 
the cryetal field which cui ititoract with tho electron 

through tho »«>ilM>rbit ouiiiAliig. THK>
boon ,>OL tuiatoU for thie luteruction. 'Tho oi*j 

that a (lUButom of uoqrgar le exehangod aircjctly witb the
lattice; tbia IB o flmt order i4PueeBB bat i?eQiiii?oa lattice
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of eocrgjr «gt*al to the uivarutxon of tht two levels. 
The Dcoorxl yttooecs ia a acattariog of lattice 
attalagaui* to the Kaftan «ffoct; this ia a »ocond 
proooae but all the lattice ^uonta oan partioiprt* 
relexatiut) time clue to the f ortua? proooBa its 
promotional to f ** (nhei'c $ is the afe&olute temperatura) 
ana that uf tbe lattor ^ooerti ia pj?oi>o^tioi»Bl to 
or T (X > tt) (eoa Van Vlticfc, 2,94O)i ao that a oortbirmtion 
of the; e two aff ecto /atoiilu tu.vo a t«ui^ei'uturo 
T~° whore n lioe bQt«NM$& 1 and 7» This i 
f uuna to be tmo, tl)e valna ^ 0 vaa^lDg with 
Thtia tba apiii^lattijoii rultir^ttioD time way b© ad^uotod to 
t>e in tfea r©iiUit»Qa ruag© !^ uaiag a euitubie 
For thie reacoo exporlaiHitB 02*0 ofton porfDjraoaa at 
2D*K. or lower, the voluo of r alno deyonda on 
aaparatlon betwaan tlm grpuod ttate mKi tto 
levol «fbioti iB oouplod to the gi'uuod wtuto by 
coupling^ r being long if the tie^mnition la lartto aod 
abort if the aa^oration lo onali. Iti tho aoita 
there BbouXd ttiaref or® be a cmrralation botv/ouo 
rolaxatiuo titae aoa tiie poaiUoti of the lnurer orbital
levela.

Contribution to tho lina wiath cor«e from
lone wtiich have a aiitgoetio r^oraant* i.ach ion

modif IQB the uttifcuotie f ioia at it« Deigtibour, and as the



effect IP to a cttfWn ci.^tont rarKioa airtigiigii- «*•* «U Ml* 
io&a it .-roduqo^ en iucroaetK. widifc of UJG line. ?£» 
cwf the line width irotiuoad ae^adUi upen* tbe fiald 
by tbe Beighboure, which 10 i^oportlooal to tboir 

to titti imrarae MNi of tl^air

biggest contribution to line wiutL. Lott* laagnetia di: 
diyole aod dxobuag« iotm'aatioa p3?cxliia«i aTfoate* V'^an Vleok 
(1940) oulaulatad tte area, the eooona somHit and t!^ 
fourth nxxaeat ulT t\n aofc^r. tiun liria ao&utaiMg tuat the ions 

00 ri-oe e>^4ne. ryoe MK! btovanft (19i^) oulculutod. 
urea aod oei^oud cjorat>ot mining ao «aa^ue>ptionD about the 

IOIMI* It is ;.\>iina ^mt tho ^ooo^Ki racMitit ie u eua af tho
«rb«p0 Wcj is tts0 totareotioo batMen 

i taxi j, ihuo tb@ probi^fs bocaage a eueei^sioQ of 
two ion oompobofttu; the coutributlQiiti rroei o(iOb ion 

together to giv0 tUu total QWS&O& t^ocioot. 
pfti#® of lone nr© CDt^iao^ou briefly at tl*a

ohaptor aoa nj^ro Tally iu
The ai«e of tt*o coutributiun to llrie width do
wti«ttier the ioo» ^r«i<Ofl iteut 1^« aarw axis, w turn

lone ^ijocuf>c about iJj-troilol oxet^ ttmro is &$ 
contribution to the seootKi caofiKiat from o:cobettg«. Van 
Vleok found, hi>wev©i% that tticro ie a contribution to the 
fourth ir^KWOt so that the 1100 bococittfc *:ioro :^3ci:0d; thlo
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pbeowawoon IB kflowij as exobango narrowly. £1B0 9 dye to a 
resonance effect, tbo aii^lenftipol* i»tero<*tt0t* i^oduoeft 
a larger width io tftia coee tfcao it clooe oboe tt>o it** aw

Tho fcirailm;' ions proMNBO wltfc ^i© BCE» 
ebout the »«e aadn, 60 tl>«t» io euHditioti tu tto

field, each p?gdtie®6 ia nutating field at tb* ottier 
which lc of the rot onant frequency. Tbir> x»oaucofci Itft 
lifetime tina tl.eroioro b£y€id«fi& tiie line. Vim Vleait'o 
formula for the '/iean eqaaro width of a lii>e for the 
of dii>ole-diol0 iuterRotion botr^on free

2,

3 atxl k ore clnilLo* ione «id k*
refer to k' iona and unOaetiee to 

ions k aol «J. Vhe cont^-lbution to r*m.B. line width 
from aimilar loos ie seen to to 3/2 of tbet from

between ai«aii!£tlar iona alao 
contributee to th« eocorid taomeftt of the lino* / 
exchange always contributes to the eoooiid ijuieot*

AS the diiJ&le-OiiXile interaction folio off a& tho



inverse ci£>« y aixl exchangee either OB tba irivorto of 
higher power o# an the invava* earjonentlaX* of tlws 
batman the ion®, litia wiath t*»«» tliift onuae mar t» 
by lifting aalta In which the ^oro&fiqpatlo iom* 
eoparatodc Hooto »alt» require nMny S0ii» IMST mr>leoulc» 
that the ^psmagnallo ion In pur^i>imaed by cUofttflfjnotlc

u»ea «p^ Ci^(r>o^).ifingp
i^tlo iomt ma;/ b0

diluting tho .i^raraagnQtio ftfl&t with 
dia«a0n«tio B.vit. i,il»od cu?y»t^a6 containing 1^ ol*

ion u^ual.ly exhibit lln^J IB \-/».ioh t 
to line «i.dtti io r»i^li,gil)3ie. 

Tho nMftgnotic iopia9Dte of tbe nuclei of
to the 

ionic ocwpouoOa tha ^artfaa«D«tic ioo it;
wttt<*r» of wyetullination. f he pt0t&mi in

molaouloi* produce a lino width of i^>out 6
be qua tea as tha 

half width of tba X&M at tfte liair po^f«» tfointc)* ?bo 
has a mqpntio nwnc^t OIAJ ttdru of ttiat of thr 

, 00 that if ttM watttp of tciivtikUiaation ie 
by ha^or mtar thi» width ^ r«H»ad to a gtiURD. J n 
pat. . -urn chrt«i«ir ai>iti«, wh4ol> e^atalli&aa wiUitm 

of 09fatcaiisati&Df Bowwra (1.92^) obtainoa a width 

gooes.



Cbapter 6 deal* with interaction between pair* of 

adjacent iona. A hamiitonian can be aet up by adding the 

apin bamiltonian for each ion together with a team to 

repreeent tbeir interaction* and then treating the pair aa 

a unit in which only one spin ia involved in a transition.

Magnetic interaction adda to the bamiltooian a term*

her3 3
where $ and f are the two a^ina and F the diatance 

between them. Xhic ia axially aymmetrical about the line 

joining tba apina and aay be written;

where a ia the direction of tbe line Joining tbe spine 

MA «, » 0 » -if.

exchange way be ifco tropic, adding a term -j£,T t where 

b and f are tbe actual e^ina of tbe ions concerned 

(Van Vleck, 1947) » or it may be anieotroplc adding a term 

of the form
(a * ,J)fca?x f (D * J)SyTy * (c * J)S mT m

where it haa bean eplit into an iaotropic component 3 and 

an anisotroplc component a» b and o such that 

a «• b + c » 0. Thia purely arbitrary definition of ieotro^io 

and aniao tropic exchange ia uaed t ae the aui&otropio 

exchange doea not then contribute to the Curie-v«eiea A 

(see Appendix 1). in many oaaea arguments can be advanced
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to ahow that it is reaaonfeble thtt tb& line Joining the 

two s^ina la one of the axea of the anieotropio exchange. 

In this oaae the exchange and magnetic interactions can 

be combined linearly to give an interaction of the form;

where A - (a * a * 4) , a « (3 * b * 4) and C »(r * c * J) 

and « la the direction of the line joining the epina, 

and the x and y axes are determined by the rhombic 

components of the enleotropic exchange. If the anisotropio 

exchange haa axial aymmatry about the z axia the term in 

the hamlltonlan reaucee to a forou

In either caae the values of the parameters concerned 

may be meae arable by studying nearest neighbour llnea 
(chapter 6) 9 and if the sii&e of the magnetic interaction 

la known it may be feasible to draw conclusions about the 
sisa and nature of the exchange.



Zone in tiie eolid state <are oituoted io a oa^utal field 
which of too mateoe tfce spectrum ettia&tropie 9 fc«> it i0 
desirable to work on eittglo crystals, Even for use at 
the loogeat trtnreliKigtto the oryntals «0®dl m>t t>« 
tfean a five toft* mib0, O^atalu of tfaie el^a ar®

to grow. All tfc«> oi»yiitala ucod £02? 
this t basis hava betn grown fi*om 0^

wii^ a
eolation to cool, or t>y dvai^^utirig a solution 

in a VMCuura daaaioatoFi but to obtain b«et reaultB it 
naoaascapy to ]?at a omcdll »0ed cry&tal. la a saturated 
solution at room tc9m*>e^ator9f ^ud to evaporate it 
The evai^oratlon may l>e done lo a dLeseioator or in

especially
if ttie eolui>lllty varieo ot>»aid«»i^l^ with 
Cry^tala which arc growi too rabidly are of tea twinned, 
or contain ^aralial growths* A twiimed «o»y«tal ha 
or rnore parte wt^ose orystaXlo^raiJldo ®m® are in 

, wtsioh would in^ee an soieotrQpi
to internet. /» oryatal exhiMtirug 

growth in one cftieh eonei&ta dt ©evaral eryatalo w!)10b



grown together with parallel axes. If these axes are not 

quite parallel the lines in an anisotroplc spectrum will 

"be "broadened to an extent which may obscure their structure,

Sometimes it is necessary to grow crystals from a 

very small quantity of solution or from heavy water 

solution (1.1). For this a special apparatus iB used 

(diagram 2.1) which comprises: a detachable pot ?/hich 

contain© the solution; and a tube which has a limb which 

can be immersed in liquid oxygen, and a tap through which 

the whole apparatus can be evacuated. The pot has a cross 

section of 1 sq.. cm. and a length of 3 cm., and it has a 

flat bottom on which the crystal grows. It IB connected 

to the other part of the apparatus by a vacuum tight cone 

and socket joint. Whan the othar limb is put in liquid 

oxygen, water vapour condenses in this limb and water 

evaporates from the solution. The rat© of diffusion from 

one limb to the other, and therefore the rate of evapor­ 

ation from the solution, is controlled by the pressure of 

air in the apparatus. Crystals have been grown with and 

without a seed., "but better results are obtained if one 

ie used.

Two methods have bean used to make heavy water 

solutions frae from light water:- the solute has been 

dehydrated ana dissolved in heavy water; light water 

crystals of the solute have been dissolved in heavy water
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an& crystal* rrota thii* eolutxon rediet-olvod In 

, &BU cry tit alt f?c»m tfolfc fcoiutloa altJ^olv
Uuavy watui1 . The latter techol'uuo givee a 

eolation in which too fci*«ary mt*r 10 9^ 4>aj?e,wf]fleh Is
to proauc© aeuteron Iluewiatb.

It in usually m*CQS£»a**y to ouuiit the ci'^tul iu tbo 
t»o tiiat a coi*vuiii vlanc 10 parullul to thy

r or tbia to be pCM»&lbX6 thu 
hare wall developed fuceo. -hou tfie

wltli a c^'tit^I r^u ta<«^u iuco l& elaply t>tuck 
on to tti43 i^auiiator with tap ^rotieo (tap gi*0a0i; le round 
to 00 oettur tbao i^ui'oi'lx* r.ouietifi«>e oeod» as It &&$$ 
tena to crac^ tbc crystal wbim It le coolCKi). If the 

uuuc &ot cpiijcltle vsltii a c^'Ctiil t'.'.ioo the
with riae taixlpcuor 00 Uiut it

a face. A0 ttit cuJ«H>t be do lie rao^a tM3Ciu*atoly tiiati 
a few degrees a better nothod IB to amuut a w^ll fo^iiod

fuoe on a ciiEtrowc >vtni^e» %pbloh ct^) bo out at 
accurate to 1/V. I;i*Cortai3ately ttiiG putihoe 

into th© eo^tro uf ttto i-caoaatov ?4w@ the
10 uatillei' so ti;et Uivi toru-itlvlty 10 

ttia induction IB ouly oy a i'ac'uur of tibuut 

thlti tfictiuiLU© iti utiunlly ue«d« *bo v^etlgo i^t^i^l 

a dielectric oooat^nt ®t about 2«& wiilch mentm that 

It eof2Sld0rat>ly incroiiBOB the apparent &i@e of tho
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but ttbia can uw &Uaw«d iur by toning tbo KL

The method used 10 that developed bar Cleaner
'•aft ftteveMt, 1933). »a crystal Is placed in
cavity at a
£ttronc^0t* when dbeorptiao QOOUVB In ttw
*^lt of the navitr tit lowex»od^ oocl this off eot ha»
cietocted.

th« followltig trcetc^out 10 a euraeu-i^ of the 
in BitttfMgr «»^ &t«moii (1953)* Th«-pcw<sp aba©i%

in an oaelliatiQg t^A^ootlo field HL c °^ ^t ie 
' % " is the Jy[^gl»«»ir -aai?t oaf

the BtiBoeptitoility* th© power ctecortMMl io tho

1_ _ 
Sw

where Mit? the Qualitsr faatot? of the

V ie tho <tffe«tivo volw® of ^in oavit^, givsm
jH^iv - H! V . The fpr-iOtlonQl ohooge In 

of tho oavlty t-vhen al>tM»iPptloii tok«^ ^see is the Patio 
the power abeorbefc i» th0 «iMir>ie to that absolved 
unloaded cavity or I^TT %" Q Q /V

If the eeffity ie renroeefiteA l^r a tuned 
coupled, to an oacillator of ec»netant power by a muttsul.



inductance, it can be chown that the maximum sensitivity 
at the receiver ie obtained when the loaded ^ of the 
cavity ie half of tUa unloaded a. If a racelver with 
noise factor I* and bandwidth df ia used the minimum 
signal which can be detected corresponds to a eusc

frfcT JfV/2
P /

where ^ i& the ioput pow^r from the oscillator, k is 

tha boltzmann constemt aod T the absolute temperature. 

$itb a 3 cm, cavity % ~ *&uu t V ^3 Od3» eey 

JN » 10 and £' » 40 milliwatt® the value of X" is 10""^ 

For an ion with B 9 1/2, g * 2 aod gx'am-icmic mass 100, 

if the line width a© a fraction of frequency is 10~3 a$ 

the mir)iiai»n quantity which is theoretically

is ubout 10*2-2 grmsa0©« fha aquatlona quoted 

above ehow which factora influence the sen&itivity of the 

method of detestioa.

The apparatus us^d at all wavelengths IB essentially 

the eatne; the slight differeucea will l»t> uetci-iLtju in 

the more detailed sections. The block diagram 2.a illus­ 

trates the arrangoraeot of thi& apparatus** A r^Tlex 

klystron ouoillator generates microwave power which 

fed through a rectangular UQ^ waveguide to various 

components; a directive feed which extracts about 

of the power to be rectified by a crystal deteatoff
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ucea to sioaitoi* the oacilletoif* » ot*t|»it| a 
attenuator tutoloh «oafct@& tbo *ayeti?e» to t>® daoouplocl

tbe **®at of tfca
cavity to fre eoiit&uiXed; a wuvoftOtaP wfcloli iaia»tt»«s
wavalongtlsj a Uoo*XoQKttieii«r vhlob olt«r0 tba ptMM of
the taioi*0waifQ0 j^aotklng tb« otwltyi BtulHi to suljys 
ieipauGiioe ^I'uecntviti to tlia utfcillatotf; **oci finally 
tbo reaopant otiVlty, wiucti 10 ueeigrH** so ftimt It can be

by a ciowfir ?$&a$l of liquid 
between tho polos of eo oloata?o-(;i4ignot. Vhoro 

io ^hiab ^iifc abariga of Q ui* tb«? cavity

to

ia

owor out of ttis cavit
cvyatal tho

by a
the

00 to 0 *

la thy

tiie

4©
dstuoas 

tli© Jclyatvoo betwmio oaeh

rcctif ior is a 

^ortionia. to wo/9) 

aa & f uootloo of

it 10 to

Daggulay 
oat vai?jf bjpoad 11 1 JOE width ur is***|F'
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or a mmra*. 'flu* tlia oiftKMA ranrtttmi tht
i& uit^uiuttxi at an ttuolo :'rouuooc,v, aiia wjr -INI

&» f««l -to tb© Y-
of CD xs wbubc x«pla%en aro foa t'lth ttm 

aoi^oee a rssaistanca in swims vltli the 
tba siriUfiolual fi^lci. ^ ct>nvootioutd

oettmxl: its the x^

i'iuld wtjioti 10 ti^trl^ lliKJca1 in field (Uivcai* tu ai^out 

fills fStttr ud ir. both OOF* r^nsitlvo eoci cuicicei- tiian tbe

ei«trioa iM is the one wtjloh hail l3eo^ uaod, 

of the ^orfc oesai'ib^l, JUi tiiia tn«ei». 

The ^igru.1 from the dotcotoa^ er^mtal Is fed by

eaible to n step ap tr^ntf^oxcier ^rtiiofe emtotoe it 
to tbs nolscj ro^i.-^ance of tr-o following

the 4* a* biae an tJjfe detootor 
the noise prociuo«A in it, tho aatual gaia

low ttuiMt low t»uoit ^fitoua; i>uth



traoef erem? era cibleiaoa f rota *itrti# a^guetla f ielos

convootlomO, H«€ coupling* £hi» amplifier miff arn fraa 
tbu uieadvantage that there la a pt*ap« fttiif t of the low

of tho :4gool rulatlvo to the blgb 
the iuinoex* letting tii$ lattor In 

This eau&aa a ue,>reepxou of tiio l»iin$ line aftai.* the 
the eoiiount of aepre^alon deyorkllop: oo the l^ogtli of 
fslgDiiX* . hlfti 1& irouoieac^aae wi,a« a» uocurate line 
la re^ulj?<ia OF wtiaia loolslf^c for esaull llooe In the
Of XargG UD00.

b&s GeBl£;i)aa ao im^ltZtw whloh In

which has aoro ,;haoe tU^ii't from ^O c/''e. u ( ) to 3 I c/s. To 

achieve thio by inakl.ng tho tmjtr cooetants of tho

loiig ie imp^MOtle^io* iiero a^a two
to fttive & i'oiv B^OKOB oacb 

r to ii ve many atais&& with 
feed buck euitabl^ ad justed, iho latter tochnloue IB uood 
In t%t$ &oi>arata t^& etag^ afa|41ir&^& io caecatie i circuit 
diagr&a 2*J)» B cLtuoue folluwer is u&«& la tbo first 
feed beak line to r*duee bum pick up id tn« f irr^t vulvo; 

tfc© eetbotl® follower amplifier tfoa f od buc^; ^l^al ao that 

it can be fed ao^oat* a email or cathode* res in tor, so that 

emell f^^atlou of tb& eatUo^Ui ^oBietov o©ad b@ r*ot



o



Ibe etotfredl oompooaotii aan be eajur teii DO that

10 £«M?O at
ta 4* email rl»e in geli* at 

leweut Jfr&iiwH&bfc <&bt»ut u.l tu>. nt £u C/G.; li-ut
u^ixfc-li^Iu «tff«i»t uti lin^ t^Utep^* ^ ba^c sliift lo 

input ti'ttt^orma^ a^ui &&&*» 00 ^«auccKi by s
t but ^u^r» tbe lowest

ia ^i^al/'aoi0« v^tia in obtaiaad by 
at 4^ ^iV». iuwtecid of a& audio

t>iIiooia-tuDj|»t«iD dnty&lk>ir u^yt-tal® 
to tlie rrts^u^ijc^ at luw

F̂ U0 t*igual i'^us the 
l with power from a local ot; oil It, tor tuood to

-

ic i^vUiUeu git 4£> i V^r i>«fur^ viuoo

the usual aoiiv&otlaii xox» tbiB me^:cd oi' a et action t

a c-i'itloally couplwd re^i^astar la

ttee ti/urld rli%- ana ifc* uivlctod e ^auil^ botwatiin mtm B

it lt» atttiiiuat^ci imVt'e ^utuamla^ tu tl)^ vtuLim uod



it vexy- little* &**i U t wta?€ it is o&JWtl with 
the local 0&eill<*t0tf i4>waff. Xlie rt*&&&&t&i.' alone la

ff*flacticnleca sso that ft&tohiog 
i®j*s?0ira tbo ^iatofc* ir the? £p«$u6ttGy oi' 

oftoillatojr ie to uu •&uttfOll«xX csloat^QCdaa 
amount of reriaot«d otfer le o^cG^atii'y to kec;p the

this* ^uciDtit/ ol' 3?<d©«st6d 'i/&mw 10 iner&o&od IM* it
caaia 

A circu^ii u.ii^;r

dotoctod
Foster - Seeley

t4> a
to 4-^ iic** 1'h® out* 

to vi^ rcriucto^ Gi1 tlic ioaiil osailiatior ^4ali pal!0 it 
tec2£ on ri*eq.uancsr f;b-^0 it t^nas to 
control lioci/*:- thvi ts^nai lovol

to th^ 0^0t@c& i0 ^oUue-.d ui> tha uutcii oC

a factor of 10

at 
bttcauag i^ii&a duo

to aicro^aica booom^o »^ra aoriaus wlia*i tuo ^ UA' tho

the
to the e^uta^ *-out c«.' its
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•i§B&l/r»ol0d 1® obtained by r&duciog its bandwidth. & 
factor of 100 is gained by rotluelog it from a> K«/e. to 
2 c/s. The magnetic 1*1 eld, which auet bo v@ry steady for 
this puri>o00f fcae & 60 <vo. ewaep of about ono g 
aaparifflpoaad oo it. Tbo detected signal from tliu 
resonator is amplified by an amlifia* tooad to 80 
and fad to a phooo oeuaitivo detector, rbo output of 
thia dotuotor i@ pafouortional to the averng@ slope of the 
part of tb© Bpoctrum included, in tbo ono 0au0a ovveep. 
Th« magnetie field lo oluwly increiieed and tho output 
of the phase eeii&itive da toe tor is recorded && a function 
of field, thus giving a eurv® which la a differential of 
the lino 0hai>@.

mc^netio field id aupi^liod by an 
by Tiokford i^td*; it tius a U-uhupod yoke 

«t-)ioh may ba adjuatoa 01* stoaovod. For work 
tho -ole .pi 00-00 ai»c 1C) cna* dlatnotar ami 

by ^ mra.| foi? work at E<4>uDd tiio re 
ami the ,>ole pioooii ai'o ^av.vorod frota It, on. to 

6.3 ota. at an angle of 43* > aod tho flat face* hue
pro Joe ting rim at the adgo to Improve th© homogeneity 
the field* The two eoil& which attxTOund tho pole 
aauh hfcve 30i& tui-n0. Tboy oao be u^ad cari.*yi»£> op to 
10 uffi*.>0.» uut a& thfjy got very hot they oonoot ba run at



this level f ov vary long; at this cun»oot the 
pole plooos give 12.!> Kgau&s. ana the X-4jaad 0000

KgauB«. Tins Iron begins to saturate well bcluw these
so that thu a**lliN?atj.oo curvoB or tfltiUL t*giii&i»t 

current ara f OJF £*?om llnaor* iVltli DO ;,^le ^ioceu ttm 
field le lirie^\r v/lth cujE-reot itltla a amcJ.1 ytMaaoeDGe of 
2l» gauss ana i^ee^hiag 1.5 Kgjiuoe. at JO amp*.

f to powor ^aa^ wtacb jiUi^aieii tfce ^a^not o^rutos 
by i'uctifylng the i^iuo. ^ulne powei1 it- rod ttirougb 
Isolating trao0for?3er ^> a VBJ?IQC wblob oomti? 
field. The output oi1 tbo variao ie rectified »y a 
neleDium ructlfi^i' bi'it^o, tiie output of wbioh is 
to the fn.^.;nQt coilo tha^ti^h a abGke~ooDa<wsar 
network. The hlgii inclucttince of tlie megnst oo5.1a greasy 

the smoatblqg* file current to thu irm^net la

Two Btmai coiie of 2^0 turret to pro vide
sweeping field, are bolted to the main colls. 

f tier «Jra f«Ki wltto #> O/B. otirraats up to a amps* from a 
rariaas U;uy Olvo svsape of ay to 
to

Fur 00010 low flelu work a ooloooia hae been 
f bis teas 2000 tui-UL: ana will oai'i'y up to 15 a^^ 
up to 1.4 Kgira®*. i ji ^ Q/lifiu?iata spaoo aa ems» long 

oms* lo dltimotar. Vbe sweey Is kiUiK^im^sea on



&*c* oui'i'eot by raoaus uf a 22*. volt
in put lo r,oi'lou with tba U.c 

./i -fi

fiolu 10 a«iOUferat«£ lifting 
of tstiioii iu?0 aiMu&&cKi In

A coll v/ldofj 10 aituatac if} tho fl$ld 10 cuoijijotaU by a
length o£ rl^ld coa^lcO. Una to an onoiUirtor h^ocl 
ogutaius a 6^5 iXJiitodg wtiicti octa both ue tbo 
cani c*ti u t;iixoi' t to mi£ in a oollbi^atlaB slgiml £raa a 
B0a21 crystal oulibr»utod vtu?lablo £v®(#iQ:K& occillotor.

at tho rei^mujco opolllatur 10 aOJustecl by 
ex vui'ia^Xo Q^ixiout>ar iil tU« uBolllutor haul, 
with tbo coil roi^ii^ tii€ utolllator'o tuiiod 

circuit 9 until -rotou r«t*«uaDco 1& clotoctou by a fall 10 
tba ,,, os tbo t^ocxi oirouit. /is tbo field Is @w$pt 

la o^lul&tod at 2> q/ s., aua »a^ be 
oo tho uiiclllaticopo 30 a e«all pip,

Intensity ^ad &tia^pf»ea0 li^»<?vo on the aoil 10 oovod to 
a ujore Uocaogene^oua i>art of the floia* fbo frcquoncy of 
tbe oscillator Uu tiJtjuiiUi*ua by at^ti0^ tba UCH21 to 
sero b«at; tb@ riulcl H i» i»eliit^t to the ri-eaue»ay f

1 P ^3^.86 x 10*%

The coiln «are of t^o t^yOB. Duct cmn^iw» a cell, 
1/411 aifnaetft?* wouii^i in ft <aiati?oiie romor, containing

^ivton &0uj?o«t ttio whole of wtiioh 10



eurroundeu by a ea*wniag can. 'i'ttf* type is for une at 
roora t*tt0«JB»atur«. Vlio other tyi>c ie to bo ui*eci at loir 
ttwperataroB itataejpooa it) the refrlgewwt, and 10 tiucd 
inaido a raetol tuba wbioh acto ao its wraaoin# con* 
Tbe uietreay f utfyoim tu*c ^Imiiio? to tbo otbtu* tyx>e but 
they are holluvv, £20 tlint at i^ aK liquid l.yca^pgon in tbo 
eouroa of pro tone 5 foi? \^oi^ ut SK>*& a pioco of 4ietJ?0ri 
suffice*. A e ;jeeiol ooil foi? gm&0uring fiolO0 clowo to 
^OO £<*us& atiti bogu built* ihle utjtfti ii iUia bydropf*n «» 
its i»rotut) Bouixjo, aiiaf i» it baa to bo bigger tha« tbo 
othor ooila, it ct n o»ly ba u0«d in a do\tor v^eel of 

* internal diwaetor, \vtilei> trioana that it oan
field in teii;** of ourr«3t. 
tlie lc«sr t«ci4,jer&tus>Q t§rpe of 

coil 10 ueedf ana with r.-4>una it le i>oa&ibla to
the pit>too inuiuuunao ajj;>tire,t«o in the 

c,iuu by kiae.
A plot of field ogaiijot cupreat is rauie; the 

taogoatio field la tawtiyB turoea up to a ?:iaxlrjuci to 
saturate it, and tiien tm*ned dmnj to ^oro b^Toim » 

in iuadef to oasure that tiio JtretiultB 
o; ;libration le uaed for all but tbo 

work aa it in jnillt&loi to slwut 1/3^* For
of tbo position of a p,x», line it in 

to ciit^^loy tooth ttio ^*oton pip ana the



lloo Biraultuuttoutay, and to nd^u&t the protoo pip to 

coincide with the p.*. line. Tble otuj be done olthar 

by tiding a double bo«m onoilloBaope, ooa b0ota for each 

signal; 01* by fecfdlt^ the p*r* r*i#r*al oil to the g#$&f 

and the proton resonance aigotii on to the acreen, of 

f iwst valve of tho ampllf loi>. The f ormor raethod 1» mow

whoa both eionelis m*a very mate*
It- o-llbrntcd l>y t«ljut3tlng the field eo 

a narrow p.r» line la at one end of the trace ant 

edjuptlng the roton idp to be at tbu other ondl. 

field at which the proton oigoal OOOUTB la 

then tho field et whieh tlie p»*p» lla© ooonmf ana tlm 

difference la the my0ep«
A oaef ul mothod of t .ijick oeJLlbratiori 10 to pat « 

little dipheoyl trial ti^*phon^<^yditt>a^ in the 

This la an o^anlo free radlool gl^it^ a vt*ry sharp 

with a g*-valuo of 2.0UJ0 ^ 0»OD02U (r iolden ©t al. 

and Yowoen arid Tui^ceYltob (1^>)). g^mlt^a uoar a can 

INI raeaaiuw) very accurately by neafiurlnf- tho diatanoo in 

field from tha p.**, elgnnl to tbla lino with a oalibrated

a abort uleo la obtediK«i from the 30 o/o. ^aiiia by
the wavof oi.ta, Olfreraiitiatlag the n^uarg wave



•aft cli^iofc, It. TiMI pbfiuse of tbo pulco ia adjunt©& !$r 
a fctundurd pbniio &Ul£t oatworit which t 'i*co®ci^i ttoe do^lo«* 
^ha i>«l»« 1& i"«»d to a potentiometer »o tUat a fraction of 
it t calibratea to 1 , may i>a Tod or, to ttia sciwon oT tto 
first valve of tb« icplifler. ^bi& glvaei a algnal wtiioh 
can bo ad^uf'ted to b« tbe eawo boi/^bt as the p«r* 

the relative hdlgtite or iseveral p»r* Blgnal©

f tit V-iliPfMUf - ^^1^ device 10 uaod vm<tn
liriec in t.ho ypotseoco of larga OIMMI wbloh 

the Bmpllfi«re of tbe oooilloooop«« The clippe 
any aiaouot of t;bo top o^ a large Una to be clipped, 
so that oatuvatioci oati be avoided.

y^]t^^^^. It Is ecffijetlmoo dooirablo to 
a 0i>actruGj. For thin ^urpoeo a Uoaeor ueoilloaoo^o ^Ith a 
««m«r& la utKfcl. it IB oTtoo oonvooiont to use an 
awltob wkicii bleoke oat tbo Bigool for alto^t^ts 1/lu^tb 
•o thnt ooly oao trace a;;>;)®ar© on tii«

r«Bonator la usually ourroundod by a dewar 
oootuiuing rtji'rigorant. Th« moet ue«l rcfi'iceractB oro 
liquid oavgeo (90^)» liquid tiyUrogen (a>^i;) and CH&1& 
CO 2 (19^.); 1^ l*» ^owofvor, i>op@lbia to obtain 

too3T>eraturoe ciowo to 13*K by pu^tplug out tbo tii^uco ovor 
tba liquid nyoix-^n to a f w nuu Kg.
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* high voltage rafle* kiyetroo 2K33 i» up^ci as a 
of aftorowav* power. i'ypieal o uca-atirig **o®ditiot# 
ttoue at earob, oathCHio - l&OG volts f gr&& - 1900 

vults, r^loutoj* - 2OQO vuite, current 10
an

r»ati a ripple of lees than 1U 
in aouo vultB. A cii?itul UADUO butv/wuu tha 
tha cathode pj*eveot0 the rollQOtoi' from iplng i>o©itiv0 witb

to the oathudo. Tho klystron bouter IB uuj,>;aied 
lead accuLiuIatura, baouutu^ srtieu it Is HUp^Iled. by G*C« 

it produo^^ bum on the output of tt)o valve* There
fojp a mmll 30 o/e» voltcige to be 

the apcsf lector voltage through a conderiaar. Xhie 
the uutput of tbt) kl^eti*o» to wu?y slmiaolooll^ over a email 
range of freoueixsias* l*hie facilitates tuai%; th# oavlty 
as ite wtiol© mod® o«*» be ciivopt through arad Its tutxti^ 
uurve Uie^iaytK.1 on the o&olllofM&Qf*® with a oinuiioltka time

wavometor ie ap liq^ oavity type witfe a J oa 
barrel coupled to the waveguide uo ae to reduce absor 
by it at other mo^ee. (Bleaoey, Lotibster ana i enroeo, 
It may b« UMOU eiiiUer by detecting the reduction of power 
to tbo rosuoator, or by e etiiall aiiount of power couplod



of it fsrbeo it i« 00 tune. ?fe* aajuatffel* ^ 
»cr«jwe<i out to two o* tbffea **y&amit ^eitiooB of 
ami tbu dictaaoti betm$u ooeb uf tbeia is a half

ic tin; 

Xbe

1000

aci't/»e
t,ivc a

i of

f be <U&trl&ati0D ar

to

In out ol* tne 
. ia

of two 
directluu of

Beet

tunre

I on® on

It ie 10

of c-i*c- ^i*^ o*'

tlw«iygl> tv^o 
ol tl;o cavity,

f be
couple to ttio 

shoulu
i%i% f iald, bat

it into a di^erain aii'octioD no that the
tb« d*o. aiicl 3f.f* i'ieJ.ai; IP av^t accurately known,

2*6
wiiiob f««^l ttie oavlty of
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which ha® low thermal conductivity, to reduce the heat 

flow into the resonator; they are also filled with 

distrene BO that they ere smaller than if they were air 

filled,ana thus enable the apparatus to be fitted in 

the gap between the pole pieces of the magnet* These 

waveguides are secured at their upper ends to a brass 

resonator head which also has a housing for the top of 

the dewur vessol which eux»round£ the whole apparatus. 

The sample is mounted 013 a &mall brass disc which fits 

flush with the top wall of the resonator through a hole 

in this top wall* The disc Is mounted on a german 

silver tube the other and of wtiiob is attached to & 

graduated rotatablo head, which fita into the brass 

headpieoe of the apparatus making a vacuum tight joint. 

This enables the crystal to be rotated in a plane to 

any desired direction. The bottom of the resonator 

may be screwed in and out for coarse tuning adjustments, 

and a thin slightly coned cap fits over the bottom to 

which it is sealed with glycerine, which freezes without 

cracking, making a vacuum tight Joint at low temperatures*

The other type of resonator is described by Bowers 

(1953) t and is for use with a rotatablo magnet. The 

distribution of r.f* fields and a sketch of the resonator 

are given in diagrams 2*5 &*& 2*6 respectively* In thi» 

case the crystal is placed on the bottom of the resonator
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and it caiiDot yull the polarisation of tb« r.f . field 
in it, 06 this is rigidly dorioca by the nfrrtria§rn ir

Ae tbe roi onator woe de&igood for detection 
tbe rai'iectiia uuvu tbe In^ut waveguide 10 air 

filled and ie oriticaUjr coupled to tlic cuvlV; e lot
a va&uu& af^al

low tMMB$W8ttti*o work. *be othor details of tbc design 
»imii*r to tfco otbor- r̂pa oT ru^ouatoi' mad will 

oot bo
Ao the absorption ie lU'oportiooel to tbe Biiso of the

ttm d.c« eod r*f * magn«t 
«egoat oaa oiUy ueafully bo rotated to 
about 6u° f vuii tiie p&oee wtset'o tbey aro per. mxaoulor, as 
berond titUf the epootriiEi bocoLTer too i*rant, Tbo fonaar

tU« uavuttlUB'tt that til® Ol^&tal moy bo i»otQtod 
witb onvar$rizi0 cigoul iutmiuity; tiuw^vci* it 

to be r&tunaci on rottitloit and ti^ Ittttor 
do 00 not have to be ro toned.
6 Mi •• ___ <l£_Jr- . __

/» digb voltage 
fro* &,&.&• 9 kalve^ 
noode at ©ortb, aathode *» ^UU voltt), grid - ^OU volte, 
rarii^otof *» a^uu voltot our^ctut Ii> rnillitirape. rhe Bttme 
power ti^pply i» u&@d ee for k«*baod« Usually the vta.vo ie 
cooled by blowing air over it; bowevcr ar, tid»
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a good tfeol of eaici-o honicD it la ruo for
without bainff ooolecl for very prooiM work. The v^lv« ia
V€*ry eoimitiva to tho tmpada»c«j ^*eee»teci to it tso it
bae to be used with atseouatloa tu v.ooouplo it fJPom tb»
other afvponetitB tiixl ritatottlng r^tubc to obtc^in optirrjra
output.

^» 1^0. ciivity wtivcsiitjtea* of 14 era. clianetor io unc*3U 
The main tetoetor or: t.t.a la uf tlia typo wtilch It1, placed 
MMW»£> tbo w«iY«guid3, v/Mcti 10 mounts in a bolder mafi* 
by Hilger and ..atte after n daf l^;n l>y K«E.B. f i alvcm*

ottiip t,i*e utsod vHicr^vwp other clet«ct<^ 
/, auch ai^ foi' monitoring.

For tbo f«w eacparimasita dona at ^,»b^x;i tbe 
r06ont*torr> wore ft>u*> to be pesC«et 
good ^.r* oigriia it oLtiiined from 
potit cun-cTit at the detector ci*yr$tfcl, eo tl4a ia 
probably fotf t^ic rood© the retonatox* i«j 
long. r o attanpt ia matic to mateb tiie v_~L&nd wov^uide to 
the K-feund resonator raede an it &o^s not appaa* to INI

tfcie wavelength Ulf?h volt^® vaflox
tora ur.(»a with the ouiarj t4gli voltage power 

as j^revlouelar Aa0ovti«riU ¥yi*eal> operctlog eonoitiooi 
anode at earth « aathoto -1300 voltB f grid - 1400



volte, reflector » 1500 volt*, eurrcmt 8
S*WP type* of wavaroeter tave b*#n u*«df ai*a HOI 

cevlty wawnattr and a ooaadal wftvemet&s tb«s Xattar b 
the &dtvtt8tftf|* that It given tba vrovelaflgtb 1» 
Tfoe VX4Q7? BiUcou-tuner-ten ery&t*l rectifier 1® uso4 in 
e holder £4miler to the E~fcaaa 01^. 
beet at aibotit 2 mililt^sp©. rectified 

Th« iwNmfitor tjecd ie do&c2?jLt>aa 
It Id a ?<K»tangular JT/ typ« 8*^1 hm a tiib« 
^>oT6 It for a ;
batloti of r.f. fl<»l&B sod a nfceteb of tb© resonator 
£»bovn iu dia^irmas SL5 and 2.6 rwpoGtlvely* Ttot 

fed to tt^e cecity by eof»xlal liooc* friith -ra?o1>e 
outer comiuctDrt> teiifig @vmm Bilvcji- tulx? to
Itjflc*, c^ia Jn01d« eoeh &» ttia dlelectrlo atxl 

cc-nciuatcjr of Holrufilo 32 coaxlsl o&l»le« Thcs 
le osudo In two reiver*, tl^@ jt>5a toeing btdf 
lengtb* Tb© ou 
»nft tsXightUr eoti^d eo that th© t?ottc^» ?itilch tiae a oatoblog 
cuoe, fite 0ii to It nrnidnt... a vaeoum tight ooal wh«o the 
coo© 1^ lotrloutod rdth glyotrlno. Tbo oi-^/mtaX fi*c$r 1>e 
pieced on t,htt top or bottom of tho resonator* "but for 
work with proton reaoriuimo tbe top IB better, BO that tfew 
eoniple «B& tbe proton coU CATO m ric^irlj ae poer,it>l 
tbe eassci field, tbe oot^dul lltt£& fiism the roromitor
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connected to the waveguide by ebort lengths of flexible 
coaxial lino, wfotefo couple into tfoe wavagul<$# v/ith 
BUitoUetl by backing lAuogav*. The* whole unit IB mount**! 
so tftttt it OUD ba rotated about & vortical uxU, aod lilui 
the 1.25 cm, li^^ ranonator It ooly givoa a e^ootruta of 
suitable intensity ovei? arj angle of 120*.

tnoafiar«maot& have baeta made at wavelengths 
batwaan 4. 5 and lo 002 using an apparatus borrowed from 
Mr. **.M. Llawltllyo. fba valves are of the type which 
use an externally tunable resonator to oaake them easily 
tunable over a large range* *or the shorter wavelengths 
• 3 en re&onator was loaded by filling it with bencene 
aod for the longer onea a series of coaxial line resonators 
were used. The wavelength wss meanured with e coaxial 
line waveaeter.



wltb lt>oBior#hotiS diantigast&a K^;0(Cii}g Bad, hoe o

very narrow lines (1 ^aueo «&ath) bee^ucio tho crystals
oontalo no wat«r^ of oryBttaiiBatloo. ^ituough t^@ othar
grua^ of ayumae& t iaMMr^oue wltb K^eiUi^
waters of cri/titulUaatlon, tbo Ko'*"*' ion la ourroiuoaed

OH groupf* BO that tho water rm>laoul«»f which are
ttieae CH gruupB t ootitrlbutd little to tl>a line
Beoouee narrow HDCUJ wero t^Xv^octoU K^V(OM)g. jii^u wac etudicxi
to Boe If it «ra$ a s»iltuble Biibetaoco for : ioat>uri!ii; tljo
nucloar o ID of ^ (000 ctiu >ter 4}* other raer^ar@ of tti!0
Ifcotnorphoue group wore Btudiod t>eoautie of the interoot In

tb© epectra of tho /*Vg cc^iplcut^l*
ivxeept for tbe forrous oorapl03tf which la 

and io therefore aa0d aii a dllutai^t for tlio other 
the divalent oomploxe^ oro vary u on table* They oxiaieo ID 
Hold t.ulutiuD, lUici ovun 10 v/utor if it t^ontainix ai^oolvea 
air* For ttiie raoooo tii^r haim to IMI prepared and feopt la 
an atffio&pfror* of oarboQ dioxide,, and in order to nrow 
cryt5tale they have to bo dlfctscired 10 iilr fr^i watar wltb 
cxceae KCR 9 aoa t^Jt? fcolutlon ovapomt«d rapidly iti a veauus 

lo oi4.ob tho residual ga& 10 lac^rt. It wt^ not
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Lblo to trow cry&t&la of the eoocer»trutea &etlt0 QB the 

oxidation woe a* #*|&&* I*** diluted with th* ferrous 003. t» 

ao much of tt>* puromftf-netlo salt oxidised thot it wae 
to control or know tho cuoccatrutlon of the 

lota. AB tbe cutfBttda are DO difficult to 
only tfce ion© \rltb Kramoirtt a«geooriicy tmve boon 

studied a» thay are more lii-oly to extiiblt 
Tbeoo or« V^ (3d-5) aiid f n*^ iJ$0? no

& ijonovjilont cation wtdch can l>e Ji* cmd M91 ie a 

divoiunt cation V4"*", ur*1* , an** oar Fe**f fom 

t^oriee.
Tho cryettaiugroyby ul* ti>ia eori^ i@ 

(1906) and in tructare HoA^rtc ( 1947-6 j. fb^e arc two 

t^pfi^ of cry tit al; on« is niuaudioio, ^0uOo t@tr^gona^ f 

with lottioe oon&tuute a asm n «* 9»3fe^t t» w 16.86ft 
^ » ^u° jt 5* t liuving ruar looo in the uoit uoll und 

group C&j the otbor in tetragonal with iattlco eurestaota 

a » JJ7A ana c ^ 33.69^* having olgbt ions in tbo uuit 

and Bi/uco grou^ U^- In both ty.^-o th«i MH iuu io 

lay &fi air^jBt regular o&tiii^nctroii of 0£ cr^u^^ two of 

point lulong tho 1? uxie &»CL tbe othor fooi? c^f wtiicti 

in the oc-vlune olotiog in dirootlutjti 16° to the & and



ID tbe tic-plane there lo a layer structure fomeft 
by tlu* M lone with their four Oil groups auft ttie M* 
In tii® tetrugoiiui type oitoructto X^«M?S a#o

that* tho unit cuii Hi oistoftt tt&CNi tha also as for tlio 
«o DO clinic t^iXS* r>bo raoaooXinlo type 0tiowu a taodU*iicy t0 
twin in the GO- ^ o oixi .pofft of tUo crystal beiug i?oti*ted

with i'oa cnit to ti*o othor purt. Tho 
icti t*i'o liut iv4.oooa diEbibit twa ; 

aietinot Ions io ttw unit coll w£»lla tuoee whioli 
obviuuely twit)tt$ti bcur© roar. The cryBt^L. grora 
ttwftiforu be w" the unniotiXiuio variety, f hn 
twiuaiog i& aoouutuatoa no much Uy the i^ot
have to u<j ^ruwn in a f o«r houa?6 that tfaw ucitwioriaa

been grown* Moot of ttio work doticriboa h0r0 !^a& been 
on t»^ uut'wiuuoo cryt*tulti 
The cryt^tulB g£*ow in riat

to the ao-^ane, tbun imvlt^B wall dovtilo >aci 010
uthej? v riiiciyle faeett aru ttio 110 and Oil f acoe
the &0i;€*& yf ttMi ^latoe, no tfcat

* owoll and bartiiidalo (1^5) meesu^'ecl ttie ro-i, Ojl0t«iiX9e 
l.ii>. urja the C-^ dieteuM m I.16A, tlioy 

thut



rreo v^jc-aouB loo (3) IB 10 a 

lo iutiic compounds tha cubic ouaponeat of tte crystal
oiteltal term Into a t»it^lot» whlob la 

ti.c ti'l acta t thm lo^e^t ^r wtioh is 
the uiiclct. xb« lomiot orbital lnw& io cplit into two 
Bpio doublets Uy tt.e Cixn^oiwote of tJtio ai*yettt3. 
than cubic, iblu IB aloo she ease for the ieoolootronio 

Ion, in tiiiO X5fg ooWtJles the vauiidout 100 la also 
to bu la * ^euiU; ..- ^late with S » jy a. In 

thle cose alct> the lowect lovol le e^llt IDIX> two c 
by tbc lutopnotxoo ultli tho uprxar lov^ie

ihuti ti)e t;ituatlL>a la tbo cun;, 0.096 
very BliJlXca* to t^at lo the ionic one* A*

nn urt>ltal t>ir*glot Xoreoct and. 
orbits levule the g-valua IE 

to Uo clc^sc to 2 i*od ieotjpopic, 00 ttmt tbo rind 
t*

ft byp^i^lae 0t^uotoi?e la ol^pervad. I1 no oiectroii 
distribution 10 ttie groai)a etnte )rw:mcoe t>u megDet 
at the nucleus* so that tbls i&iM&fiim atruotur^ ie

(dmpt«r 1*1} v/iilcli glvee
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rise to an Isotroplo h.f .». adding a term ;&.£ to the 

bamil toolan.

diagram 3.1 shows the energy levels In zero field and 

their variation with field at high fields; It also shows 

that there are three transitions. The technique used for 

investigating the fine structure Is similar to that 

described by Bleaney et al (1949)* As the magnetic 

field Is varied from being parallel to one magnetic axis 

to being parallel to another the M » j> j/2 to £ 1/2 lines 

move GO ns id er ably, their separations having extreme values 

along the magnetic axes* if second order effects are 

neglected and the separation of these lines along the three 

axes x, y and s are A P Y and % the separation along any 

line l,mf n will be

& » XI a + Y.»a «• £»2

The M « 1/2 to - 1/2 line moves only a little due to second 

order effects when the angular orientation of the magnetic 

field is altered.

To find the position of the magnetic axes the spectrum 

which is observed at 90°K is plotted out as a function of 

angle in the ae-plane, as in this plane the spectra of the 

two ions are coincident. In this plane the two mutually 

perpendicular directions where the outer (M a £ 3/2 to „* 1/2) 

lines reach extremes were found to be at 45* £ 3* to the
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tbo i'o»«i? telttg *&* *M ylc« nfcicb the

of tfe® outer llnoa i& lor&aet* A'horw IB «CUM»
vTtiOi^o all Ua<ue liaotj ui^ ool^UL«oaf a 

iu very u&ufuZ fur i

is lit tie toov0E»^t of iiKi liuut; lo tho 

ai?^eotiaas ato abowu io diagram ^.2^. In
botii lone sUow t.jaxi;:tt^ &«^aratiuD^, , _, the 

betw^uu tbn K^ uuu b uxao,

^» xov«»tiga ti.ou In tho 

tbo 

lioot iD a t,]t^lrauji'j ulooc i^ arid K^ ana

suiTicit^t, ovlduijcc to ei>i»w tbut both lone 

axle* atuog Eg lo th@ a0~plsaet @aci tii«3 other two 

cloee to % and l^. in faat oo« axle t&afete on ^j^t 

aDd the utttor 47° with the b-uzl8, v/iiertj the aogloa 

©eourate to (about & 3^. ftift&wa 3,E sr^isB ttia axoe fox* 

000 loot but ttioe® ror tbe otiier t^e daplvoti, t^ vefleotloo 

lo the tM3-Ua«e; It aiiouX^ b© ootad that although tb« 

IUMHI for the two iooti almost culncldo, only txloug K 2 la It

the fcaKK) a*lB for oaob loo.
Tho aei^ratiuu or the uutor Iinoi3 aloDg ttio uxee

B axlsi iobo^oo tu> it ie tho letrgecit)
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and y tixlo 1030 sause. alo«g
O-rteL Scovil,

by

i/2 to - I/a b*

The trmiBition» aloot ttic 3c nad^ arci 
substituting - i (0 - 31) ror D at* * £(# * &) for E» 
aXon0 th® y oxla W oototitotic^ - i(D * j^} for D 
- i(ii » p) for B* Thaeo relatlona gi^e 
tlMi ^ 3/% to jt V2 llnee alorig tte^ vaj-tonEi axas to 
«, 4»j ** »(a) » SB)J i?» -(2D * 61}* The t^nnt fit 
th© eatmrlssetital i*@^u3.tft IB clvon ta^ 0 » $3& g^n»» and 
! «* 77.3 g0o0n ffbieh give

105
1035

101

lorn

f be uioao of tbo poaltlofm of tha tw llnee in aaob diroation
glVOC the Value oi1 U iO tfao OX:yr©&&loD Uv •»

aro ticglii li>ly ^utdJi. il"

- 1/2 Hoe al&o giva» a viauc gdT H.

the dl&t^KMl betwoeo thie riela aikl tbo eigmil duo to



phenyl hyturaoyl wu» ramHUMd cm a 
a*9i$u If g IB v^lttoo (^ + Ag) *O& H 

(H0 * AH) where g^ a»d H0 ai'« the valuoa aptJffoiarifite 
to th® fr*Q radlool, the uuaotlty naftewid io Ail which 1» 
- A^VtSo- Tba voluee of an «xi; ir*>flmft(t in gaum tr«trai from 

jt J/2 to & 1/2 llnoc 1^6 ^ JJ; f^oai 1/2 to «•> 2/2 llt^i, » 
46, x axl& 46 9 y axt& 44* ^Ich glim a noon oef 46 ^ 2 
Ttiii> iii tbu aeoQ po&itlon of tlm oentr»c 
ie 3.6 galas* lower In ricOd than tbo
to I « o do* to a eooarvx ordor ehlft wlilcL le ©atplalneii to 
tbo next ccction, Coi*rectii>g foi' tlii.,3 0ttift

» «* C.Q1I& ± 0*0006 vtdob gltrts g » 1.9930 jt u*OfJO6» 
oT i) a , ,v36^ n. c;.(XXJ^ err1 , auft

o*oo?a jt 0*1x^4 wf1 .
Tba w » j: ^a to jt V^ lli^& ur« teoiter ttoo the 

to ** 1/2 llnoe, bolD0 Li'Ofcdtt^t whtip ttio aapcd?atio8 
betweeo tltoej ie ta^tite»t. Bpw@i?s (195*3) f&@& fouod thla 
in potaesiom eia'omicyaolcifcj, it altio OOCUJ»B in tiio
TuttOU POit UUd tttt* Ci^'ufiliC tilltfa tiU^l i£i yi'UiJiii/U dUJ

variatiou io c ̂ y&t&X f ioJLd p4^t&2&to£»a ov^r tt>ti VQluue of 

ttia cjtvt>tol, A ary&tia. o&otidtilog i^robtsb.^ lutti tiia

b c*T 25.^ g&ia&e ia ttoo oot^trta lloo

12 g^U&@ iO U»<3 uUtOA^ XliiG© at
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Rear the position of collate In the iso-plaiie tho 
line width in tha oat@r tr&n&itiona it netffly the oarao 00 
in the central ooo so that the liote how good 
fc&oh fine atruetore line is a^lit into atght equally 
hyperf ine linoD. The rolutlvo intensity of one 
lln^j in ecoh outa? tradition wnc cneacuroa, tmiog a 
fj?ow th0 oalibvator ( chapter 2*4) at 90*!^ 3CPK and about 
13*K. At 90* tfee iatenoitiaa ava aaufilt ami at 30" 
13* tho ratios gt iotaiiaitsr cm O*91 ca*l O.f0 roo 
AS tha ooa^gy lovaia coi?rcmporKU^t to M •> J/2 afid 
bighor then thoee oorreapodding to -* 3/2 anfi « 3/a

to trfinsitiDfi® t>etif»W3 th® fo-«nar two \tlll l»e laaa 
than tNtt b«t«aoo tli« lattor two* Tima the 
i^t^r«Pitjf !ttaaaovaHbte anabla th^ tiinaitiotti to 

itientlfindl. Following the V2 to 1/2 trai^itioo until 
tba field In along the ® aadt© th«& ftrooiaitioo i» found 
to t?a on the high fieia aide of ttm oenti^l 

that n ii5

ouolaar »i*in o^ ^ 7/2 t>o ibut 
lioo is split into eigbt

can be allowed i^r in tfe<$ e^uutiuue for tto u 1,^45^ of tlia
"by adding a 

to (M - l t
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The lent te**m ie aero for tfce ooatral line m& tho uocood
a^uul I'ox1 v&Xuu£ jr ££*» so thut 4% m<^ be raw»uwci

u^aruuu.uu ui* 
M « I/a to - I/a U^raitloa

on tiie ci «» x 7/a 3.a.uot. giva a
*

iu

for in UMJ g vaiu*i 
vulua

it 3 ^
t*£iu
it

£*o

iu tt-u I
tho -

A

to

li' A it* 
10 revez*0aA. Aloog

trancltlon ba« en uvurall b

ID tbe

in t&o two

gauas
tUe wiuch io the

£ to
tUe » 1/2 

relative

hue an uvorall

- 3/2 tbi«

other tl»o 
4 r,uuaB email gaf

rrnjoe of
the

in tho uo-^Iau<j

air 4 le
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3.4

f#»e
Xo the

ion (36^) is io a ^5/3 ctota. 
bottwtr, thtt fiiwt 3d oXeotroo» fill

triplet 00all bat 000 of tho levole in tbu Iowa*
L « 1

that the loo is IB on e » l/2Aotute. A
<ll»tortion of the oryetal field eullto tho o^ital 
Into a clnglet aod a blghcr doublet (; tevuns, 3,953). 
makac tt» roblom 0lrall(sj» to titanium
io wtilch the cubic field leovoe «j orbital triplet loweot 
and a totrngotial field B^lit® ttoio Into a Dlnglot aodt an 
ttpper doubleto In fact the field is rhoctiio rat b or than 
tetra^unal, aod It apilta tip tbe uppor ooublet also giving 

^-valuoe, oo ttiot tUo fiamiltoDlao IBS

The nuclear eoiQ of maaga>@0^ 53f X «* 
to a by. erf ino litruoture wt.loh la also

10 the hafniltooian t>y a terra:

glvo& 
atKl IB

oootrwta witi- tUo h.r.n, in thti Mn4 * loo lo Ionia 
wbara it la ifc-otro^ic ana i» atitiiwljr duo to
of a 3e aiec;ti?ur) to © 4® imrol.

3D0K the e,-octi*uta cosmic to of tf/o broaa lines, wl)ioh 
into cix fcgryerf iiia llDeo wben



i» roaased to ©boot U,*K* , t 14^ th® 
13 gaooe frido IB a crystal wfoich prctM&ly 

about l^ H»*"% tbotigb 02*00 1 estimation of tfce 
is impofusiblt).

la fioaiy&cxt in
apaetriuu abu ti/o dlreotlonc 

in tt» 8O-plon« (E^ and K 2) ^^ ^&ondt to 
of 3t>* ana 6O° vrlth the c^/ot"l aacoej tho 

eura aoourato to ^otit tbroo ao0reo©, At) the a and 
c axoa ooirnot bo dietii^ciiaiioci, tho dirootion of tho K^ 

r, 2 axao bsvo to be found fo* each ci^fetul eeparetoly.
3*3 abows the dlreotions oi1 the veripua a3»s. In 

the K^» plane tba airootioo* E| y of exti?ema g-value wae 
ooljr 6* jt 3* ^ |?wa tfc^ *** rlaoe t PO that tbi» direction 
vury clot-e to mi GX!D, In tba K^b plan* tho 
ulroction i.£ it* 25* +. $* t&m tba m plcuno.

r^o that tfcie oryetal could ba i^tt;tou in tha 

two OUraotiooe ^| ^xi K| , oc*i tbe
them &Vt ar® oioae to tbo oxoa oi* eaEtp«Bie g-vialu«s ar^a tba 
oloaaoase to tteec • "~ea can bo ef^ttaa^ad bj the 
of tba r^ultte io dirrerunt piaoae. Haaaus^Denta in

at 3
low au& a 

at 1
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t&* 1&ff g-velue diroctluu, &lf lia® fctoua cl.ooon as tbo 
B axis, am tft® E| ana i:| use® huvo boen called 
jr and x. The g*v*&uee in the uiroctlono E| tmd E| are 
ree; actively gy « a.152 i ̂ .006 taxi ex «- ^*6ai», *.

*

tit? tictULa ^-vulua itloug ^ i c^ulci

the cvceti'UiB uioved to iaijy:t)0r f iol4B tlion could b©
but the veiriatiun or ^-vfauo witfc an^lo wtis x lottoa to
wltbin j|De of E^t eo ttmt the g-vuluo could b«

c^t^apolatacl* ^ plot of g2 agali^st 
tor two lautuiulsr i>0r'; ,-ot;icaoulai* ;>XaaaB poroeoalcuXciT to 

the ioteiHsopt on tho E^ tociu g&iriag gf ( 
Tho agx*06^@nt or ttK? valueo founa ID tba tv/o

is a moasoro of tiow clothe let ip to 
are

f be line wiath along E| la about a^ guueD OJKI
&igg@? alotjg Kjj. /^a tiiQ i;i t^is 10 a^x^uucrtoa tbo 

bi»ooacii? aad f atetar* f MLr actual wlcith
(Ufllcult to asB0»s Hoo&use of the Uypevf ino

of the h*f .&* ^^pa^atiooe IB tho IE 
give tbe vjiiuea of Ajg and A^ <Himcti|r «HII

67.0 jt ^

value of ^- was obtainoa by extra,, olut ion*

B. cooetiiiit» ure exi,^^®®^ In ga**0s th© imluo of tta
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Diagram 3.4
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b.f.a. constant K in an arbitrary direction is calculated 

from tbe expression quoted in chapter 1,3 to be$

vfeere <* ia tbe angle to tbe q. axis. Tbua a plot of 

K a g 4 against ooa <*, in a plane containing tbe * axis, 

givea an intercept of A*g*f from wbieb A z can be 

•sleulatad aa gz is known. Diagram 3.5 ahowa a plot in 

one of tbe planea in wbiob tbe measurements for tbe g- value 

extrapolation were toads. This givea tbe value of 

A z m 250 ± 40 gaoaa - 0.0083 ± U.OU13 em .

Tbere ia no algn of any small lines in between tbe 

large byperfine lines t wbicb enables an upper limit to be 

pat on tbe $u*drupole interaction. ^ e cryatal growing was 

so difficult it was not possible to grow & crystal witb 

narrower lines t in order to get a better obanoe of seeing 

quadrupole lines. Tbe resolution obtained was sueh that 

bad tbere been quadrupole lines 1/100 tb tbe intensity of 

tbe roe in lines tbey would bave been detected.

Tbere is little relation between tbe magnetic axes 

of eitber of these salts and the directions of the bonds 

to tbe surrounding Ctf groups; nor is tbere much 

resemblance between tbe directions in tbe two salts.



Uies M. O'Brien hae attempted to calculate a theory to 

take into account the rhombic symmetry in the o^nganoua 
salt* Several possible aeta of values for the parameters 
fit tbe reaulta with only fair accuracy, but no one set is 
outstandingly better than any other. As this is the case 
a crude aoalyeia will be given assumiag that the symmetry 
in tne manganoue salt is tetragonal. As it has already 
seen pointed out, the vanadouu salt is very similar to an 

ionic salt and no special theory need be developed.
Table 3.1 ehowe the g-valtiee of the V+* and 

ions in ionic and complex compounds*

3.1

ion ionic compound complex compound 
Cr*** 1.976 $ 0.002 1.992 ± 0.002 

V** 1.951 jt 0-002 1.992 jt 0.002

These vaiuea show that the effect of higher levels is 
smaller in the complex salta as their departure from the 

free spin value ia • mailer. This is consistent with the 
fact that the crystal field parameters are also much 
smaller in the complex salta.

If a is the separation between the loweat ainglet and 

the next multiset and A is the spin-orbit coupling 

coefficient them (for the ionic ca.se)

g . 2(1.0012 - 4A/A)
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If we aaauo* that this ia true for tba complex ealt tha 

abova g-Vfaluea indicate that A ia 2.5 timea biggar in tba 

complex ealt than in tba ionic one. Tbia may be compared 

with tbe value of 2.7 found by Bowera (1953) for tbia 

ratio for tba Cr*** ion. Laporte (1928) gives for tba 

free ion \ « 55 cm*1 BO tbat for tbe vanadocyanide 

A » 1.1 x 10* cm"1 . Aa tbere ia some evidence for tbe apin 

orbit coupling coefficient being smaller in tbe solid state 

tban in tbe free ion tbia value may be large* Tbia corres­ 

ponds to an absorption in tbe near infra red which i& not 

very consistent with tbe reddish brown colour of tbe salt.

in tbe caae of covalant bonding where tbe crystal field 

ia of tbe same strength aa tbe Goulomb repulsion between 

tbe electrons one might expect a considerable change in tbe 

amount of configurations! interaction aa tbia ia produced 

by tbe Goulomb repulsion. Tbis ougbt greatly to modify 

tbe hyper fine structure, in fact tbe value of A ia only 

3$» smaller in tbe cyanide tban in tbe ionic salt, and in 

chromic eompounda A ia only 25, smaller in tbe complex

aalt (Bowers, 1953).
For tbe caae of five d -electrons Bleaney (unpublished) 

aeaumefe tbe following states for tbe ground doublets

a A- - 0*+ - r
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which give g-values*

gj/2 m a2 - ^2J»^ * 2r(ak - Jap) 

2 - /2ku3 - 2f(ak *

* (It -

k le a factor which is unity for an electron which spends 
all its time in an orbit around ooe nucleus, and any 

departure from unity represents the fact that a proportion 

of the time is spent on other nuclei* There will be a 

departure from unity in this case because the electron 
spends some time on the surrounding C£f groups. Taking

parameters k » 0.96* a2 » 0«335» ^2 * 0.4^6» t2 • U.uu9 
the g-values are gg o w*72 f gx » 2.63 snd gy » 2.19 which

are very close to the experimental values. The above theory 

assumes that k is the same for all axes which may not be 

true; but as there is no way of finding the ratio of the 

values of k along the different axes it is the only 

reasonable assumption to make.
The g-values of the isoeleetronie £*e*** ion in 

potassium ferricy&nide (lowers, unpublished) may be 

explained assuming parameters k » 0.89, a2 » C-494, 

0 2 » 0.503 »»* t 2 » 0.003 which give gg « 0.91, 
gg « 2.37 and gy » 2.11 which are close to the experi­ 

mental values. The vwiua of k is very sensitive to the 

value of g* which is, for both ions v the least accurate
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g- value, so that the difference between its values for the

two ions may net be as large as the above calculations show.
smaller 

A Uiggey value of k might be expected in the trivalent

ion as the additional positive charge may cause the bonding 

of the CH groups to be stronger which is equivalent to the 

electron spending more time on the CH groups.

If Aa is taken to be A (l , and the average of Az and 

Ay is taken to be A1 1 an attempt can be made to fit the 

experimental results on the hyper fine structure to the 

theoretical formulae for Ti+++ in a tetragonal field. If 

A is the splitting between the lower orbital singlet and 

the next orbital doublet and X is the spin-orbit coupling 

coefficient, the parameters in the spin hamiltonian are
b

given by (Abragam and i'ryce,

g u » -1 f 3(A «• X/2)/S, g^ « 1 + (A -

where 8 « [(A + X/2) 2 «• 2X 2] 1/2 and P »

and the equations for the hyperfine structure constants

may be reduced to:

A u . P [ (g u * 3g,. - 12)/7 - ( g|l +
A^ - P [ (- 3g u * Hgj, - 12)/U - (g

Allowance may be made for the time spent by the electron

on other nuclei by taking the states necessary to explain

the g-values and calculating new g-valuas assuming that

fc 9 i t if these values are substituted in the above

equations the hyperfine structure ia explained by values



of K » 1.1, F » 110 x 10"* whiob is comparable with the 
Talue of 92 x 10*^ found in ionic compounds of Mo**. The 
value of l/r3 in 2*44 atomic units which is probably 
eooswhet smaller thi»n in ionic crystals. This is reason­ 
able as the electron spends more of its time on the 
surrounding nuclei, which effectively Increases r.

Using the above value of 1/r^ end caloulating the 
intensity of the linoc produced by a quadrupole moment 
Q m 0.5 x IQ*2^ era2 they are about o.lfl of the hyperfine 
lines and therefore could not have been observed 
experimentally.
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In chapter ODO (1,3 ) lt was fibown that if the pare-

ion hoe a uuoloar 8pi» l f tho magootia 

betwoea the ascoclatcxi nuclear magnetic rautaent i^nd the 

due to the oleotrone ourrouuaii^g it Introduood a tena l»to 

tbo spin hGr;illtoni(in;
5 fi* i"
fc* » A * nfe

It was ol^o c.huwn tb&t this &plit0 oacb fine citruoturo line 
into (2£ -^ 1) hyperi'ino lines* The ot^clour cpiD of ao 
wbich oxhiblte p*r. f can tt.or^fore li^ i-ioaouroa at OIKJQ 
raeraly by counting tUo OU^CJT of liouc luto wtlch oaob 
etructur© line ia split*

It wjasi shown that the iJiiramotGtf T ie reli-tod to tho
rational* tto® nuoioue t
T - ^3 ) a ^(3»p N (K -h other terms]

The term iiitrolvmo fl K W » which is ieotrop&e, ie duo to 
ooariguratiDiml iDt©raotioo,wboro ** K " ie the riuraaricoi 
factor rcproeentlr^ tbu uOmixtura or tl.e cDiiTlgurat loo with 
*D unyiAirod c -elect run. Iho "ott^r tortas" ai'o tho 
cootj»ibutiuu to the InterootioB due to the orbital
of the ©lectrono^ a»d the 0;>iD triorixsntB of the not) 0-olootroue* 

These depend oo the diotribution of ©»©i?^ level© noai? the 

ground state t and will genorully be



If* the fi#t*t transition croup of the *?eriociie table 
the ?*yperfl»a ©trootureB of 
fc**e alioDtt entirely duetto eoufiguratio&kl 

BO tfcfctt a value of |_(~3 J K I nic^r &G calculated, twins 
Values of * from nuc&etiF ro^onamxj. The atructurw of

eontalo
frws the "other tomai19 otioh cam be 

from the i&ot2*opio oootributioQ from K

leva! aietributioo tfc® u othei* te.i?raB M mey be oalculutod*
an ©atlmata of \-i) | 00 thet io 

tuatl f-pg tac^ b^ ofiti^uteA Indap^iK 
oiotoci oat ttent in many oorapouoiiD of theae

r/ 1 \ 1the valuta oi1 1(73) K f ^^ l10^ vary b^ more that? 
fjpo© iun to I08f ©o ttmt o»© may u&® th-e value of 
to oatimate vulueu of Y io other iotifci wficn f 10 
In tba eoee of rare e^rth ethyl eaiphatee Gd

DO byp<y^fine »tructure eo ttot» ii& ttie "other
* 2ei*o» we tatty &&&mw that ^ » u* fc'or other IOD&I if the

distribution of mQ%& levels ooar the £Kroutici &tate can 
be founa» the "other toa«a0 M c^n be o&leulutea anS a value 

of i eatimatad.
T t which IP a ajea*«M*e of t-ho mai^oetic floltl due to 

the el act root* at the uuei0u& t de^endi* oalir; uj;jon the ciy&tec 
of aluotrottP eurrotioding tho ooolouti and not u^n nuoleor

Tho rtitio of the viaoes of T for two
tke e^ of
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10 thur> accurately o^uta to the* ratio of the value® of 

wltt* y.i». It in Unu'eforo pofe&ible to estimate 

accurately the ratio of r foi? tim i0otopa©,^id to 

an abBolato value 1*01? t to ^ «,,*$. 

o*y be oooo ua vory email iiuiaotitine of 

on<i toutii of a mloi*ogri^ of tbt> iou IB needed to b0 dt too tod.

littla

one uuuL^uatti ui a ialoi»i>gJPiiii v^utau bo ^uri'ioiont If 

look-la
to

la ^I'ltjcijAe it aoes tiot an*tt$F if

^uii'u it* lalauc: wltu othos1 iaotoyoa, 

Itu own 
tbe total intensity iu ttia

to the outnbcii' of loo* yroau&£.iig ltt tba &i*H»tj?uo of
uiuy ^u^i^t^l^ i ^uai> tlio^o of l@s@ 

It io voiy dlffloalt to 0bnei?ifo maall

in tb0 i»iN»»ei3o0 uf v^i^ lai*g@ oo@^» itie s» i:>^cti^uRi of the

lesa abuauuot isotopes mtty Dot te eaao at all.

not iiore than a few tl'^t. 110 aHiati of &*n anweDt
can toe tult»iititeu, so ttet tb«s tsu'D^tuiiotJ uaed rayat im

1 BO topically ^ro,

aifc^u to chouucuily 

of »^cifii«o lun of 

e^eotrum colneldee with that of the iipooleien* Iso



to obtain auffioieot ro&olutiun to maanure b^petfficm structure 
it 1& often oooaeeory to mix the espeoteeo i/itb moots 

of a dlaciogodtio too*

f «*ble 4.1 10 a list of tt*B6 togsitliaj? with
to tfco pat>li»fe«ai reports. ?rer«sm (1939a)*m»vUjae o» iron
enhanced in 5%® wae jaot al»la to oboeinro aia^ fegrp^ef JU«i

outt,iao tbe lino dun to 0veo itM>top^; thlo 
bim to yot an app^r limit 013 the 

of tiw ^F» Duolous of ii»o5 oi3©l©ar magDetoimt tmt 
nucloar upin couia not be mooeurodL

;i table ieoto:>«i whoiso uuclear fir.dnr. ou^it to 
i^fteurable by p.r. tu?o %*¥ ood ^Ui; tbero oj^e also 
£?,ovcrol artifJlcialU?' ;>r«ducou rodioaotivo isotopes with 
lif etimee euff Iciontly long to mttfm 
IB tbio theele ir^afiuf«R5ont& on SOy aod

ma»e
I « 7/a BO that ^aeb fine etruotun Una IB a^CUlt
eight b$ry@rTici«i liiJ«a. ^alobllt Lo^boa ao<J G

tbe ratio of

and Kalgtot ana Cobao (1949) haw m®«iBaiN*d the ratio of the
o.^ (
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gable 4.1

Ion &pin Reference
53Cr 3/2 Dleaney and Bowers, 1951

147 f 149Sa 7/2, 7/2 Bogle and Boovll, 1952

143, M 7/2? ?/2 Bleaney and 5$oorU 9 1950 

10 'ar 7/2 Bleaney and roovil, 1951

1 ^ 5/^^ 3/2 Griffiths and Owen, 1952 
239, Bleaney et al,

237 •^'np 5/2 ")learv*y ©t al,



ratio® of ut m u 26290, <Oeo Vy nuclear 
retononce. Tbi& give** tbi* ratio of gyraaogftotio ratios 
of 3%/$lv to <&$ G.37^2, TIMI Sly givna x*»e to a o^eoteum 
of elgbt dually eoaaed llr>eo separated b^ ^ between noob 
of them, aod 2% giiroa rise to (SI * 1) lisas afrjtip&Uoa 
0.3792 A b«tif^m ®aoh of thorn, Dlooraa 4.1 ahowe the* 
poeiUonu oi* tbeae two epootwi, aat lillowiog fox* 0oaoM 
order shift** Tb© nucla^i* Gpio of ^V must be integral tie 
tbe nacleue ha© aa odd ntriftieie1 c^1 ^otoos aodi 
of noutroiifi t eo that tH0j?0 io a itirpettfioe Xirm in 
of tbo f»^octm» coi?Ai0cii^>^ai!^ to ^n » 0. I

tbe Xinoe 4a^ to ^Oy ca?a 00 faint 1*0 to 
within the i^uob jatr0rjga# apeotinja of 
lligviiKjs of V^5> enriobed to 

f wore obt&taa& from tli6 .4«ot£'OQiagaotio * 
tit -.. . . .-.» harwco.1. Ttiia

a & ?oa&&8*&»lo cbaoeo of x^oaolvitig tbo 
if & ayits&lfc oboolotil ca.^-, ....id could bo fou&d

on V (KB(^> .6iip diluted to fl3MHit 1;-* 111
abtaiooa a tjpacta^asi o 

loo lltNV »f wiatb la

tbougbt to bo euff ioicMitly P»«^ a?eeolutioo KO ao o
was made to reduce tl;u iina wMtb by grondng ory&tals from



heavy water. 1'he V*+ ion Is iso tweti&le in (solution tbat 
growing crystals from uuturiuX water 1© v®$& difficult, 
the adultlooal difficultly involved using heavy watar 
stake It quit© lmyD001ble, The tunuoaey to oxlcilee If* 
solution ie fctfotably why no eacfaess was ubtcdo«d v 
V &1F& .at^o. A» d«mMPi<tod in chapter 3 (3*3 ) 
1st fouou. to glvo llm® J*f> g4iU«0 'broitfi eaparatad 
60 gauBfc,wi)0n tiilttt«3d to ^>out ^ tdtfe tlia iciooto 
f orroue ©alt, TM0 10 tbe ©alt acted for tb® wox^. 
here* It lo Intorosting that Jvikuchl, . irvtitii and v- 

woro ablo to clo uluilai5 i.jotiiiurofUQUt^
diluted to X.5Z lo tho 

eclt. Their results are In go$& ogrus^nt with thorn
here.

were n»9iit with the nognotio fl^Xd aloug 
tbe futle of tha orystallltia fleild for one loo wttero the 
V * 3/2 **• 1/2 and H » * 3/2 ^ - X/a transition* lie 
complotol^ outride the M » X/2 •** *» 1/2 trai^itlutj, end 
eloo tho M * 2/2 **- ** 1/2 traditions for both 10*1© 
euperittijoeed* thl» dlr«sotlon «fKt the oorr<Kip*iidlt^ on© 
the other loo* ere the only two Erfonre ono obtolno 
eight lino speotriim for tho K » 1/2 ^ - 1/2 
free from overlap by other transition** I4t*e& of 
ono seventh the intensity of those awe to S&v are
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S : ! •

in the positions predicted by diagram 4*1* tho Una© which 

are obseopvod are also ahuvm on the diagram, A difficulty 

at once arisoe ae it io not obvious whether the epln is 

6 or 7. There sro definitely no lines corresponding to

» ^ 8 f and there are definitely lines eorroe ponding to 

» £6, l>ut although no 50m » *, 7 liiw ara visible it 

could b® because they are mat resolved frois the ^ni » * 5/2
'"TW1 **^r

c -j

lloee of 3A ¥. diagram 4.2 cihowo a pbotograi* of th© pert 

of the spectrum which is important* The ^m » -»• J^' fa and

* V2 line® are »n.€a«kQa arid &m « 4» ^ and 6. There is no 

whateTer for a line Su» =» 7, ao that,If it can l>e 

that wyrtj it th$r$ it would be reeol¥ad,the &pl& of 

le 6.

To account for th® h^perflne structure in the 

If » 1/2 <e* - i/a transition a

ie added to the expression for the* energy change In a 

transition, i'he firet torca pt*oduea© the equally 

byperf ine linen ?/tiil0 tho i»econd smaller tera ehlf te t 

all to slightly lower fields, the shift being smaller the 

digger m. Table 4.2 Bhowe tho positions t»f the iiy 

linee for ^°V aud ^ niuauuriog frua the pltifea 

line would be were there ao byj?erria» etruatura (I » t}»
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» -calculated assuming A «* <* 59.9

end bv « a. 16 & g**ft&.
uu tUc low I'lolu *iae tlio

Sk»-w » S/a ana S°EI « - 7 10 ouljr 7«4> gau« $*> it 

unlikely to to ra&olvod, un tha fclgfc riela uido IJOWOVG** 
»«f«patloo ^m m + *#% to 
is orjli/

6
BO tbat it Iti al£m>Bt cortcia that tbe^o In 

m * 7 lino* uvidoijcc ia ^kioci by the

tha oa^urGtluri b«t«NeNMd( tb«a 10 onl^ 9.2

10 calculutoa aaaunilng -^i « 6). 

An exporinvont WGG p^^rox^ioa ^aporltt^otiiag a -i/i;ton 

oo ttie & z>oct^uiu uiod putting it near t&e plaoa w^ci^o tho 

» 7 line wuuld bo, to GO® vrtiat j?aeoiutioo ouula I;0 
. rti« bolgbt of tlie pip «ii© aojuated to be tUci 

ae tbo iAn » 6 lino but, ae If 

faetoff ol* tU'ue» w
ttmn If tb^ro wo**« a ^a » 7 Xlon; 

this givoe fin Ifldl0utl(»ii of the 

7
m 6, 'iv «0 ^TOtoO P^«? «»» 4«^t i-06f»lV«A Wl^» It

VBS 17. 2 g^o0f» bU^'^'jW*^ «^ily roeolvod whoo 20.9 g 

higher, -van allowing toy tbo llo® wi4tli one
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expect tbe 3%* • 7 line to b© re&olvod.
Tfce nuclear spin of -% ie therefor* found to be 6, 

the largout auclaar epio so

&ep«umtioli& u^tuuatj Unas wet* aacaour^i by 
tti« i^otoo pip to ba in coiaalcU2«©e witb oaoh line in 
Tbe value oT ^. wau found ^y ciOtiaurlog the 
bttweeo the ^m » y/g a»a iA® » «• 7/a lioo 
by 7, the riuet>0i* of £$>*ttf»& between thorn* > wo ox; 
were uono to i*lud !^A t o»e m0anurii}{'; the r>e .oration 

aiAk ^m » -5» ^oa oae ur-iu^ -^m » «• 5 aim 
6. iliQ S<>m »^ 5 11»«» w<^o well resolved 00 ©attliag

• protop pip to ouiwticlo with the Hue wafs easier than 
it to coincide with tte S°m •* £ 6 lines wbiob wejpe Dot 
BO well rc*Boivod. >'ai=-f 6 we» better reaolima tii^n 
30ra m -6 00 tit tit a siea&uroKjont wan toade ueitig - 3 arid
* 6, but It 1© net quite 00 relietoXe ee tbo one i^l»e ,+ 5* 
A line in tbe wings of a lorgcMP lira* tCUrayB ap^oi^ elooor 
to trie large lii»e PP tbat tbe ^m m ** $ to 5^a «* * 6 
&epiypatlois i0 espeuted to bei laa^ef thle may ooeoottt for 
the slightly hlgfcer value of S^A/S^u thie ratio ie the 
ratio SOt/^Y wfclcfc me^r be eomparcd witb u.372 quoted 

Ties alts are quoted in Ta,lD]e
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IK, 3 ..OCftALT $1

A target of a^t&n>g**phie^ly t>ta»lardit*©a i^0o woe 
with 18 H«flT aeutvotis iti the cyclotron at

nivcttaaty, £>rouueii}g t&cut 10 milliouriaa of 
(tgr cL - Q reaction o» *%$}, ana ^mallcrr 

of S8co (d * fltt ou ^%i*) ana
ihe^o wb» a littlo t^r^ Mum one osicip&gvatzi «?f i>7uo and 
about one toutb of m rsioi*c*gram c»f 56oo ana

iioulcl all l>e easily dotuctable by ^«»r. , £t$ 
;;<ua$ to a»a0ur« ttia B^inc uf ttia&a three 

active? laatopeii, l*ht half Xlv«a o* the lpotop«o ore 
sufficiently long f0r a*^h operation to be &OM

te ^TO aay»» 5^*0 i^ 00 a^e, ^n Is 310 e 
pia** &t Iron m*s oar of ully a01d@i?0ci to ooa of tho

eopper C5? clQtr0» tav^>tu» far boa^arOtiitiOt. To 
th« boan offieiaotly It tiacl to foe about 3D nsiu 'i^r ^ mm- 
3 mm* thiefef wtilcd i» ©S>c*tit 000 t$m& af iron. 
of the radtiuactive isotopat n&#& to bo GO©O tiiiD l.ttii to 
oootaln leea ttmo 000 tnlcytHgma of Co atia Mtt f 
iron froe frt«a tha»a im^urittee to I : ICr.

iio anal^aee only ^uota Cobalt cuad 
to «5t>put 5 2 iO^ ao that thor© was

thora be June too much utabla ttn ^^ t;o ^o&^nt to mofc* 
the aacperlfiMOt ouoceeeful. Xo fact tho or^etia finalljr 

ooot&lnaa too muoh eta^le lin, «n0 tiiat no
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epectrum woe see»f It al»0 conttduod so muah stable* 
that only the more iibuncUint $7uo could be ex&minou, there 
being no fcigo of a upootrina due tp 3Soo* it ought to tai 
po&elble to F0001V0 th*3 B$tetr& of 56(:o ana 5^M» if a 
f urthar bc^bsrdu<3*it «,f apeoiolly mr^lmi Iwn Is done. 
Tbe difficulties of imkiug a euffloiaatly ?/»ure i^un target 
bave oot yet been

o sa
f lie copper and &older on tbo c^olotrois target wore

over, leaviiy: only tbo bonft>artedl IroP eurf aoo 
The balk of the iron m» tbao dissolved in 
byorooblorlG aoia> taking oar® tiaat Urn iron dM 
where dissolve nsray right tora to tbe colder. The t>ulk 
tbc iron was rotrioveC. by two $xtraotii>«® 01* tbe FeCljj with 
ether. The rmauining a^ueouc ItLyer g^ta ova.^orattxi to a

voltsae aod paiatocl in a nuiTuw tood tACi»o»B a strip of
Ko. 1 filter i>®$«r f wfeiofe l^aa. been 

with 2 K. hytiroohloric a<Kld. the elemente 
in tt»iB roei^ue were peporateA unliig a eoaveotioDal 
ehrotnatographio teohoigue (e.g. ^tirntalX et> al. 1950)*

itthyl eotbyl ketoue containia^ ^ by volunse of
liycU'uchlorlo fi«5icl a^ the aulveot* The p 

of the ^%j« a»d 56 f 57uo bands were determined 
their radiioaetivity. The paper containioi;



wa* out out uiKi waebed with tUluty hydrochloric aotd. ?o 
fuoilitato tiie cUxoiBtry a littlo ct/uoit ta*u uitu^uuoae free 
sloe aulpiiato »itfi added to act ne a aarrior for toii radio­ 
active materials. Tfe© &irio oulphate fcisde up into cryDtale 
of £n Ka{BO^) 2-^20 gave oo y*v* ©paotrom, showing it 
to be suf&'iui^otly yuro for tbla pyrpo&a* Tb^» solatioti 
eoiitaiaing thu raaioii&tiv^ sat:^100 wae avapoi'atoii 'to aryooat 
and l^nitod to reniovo anfcjoniuni salts arid i^artxcler. of 
filter papor; it was tten ditniolvotl in sulphuric acids

to uT&? ijKiHiU3t uod dissolved in iic^vy woitor
uL»aat 1/10 grazi of &n 1^2(^4)^ »^KaP« orntat 

care was tokao in idl tbotio o.|^?atioD0 tbat iio imparity woe 
introduced; '^anlar5 r@^sot0,twieo distilled in all gintse 
•g^wuptttuLi,irfora uooa. Br. * .i- : *i>, Uhaw kiualy oar^ied out 
all the cboKii&try dotio^rutja ui>uvo,

Tbe apparatus ae^criutxi previously (2.1) was uetnl for 
growing a oryatal from uliout 1 al« of li^avy water aolation.

•yetul of :.it*BC ^ 30 toilligre;:^ wi^s ^uvm.
of ttxo radioactivity of tbe ory^tal with that of 

tb0 various raslda^o ahuv/od ttiut ttto civi'tai ooutaiood 
about 605 of tbe total activity.

Toe ©peetrura of Co4"* i» **® K^Csso^a «^gp ii*^
-X studied l>y D10aijoy tiod in^nwi (ly^l>» ^n i-2i k-^-:j^>2

growe in monoelioic orystaLB with tvyo mti^iietloolly diatinot 
loon in the unit oallt o»0 oeitig derivod from tne ottier by



reflection in the curtail o&jra&tile ao*»v>laM*
ion io 00 KgCBOj^g .Oljgp 10 io a ovy»tfa fitild of

oublo ayoraat*? with a entail tot?fi|goiial ftelil
The hy^xirflue structure is beet jpo&olved 

tfee ®xta**naX magnetic £ ieici is parallel to tho twtpagon 
axl*. Here tfao a0|>0^atlon l>ot«r«on tho h3rpox*fliid Iloan 
BO gayaa* laeaney aiKi Irigrem obtill tied lines ni& gauaa 
broad its vcw uilote or^r&toI0 g^o«m from f!j$? f so tliat 
could be re&uoea to tno ^iia®© OBiog BD» This 
a go<*t cbafjoo of ^e^olving 
la the raaioiicUve crystal.

of tb« «0^ oo Mia jraUoaetive 0i^st^ was do-oe 
at 20PK

tho r^souato^ on ita
of twp sets of «ight» e^cdly loteoMt 

, liooe
to the two different t$rp^ «3C Ion* Tti* ©pactra of th© 
100^ coioaid^d well along the b-HOla. ri*t»e speot^a io 
regloo ar^ v«w aol»otroiAc» ao tbot tfeu oxtenial fldia 
Miat 0ul>t^>a the Becie e«iglo to the avyetel flcad ajdls of 
each ioo, to dboot *23*. TWa CIMJ oiOy be tho OOM along 
the t»-ajda*(aiagr0m 4.3). iieeauroraanta of tho g- 

tb© b-aJde slid the u-GXie wt^f© tMA»» ueiog 
to OMWMMIM tho i*i01d at the ooDtv* vt th0

bec-au«e iKe crystal -field has o. Smalt rKombic co/np oncnt
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woJPe 11X00 macla an a crystal containing 
tii0 a-4jd.a, , Uctso wu&urigriOtttfti tugottaur with

of £Steo along thu b-cacl* .uoa^aroBl by blauooy and 
Ingrara, arc summarised in table

in ^ie

cdT tbo ljypwl*laa ©truatas?^ In 
to tiiu %«%a^gQrial aXLu. fh0 

of the tiyi/eiTin© linae la the n^r^o OB it IB in 
a f wliiob also eb&wo eigfet iinoD oojprcBp^aaii^ to a 

ouclcui* ii^/iu ui' /x -• ^UO cyocti'ucs at 1.^3 a. 
^lo^od OP ttfj oeolllo&aopa v/iiurc- tiw lixiae bti«i 
ratio of 3U/1, rbei'ta wae an olgn oC any othor lioeu ID the 
fijt^otrum; tior any uigu of the linee boing aeyosaetrlcta or 
ftligbtly aoublo, HP II' two Duarlir IxieaUota B,,octra 
ovtJiaa^ia®. A m««»ui'«a»«t w$^. oad0 at 3 
lock-in dotation b^r Mi?» E»i** i^aoa^, ^o obtednod a 
elgaal/nolse ratio of lua 1, but ©till obtaii)^ a 
of oaly uigUt lluoo of aqutil iut»uelty.

Xbi» oviaoi/oa leada to tijrea pcNMdbla 
(A) ^b« ^^eotruij obserroa was duo to 
was present In aucb Iai4g« gua^jtiti^» an to obcour© 
tia^ &*<x3tvui8 due to ^A;o» 
(b) Tb« op^otviKQ wae la i*aot &uo to 
tnorafuro uae a ouolewr 0pio of ?/2 arxi a mo^riotic 

vary iitiarly og,ual to tb^t u£



(e) fCo (4»a &?&& we*a piNnseot la 
qoao titles, but have the nitae spin ana almoat the 
&ua» magnetic fciomaot. if the splat* of the two 
Isrtopea are <UTf«**nt the contra! lioe» utiuia fee 
wore Inteoee than tho outer ozios* bocauee only the 

veuld l>0 duo to both

activity of the ery&taX. Bt4ti mMouvcraoiiti w«ttf^ Ui«i» by 
a oclotlllatlon oounte^ muttiocl m**mi*tm ^c intenelty 
of oharaotoristlc Y-^iiyB- ^t». M«A. (;roce meaeurod the 
relative lataoeity of tHPoaintloii Tvm Wco atjd ^tJo 
giving a ratio of 2 ; 1. He also ounuloCod tliot the 
cryetol contained five Rilliictirlos of ^Co. LT. J.H*

eotiuetod that the rrdnirfiun* iJocoibie gaoatlty 0f 
w«e five r^lllourioci, aod wan possibly necii'ox1 tot>. 

neither of thaae ootirjatlomi ulloWB for Ir.tor!>ol conversion 
of the t-*^^y® (aapturlng of ^m ^iiantii® by a K^electooo) » 
which may radyoe tt>e y«^a|r inteDaltgr ootualXy leaving the 

toy a eooBldoroble fa»ter* tho actual factor le 
mlllleuxlo

0.11 mlopogromaf 00 that the crystal conttvioe at leuet

of
of -, 

2,6 dler ogm» of etohla o {the ^«a»U1^r mm
photometric analy»i» described later). The intercity
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of its e poet rut!) wafi compared with that of the radioactive 

ovjrstal wlitto tboy we**© put Biuu uy aid** iu tint jpeiioaatotff 

each Kjouatea on ttw a»~i*aee in atiob a po&itioft taut the 

strength of the r.i\ field in each imp ttia staw* ih« 

magnetic field was oriootcxi no ttmt the ^|>^otra of o»o 

ion in ewott of tUo o^ystala ooia'iy aoiooidecl* f< v b« 

du© to tiio active ery&tol v/ero about 3/% tho 

of tfioee duo to the othur one. Ae tba oouait Bpeetnma is 
so aoisotropio» it ie not really tellable to e^timato 

tba quantity or cobuit in tho aeilva civtttOt by u^iug ttot 
the ratio uf tbo iotoeaitia^ yf ti>o apectj*a is tuo s^ne 

as the ratio of tht) qucintitiot) of cobalt in the two 

crystals; but it giveti an iodioatio^ tliat the quantity 

in tbe nativy Ci'yatal W«IB al>out !,;> uici'o^tjctt*.
/>& tba cviaoiico aia out i\.»vouij ai^ pai*ticultuj one of 

the peft*ibiliti@& tbo oryotal wat; rouieu olvea in itw 
ol mot bop-liquor, uod 1/2 &0.crogx»ean of 

tba cr^/t tal gro«n^ I'row ttiii* solution 
totnl activity eo tliut in ao!uitioxi to ittt initial 
th« ci?y©tal oow oootaioea u.3 mi«i»og3E>^iMi of 

again only a fcifi^le epectrura was obtiorved. AU

* aiinilar to the oac; uoooriutKi in ttKJ Ituat 

that ttia otf|r»tal oaritair^d ^ 1

miorogremo of cobalt* &• tbe iDt«nnity of tb« active 

•»y»tale opactrum bad a ; 1 bxgnol/noiBe ratio the



101

the «&5ed ^-o abould hav* boen 4 : 1»
b*GD eeefr &ua*l# U it btiu b«ott roeolvuci. Tble 

tbo pocsibllity that the &po$t?uni is entirely 
to ^Ca with a greatly different ftraaot m& *plii» 

Tbe quantity of cobalt conttilneai ia tbo active cw&tul was 

u&lqg iii.ti^u80»4l salt a& ao Indicator ana &

with a e^ois&or j^&tc^iataa?* Bi^rittl 
-. tho 0«»t«i eC oalibratloD ;x>intc and Mi© d joint 

given by -ho radioactive solution* Thle gavo t*io total 
oobalt ocot«ttt or Uig aryotta. to b« a*4 & v*X .i 

rbtio at ^Ca £ ^tu wuii at loa^t o*^ : 1*9.
i.f aZl ttiu oobelt 10 ttie 

flret eryetal b 'U booo 3?Co then, as Q«3 tri 
hud baoD tiddod, iiiQ x*titiu 

t«a woula be a*l ; u*3*
suffioleGt of eaob looto jo to i:io>;o ite 
it were i*<3»olv@d« AB %$*j$s& ware m>t 

a Unit cuo ba put UD U^o uii'i'^i'oj^e ox* ttto

A ellgbt OJifffivwDde of r,iagoetio racnaent ullgtitly 
tb* •«|>«iititioi7 of the lines, $o that it would be 

t DotiooabXe on the outorcoutit lin&a. A voi»y
the

detoctor at 3 CKI*». Tbe v/luth or the outeinuust 11D30 in 

tb* ftpecti'iim wao the ««mo ttfi tha iooer onoe, aieauurini: to 

&n aooarbCi;/ of i^oat 1Q,», Th«re iu DO eig» of doyibllDo of
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tbe outer Uoot> s- oiograi 4*5 wtKWHi tfea look-in 
t*a*e& of thu linoc at oltbfc* eixt of tho t,peotrum (the 
curve Is a differential or the liftis dhapo andl obovm 
trace of Irregular cha&gee of t>lo$«}»

Aesyiaiii^ th® leaet f av&urabl® ooneootff^tloD
fB&$ ^Oo of u*5 t 1*9 a rooon&tiHttitfcm of

line of ttiu ^.xictruQ w^ QiK'te to sue tow far tho two
co ad bo eeparatod before they ?mre reDolvcKi. 

4.6 ehowB this reooaetiniction; the t^iallai? lino la 
vlDible wTioo tbe two lia«» ere saDSjmtal by I.I of the line 
width. ;-.& the lino width la 12.5 gau»fc tho m&a&mm 
i»ooBible Mi^avatlon tif tb^ lift®® la ^ 14 gaua»* 
the maxlomm uo&slbla dlfferenow i>©twt*on the 

1© St *
tho oaoloai? ©pin of ^?tJe Is* 7/2 aacl 

oraent 1© 4.6 ^ 0.2 uueXeor liafTiotone (tha 
of ^9co le 4*6 DueX««r

fh@ 1100 wldl^ la tlie
is ooncidieretoly Ic^gur than tha 2 ganea ex:>eot«£U Thle 
Is poealbly due to th@ Inteo&a vHwagr b^t>aj?dra^nt to whlc!) 
tho cryotal le balng BUlj^ootod, If tho position of tho 
IOQB 10 aerlously di©ti*ube€l by this booiiftnSnont the 
field at the cobalt loo© miiy b«oome raixiomly dlstortads in 
euoh an aolaotveplo »P@®ti»uia this dl0toaptloa notfld

llao width* Th® bruadouif^; sdght be loss
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a eofcalt e. alt with em
TVQIMBI (1953) has f ottod that 000 loo U*

baa an leotropie 
The separatism of this hy^erfinu lines is only 44 gaaes bat 
this diaaav&ntage t%^r be eoopeiMt&ted li
width is

the r^eaeur^maotf! moao on vui.aOiu^ ^G m»e of 
intoroet booauoa it 1& one 0f the t «iw etobl©
have aa odd oi^l»-er ui" iietm'tms ( a?) ' i%£^ ^n ocla uuc^cu' of 

(33)* ttotb oC tfeasa o«M agsoleotK* utiouxd be in 
Tb« total yo0BibI^ i-vfc,if; f wtiicn it- the ooo 

fcjr ftovdboia (195l}» i^ ttMuntfom I « 7* u hn i'uat 
i » 6 oooi^ormti to the apparent teftdoi>oy i>r add-odd nuclei 
dot to h«*¥9 tb« tsxtronw vtJLuo AUJ? ahuir Bpin wuich tbc odd. 
particles ^rmlt* ^xaluuloi! oa^<^ wtieo both odd uucluonts 

in a/2 »tat«p %if 2%at %la, •%!, 4% cdltav*
and ^%ib fctove

vuluoe (tdbie 2» KttrtuvAMUg 1992)* 
the j-j t-^iu oi^it rmKiul o$* tlio Doolea 

oat the ewsrgy ioir«3l0 off tho na^l«Mis of 3*V for
of mioloar uoteatlcA f aootione, lie f ouoa that a 
with B^lo t> HUB iowost iT ha uoaua^d a

the aa»i>oiatea gyi?oa88g»atic ratio he aaleulated 

to he u.i&2 which egreei* ^uito well with the
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value

uobait 37 hao 37 ^'otoue a&i 30 aattti*oa0 in its 
nueloue. ffo« o&I neutroo IB

neutrone
in 3pj/2 »tat^,aoooi^l0g to

Kllnkenberg (19^. Ttw faot tl>ut tt)® aegoeUo mi>mm)t of 
is »o cloB^iy *pai to tfoat o^T ^C0 ptumi tbat

of tfei» pan? o^ rjeutrows ilooe not disturb 
lowett avtiilabla X0val of tfea

io the rare >:

Bleaney and Low (19!>4) bav« found a &mall *• ID 
divalent europium* This however gives a very 
contribution to tb© n,f«&. of toe r&re ®*a'tb ioue 
may be neglected for the oase* of terbium and 
which are diacuaaed in chapter 7*
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CHAPTER

5*1
The spectrum of chromic roethylamlna

^pHjXbO^g^iaH^ bas b®sn investigated by Bagguley 

and Griffith* (1950) at room temperatures and toy Bloaney 

(1930) at low temperatures. Thee© workers found that th© 

fctark splitting is O.165 ^ 0«0o5 cm^ at room teraperaturee 

and 0.170 £ 0*003 eiff1 at 90*K and a»*K. aard«sx» and iiurtl 

(195M obtained a value of 0.188 ± 0.00? cm**1 "by adiabatlo 

demagnetisation jnatbode, and relaxation specific heat 

fiseaeurenentp, by Cooka, Meyer attd V5?olf (unpublished) confirmed 

thia. In an attempt to explain this discrepancy a thorougfe 

inveetigation of the mibgtnnce was undertaken. 

5.2 CHYSTALI.paRAPIlY UP TIIK &WM
The crystallography of the alums, which are an 

iBomorphoue series of ealte with chetnical formula
an ion from the fij^t

transition group of the periodic table, U+ is en alkali 

oietal, ammonium or mothylamine ion, and X 10 a eulphuv, 

aelerilum or tolluriuia ion) la described by)Beevere| and

Llpeuta|(1934)* They have epace group T wltn four iona 

in the unit c^ll and aro classified In three types a, 

and « kargQ tnonovalent ions like Co* and
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form a 3 type otx'ucture wfcleh X-ray ovidonoe aho®0 to haw 

a rogultu- octahedron of w&te* tooleculeo aro«i«d the fcf*** 

ion. la tbe a typo, romed by medium Bi^oti Monovuleat iann 

this octabedro*} ban a trigonal distortion about the 111 
axle of tbe unit coll. M&goetln faeasurotionU' 0how tbat the 

3 tyye aL&o ba& tb!0 trigoeml aiBtortlon about the 111 axle 
tbe 14*** loos foi«a a f ooe coritred sti uctor© BD that the 

IOIJB tu oaa at imu ai*u at aiu etc. B^evom oud 
only ^uoto data for oluilajLaca ojetl^l^-iino alurn, but 

tbi& la caeo aeounied to apply to the cbrcxnio salt ae thore 
only U.J^u diff 0^0000 10 u«lt ooll aisa uutiveen

Chromic ^otan^iUQ oulphatu 10 topical of most 
It fea» well aovolopod 111 faoan and so*wtlm«i& i^ue 
100 uiKi llu f iiaee* Cbi*oiaio uottvat^uiritj alum* 
(Li^oa, 1^31>; in utkiitioo to woll aevelo.^a 111 
bae loa^ge 210 faaaa and it ofteo bas amall loo fucee. 
Tbi» faaketi tbo crytitt JL f 0000 in tbo riethyiamlne alum 
•ligbtly rooffe difficult to ^aoogoiea bat GMaeuvaiioiits of 
tb« ui^l« batweeo f tiooo re^olvea any ^itbi^uity.
5.3 Tii;v ^hcyRu? i^ m; ciataac Mi

a'he grountJ atata of tbo f»e otjroraic loo 10 

Th« oubio field in tbo uiume apllta tbo 
into a iilogl^t awl t»p bigbor triplets, and tbo

fi^llte tbe 6j4o guadruylat into two doublets. The
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energy levels are described by tbo

aecb of tbe four typots of loo ha» itfc ova trigonal axle 
along ono of tb© four body diagonals of the unit oeil. 

?bero arc certain directions and planet* in which 
tbe alume are conveniently ^tudiod. From the above 
bamiltoniaii tbe 0ei)€3ratloo of tbe lines a«@ to tlio 
SB » 2/2 to 1/2 and -l/£ to «*J/2 traooltloos la eeoo to 
be 2u(l - 3ooe%) t vbore 0 la tbu ei^gle tietweeo tiiG 
dir«»tion of the external field, una t^ie trigonal axle* 
Along the 10O airoctiona all lonis are equivalent wltb
•ero eo.^arotlon of tbe &3/a to ^Va Unas, ana in tbe 1U; 
pluoo tbe lone are equivuiout in i>alre* Along ttiolio 
dirootion one pair ha© separation of the outor transitions 
of 2i> and the other pair has separation -2D* Alo^ the 
111 uireotiou one ion has separation Jy> (ae this 
ie parallel to its axle; cuti tlie other threa aro 
equlvtiloot with eeparetloo -33/3» I ft the plane 
dlculor to the 111 airootlon one Ion has
-i> (ao tbe iXLuuu ifcj always perpeooleular to its axis) 
and tbo otbor loot* have equivalent eijectra at>out oxeo 
at 12U* to ono auothsv*

Most of tbo work decor ibodi here has been done in 
two pianos 9 the 111 «ioci tl)^ llu» l^be former io 
by uiuuoUug tbo cr,/atfcl on a 111 f uoe oou tbe latter by



/o?

a wcdgo* /» oryutal of KCrC^eO^^.iai^ was nountod 
th&tse two planer* ana its boimvlour Is com; let ant v/lth 

tbo above harailtonian. Diagram 5*1 showe hot? clocioly the 
apaetrusa follow® ttio prodlotlooe of the laet prsragrapb; 

diagram oleo 0foowa that the ca?gr0t4als can t>® eaouotod
oocui-etQly la the dealnd piano 9 luaoauen 

ioaccurucioe of nouotiao would eaotia o departure from 
thlB prodictoa beimvlour.

of tfoc ©poetnita uf 
of alucilnlusa mQthylooliio alum ooatalnlag 2|; C**** 10 
111 and 110 planeo i@ ehowo ID diagraiie 5*2 atxi 5.3* 
ty^a or apectrua ootalo^d ID tiio '110 plane uc 
the plane imrestigmtad* E^arimcait^ acme on a 
in lanee llu, oil nod lul In turn ahowacl that 
gyve ti^actra of typ$ 5*3a and or*o guva ooo of

, It w«u§ p0ft&ibl€ ID otbca? aamploa to charige the 
oi1 epactrtHB from a cryotal moan tod on tbe Berne f cso« 

by caiosrli^ It to warm up and ooollog It
Tbaeo ei^ctra i.-^ay l>o ox^xlainaa If it 10 a&eumed that 

la a vliodbla alotui'tloG of tho trt^onca field. 
the haEaHtocilfiO

1)] - lij)
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In wetter to 3s@@p the overall eufcio cyiauet&y it
to postulate at>j?«* than four lowe in the unit 

coll* &e the u^Gutra oboi/ tti&t ttierc aro only four ion© 
it ia auppo&ed tbat tho oryatol fcae tetragonal eyi: 
The -vtotibio ex«a of tb« four ioae are ^a^poeed to l>« 
la airoctiooo;

£ tixi*. y aacie ae axia

ii5
ul iTo 112
ill 110 Il2

Til no ila

the eeparation quoted i© that of tfe0 £ 3/2 to £ 1/2 line®. 
The cpoctrum 5.3b la IP tho plane llo which panooct through 
the trigonal axle of one ion, giving o value of 4D. In 
fact the Ol6g#aro ©hoira that tho dirootion is not qult^ 
along 111 but rjokoe tin angle of 60° with tho oubc odgo.
In the 111 pluna the external field is always

i-Kick
to one ion ^hloh is marked with a asn>tiOtl line In di 
5. 2. The two aw* of extreme separation in tbia plane 
therefore ^ivo a^^rojctoata viiluee of a> + 6K ©ud 2D - 6E. 
Thua the value of & ia a&out lUf tbat of 0. the 3D - 6K 
axie IP orossoa in the 110 plane, aleo in thin ;lono ia 
the 2D * 6i ©Jda for one pair of ione in the llo direction.
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TbuB accurate vtluoo of D find & Kmy be measured 
10 tbiB plane. rrbe matt of oeverai v&luee give

tod & * 6& « 2*71 jt C> »C 7 Kgauee. Tfeeua give
X) » X*04 j; 0*4*flt Kgfcu&L. and i% w c/.li/ jj; c.cX iigaip^oe*

aevGi'al ottior featurec of tbe 0poctri<m ma^ be fitted 
to thie uodel. Tbo coparetlon for ttio other ?>alr of 
ioae ID tbe 110 Uirootiou ii» ^D/J2 •. 3^/2 ^ilch ie juat a 
little largor than «i> * 6K; tble la eeea to be to ID 
dltigraci |>*3li. in tbo pXai^es Xux tud OXX (diagvem ^.3^} 
tbo J»D eeparatlot) obouXd be cuuot nearly approaobed at an 
an|p.e 5t5* fro® tl^n oube ed^&j tbo septirutloo ctlui^ tbo 
rtico dlagcoial ebouXci b© B for one pair oT iune t^d 

A/ o*ao for tb^ otbor t air* Batti of tbeee prediction* 
veriflod. At 3T* from the cube od^e la tbe direction

udiQuXai^ to the axlB of one iont 
etion here GhouXd be 1.15). tbo me«*ttred 
averaged over a tiunt>er of detomuiiiatiDDa, 10 1.14D.

Tbo obeorved opeotrura tbereforo fite woll nitb the
tbut tbe eti»uotuiH3 of the aXurac bccocaMi 

at low tiimporatua^ee* Eeeb ion lo In a rfaMtele 
oryatal f leXU tmoti tbat 1> and H bava tbe vaXuoo quoted 
above* and tbo direetiouo of tbe a^oo uro ae eta tod above 
witb a ^e rotation tt*out tbo y asia awe&r froci tbo cube

Tbe tetragonal aada need not be 1» tbo eame direction
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ID different parta of the crsnit^l, or to the eaoe part of 
the crystal under different cooling ooixUtiune. The 
direction inrobetoly de^eode apea Internal etralos, which 
iu turn depend upon itciw the or^etal IB eeeured lo the 
ro&ooator and how far atroitm htanre b0o» 
i>evoral ei*yntals have ©xliibited a^re tlicai foui» lone 
the uuit ceil, aou ti.otio cryetal^ are oftcsi found to

they a^»« i^moirea f IPOIO tije r^ooator,, whlob
dliTuii uiit purte cC th<3 d?y&tul may iiave 

tatragcmta axe& de >onaic« upon the
in the

3*4 and f>*^ ah&w the results of 
io tho 111 and lib L.aciuet, of a eonoaotratad 

oi* ohi'otaic i^t.j,wJu^ auo alow. ,a<o jLinoo are muoh 
to loliot? &£> ti^/ tiro muota broixiui' but the 

behaviour 1& tiimiitu- to that ID tiro dilute ci^ctGl. itjo 
eryatal field per^^etero hotrover iiavo dirroi'ont valueo. 
*»4jiiiiureQOi>ty v«ejpo -uuu at both SK> U^ ami a^wt, auo. the i'loloc 
at wldah iiuyju uucui-ruu wore i'uunu ualog t>rotoo jpotiouarwo. 
Tablo £.1 above tho average of ccjvertO. vuluee for diTferont 
aa&ea; 4& i& alwaye ;neo0ured In the 111 clreotloo, but 

oi. are mei^uroa lo
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TABLJS 5.1
0 a*!0 X ajdn y

oe^&ratioo io %atmi In feiiuiis
2D » 6&

3.77.1 u.
j; 0,05

give a ca»ao vt4ue o£ B •» v..945 t>.oodlg»un and

g-valu« i»a» fiiea0u*»ou at
position oi tfr© i/"^ to -I/a llrjo atsi tb® QMMUI poeitloo 

tbe otbop Uro llfi^t lo tho 111 Oiroot&oo, T 
g m l.^?i>^ ^^Xf Qga?eao israll fHtli tlw

fuunci ID utbct* cU'orjic tilura»« Itils i'lguvn «m^iloG J>
i to b© ^cp^oceoa 10 TO** giving B » v

ia aero raagoetla ilald tba

of

which ie largtji* timn tiie vtiluo l*uumi b^ I i^aney 
uo rtiOuibic cuu*A>Doiit f but la 
the Vuluo of iiui?ti

<HBc5i*0paoc^ betwoon the results of 
p.r* ami adiabutic au; XiGu»jtiBauiun iad&eurcut»ot& ol^bt be

wore cuntilderable o^obuctgo uetwiHm) tho
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neighbouring chromic iona.

The theory of Van Vleck (1937) hae been developed 

to celculbte the contribution to the specific heat and 

Curie»i<ei&8 constant for a spherical sample when there is 

interaction between neighbours, adding a terra to the 

namiltonian of the form A£> XTX + E&yTy + GDgTg (eta 

chapter 1.4). The contribution to the specific heat is

given by (Appendix l}s
_. ,2,, , V 2 / 2 * ^ ,.m 2 J v<> -f 1) v-*( A&L.

H

where the sum le taken over all neighboura.

The crystal field of each nearest neighbour ie derived 

from the central ion by reflection in the cube face in which 

it la situated, and the line Joining the lone bi&ecta the 

angle between the directions of the trigonal fields of the 

iona ao that it aeeraa reaaonable to take thla at one of the 

axes of aniaotropic exchange. In thl& case the above 

general form of interaction may be used with the line 

joining the Iona being the z axis (chapter 1.4).

If A, B and C ar« written (a + • + j)» O + b + j) 

and(r * « * 4)* (where a, $ and t repreaant magnetic 

interaction, a, b and c repreaent aniaotropic exchange, 

defined auch that a + b + c » 0, and «J repreaenta iaotropic 

•*cbbngt)» and exchange from all but the neareat neighboura



is neglected, this expression may be reduced to:
~

~ « ———— - —— 4.G« + f + JT) + 4( a 4. b 4. c)
1 
J

The Curie-$eis* A is given by (Appendix 1):
a . 4 i

Kurti and Gardner obtain 193 ± 7 x lu"^ deg^ as the 

contribution to the specific heat of chromic metUylaraine 

alita from interactions and the Stark splitting. The $tarfc 

splitting contributes l>2 ^ >2 which is 161 x lo"4 , and 

the roagnetle interaction contributes 9.6 x lo*^ which 

leaves a dir crepancy of 22 it 10 "4 with a total possible 

error of 11 x lo**. K.urti and Gardner also find a Curie- 

^slss A of o £ Q.02*K which would be given by an leo tropic 

exchange of J » 9 x lo*^cm""^. This would give a contri­ 

bution to the specific heat of ^ 0.2 x 10~^deg^ ao that 

the residual specific heat must be due almost entirely to 

anl a o tropic exchange). If the exchange is assumed to have 

a similar form to magnetic interaction the value of a is 

25 x lO~*'cm"'*. For comparison the value of a is 

2? x lo^cm"^. Exchange of this type should be detected 

by studying the nearest neighbour lines (see chapter 6) 

in a semi-dilute salt. Exchange of the siee suggested would 

double the separation of the nearest neighbour lines 9 and
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would fclao double the mean square width of the lines in 

the concentrated aalt (it may be regarded as an effective 

doubling of the magnetic interaction for the nearest 

neighbours).

in the 111 direction the spectrum is confused as the 

rbonbic component of the crystal field slightly separates 

the 1/2 to * 1/2 lines of the four ions and makes the 

satellite lines difficult to observe. However a crystal of 

aluminium methylsmine alum containing & chromium gives very 
faint satellites about 45 gauss on either side of the main 

line, and one containing lu; chromium gives clear satellites 
about 30 gauss from the main line. This corresponds more 

closely to the 40 gauss expected from magnetic interaction 
than to the 60 gauss if exchange were included* In the 100 

direction the lines are very broad and no satellites are 
seen. In the 110 direction the 10i> crystal gives satellites 

separated by about 130 gauss which agrees well with the 
156 expected from magnetic interaction alone.

in the 111 direction the 3/2 to 1/2 line oioves to high 

fields well olear of the other lines in the spectrum, so 

that it is possible to plot out its shape using no sweep 

and a galvanometer to measure the detector current. Tile 

is in fact the only case of a line which is completely 

resolved from the reet of the spectrum, several crystals
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were uaed and measurement* were made at 90 *K end 2D*K. 

Two crystal* gave values of tbe mean square widtb wbicb 

increased by about 2%. on eooiing to the lower temperature* 

aod one gave & slightly smaller v«*lue at 9u* which did not 

change on cooling further, tbia auggeet* th*t tbe behaviour 

of tbe former cryetala la epurioua, aod tbe increase in 

width ia probably due to crystal dlatortiona or to variation
. . 1" . • •

of tba direction of toe crystal field *xia in different 

parta of the crystal. Tbe value of 110 gauaa from tba 

latter cryetal ie therefore taken aa tba true value for 
tba mean aquare width. Tbia agreea well with tbe value 

of 120 gauaa given by Van Vleefc'a formula (1.4) if magnetic* 
interaction alone ia considered.

evidence from these maaaurem&nta thus appears to favour 
tba bypotbeaia that exchange interaction in thia aalt la 
email, rbis however laavaa unexplained the discrepancy 
between p.r. and aciiabatic denagnetiaation maaaur amenta. 

5.7 ^w*^un£*jftfc<?« :i^
The V2 to V^ tranaition occurs at;

OP «

ae that woao ii » w, h^> * 2i> + >/^ and in amali fialda 

tba transition occura at;

Measurement* have been maoe with the field in tba 111 

direction at 90*X io the low field region on both dilute
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and concentrated crystals, 1'he dilute crystal yields guite

high precision results; the line occurs in zero field whan
V » 0.1S39 j: C.OC06 cm*3- which egrees well with the vela*

0,1944 jt O.GG04 of S> r >, 2/£ calculated from the parameters 
laeasured at high fields, diagram £.6 shows a plot of the 

field at which the line occurs fcgsliwt the treasuring 

frequency in the low field region for tbe concentrated salt. 

The ffiea&uraa»eQts made between v - .13 and .16 cm*1 are not 

very precise as the signal strength is poor; also they tend 

to be in too high fields as the line is not completely 
resolved frcm the larger linea in higher fields, but this 

error should diminish as the line moves to smaller fields. 
Tbe points* lie remarkably well on a straight line consider­ 

ing that low Bign&l strength, large line width and 
complications due to additional lines which have zero 

transition probability in high fields» make the measure­ 
ments extremely difficult. These srnasurements give.,163cnf* 

as tbe Stark splitting with an error of about .01 cm~* 
and the value is inclined to be high because the low 

frequency points are in too high fields. The elope of the 
line is a little greater than the theory predicts but 

correction for this oiakes only a email reduction in the 

splittiog. Measurements io the region of v » .183 

however, show s lioe io sero field from .2 cm*1 downward
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in waveoumbers. The line become* narrower as the wavenumber 

ic reduced because it IP more nearly in zero field, but 

the line ie narrower at .176 than at .183 which indicates 

thut the latter is nearer the true splitting. Unfortunately 

it ie not ;JQB Bible, with the oscillators used, to work in 

the region of just smaller waveoumbersp to that it is not 

possible to check if the line gate broader again as the 

wavenumber is further decreased. The disagreement makes it 

very difficult to Judge the accuracy of the deductions 

from the high field measurements. These high field 

measurement® can be done with more precision than low 

field ones and the excellent agreement between the two 

ffleasureaeots in the dilute salt Inspires faith in the 

deductions from the high field measurements* However as 

the intercept method in low fields gives a value in fair 

agreement with Gardner and Kurtl it is not possible to say 

that there is some additional contribution to the specific

heat.

5,6 THE KAtDIte OF Till BUNi>lTIO»

A thin plate of dilute crystal was placed in the 

resonator so that the external field was parallel to the 

111 direction and the spectrum was examined at room 

temperature and at 90*K. The positions of the various lines 

in the spectrum are given in kilogauss in the table below



(the crystal was not accurately mounted so that there Is 
not exact coincidence of the j>V2 to .+1/2 triplet at roo» 
tempereturej.

room 4.2D $.24d 5.U> 6.16 6.20t 6.77 7.13d 9.38 temp.

90*K 4.15 5.1SW 5.69 6.22d 6.24d 6.65 7.304 9.66
d m doublet t * triplet

If the resonator is allowed to warm up slowly from 
90°K, and the klystron is continually tuned to the 
resonator, one of the doublets of the 1/2 to -1/2 transition 
splits up, one line moving up field into the other doublet 
end one a few gauss down field, aa the transition 
temperature is passed, similar results are found in a 
concentrated crystal t though they are more difficult to 
observe as the lines are broader. A copper-conetentan 
thermocouple was screwed into the ctrass of the resonator 
so that the temperature at which the transition occurred 
could be measured. The mean of several deteroiinations 
gave, for the dilute salt 17o°K, and for the concentrated 
salt 1£7*£. The error in these may be as much as three 
degrees and will probably be on the high sids as they were 
taken while the sample wanned up. These temperatures
correspond very closely to those found by Griffiths and

x Fowwll (1952). This would suggest that the same



might be responsible for both effects,
„. axlally 
Tbe me thy la mine ion ia the only nan

sjrwaetric&l ion which forms an alum. It is possible that 

in order to obtain the required spherical symmetry the 

radical is rotating in a random way to give itself an 

average spherical form. If at a certain temperature this 

rotation ceased and the radical set with its axis in a 

particular direction, the crystal structure would be 

distorted into a lower symmetry, and tetragonal syoK&etry is 

the highest eyaftetry possible in such s case. Such an 

effect would probably be cooperative end the direction of 

the tetragonal axis would be determined by local strains.

A nuclear resonance experiment was done by Rollln and 

Watson to see if the rotation of the methylamine radical 

could be detected. The rotating protons should give a 

sharp line, so that this should be visible at room 

temperature and at the temperature of solid carbon dioxide 

and not at 90*K. A sharp line less than 1 gauss broad was 

visible at room temperature and at 195*K, snd only a broad 

line («* 30 gauss) at 90*K which is consistent with the

theory of a quenched rotation. 
*-
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AJL

lot erne tl on betwoon ueigtfcotaritigi poreraaEoetie lone 
broadeoa tiic roeuDemo line (obapt«r 1*4), by studying 
line width ana linn *tape it might bo pooaibie to find 
eat ft&oetbiog about the eiao and nature of ttio interactions. 
However, a* the llms oimpe tioo oontributione frow all th« 
fturrouoaiog noiehboujp» # it in a complex f ens. in many c^uoa 
inpo»oibl« task to analjm* tbe ttt0mupimo^tn.

la a aryotal whoro tbo p^ro^agootic oubotonca IB 
dilutaa wttb mi iacwsorptiDUo dlamagontio 0^b&tanc<i» most 
oi1 the luttlen tiituD wiiicti wcro occupied by po^aa^uotic 
ions Are ocoupied by Oiaoagnatio onos. In thin cna« moot 
of the nearby paffamcig&atie ioo^ eiirroutKliog a particular 
i&o are rcplucod by diaoagootic uoee wtiioti ooutiauut© 
littlo to tho line widtb. Tto probability tif fioOing 
acijacont ;:aru«agnotio iooD |» proportioma to the 
tWMNK^retion of tlie por«i3iigfi®tie lone. A» ox 
cheptar 1.4, for grout>0 of two or POI*® adjooaat 
ioa», a bucuiltoniou ««e be dor Ived by adding tba 
for tlm individual ion©^ tog0tlier vUtfc a tera to
the interaction betwoon them, ueoortaiy suob i^ouiJ0 of 
iooc give rioo to limm wtiioli ure oligbtly cilyA;lc^iAi f rota 

tho lioe due to itH>latea ioiu»t ood ttiuy ei .^ur
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satellites un either side of this line (eee for 
Bleeney, Kiiiott and Scovil, 19^1). In very dilute 
crystals these liner* are very faint, and in fairly 
concentrated crystals the spectrum ie complicated by the 
fact that groups of more than two ions give <iulte internee 
lines, end lines due to an isolated pair become faint , as 
the probability of ©uch imirs is small. As the can® of 
isolated pairs is the least complex to deal with 
theoretically, most v/urk has beew done on crystals contain­ 
ing between 10> and %;, of toe paramognetic ion* where 
isolated paire produce lines of good intensity and are 
not complicated by lines from other groups.

The position of the satellites may be calculated. 
in terms of magnetic and exchange Interaction. Provided 
that the distance between ions ia known from crystallographio 
meaeuremewte, the magnetic interaction can be calculated. 
Thus from the measured interaction the Bize and nature of 
the exchange con be found. By studying various compoursdB 
it ehould be poeaible to discover how exchange varies 
with the type of f and distance betwe©n» the loop between 

which it opcrat^e. There are however two limitations to

the method.
The spectrum of many ions can be analysed only at 

low temperatures* and in order to calculate the magnetic 

interaction thermal expansion must either be ignored 9 or



lor the ouuTi'iulent of <mpQHni&D 01 
Kmto of thaw*! ex^om ion have not b$0o njtsde 

of the &ubBtuno«fi studied, raoi ae tho e* >urajion 
be aniaotjpopio it tus boon lguoi»ed in calculations 

of ffif^iictlo iuteraotioD, and tho .ofctablu oiToct, of 
are oooaiOeroa V7bou it*aividiira QQ&&K tu?e 
later.

ot*ti be mado oray on the dilute
crystals, wtmroue gipat itit«£^Bt Is in cuocyiiU'atQd ci*y& talcs, 
@i)d, ;atiiougti tbu cinder oi5 megmtu^a cxf the lotertJCtlonis 
satat be tb« diacie IQ both, t>o eMsoumto valuta for ooncontrotod 
fculto ciiO be i'vuucl.

ftfc« L-^ulJtitcjacQo in wtdol* u^ix^et otslgbbour lino* 
buve been atudiod will bii c^>orlbaa 00pttimt^jr in this

to u.a*; 
nulptiate wheo tt;e tityad- I'iold v?as ^ipaliol tu tbe

. !i'£>« liiitie woro oat 
tu tbu t^cliJ but au ectiamtQ ol* tbeir 
modo. in both OJU'ectioraj the eio^aratiomi oC tho 
lin«»B api^jarocl to li® t&nt «o^toMlt a®»t»ai?ig tbat

botwouo imlghbour» is purely mo^netic. 
otieo ia not oomylioatod by Itirge owci -uugo it
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to so** bow »oll tb«* obuowoa UlWWS «$***& srlth 

tsbiob in t&L» <&**&$ 1» ^©1^ uo&amtood* 

to oedculuto the pc^itiom* of tte t*ai» liim ft

the cvy&ti&lo^Miy of* tho ettiy). nul^^D-too 
tba i;on«rol feiiture^ of t&e epootm^i of *^4'*1" iis tb© 

lpbatwe w?© rcKiuirod* Bott> of thm^o will tie 
dlr-cue^oci.

OF ta .E^itn. 0
tiiyl tvuli&atoe of

itioluao Vt4"** ^od tfje £|C

Vt aj3d 0© ethyl eul^bate bae t>«no cmae ts^ r.Gtclw (1S37)

ceil ao& bptb 02*0

by tiine 'wutci' raulcKjulQB, v?i>t>eo aistrl¥y;,iou is ftbcm in 

6.1. i*bi& OiutiabutioiJ tia^ a ti^OGfold axis 

wliiob aj£,>leicja wbo o^stal x'ioiu 

utxi ..tevooD (oba^tai' l«a) £or touuo 

.2 ebuwe a ylaa aod olovutiaD viaw of tli
iaaa m'id tfaeii? ai»tedoow&

The oi^/Bt«dB t?t»ow in iklut be-i^^«al plates &uab that 

the ei^atca ajUs ii«e ia ttw ialaiie y£ tbe ^aat* p£U?4O.lti2. 

to oiia yalr o^ «ti£<Ji*. 'i'ba s»e0.tii ootaetlineti c^Bttaii»« 8*

needlo», but tliie tpve of crystal is not uooa ae it
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and thi« aua therefore little

otMMMrvtid at a**i* 1*1*1 in it)

franea U922 taid tins ID K aad
tfo©

OtUyl u static

ID » l truuoitioo» ooouv
the ownix>uoot«3 of this doublet* Ttie ck>ublot boa

and is

ncuo^ioiuu
ot atid

it>utejp«&>
p 143

), turn odd mis»i*

oi0bt (•»!«» //^ fra? .nit, a torn
values

the

ioina

BO that tto »p«otyum 

tbo even

ilne (due to 
(ooo t*> the
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two Daavaat aaietfcoavci *wf any Ha*** ioo lia 
along the orytitul eu&a 7*3,1* away. Ttoa 0i* 
6.65* tawny uiuug a liim O^u r^orj the axla at tUo 
©f two ©^ttil&teirol triumjloa omi al>ove aixi am 

if the tucio is vti^tio^l. Th6i»e &ee elx
ay at tba ooi»»oi^ ui1 a regular tiQxac;oo in ttte 

pi &I09 ,'or^mxiiculta* to tha tuati, aud two 14* i 
the axi».

oaaes wtmre thc^e la axlel
IntoructioD and oxob^oga ritey ba written (olmptor

but fur ea*«e «b«ro tit<«?o i& nut radial syniaotji1̂  tho 
Interaction IE mere &o»pl«K eixl Itr i*i>r«i le not onoily 
calculated* The ucjtirof^t «oi^iiboupo oen b« ti^oatoti usi 
tb« ubuvu fomi ui' iuturuotitm; but, e» the .jrobltfKi is 
cum^lex arKi a>.cbaiige is Bruali, tlju ion^ furthor awt^r 
be troatoti as %£ only raugnetio iiiteraoti&d we* 

The ttu-oo 0© -j&rate OGBOB whlob iiuvo to t>0 
are: iritaruction uotweon i* otouee butb of cvtio

000 &£ trhicb
one of wtiiob haa odd mams ni^jber, ana Interaction 

between isotopae both of wliicli h€cv« o&l a
8iDC« flOfc of tfca ieotopae turn* oven raiaaa nuct>or ttia latter 

"be oeglaetad. Tbo hatoiitoniau for two i®otoyo&
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of even maae oucfcor !• (spit* f; nnfl T):

* P 8

and for the
to«a

W&GB unti iootojv* bait odd mas* number a
ir

113 paiHillel to tbe a the I - ~)

of tb
ie (la tbo

BtotaB the first 

tbat of t lu ttm

i»
of typ* | ^

of S

\

ll * tt» 1

0

0

0

> 0

- £p *
0

0

0

t <r 0
- ^p - -J cr

0 -«,

0

0

0

flt< 4 ^P

tranBltione at:wtich

Kv *

the Dtttcllite lioae ar« 
wtdo of ttoe lloci due t© dingle iona at bv a 

«r* 0©pm«0t0ti by p - cr . 
For ODO Isotope of tiv^n fjjd orw

(| pit t

of

titter
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when the external fioid io parallel to the 
tbo | + ~) and | - +) states are not degenerate 

off diegoaal eletaente OGR bo treated by
the matrix of tho ho^lltotUan In, nfii^uadlnfrw ^%J9"

t!>e B ion hae tUe tiyporf Ine stniatiwes
f 4. |Am ^ ^P 0 0 0

0 *Am -^ i«r 0

0 Jo- -jAm - ^/3 0 

0 0 0 -A

!-*>

which &IVQB trEtocitioms

tiv »g a ^*
The latter tens IB ool^' half a gaofia f0i? m » 7/2 ao that 
it can fce ne^IeeteA arid tbe oetellites ore

about tbe hyperriim liw of on cxM maee 
aod are fAeptirciUcd 1^ p 
oases when the oxteifml fieia te 

to tb© tixea may b@ aiaHiwly e:.aoulot0f*
with cc^MjLHitJorw «*^(p - <r)

Of 0VOU H300S »«*©!»» f«Hj CT £|tt* 0^ Of

aaft erne c^T evcin a©06 nunfber. Thne t>jr
|pa.rallel -^ Hie axis

of n.n. 0atc3.11 to llnoB A ^n both the m\tn
tee to even i&otopee ai>4 oo bypQMTlfie llnctn, vi-Jtuee 
and cr omy be ouloulatea f ao& a cieafcurej tent of tho
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•*t«llitei* of the hyyerf ln« line i^stWKttoiilai' to tlwi «XtB

a coufin ,atlon of tfceBcj v; lueti. 
The ^operation of the imtttllitas ciuo to interaction

even
6

00 tlu) axle

~cr) -
round to l>e:

- a}]

oij

of tt/o i
joining wiucb ie uot 
calculated aaauaaliig ouljr 

oot fitiCTootc 
bean Oono Tor tba

11416 d0i£)tag tiiO

the axio. tht

of ^atalllto^ da© ta 
nvao am0^ rmrribcr, th« 

to t&e a:as.> f IIIUD be^9 
intertiotloo (thl® 

c»solmqg«). Tho 
coi>talni«g the axlr-

, WulOh {30^66 «tfi

Intortictioci Is of
the

the

thr«»&
Oaa to 

2«o^ p

thj?«o

oxtoffital fiolcl is i>arall©l to tfe© a^is a 
along tbe aldti t^voa ^at^Iito^ oa tiic

tbc middle ioot tsiilob am 
00 the Uiae <^^ to trunaitlouu c^T ttM» onfi. 

ui?o ao^ca^tad by 1.11 p . *be enlculatlon 
Iol30 wfeiob osx* iiu: all uo tte •»!» 1* 

tnuwavw «^,4X»toa ttot tho
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will haw n ftcptitfution elicfctly XovgMT tfeeZ) p *» ttMl 
IPQ nearly coopletoly destroy thu off eot of

OD
In the ooooeotratuu a«&t tUo rotioDanoe ID

mid the Mp&patlaei of tho c- tui itoti
to tti© a^atj tvUd 2^ p«jp©j^lculai» to it*

J«
tluso 4^ Krf the rucu 

em lapc? iutan^ thtiia ttso h-^io^lria 34,.mi® ami Ofltme$

lo ov&'utuift Ci>ntnlnlnt; bctwoon I, auft lOO^C

uaa ueacl an a Uilutfiot bat Oijx»lu.i
tOco b©en <i»ot« i orlo® pin lie uoed,

It Id i^yHMB^rmtl»» GB it has a v^jry ttiort o 
i»ola3ttitiou time, and no toas &ut i'^adeil tba

at 0Fi;- at l>o"&h 1.

J
xu

ol1 Uio aatiaJUt«0t with tho astor;.^ 
faw ss£i&* 16 aii^wa tlio 0^40; taut tbo

lino 000 to

'tio
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by Dooond order a£f eotct, Por oasr o^tal the
dl£f erene® bctv/oan the distance of the tsio satellites 

the main line le about 2*5 tlmee m Ljuch at 1.25 
ao It 10 at J eu« wtfvelen^h. the ye*mt» 

tone oiyntala ore ftboffo In table 6.1. a email abaogo 
g-value i&oQwm a ©bl^t In field of* 
where & 10 tiie wuvolon^b of r.i'. i»oOitttloo tiotKl 
th0 effect ubcorvod moy b@ Uuo to a 0b@a@e in g-value, 
pooDibly duo to aiotortlone e£ tho o^Dtal rioia caueed 
by the Introduction of Ions of different also Into tho 

lattloo. ^ dlotortlon of tho cryotal rialu 
tbo valae of the toitn in ^ which altai's the 

aOnixturo of JR * ^ 7/2 and Ja ** & %/2 It) the ground state, 
and 00 alters the value® of g M ai»d g± . A email 
lo 0 (eee 3321 i^mauti ^^mtm} wefam g n ond g^ 
bar acjorly the e^rna tiiijuunt In opposite axrootlurss, ThiB 
lo fact found to be the oooe*

the 0hange in g-vaXuo in 1:3 Han,Q eryotal 1& about 
0*Q3* ucovll (1951) flftd* a OJUTorotTOo or this owior 
betwuou the ^-valuoti ui* a&o0e0trat@a Ku aiia li^uo HdsLa 
eti.yl uLdjhato, wtiioh ®^r be roia althoi^b It 10 manor 
than the ifUotoa c«?iYop. i:oovHf e valued ore iiuoted below; 
tho flx*&t row le for the dilute oryetal end the 
for the QODoeotumtea one; tbeee voluee

error lo wavoiuetei? oolibratioo boi'oro they were
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theory that tfao ctbift of 
to .a ehntcne ID @«*alue 
moan of the fialOs at

,06

»attillit«a ia

foot ttet 
occur

by tbe 0^»e ajriount for both ttio^o 00 tbe iloa 
to 0va» loDto;>ee ana t^o©0 oo tijc hyperflno

6.1 ahowe ttiat tho ctiatsg^ In gwyaluq- Is 
wt)eo 00 10 used aa a ullutant aod 10 of op]X)Blto 

sign when Yt is ueeii, thuu^h the ntpar&tioo of tNi 
Batullitoti la thu isa&se. There IB a corrulatioU (&W3 tcblo 
6.2} l>Qtwoer3 the g-Vf,lti« Dhlft ami the til^e of the uolt ooll 
of tbe cillutant. Ttiie f uct aloo oupporte tbo theory that

tbe 10 <ia© to a outyjge of g-vulu0 
of the ory^tf-d field.

by the

•wparation of t^s eatellltea 
b^tweoit lif ana

proton aa

to
196 4; 1 ^to?allolL tti the axle o» tba b«f
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line 168 £ 1 gauge, swpeixileular to tfoe uL& on tbe lino 
due to even Itsotoj^ew 16? £ 1 gaa&Si and j^peoatcula*1 to 
tfce ojaii oo tlit) uutor *>•£,»• lim* 42 & 3 frmwo. The loet 
oea&uraaeat hua to bo cone in au ioiireot sray aa oni 1̂ one 
eeteliita tree vieibiu. It is ®»®w*& ttiat Ww uwntf) ri«ld 
of the f^atallitdfi on both the h«i\&* lioe am tto oven 
ieotopo lirw are fefciftad «quiaiy. This Bhift can bo 

on tli@ ovoo inotope li»e t BO that fi'ou tho 
B^>aration of ooo satellite f^om tho ti.r.B* line, 

tb* eeparatioa oi* the t^o tsatcaiifeati a^r bo oalculatoti. 
Tb« roeultti yui'uil^l to t^ axle #iw p » 
aiad cr w 46 jt 2 x Ijy"^ oja""^* ^b® valu«B of 
perpendicular to ttiu tucin Ci0.oulatcati from these 
16? ^ 1 brwu0s ttnd 4?.^ ^ a gauc*0* t^*ovi well with the

variation of tlio oep^ratioii of tbo 
the iitigle (wiiioh tbe eacternui fleM QK^ee ^ith the 

orytttul exlB) io vtiriod, is in oxoelloot u^^reaaeut with the 
i'unauiu ciuotod io tbe thooi^tioi.1 i^u^t of

Katelor (193?) giirea tiio a0p«irutiata of 
loo in !»<* otliyl Bul;,4Kitc to be ?*11A mid in M ot yl

to be ?.o?, wherotifi iioborta, uartain wxl Borie (195>3) 
for tby latter vuiuo. .or a^Ioulatioti of ttie 
iitoruotiau ti>o viluo ?aiA hue beea aeed. Xf 

between the iooo wore ^uroly o^gDetla the
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of p and & would bo - 307 x 10*^ OB"* and 
* ID** ear* re&peotive&ir, thus the c0ot»it«*ti0ne 

p aod a- from ejtthenge are + JD ana - 7 r 
(in uaitet of 10** OBJT^}. if exacting® wore ®11 
th«* cuntributiow to p and <r wouia l>e 
to g® nod gj reepeotively; tb0 ratio IB about 3 
they both hare the Boma elan. Thus in oi^er to 
tho tfNMnt roeulte eomo aniiu>tropic exchange immt bo 
postulated* The tfeBulte ^oula alno bo fitted

by m«eti«tie interectloo ^OINI if the 
th« ions WMWI J fclftger* Bmwa if tho

alone the aicia on cooling to 3D°E it Is unlikely 
to do eo by 31' t »o that it i» »till ijrobablo thot 
ie both itiotzH>;do ema anieotropic exoht

Tho nix ouxt neapotit o^i^-hbouft? f v?hich 
•tw^ uloog a liaa rjcucing 63° v.lth the axis* ^nxiuco 
whicu can be ooon io ocrtt.ln dii'ootionfu /.long tlje axis 
tho DcitullitoB which all eix ; jpodu«« are euparirapo&ad, but 

aro only 12 gauoe from tbe uain line end are 
in tLo ploiMi porz>atiaioular to the tpcio 

dirootiooB tvery 6u °» wlsioh a^e tlM projections of 
the Hoe joining th«* ion to one of tboa« ^ff aacis lei» 9 
whero tbe eei>eration of the OGtellitoe uhoulfl be 80 
Tbeeo &Uould imvcj the »«ae inten0i^f ac the 
duo to a pair of noigt&>ouiw on the exic which cawn



16? &aQfte* In tti<» direction the satellites 
and hav® separation of 81 gene® whict 
agreement with the prtsaiotlatifi <a»d

th&re ie little ioechanga iDtorootiou fred those ions, 
bo expected* A» tho o^teytud field in j?ototod in 

the iWpetKllcalar plami trie *at«lUt08 duu to tijoeo off 
«d0 ooi^tibour^ cjt>Vfj In ond out of tbe main lino with a 
60* porlcxa* At tUe biooctoro of tto dii^ectioca &£ 
ma&mm fcc.-iiraUun the iott-ui-lty of the eiitelUtoc ia 
doubled e» those au^ to t««& neighbours ere 
but thoy a^o DO t rytiolvoa. Dletin^ttia 6.3 fithcws 
of tha eatellit€£» ie thec^a tiio extraio

the cootixlbutio« of otiioi1 lone further i^{^r IB too 
email to produce individual llnoe; Del£rtbourc in thoee 

juot prckiuco a bro«3enifig of the lii>ea. 
cotc or) o^atole contuloing about Jo^ 

give» ID addition to the eetollltcjo auo to two
f cutciliitot- due to three lone in & row 

O.a;. the moro iotoueio i)atolllta& (due to two 
ion»> ia,'o e«^arat«a by lt>3 ^ 3 gau»cf ood th© 

Intonoa oote (O&e to t! t*oc I&DB) at*o sepftr&tad 
360 ^ gBUse. Thooe f iguriKi are in quite good

the predictiorj& or the thcoretioul part of tbin 
Tim »e; ty?atiior> of tha fcuteLlitofc on tbo 
lines 1» the Moe ee on the emin lin« e <*& would



be oxpeetod beoauao ID neither oeco are tbo

In t&o eoncQutrfittfu c*'y»tol th& B«tolXit«fi «j?« duo

to the two uel&bbuufffe uioii0 too axia u*J cjlttw t*ido 
the loo urklar^olDg a trai^itloii. on botk uiultj nod

linoo thoeo an lull 1 too tihould ue eepw&tot 
gauae aod be ayumtzttoal* U hey ov« in t&ot found to 

bo eyametricai anu tl,o t»uoe i'uj? tlio tauiu lino at, 
fayperfine lineo, but they aro eopovatoa by ^67 
which la very cloocj to tho sepai^etloo ot 372 
would bo obtained If th© intoractioo wove en ti rely

No QX.aanatluo of tbl& auuuutly oau Ue i'ouod* It

tbat eao&hai^ge wtiiob Qa4&it& lo tba dilute 
disappears In tho ooucentrated cry B tale. i!owov«r> 

hoat moa^ajrenifeftts by Rob0rl» t bat*ttiit* at^a
a value £01* thu intoructiuu L, ,aoju'4.c iioat v/ldch 

agroos with that which would be <«poctod fi»oia 
Interaction alone. If tbo exchange aioat»urod In 

tbo allute oryutulfc* 10 ei>ayeH*a to bo ^refccjnt la tii€ 
eouooutratad ci'yt.tal tto apoclflM bout iaeatiuj?«»riimtti caii ooly 
bo flttod by a&^umliig th&t tiiu fclx uolgbbayi?& B«6^i uway 
ooatrlbuto anl&otroplo exohuiiuo iuto^aotion yt.icti IB Gu^J- 
of ttiolr niaguotlo iuturi*otiuu. ytioj^o IB oo gvltiouoe 

whateowvei4 that i^uob 1& tu@ oaite» iu faot uamiua'tiLiOOte on 
a dilute oryetol wltb tho ojctoroal f lelil along tho llo®
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joining tbe 1cm to one of those neighbours nbetr 
which are Just vi&l'blo and separated by tfcout 9C 
which eom;*tr«& wall witfc d$ gmi&0 (jx.>octQd frora

later &6tlo» alone. In tills particular air cot ion tbe
Uue to on uxio imighbour^ have 0ai:ko 

that the liacrti must l>o dua to tho at hoi' off

oeighbuure. Thua the aUTuraua* betweeu tha uiluto arid
in a oci>;^l ultima.

iiav© tiiao b^n unid^ In a ca?yutal 
containing

io tba ratio of lu>:luil. At 2u"K the 
u.u. @i»t^llltes ou the lioe^ la the

fib© hufailtuiiiaa fur a gaaolicilur.1 lot) adjuoont 
to & noodyiiiian ion l& ©at H|» In the DU.JO wa^r

Od*"*"*1 ai,>0ot*»uRa ooueiste of eov«B) floa
lluea which can bo cioccriboa by tli®
Elliott, 1 covll arid Tronan^ i ĉ l, er^ KUllott and

wheM t$ 1» 7/2 and g 1* 1*994. Tbe ottwr tavme 
lat^oducaa by ^© oryotiO. Mold, aod, ©JPS otjaoulatoA from 
the 0oparatioae of the 
»foort«aoeo; wt^r of wvltiog tb© operator e<attlvn!©ot of
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A g term ID tbe expression for V lo chapter 1.2}. Thara 
ia no byperfine structure In the spectrum (see chapter 1.2}*

ftitb tbe external field parallel to the axle tba 
satellites on each of th* lines ware separated by 168 
gauaa wbiob* aa baa been explained above, ia tba 
aaparation expected for magnetic interaction alooa. 
Meaaurenents perpendicular to the axis are not precise 
aa tbe aatellitea are not completely resolved, but they 
too suggest tbat the separation ia tbat expected from 
magnetic interaction alone. Thus tbera appears to be 
little exchange interaction between lid*** end ad'""* in 
tba ethyl sulphate. Tbe satellites are however 
unayGBsetrioally placed about tbe nain line, the asymmetry 
being different for eaab line* tba displacement 012 tbe 
central line might be explained by a change of g-value 
of 0.0003. Tba shift in tbe satellites on ail the 
other linaa can ba accounted lor by & decrease in all 
the crystal field parameter a A^f A£ and A|. All tbeaa 
changes might be produced by tbe distortion of tba 
lattice produced by tbe introduction of an ion of 

different
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6.3 GHiilvMIC POTASSIUM 8jvUOtATK

Unlike too methyl ami no alum, chromic potassiua 

••lenate alum undergoes no transition above a>*K» and ita 

spectrum can be explained by assuming a crystal field of 

trigonal symmetry. For this reason it should be easier to 

study nearest neighbour lines in the eelenate. It was 

expected that the exchange would be small , as none of the 

chromic alums previously studied has shown large departures 

from the line widths expected from pure magnetic interaction.

The crystallography of the alums and the spectrum of 

the Gr*** ion have bean described in chapter 5 (5.2 and

Measurements of the g-v&lue and crystal field 

parameter £ have been made at 1.25 and 3 cm on a number 

of crystals containing various percentages of chromium. 

The mean g-v&lue is 1.977 ^ o.u(D2and table 6.3 gives the 

values of D. It la seen that it increases with dilution 

and also with decrease in temperature. Measurements made 

at about 15*K detected no further change in the value of 

D, but they were accurate only to a few percent.

Measurements have be«n made at 90 *K at frequencies 

near where the low fiela line occurs in aero field, which 

lc when b» » 2D. This can be done with considerable 

precision in crystals containing l$> Cr where the line occurs



TABL& 6.3

Values of D IQ cm"*1 for various concentrations of 

in

loo?, cr lof, or 
.064 jt -^2 * Q6^5 jt .^010 .0900 jt

.0963 ± .0003



in aero field at v » 0.181 ^ 0.0006 cm"1 agreeing well 
with the predictions from high field measurements of 
0.180 j; 0.0006 cm"1 . In the concentrated chromium salt the 
line occurs ID zero field at £> • 0.126 j. 0.006 cm*1 
agreeing well with the high field predictions of 
0.128 x ^.004 cm*1 .

The theory is Quite complicated because there are 

four magnetically distinct lone ia the unit cell, each loo 
has twelve equidistant nearest neighbours and the effective 

spin ie J/2. If the ion considered lies at the corner of 
the unit cube the nearest neighbour® lie at the centres 
of the adjacent faces.

It has been shown (5*4) that it is reasonable to 
express the interaction between two neighbours by adding 
a term to the hatniltonian of the form AB XT X + BfciyTy + C8 aTa 

where * la the line Joining the two ions. If the Ions 

are at (000) and (it 0) the z axis is 110. As the 001 
face ia the reflection face in which one ion ia derived 
from the other it is reasonable that 001 should be one 
axis, eay the y amis, eo that iTo ia the x axis.

In a strong external field which ia at an angle) 

g. to the crystal field axis the hatniltonian for a single 

ion may be written;



. -V * 1)5

in this expression the matrix for has been disgonaliaed 

using perturbation theory, thua introducing the terraa in B2 . 
The hemiltonian for two interacting lone can be set up by 
adding two such expreaaiona and the term to represent the 

interactions* Aa the field la strong it la convenient to 
uee it aa the direction of quantisation BO that the 
interaction beoomea an expreaaion of the fora aif'iT i 
wbere 1 and J are the coordinates x, y or z. Aa the 
a* a are of the order of 30 gauaa matrix elements connecting 
eta tee with different total spin (8 a * T 2 ) may be neglected, 
because the perturbation ia of order a^/hv • The only 
elements which do not change the total spin are a aatJ£T a 
and (ajm + ayy)(S^,T^ * SJf^}. Thase terms will in 
future b« written aa eS zT« and f(s^T^ * SJT +). Tna 
hamiltonien (nay be written aa a aeries of matrices each 
characterised by a value of the total spin, between which 
there is negligible interaction and within which the terms 
in f give the only admixture. The general form of this 

matrix is written overleaf. D(3ooa^ - 1) has been written 
p and q are the second order terms
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and (£ain%) a/dnv and 0 is g£H. The subscripts a and t 
refer to the two spins in question.

There are three directions in the crystal (111), (110) 
and 001) in which it is convenient to study the nearest 
neighbour satellites, as in these directions the spectra 
of soffie of the four ions are identical and so are super­ 
imposed giving the spectrum a simpler structure. This 
gives a better chance of observing and identifying the 
sstellites.

In the 111 direction the field is parallel to the 
crystal axis of one ion and at 55° to those of the other 
three. The 1/2 to - 1/2 lines of all the ions are super­ 
imposed and 9 as the other lines are well separated* good 
resolution should be obtained. The £3/2 to .±1/2 lines of 
one ion are separated by 4£» and o£ the uther three are 
superimposed, iThese lines are usually broad, perhaps due 
to inaecuraciea in the mounting of the crystal BO that 
they sre unsuitable for these measurement*), in the 3/2 
to 1/2 transition the only satellites which need be considered 
are those produced by interaction between an ion having 
6> m o* with one having * » 55** *or the 1/2 to -1/2 tran­ 
sition however there are two easesi (a) interaction 
between iona where one has * » 0° and the other has 0 » 55*1 
(b) interaction between ions both of which have * - 55*•



Those two possibilities have equal probability so that lines 

from each case with equal transition probability will have 

equal intensity.
jl JU , 1 lvIn case (a) the 1^ g/ and l~§, ^/states are degenerate 

so that they are replaced by a symmetric and antisymmetric 
combination, Tbe transitions occurring are then;

transition position transition 
33 T 3 probability
If ?' to 1 2
c. } c. c. j ...

to | G> 2DO 4- e/2
c c } d 6

-^ to J2 ( l|,-

tO |i 4> S * *»* - 56/2

|J> to |-|J> S + 3e/2

( to 1-
In oaee (b), as I»» • D»tt the 2x2 matrix is degenerate

*7 't "1 "yt

•0 that the !§ f) aad i? ?^ states are replaced by a 

syawetric and antisymmetric combination. The transitions 

occurring when S changes from 1/2 to -1/2 are:
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transition
> to -

poeition 

G + 3e/2

<l> - |» to l-ij § 3*/2 - 5f 

6/2 - 4f

If,

C - e/2

- s - 3e/2

transition 
probability 

2

2

4

4

1< |-| t -|> - G - 36/2 - 3f

*

*

*

Thoe tefcing into account l^oth cases (without allowing 

for the perturbation due to off diagonal elements) the 

lines around the 1/2 to -1/2 transition occur at*

0 ± 3e/2 intensity 2

0 ± (e/2 -^f)

G ± (3e/2 + 3f ) * 1

G jt (3e/2 -3f) * 1

The 100 direction ie at 35° to the crystal axes of 

two ions and at 90° to those of the other two. Here 

four cases arie«t (a) both ions having & » 35*;

both ions having & » 90°; (c) one ion having 

35° and the other &t * 90*; (d) the same as (c) 

except that fce » 90° and »* * 35°. Cases(a) and (b) are 

equally probable and cases (c) and (d) are both twice as 

probable as (a) or (b).

Cases (a) and (b) have degeneracy in the 2x2 matrix,



, to that the atataa and tranaitiona whiob 
occur are tb« aaaa aa oaaa (b) for the ill direction. 

*•*•• are lie tad above for the s m - 1/2 to -1/2 transition

and for tna 3/2 to 1/2 tradition tha tranaitiona are at:
transition position transition

L 3e/2 "

to 3
3/2

to 
wbere L ia tna position or tbe linaa
iaolated ion.

3 
by an

Oaaaa (c) and (d) bava I^% » -I^t Ci° tbat

in the 4M. matrix ara deganerata. ^ven if valuea

are aaaaaed for tna parauQtera e and f tbw matrix doaa 

not fbotoriae> ao that it ia not eo»y to fcoive it by 

algobraic aaetboda* However, aa in this oaaa the 2x2 

matrix ia not degenerate the following tranaitiona exiet;

transition

to

to

position

L ^ 3e/2

L . a/2

transition 
probability 

3

to 3

If,"?

|
* , ~

3«/2 4

4



tbe loo direction makes equal angles with all iooa 
and I** m o »o that all tbe matrices are degenerate. 
However, aa p0 » pt and qa «" <it tbe 4x4 matrix and tbe 
3x3 matrioea factories, ao tbat if value* are assumed for 
a and f they con be eaally {solved. Tbe new atatea can 
be found and tbe tranaition probabilities for tbe allowed 
tradition* calculated. Tbe lines BO predicted may then be 
compared witb tbe observed e^ectrum.

Assuming the type of interaction postulated earlier 
it la poaaible to calculate tbe values of e and f in 
tbe various directions. In tbe 111 direction tbere are 
two typea of ion. Tbe aix situated at ±± , j; ^ ,o; 
±it 0, jti | and 0, jt { • Jfei S*ve* ex » ^(B * 20) § 
f ̂  o ,\ ( 2B •<• C «*• 3A) 9 and tboee at tbe otber si tea give 
eg • 3>(B f 2A), f2 * ai2B * A -r 3C>. **or magnetic inter* 
action alone S » A » k and C » *2k ao tbat «i » 
and fi « f 2 * ,± ^k- Tbere are alao aeme interesting 
relations between tbe values of e and fi

•1 - «2 " - 4(fi -f 2)

- 4f i » \
In tbe lUQ direction tbere are three seta of ions 

with tbe following values of e and f i



lone In the 001 plan® e « 3 f « i(A + C) 

Ions in the 100 plane e * i(A * e) r • i(A + C 4- 2B)

ions in the CIO plane e » %B + C) f « lr(B + C + 2A)
- b

The last two are equivalent if the exchange has dipole- 

dipole form.

in the llo direction there are four sets of iona 

with the following veluea of e and fs

lone at jjr.jtJTtO o « c f . i(A * S) 

ione at -t*,Tt f O e«A f - (3 * C)

ions in the 100 plane Q « A(c * B * 2A),f » f^(3C + 33

ions in the 010 plane • • |(C + A + 2B),f • ^g(3C + 3A 
The laat two eeta are equivalent if the exchange haa

for®.

have been -nude on cryatala grown froa 

eolutione containing 2t>, 5 and 2 percent of Cr in 

AlK(beO^) 2.12H^u. They have been carried out at 90*K and 

at 2U*£» but as the spin system is badly saturated at 20 °K 

most of them have been done at the higher temperature. 

There was in fact no change in the satellite structure on 

cooling from 90*K to 2D*K* satellites can be seen In the 

three principle directions (111, HO sod 001} but it is 

impossible to follow their behaviour aa the crystal is



rotated, because the spectrum also moves in a complex manner 
which obscures the satellites.

The theory so far described applies only to isolated 
pairs of ions. If either of the ions has a further 
neighbour the spectrum will be modified, it is therefore 

important to consider whether this theory is applicable to 
the crystals which were analysed*

In a crystal which contains one Gr*** ion per n AI*** 
ions the probability of any site being occupied by a Or*** 
ion is 1/n* AS there are 12 nearest neighbours the

12probability of a Qr having no neighbours is (1 - 1/n) ,
12 11 and of having one neighbour is 77 (l - l/n) . A pair of

adjacent ions has IS available si tee for nearest neighbours, 
so that the probability of having an isolated pair is 
Q (i ~ 1/nj^? and that of having a pair with one neighbour

f
is (66/n2;(l - 1/nj 1 . the values of these various factors 

for the dilutions of Cr*** used are listed below:
percentage of Cr*** isolated isolated pair with

ion pair one neighbour
20 *v7

5 .54

2 -78

in tne latter two ossss tbe neighbours due to a pair with 

another neighbour will give satellites of much smaller

.a>
.25
.17

.15

.07

.02
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intensity than tboaa due to isolated palra. Tba aatellitea 

io the 3. crystal will be about I/loth tba intensity of tba 

parent line aod io tba %. cryatal tbay will be about 1/19th 

of tbe parent line. However io tbe 2u; case tbe aatallitea 

doe to three adjacent ions should have comparable intensity 

to those due to isolated pairs, so tbat tbe tbeory ia not 

applicable. Tbe intensity of tbe aatallitea due to 

isolated pairs should be something greater tn&n 1/6th tbe 

intensity of tbe parent line (as 1/3tb is tbe figure 

obtained assuming tbat naif tba remaining possibilities 

contribute to tbe parent line).

Measurements have therefore been confined to an accurate 

determination of tbe positions of the satellites in these 

particular directions. Great care has always been taken to 

ensure tbat the crystal ia well enough mounted in the 

deaired direction that the width of a line compoaed of 

several auparimpoaed lines i& little greater than that of 

ita widest component.
Tbe crystal containing & Cr gave tbe beat resolution 

of tbe satellites but they were faint. The Intensity waa 

greater in the ^ crystal though tbe reaolution waa poorer, 

aod tbe positions of the satellites waa the earoa. In the 

2s> crystal the intensity of the s&tellitea was ouch greater 

but the resolution was only good enough to show tbe outermost
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satellite on either side of the line; once again their 

position was the same aa in the caore dilute crystals. The 

positions of the satellites were measured using proton 

resonance in the twu uilute crystals* Diagram 6.4 shows 

their positions in the three directions.

In the 3D crystal the satellites had I/6th the 

intensity of the parent line. These lines aay therefore 

be due to isolated pairs only, which would explain their 

being in tbe same position as those in the store dilute 

crystals. In the 111 and luo direction* the satellites in 

tbe ^ and 2fc crystals have respectively l/14tb and l/23th 

tbe intensity of tbe parent line. These are slightly smaller 

than expected* perhaps because there is less Or*** in the 

crystals than in tbe solutions from which they were grown. 

In tbe 110 direction the satellites have about half of the 

Intensity that they have in tbe other two directions. A 

possible reason for this is suggested later.

Tbe 111 direction will be diacussed first as it has 

both the simplest spectrum and tbe almplest theory. If 

tbe Interaction were purely magnetic the lines would be 

at (intensities in brackets) .±42 gauss (6), +52 gauss (I) 

and j:p3 gauss (i}» which is quite clearly not tbe case 

experimentally. The fact that the lines have not even tbe

ratio of Intensity and separation shows that the



exchange Is not purely of dipole-diyole form. The observed 

spectrum may be explained by three possible values of e 

and fs

e • -14 gauss f • 17.2 gauss

e * 31.2 gauss f » 1.2 gauss

e at o gauss f m 18 gauss

The first two sets are related by the equations quoted ID 

the theoretical section. The third Is not related to the 

other two In this way and Is therefore not possible. The 

second order effects produced by the off diagonal elements 

ID f have been taken Into account when calculating these 

parameters. i>lagram 6.5 dhows a reconstruction of the 

satellites from these values.

These values of e and f can be obtained only If 

there Is isotropic exchange j » 16.3 gauss. They also give 

the relation C - A » 97-7 gauss. If It Is assumed that the 

anlsotroplc part of the exchange has the same form as 

Magnetic interaction the constants A, B and C have values 

A * a * - 14.0 gauss and C * 84*u gauss. From these 

values the positions of the satellites in the 110 and OCl 

directions may be calculated end compared with the 

experimental values. Diagram 6.5 shows the reconstruction 

In these two directions (the 110 direction is not complete 

because the 4x4 aratrix has not been solved). The 001
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diractioo io a raaaonabla fit which could ba improved by 
a slight adjustment of the parameters* The ilo direction 

ia, ho waver, a very poor fit. Tbe mist, ing lines may improve 
tbe fit close to tbe parent line bat they cannot explain 

tbe llnaa which occur at &%& gauss, or those which are 
theoretically predicted and do not occur. The fact that 

tbe large linaa are clustered near the parent line is 
consistent with the »<aalier intensity of tba satellites in 

this direction. The linaa at .*£& g&uss could ba explained 

by putting a * 133 gauaa. If* however, A, B and C are 

calculated from thla value it ia found that they necessitate 
a far too large value of a in tba uoi direction. Tba 

linaa night be due to cooperative effects of two neighbours, 
but if this were so similar linaa ought to be visible in

tba 111 direction aa wall.
Tba next neareat neighbours give appreciable 

contribution ooly in tbe uul direction if their interaction 
is purely magnetic. In this direction the ione at Q, c, ±1 
give lines at ±7o gauss. There is zero contribution from 
magnetic interaction from the next nearest neighbours in 

tba 111 direction. If bowevar there ware appreciable 

exchange* either of an isotroplc nature or, of an 

anisotroplc kind tout each that along tba 111 direction it 

was tba flame for each ion, the satellites dua to all six



neighbours would be superimposed* t>uch a phenomenon may 

account for the strong lines at .±15 gauss which appear in 

this direction. It is unfortunately quite impossible to 

identify satellites which might be due to these neighbours 

in other directIons so that this possibility cannot be 

investigated further.
Interesting light is thrown on this problem by 

adiabatic demagnetisation measurements by Kurti and Gardner 

(unpublished). In the concentrated chromic alum they find 

an excess specific heat of 84 x 10"^ deg2 which is presumably

doe to interaetions (the contribution from pure magnetic
i i? 

interaction ia 10 x 10 deg ). They al»o get a Curle«4«eis»

A of o j; o.o^2*K which allows ooly a maximum of

9 x lo~^ cm"1 of isotropic exchange. This is only half

as large as the exchange which the p.r. results auggeat. A

possibility, which seems a little improvable, ia that the

exchange from the next nearest neighbours is isotropio and

of oppoBite sign to that from the nearest neighbours, so

reducing the Curle-weies A.
However, this makea a negligible contribution to the 

specific heat which must be explained by anleotropio 

exchange. If it la assumed to have dlpole-dipole form the 

value of A le 86 x IC^crrTS which is far too large to 
explain the results in the 111 direction, if the values
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of A, 3 and c are calculated accepting tbo results in the 

111 direction the values- of e and f in the 001 direction 

are far too large. The value* of A, 13 and C which were 

assumed in the reconstructions made earlier give a 

contribution of only 12 x 10*^ deg2 to the specific heat. 

It ia unlikely that euch a large diacrepancy can be 

accounted for by exchange from the six next nearest neighbours.

It ia possible th&t the exchange interaction is 

larger in the concentrated fc&lt then in the dilute salts 

on which all the p.r. meimur ease nte have been <aade. T*he line 

width of the 3/2 to 1/2 line of the concentrated salt wss 

measured in the ill direction. Tbie particular line in 

thie ^articular direction ID the only one which ever 

becomes completely resolved from the other lines. Several 

crystals gave & change of line width between 90 *K and 20*K f 

but && one was fuuoo which did not give it, and which also 

had tbo narrowest line, it was used for the final measure­ 

ment. The mean square width wss found to be lf>? gauss. 

Writing Van Vleck's formula (l.if) esj

The width using the value of s derived from the 

OMs&uretnents on the dilute suit is 149. The value computed 

from the position of the nearest neighbour satellites is 

167 gauss, in the concentrated eult the satellites are



modified by the presence of other neighbours which tend 

to destroy the effects of off dl&gooal elements, and so 

make the value tend to that given by Vua Vleck's formula. 

The fact that the experimental width lies between the two 

theoretical veluec l® good support for the values of the 

parameters calculated from the satellites, it does however 

leave the specific heat results unexplained.

These two attempts to draw conclusions from the 

positions of nearest neighbour lines have been rather 

unsatisfactory. The Alum problem is complicated by the fact 

that there are four ions in tb«? unit cell each giving a 

large number of satellite®. For unambiguous results it is 

pref^rsble to work with fewer ions per unit cell, A 

hexagonal cr»&tal with one ion per unit call, like the 

ethyl sulphates, is probably the best. Nickel fluosilieaU 

is a salt of this type which might profitably b® studied, 

the disadvantage being that there are six nearest 

neighbours which do not lie on the axis, ^ore might be 

learned by studying a compound like Gr^Dg where the 

paramagnetic ione are close together ana the oxoitenge is 

large. Tbt large number of neighbours which would give 

neticfcbla contributions would, however, probably rm*ke the 

interpretation impossible. This type of analysis is 

therefore profitable only in particular compounds.



Tbe ^. i'. O^QC tra of tho roro oarth ethyl 0ulpbt*t60 
have boon studied oxtouaivoly by tiovoral workare (eea 
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It should be poe&ible to 000 tftU teslltMiao wtmtersw the 
oauoo of the splitting 6.

7.3
ftpaotvurj wcje observed at aD*E 010? wfiaa tbepo woe

of tb# r,f . ^agn@tio field paroUol to tb@ 
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U©i^ai,'acKjat& far datoif iiiuiig tbo ^£a?€ipttt«m 
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ttcour&tely o» & etroigtit llo« wtiiali ijivee the vtauee 
4A g and Ju VabXe ?*X eho«B tbo vauois of

W 99 |
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value of m&ftti poeitioB of inf •&« b*f +i*

obsorvecl culoulntod

1*160

1.047
1*047
1*051
0*814

0.6667

0.6043

1345,1
1175*9
1176*i
1135.7
864.4
660.3
560.9

1.34&.4
1175.3
U75.S
1154,7
065.4
6SB.5
560.6

a*>i*£
£32.3
340*7
249.9

«*
*
*
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leirala in aero field are at* c*u& em**, u. 
0*449 caa** ttQA-o«496 era***

Uhan the magnetic field is rotated, to ajgJce an angle 
With the cryatol tads tno line® move to l&gfcw fiolOa and 

tt«e • aeparation between them iooreGMa, If g^ is fsaso th<j 

g-vulue at any aogl» ^ to tha axic ie g u 000 af ©o that 

tho floia at tho oeotro of the spootx1^® (oorroe-ending to 

a » o) is R u o«o 0» uo gt#! i& ooustant (H |( ie tho fiold 

in tho ui root ion pnjpallol, to the oryetal. axis); &!t*o the 

aeparatioa b*t«««i} thcj iio®& is (Vg,( ) eoo 0. Both tho 

moan field and the eeparutlon appaaif to f&lXow thio DOC w 

law to within a f <sw MgrcMMi oT tha ,:;ar^oiKdeulor ^ore» the 

lineo move to higticr fiulde throi oao be reached.
To chaofc whothar g^ ia really aei?o» aeeeurctnontti wore 

done olotie to tha ycrpoaaiculsir direction. MeaaoponiyQt* of 

tha mean :weition of the lina enable tha acourocgr of tho 

aae 0 lew to fro chockod; th«va would be du .Qrtar«« fjpom it 

if £ , i* 0 a& then, if g^

fhue the mdior the angle feetsrom the field aod the 
perpendicular the grater will be the dep«*tt*»e ffcew tfee 
•a* 0 l«*t ®o ^at ^^ tt30u«W of the Ooti^iiinatioo l«i 

lidited *r the else of & **he» the field becoraae too high* 

to eheofc that both the dean field and tho aepasatiun of 

the line® ofcesr the ooc » law would mulro
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on all four liu®B at various uu^lee cluce to 
tb« perpeneiioular* Yheee are uuite
and at »ucb high i'iolde tlwi magnat wouiu becu^o voxv 
ffeft ntaaaai»aiiMnt weui ttoaMfoM aunta l>y 0ottiag tbe f ieia at 
a voLu«v requiring ooly oo« p,*otaa roao^aaoo Kjoaoui^aont, 
and rotating tho fiolcl so tbnt efich ol* the foor lirwxa 
ooottjprod in torn at tftat lUeia. vtio aogle at wlH^i 0oab 
lio@ ucoui»3?oct was &i0o0uroa u&li^ a lump and. 3oul<a wiiioh 

tba aogXo between tbe field and the
to ba o«aeiM?ea to about 1^,. I WicuraaotitE' wora mMa on botb 
•Idas of tb« parp^^aaXa^ eo that t&@ ..^i'^iiaiouiu^ 
flireotioD was eocuratca^ uuflnoa, AoeumitiH that g x » 0 
tho aagla at wtiioh each lino ohould CXKJUU? at tho oat field 
of li*3a Kgauaa. wea o^lculataa ana oo&iixirea with tbe

iM>gX& at wtuoh it uocu**i*«a» ,:tiis octfai^ajpieon la 
in table ?*a* Ta;a?^ tho aogla of .^16' whoro tlw 

orror of S* i» wlt;-ltt ttie errop of a^ulco? jiioasiu^orrsont of 
about 3f 9 w&we the daijui^turu ri?om the &eo ^ law ehoula 

ovid«ot the total orror lo g le £ u.l. /.

(9O - 0) * 6* 16' vvldch vw 2.3o j; Q«oa KoauoB. v/tlle tbo
2. Jl Kgauea.

Ttia <iu«ntitir ol1 te^iuca in tba ox^Btai uoaa is not 
- iia Ifttl^Miei cootoine % impurity tauob of wbioti,

epoctrum, is cadoliniian, so that
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at which hyperiln© liuoe ocotu? at 11* $2 itgnti&».

6* *
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there Is p^ububly ciucb letio then* 1; te**bitim i» It. 
thwo should be llttlo oootrtbuttoD to the llou width 
the oelghboiirliag !2?b*** lone, f be lloo t*iatb at &PK 
3D gautJD which ID minced to 12 #aus» at about 15*E* 
the athyl Dulphator^ tha X!DO width doe to imtami of 
o^Gtallleatloi) la al^Mit ? 0nuD&. Ths vcy?aatl^o of 
width with tem-xsroturo auggeeta ttmt the «0flltlomil width 
10 aue to tha fuot that th© opm-lottioe veiaxntloo 
is still too iaog at 1^*::. ^^^oeiiod In torr^ uf 
the lloa width roBalna conetttnt a© tho oriontatlorj of 

raa0ootic f ioia 10 altered. This behaviour
l^ the width vwo ^uo to apla-lcttico 

am tb0 rolaiomtloo tlya 1@ IndojonaGOt of tbe arlant^tloti of 
tlie exteriiiil i'lold. "he lino is exalte

which Ifjaicatoc ttmt thoro 10 little 

QEfteot &pi;)CUJ2?s to pmdixie tooful iioee wliioh bavo 
slope on umj aldo UJKI a shtOlow UDO on the 

euch 11066 were f OUIKI in pruBwayrniuta ethyl 

Bleaaay ana ^ oovll.
in a mM oooacrotrntoa cr/otia tho 

broeaer but still 0ynmett*ioal. Thore we^o
cheater 6) outcieo either orxl or tbo 

but as these bad low intamrlty ;ind rrore vory 

broad on oocurato detoMlpntiun of tbelr p^itloa vm» not
waft 38Q gauoo balow tto lowe»f
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Hot* and the high flald one £U> gausa above tbo
lino, vho moan of tha0* agmaa with the expected 

of *&> gaoftu maoalatad aMuniQr: only dlpp&*~
but the *xi*?i<aatttul uccuittaey ««ie aot 

to attributa any eigoifioonaa to tbo 
of the linoe.

140 otbor lino© appear in tbo tj^otriim at fill wtieo the 
dilute oryatal glvae 0 oi^nal/noiDo of 200 ami tbe

a little

that tho OietcMptloo of
by tlia «Tato^Teljtor effect mt^r «aiiM the oof 

spectrum wtach he 0tom*v@d a&ltm lanttuinwi ae a dllutatit. 
Tbere IB no pref oreotlal cilrectloo for an oxi» of distort ion 
par^oodlaul^r to ttsa oi*y0ttil ^»die no tbat 
of tbe crystal raay dletort In different 
and Bowoi^ (1952) fccaro foooa a sl^Ula» affect lr* 
fluoelllcato.

The iaOloatiane C3jpe # i)uw0ver f t!uit thava la littlo
f aod the* profcabl® aaueo of !3cMQ^Ilf a 

IB ttee distortion of tfeo lootiiaouDi othyl 
lattlea fcjr the introduetloo of tarblu© which has a aiTforont 
Ion ©1»«. The yolative al«ioa of tho uult ooll© of tha 
athyl auliibetoo ^ivoo l>y Katcaar (1937) elw» a n»at-uro of
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the 1cm el**» For la&tbarufta a » !4*o6uA wfcii® for yttrium 
a w 13.9Q&, trbiftb Is am«fc el&nei* to the vttlue for
vftMNr* & ** 13* 9&* (tfcia I'igut'Q Is extrapolated by 
tim tfteuo yf tbn Baitti of thu

It in likely, thovofoMif that law 
distortion is caueod wr*0o t|j« fb*"*^ loo 1© pat loto a
lattloe than V/IJOD it le put into a La lattice,

j» 
Land© g-*valu0 for fir*"1"4 IB Am J/a ana tlj«
for the ck>ul3l«ts % » ^ 6, j^ 3»««-*»jt 1 

the axial com^onoutB of the oryatal field are 
» 12 A, luA ,....»2A. ^h« cteaeiuMd g-vtilue of 
It «iulto oiotiT tbat It la tbe *Tfi «• ^. 6 doublet 

llec lowest, at. the next aoublot 3* » +. 5 baa 
g-valuQ of 13«

riba ^f t0ra ID t,hu or^ttO. fleia tnOmlxas ttw o
«* a " ± 6 Ooublat with tbe ^*g * o ievol. i.Ui-i^tJtj timt tbe 
latter uingle t lla» d au^rgy unite obovo the
doublet, than th@ matrix for theae tbreo ®tatoet In ssero 

field 10s
O * 0

0 d
-6

o is the ffletrix element iuU'uauoea
of tlilo nmtrlx load* to the

/. r> _ /i r * /to-t t
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0

where ton 0 * So/Wj. If c«d these energies "become $•* » o,
2 2 

W 2 » -2c /d and Wj « d + 2o /d. the fivet two levels

form a split aoublet &B observod oxperlraentally with

A » 2o2/d and tittvliig g M m 16,014 cue «^. The observod

g-value give® coe & to b« 0.9B4, which together with the

measured value of A gives c » 1.5 cm.*4 and

d ^ w^ m 12 anT* The theory of Klliott and ̂ tevene

for Tb**^ that c » 1.253 1O~2 Af»6. Thle givoe a value
66 ~1 for £5* of 12U om. which is somewhat ©mailer than the

values of this expreoelon ueed by r lliott and otevena to 

fit th© epectra of the neighbouring ion® em**"*"*" (590 cm*1 

and Kr*** (330 cm""1 .)* ^he relation between d and the 

ory&tal field parametern ie complicated, but if visluea of 

tua&e constants are extrapolated from the values assumed by 

Slliott and Btevens for tho neighbouring ione in the rare 

earth group, the separation between the doublets may be 

found. An overall uplitting of ^ a) ci1 . is found, which 

is much smaller than other ions ill thio group. The JTE * £ 3 

doubiat i« admixed by the A^ ternj and eplit by 8.4 era**. 

BBsuming the value of c found above, so that these levels 

would not give ria@ to trati&itione. The other doublet*



oxpoctoa to 00 split by tha Jahu-tfelle? aistortioo* 
ae all tha level® a#@ sttthio &J am"*, of tfce {jpwuad atata

wltfcla tfaeia should be vi tibia. If the 

ef toe eotti.jonotttii of tiia ctouolota due to tho Jahn-<4*ellav

of foot cu*u vei'y &iml\ tl»a iotaimitar of the tranaitlooo 

tbe lovele would bo £Himll« Thita inigtit oxplain tha fact 

that oo other t#raftitl00B ajro vieibia* uowevar, ifith 
A small uv^i'ull tio^arutiun or tte oriu^^ lovxjio of tti$ 

toi^a tte Sijio-latUco rolaacatloo ttoo sliould b« 
ehurter tbao it Bppotuai to ba p judging fi^a tbo v/idth 

of ttie t*i>yutii»al 11 oee* ^ powaible intt^vretuliGij 1^ t^at 

tbe var^ Bi.iall a«^/<artur0 of g ){ fim Io.ul4 rjay bu One to 

other ofTectB, ouob ee itxfipioot j^j ooupli@ig9 njeking 
coueldorable cootrlbutioma. If ti.is I» eo tbe valuoe of 

a ooa a will b® Oiff urtat aixi tivo uva£»oll 
of tbe lowe*>t ton3 ti^f be largw no tlM»t tho otli^?. 

not io f not yopulatacU
Worn trie obi;Qi"V0d fa.i ;«tu tho nuolotu? ijtiguotlo 

Quicuiat<3d. ''riiora ift QO tern in K

@laraoot to ttia J » % towu soma 3DC^ «». at^oire «T «• 6 la
a r<*r ooT1 ., BO

that t^a affect of aOodUtaam of *f » 5 is noel^gibl©. ID

and*

oao be 
± fee
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For Terbium <j|ii|j) » 49/90 and («*AlJ> »A« J/2. 
eUliott and fttevens assumed a value for r""^ m (13+3)1 £- 
which gives a vttlue 66 & 17 A aa 2 » 65. This gives a 

value for the a*gnetic moment of 1*5 JK ^•4- nuclear magnetons. 
According to Klinkenberg (1952) the odd proton ia in a

*j/2 ***** *b3.<*& explains the nuclear tpin, but the 
magnetic oeiaent is considerably larger than those of other 
dj^ 2 nuclei.
7.5

The si*e of toe unit cell of praseodymium ethyl 

£ulph*te f a » 14*U)7 A 9 lies closer to the value for yttrium 

than that for lanthanum ethyl sulphate. The effects due to 

distortion of the lattice might be expected to be smaller 

using the former as a dilutant. A crystal of yttrium ethyl 

sulphate containing about 1;- of praseodymium was therefore 

investigate*, The lines were aeaymmetrical, similar to 

the lines found by Bleaney and Beovll using lanthanum as

dilutant.
The ground f»u*te of the free Pr*** ion is 4f2f %^. 

The axial components of the cry&t&l field give doublets

j 9 +4, £3, ±2, £L sod a single t Jz • o, and the A| termjt *"*
admixes states differing by 6 in Js. The theory of
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Klllott and f tevena (unpublished) a ho we that the ground 

doublet ias
oosejj m +4) + einfclj • -2>

35 — / » 25 4. '

If some dieayoxoetry in the crystal field admixes the two 

components of the doublet , AM • o transitions are allowed 

when the r.f. magnetic field la parallel to the crystal 

axia. The spin b&miltonian has already been quoted. 

7.6

It waa auggeated by pryce (see e.g. Bleaneyjllall J~

Llewellyn and iPryo8,| 1954) that the parameter A introduced 

by die symmetry in the crystal field ia not single valued 

but may have all values, let absenoo of any knowledge of 

the mechanism of the splitting a Gao&eian distribution of 

valuea will be assumed.

The term to be added to the haaiiltonlan may be more 

generally written A^S, -f AyBy. The energy level* are

unchanged where A2 » A§ * Ay, and the tranaltlona occurring 

(aaauming no hyperilne structure) are; a

or, if A ia fciaall, h» - g^E » A2/2hv . * . (1) 

If a Oauaaian distribution ia aa&umea for &* and Ay then 

the oumber of iona with a given value of A ia

The traoaltion probability for theae lone ia proportional 

to A/h» *o that the intensity of the line produced by
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them las

I(A)dA

2(1 -

The value of H at which I ia a maximum i& given by 

putting dl/dH » o giving!

gflii^ - nv(l - l/2a(bv) 2)
o 

Thie compared with aquation (1) givea A * I/a

then A » u, g$H0 » hp so thatj

and Igj^ » e*1
Writing » « H0 » AH we have*

Thaa the line ahape ia independent of any parameter; the 

line width ia proportional to l/ah>> and the inteoeiity to 

l/ftb» . In diagram 7.2 a photograph of one of the 

Px-aaeodymium linea et V • 0.8cm"1 ia compared with a 

reoonatruotion of the above line shape. The agreement is 

aeen to be excellent. The above treatment haa a&suoied 

*ero natural width for the line*. The feet that they have 

natural width oauaea the curve to have the rounded tail 

seen in thia diagram.
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Measurements of AH were made at three wavelengths 

toy setting the proton pip on the peak and then at the point 

where the extrapolation of the steepest part of the high 

field slope cuts the base line. At each wavelength the 

average value over several lines was taken. There was 

unfortunately too little praseodymium in the crystal to 

make a line width measurement possible at u*3 cm*1 . The 

results which were obtained are shown in table 7.3.

TABL& 7.3

v cm*"1 average AH AH cm*1 2AIIV » A2 
gauss

0.80$ 213 .015 -024
0.6/2 271 .019 .026

2u2 .014 .029

An attempt was made to compare the intensity of the 

lines with those of some gadolinium impurity. This 

however proved too difficult and the results are worthless,

7.7 pKAsaopyiquii STKSCL SULPHATE*.
The nuclear spin of Pr is 5/2 so that the spectrum 

consists of six equally spaced byperfine lines. The 

spacing in any direction is the same at all frequencies, 

and obeys the sec4> law at angles to the crystal axis. 

Measurements were made at 20*K with the r.f. and steady



fields parallel to the crystal axis to determine the 

parameters io the hamiltoolan. The results at the four 

frequenciee used are ahown in table 7.4. The table shows 

the observed mesa field of the spectrum (where m » o) and 

the value for this field calculated from the parameters 

assumed. The general intensity of the spectrum at ^-band 

was low so that the measurements were not precise. At 

X-bat>d the spectrum of praseodymium was very faint, though 

judging by the intensity of the spectrum of gadolinium 

impurity the sensitivity of the apparatus was good, so 

that these re&ults too are imprecise. The measurements 

were all made on the peak of the line with proton 

resonance, but SB the lines are several hundred gauss 

broad, and faint, the accuracy obtained ie low. The values 

of the paradetore which the experiments give are;

g, m 1.525 ± 0.020, A » 0.11 jt 0»04 cm-1 , A • 0.076 &II "* 
0>002 cm"1 and A/gH « 1059 ± 29 gstiss.

This value of A agrees quite well with the value 

(.16 cm"1 } obtained from line width measurements. The 

discrepancy may be partially due to a systematic error 

io the extrapolation of the steep part of the line, which 

would tend to make A measured in that way too large, 

because the line width tends to malts the estimated AH

too large.
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Value of j*«eo position of h.f.».A
observed calculetad
13.64 jt t>*^ 13-93

0.7917 11.04^0.03 11.01
0.5913 8.13 * Q.Q3 8.15
0.3122 4.22.&U.2Q 4.08
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The Vftlues obtained by wleaney and i covil arej 

g u • 1.69 jfc 0.01, A » 0.04 cm*1 , A * 0.083 j: 0.001 

and A/g a m 1052 & 15 gauss. The value of g H found by 

Van den Handel (1941) by susceptibility measurements is 

1*56. The unit cell Biee of praseodymium etUyl sulphate, 

a - 14.0O? A, liea nearly midway between tboee for the

La and Yt salts (14.080 A and 13.903 A respectively). It
6may be therefore that the size of the A^ component of the

crystal field around the praseodymium ion is different 

for the different lattice sizes and that this altars the 

admixture of the «* z * ± 2 and Jz a ± 4 doublets BO that 

the g-value ia changed* This IB supported by the fact 

that tbe g-value in praseodymium HOB between the values 

in the other dilutanta. This effect of change of g-veluo 

with aise of lattice constant of the dilutant has also been 

observed in neodymium ethyl sulphate (see chapter 6.2). 

Lino width measurements on a crystal of lanthanum 

ethyl sulphate containing about l^v praseodymium gave a 

value of AH » 332 gauss at v » «6Q6 cm , The value 

of A «* 0*19 cm*"1 is much larger than that found by Bleaney 

and ficovll. Assuming that A » ^ .19 this crystal gavo

g » 1.63. If however A » 0*04 is aasumed, the g-velue
ii

becomes 1.69 so that this measurement would fit with the 

results of Bieaoey and bcovil. This small value of A



would give a line width of only 15 gauss at v » .8 which 
ia unreasonable. Unfortunately no record of the line width 
which Bleaney and Soovil obtained haa been kept, but it was 
certainly of tire order of hundred® of gauss. It ia 
reaaonable that A should have a larger value in the 
lenttianum salt because it ie also produced by lattice 
distortions 9 and the g*value meeeurementa have ahown tb«t 
there is larger distortion in the lanthanum salt. This 
would suggest therefore that the extrapolation roade by 
Bleaney and Gcovil to obtain the values of A and g t| is 
slightly in error. The value of A/g u » 1051 gausa found 
in tfcia crystal ia in excellent agreement with that quoted 
for the other two workers.

&lliott and stevens (1953) show that if admixture 
from higher J oultiylets ie negligible, A/g |( may be 
expressed in terms of factors which are constants for the 
ion (see chapter 7,4;. Thus the vulue of Vg u should 
be the s&aie in different dilutants 9 which is seen to bs

the caae.
with this value of A/g u the nuclear magnetic motnent 

insy be estimated as in terbium. The value of (j|^|*f) 

is 296/225 and <J| A |«T> is A » 4/5; * « 59 eo that 

r~3 is 34 ± 9 A; these give a magnetic moment of

1<1 nuclear ^agnctona. The odd pro ton t according



to Klinkenberg (1952) 1* in a dy2 8 *ate which explaina 

the nuclear apin. Tba magnetic moment is cloaa to that 
expected on the behold t model.

Twenty raicrograna of promethiura 147 were obtained 

from the Hadioobemical Centre , Amereham; thia iaotope is 
a fission product which haa a half -life of 3.6 years. 
Tola waa made into the ethyl sulphate and diluted with a 

thouaand timee aa much epectrographlcally pure lanthanum 

ethyl sulphate. A cryatal waa grown, ualng a baavy water 
crystallisation unit (chapter 2*1).

The ground atate of tba free Fin'*"''* ion la 4fS %i . 
Tba energy levels of ibis are much the aame aa terbium 
except that there la on additional J2 • ±1 doublet which 
ia admixed with the Ja » ±1 and Jz « -^ doublets. Aa 

Tbe Lande g*valua ia j/3« tha.g- valuaa will be lower. 
Uliott ^unpublished) augge&ta that the ground state las

cos* | Jz » + 2} - ains | J,g « - 4)
Ha aleo suggests a vt»lue of * which would make g |( » o.ai. 
If thia value ia correct then the raea&uremeota become 
•xtreraely difficult. The field necaaaary even at

v » o.l cm*1 1» U> ^g«tt«* *o^ *» the g-»velue ie so low 
and the line width is likely to be large aa in praseodymium

the llnea will be very faint. It waa estimated that the
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lioea would be too faint to be eeen uaing a 10 cm apparatus, 

even wnen the lock-in detector is uaed io conjunction with 

it. Measurements hare been made at i> * v.32 cm"1 up to 

6*2 Kgauaa corresponding to g (l » u.83, and at g.S cm"1 

ttp to 12.6 Kgauss correapooding to g u « 1.3. In neither 

of theae measurements was any spectrum seen which waa 

attributable to prometbiun. The apectrum from aome neodymium 

impurity enabled the cryatal to be accurately lined up 

in the external field.
Recent calculations by sv;r. B,R. Judd show that in a 

field of the type which exiete in the double nitrate* 

2 roU<i. 3) 3.j5Ug(l^3) 2.2AH^;, the loweat level ia either a 

aingl@t f or a doublets

.7 U i) * «5U *•) * -3l * i)

which la lower depending upon the crystal field parameters. 

If the doublet is lowest then reaonance should be observed 

eaaily. The double nitrate would appear then to be the 

moat auitable aubstanoe in which to continue the investi­ 

gation.



Specific Heat and Curj.e«»ffeiBS A producea by interact -ion f?

By setting up an expression for the partition 

function Van Ylecfc (1937) calculates an expression for the 

specific heat which ie, neglecting power© of T greater 

than the second*

C y-
/__

T2 - spur () - spur
__ _

s t k cpur (1) © k^syur (1) 
If the interact lone between the ions add to the

hamiltoni&n a terms

A 3 T 4 3S T 4- C n T 
et x x et y y st z z.

2 theae contribute to the value of spur (ft )/spur (l)i
et

I) 2 (A2 * s2 4. c2 )

3 3
so that,

* I) 2

6k" s3 a 3 
f B and C ae (ex 4 a * J) t ( p * b ^ j) and

«- o' + J) as hae been ©u^^e^te^ in chapter 1.4
4.

+ 2(cxa 4 jib 4- Yc).

As (a + b * c) « 0 sM <x » p> » \ V th© last ter^i reduces to 

-G<xc. -"uwains .^^netic interaction over all neighbours v
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K o<
-

s*umsiii% the exchange over the twelve nearer*

The contribution to CT^/H i® simply the sum of these two 

teras*

Calculating the magnetic susceptibility from the 

partition function Darjiel« (1955) obtainsi

1 ooeff. of ?! 2 in epur (W3 )

3& Curie constant x spur (1)

fhe coefriciont of H in spur (w^) averaged over ail 

directions for the above hamiltonian ie 7!>(A * B 4- C) 

th^xt,

and there are 13 neighbours over which 

to do tlie sum,
44(J *

S9 i '• '"mi.. —— 

fc
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