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hydrogt»n *ad oxygen. 'A'he ring deflections were measured by

ifie&tie of two opposing seimniuuu photocells in series with t* 

sensitive ^alvttaoiiieter used *8 a aull detector. i:he force on 

the speoii'&n was produced by the inhamogeneous field of an 

air-cooled electromagnet* MO were ucable to obtain «i f'iold

of suitable ^.uitocry to u^uttur^ ftighly ^ni£»otropie crystals.

II.

1. $HK DOUBLE

An dbfiorption line w> te obaenred with. 

g = 1,82 ± 0.02 t*$A g = 0,S5 t 0.05, and interpreted u
a «iagle electronic transition befc*ser t'-w states

> -s t r,0\

+ sin 6>

ia ' qu»utise«Atioo where

The lin© width at half intensity of 120 

i@ .vider th«in theory predicts, and it is aot caused 

ahort spin iattic«

b. l-raseodymium:

Six absorption lines were observed with the 

r.f. <ind d.c. fielde paLTalJel. ihey ^re interpreted 

resulting fxotu a single el^ctroiiic trcinsition
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g = 1«&5 - 0.02 split by the nuclear spin of -^ into 

six hyperfine lines. The transition is not between the 

states of a Ajruiaers* doublet, ^ crystal field ot" C^ 

symmetry will give a singlet and J doubi ts, which will be 

split by the «Tahn Teller effect, ilie propose that the transition 

occurs between states described by J quantlz-*tion as

cos^ I x g> 4 sin & 1+ 4 >

irith 6 * 22°*

fhe hyperfine paraaeters are Interpreted in 

terras of the spin I-L

0-07* ±0-001

giving A --Q^loo 1 Ot QQ£

c. li

A auiB line flunked by 15 resolved hyperfine 

lines was observed. They tire interpreted as resultinr from 

a single electronic transition having? & ~ 2.72 - 0,02 iind

« = 0.45 r 0.05 split by the nuclear spins of ^ of tevo
143 1^5 

odd isotopee t M and M y into sixteen hyperfine lines,

one of which «as not resolved froia the main line, ihe hyper­ 

fine parimetere are interpreted in terms of the visual spin
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Htaiailtoniun

4~4«,. t.3-43 „ r**mt% __~1 •- *4ygiving i> =0 
r.145

The ratio of the nuclear z/iagnetic woE^nt of i.d to that of 

"is 1.61.

transition is proposed to occur within

the Kraiaers 1 doublet in Jw quantisation of
mt

cos l> f sia

where 6" ~ 47°

lino width of the main line w&8 170 

which is wider t ban theory predicts.

Several weak unidentified lines were observed •

d. Saiaarium:

A main line flunked by 16 fully resolved 

hyperfine lines was observed. They are interprets! as re­ 

sulting froa u single electronic transition having g -

0.40 t 0.05 , e - 0.76 ^0,01 split by the nuclear spins

~? 147 149of -£ of two odd isotopes, OB and ^is . 'Th© hyperfine

parftu/iefeers are interpreted from the some spin 

as (e) to be
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J- 0.0005 cm"1 'i149- 0.02J7t: 0.0005 on*1 

B < O.GOy cm for both isotopes

. ^ 1.28
fi

The transition ia proposed to occur within the -Ir^aers* doublet 

in JJZ quantization of

eoe f sin <

6 .

1'ho obaerviKi line «idth of 75 gauss is very 

much wider tfaun ttoory predicts, but this iuuy be clu© to a 

short apin luttic© z-'eluxation tiiue.

8.

, n r VThe effective raapn^tio ;:jooient 

approaches zero ue the tawperuture is decre^^eci, sjiowii^.- th«t 

the ground level is diuuiki|rB©tic« i: rom the te»r:porutur& v,..n,jLion 

of n we conclude th&t the cov.^lent for 0^3 upon uhe ^n ion

cannot b© accurately represented by «^n electrostatic cr>«>, -..»! 

fioid oi cubic

293 £ the effective i&ignet'ic sio;aeat of

- 3.6.
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3. NIiRIC OXIDE CLalftKASEj

The effective siufrnetic moment of nitric 

oxide molecules trapped in the quinol lattice appro 

zero as the temperature i» decreased, showing that the 

ground level is diuiaarnetic.

1'he first excited level is not «F, far ^ 

the ground level a » it ia in the free ^olaeul®, and v

coaclado that there is a en ^11 interact ion between the 

NO inoleoulee aiai the quinol lattice. At £93°J£, howovar,

thQ susceptibility of the fcO in the clathrate is th^t of
•6 

fr@© NO within the experiaantul error, viz, 47 z 10

per gram*
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The post-war development of nicrov/uve spectro- 

scopy hug preatly stimulated interest in ptiroiaagnetiem, and 

has udded enonaously to our understanciinp of the interaction 

between a poraoagnetio ion and its burroundiii^s in a crystal.

A pood deal of work has been done upon the 

bulk susceptibilities of solids by means of various balance 

and optical techniques, However powders have often bean 

used rather t&un single crystals, and observations iiuve ueen 

made over limited runges of high temperatures. &ore recently 

the development of the theory of the electric fields in 

crystals hus led to !neusure;::ent8 upon single crystals over 

larger temper®.turs rx'^es.

i:he work at hi^?ii beiaper^turds has been carried 

out principally by iCrishnant bonerjee, J3hutntt|iar, iiathur arid 

Mookherji in Indiu: and the work &t low teisiperaturee on sir^le 

crystals by Jackson in ^ngland t and by the Leiden senool*

ke^surei'ieiitis of the bulk properties ^re 

difficult to interpret in terxos of the energy lovels of 

individiutil ions when more than one doublet is oceur-ied, 

lurtheiwore in the cuae of rare eurth elements, which 

difficult to obtain pur«? t the ©fleet of imparities Hk*y be 

lur^e. ihase difficulties underline eorae advuntares of 

laicrowava spoctroscopy.
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This teehnioue clearly separates the effect of dif­ 

ferent doublets, different elements and different ions within a 

unit cell. Indeed, the suectr* of different isotopes may be re­ 

solved* In addition to the sort of information comparable to 

that obtained from bulk susceptibility gieasurouente , we may uiso 

obtain information about the nuclear spin .ind electric >'iuiidru- 

pole raoraent. Jhirthermore the line width and shipe fiv© in­ 

formation about the interaction between the paramagnetic ions 

and the lattice, und between the paramagnetic ions themselves.

Unfortunately the conditions under which we

can expect to observe microwave absorption are rather stringerfc . 

i'ne electrons /met not be in a homopolar valence bond. There 

laust be on interaction between the electron <>nd the lattice 

such that the tine required for energy to be transferred from 

the spin system to the lattice ie neither so short that the 

uncertainty in the electron's energy becomes large, nor so 

long that equipartitioa of energy occurs among the levels, 

Causing saturation. Finally, the energy levels of tho electron 

must be such that uiairnetically degsnerato doublets are occupied, 

and available magnetic fields met b© able to split these 

doublets by an anaount equal to the quantum of energy associiifeed 

with microwave radiation.

Our microwave apparatus was designed to operate 

at or below 4.8 & because the spin-lattice relaxation tirse in
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the rare earths la usually short, due to the presence of low- 

lying exalted electronic energy levels* The apin-luttice
-2. -10

relaxation time increases «x« between X and T , and there* 

lore eose spectra. which are invisible at EG - are visible at

there is no way of overcoming the other

difficulties mentioned except to try different kinds of crys- 

tal» f and herein lies one of the disadvantages of our apparatus 

It is obviously a mioh slower process to perform experistanta 

requiring liquid helium .». experiments requiring not only 

that the apparatus Itself function, but ulso that supplies of 

liquid oxygen, liquid hydrogen uiid liquid helium be simul* 

t^neounly provided «... than it is to ^ork: at higher temper- 

ttturea. Our eippuratue w«s therefore designed to faaint^n a 

temperature of 4*^°K for -»o long a® t:,e experimenter could 

take obaerv&tionfi, ajid provision w^e &&«£$ to chu^e the speci­ 

men during the course of the experiment*

As we have sald f the observation of microwave 

resonance in any given p&r&n&gneiic @ub&ta&ce ia unlikely, 

However me&mir^^ents of bulk susceptibility c.i> be made upon 

any chemically stable p&rootogaetio subutimce, with a aaffi* 

elently seneitive balance. Although it is usually impossible 

to reach a definite conclusion **bout the properties of a sub- 

by failing to observe laicrowave ubaorptiont one c^n rule
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out the possibility of such absorption from measureiaenta of the 

buUc susceptibility if they show the ground swu» to be a 

singlet energy level with no nearby excited levels.

tie therefore built a Suefcsaith ring balance in 

order to measure bulk susceptibilities over a large ronge of 

temperatures, not only to rule out ear win microwave absorption 

experiiisnts, but also to provide Information about the energy 

level structures where no resonance is observed •

The following considerations governed tee caoice 

of the aubetanoos which we inveeti^ted*

Extensive n^-.BurdJ tent B tt-ive been made upon the 

ethyl sulphate salts of the rare esrtha* Bulk susceptibility 

and optic d. rotation n« ̂ rarenonts over a large r^n^e of tempor* 

auures were performed at Leidenf and par^kirnetic r@«an£inoe 

experiments over a range of temperatures and fre ?uenoi©o were 

performed at Oxford* The detailed theory of these me^aireaentB 

was in good agreement witb the measurements. It was therefore 

desirable to measure another ieoiuorpujua series of r^re 

bulls to se© if the p^r^notera established for th@ 

phates could be lo^io^lly extrapolated to agree with the new

A suitable ealt met ^iv@ a resonance spectrum

fora us eo^pleta un isonor rhoua eorieE with the r^re earths

possible* In addition it should have a large lattice strue~



ture in order thut the iat@r<*ctic&s between neighbouring 
should be aaiull. (This eoaditioa implies a salt t&wt stight 
be useful for work below 1% usirif adiab tic deategn 
iiiwlly, the aalt should form large single crystals 
so that Its specific heat and susceptibility could be measured 

tiie Mutual inductance tecbui AUQ. i-uch me^sur@<^nt& f as well 
providing rww infQmstion 9 would offer an indep^sd»at check 

upon tlkft r»9ooft&e6 a»aaur«K»nta.

Dy. Bleaney poi&tad out t^i *dTantaf» of Lh» 
lattice structure i& tii» double oitr^tett «e bad observed 

in l\m e«rlu© double nitrate whiles inrea^i^tlc 
for nuclear feJULgjoaeat worfe. Since the f?tronf 

@orptiou liae ae«m at 4°K was invisible at ^0 K. we deduced that 
we mi£ht be able to see the apectr- of other rare &*rt&£» 
4aK, wliieh *iere uoobaexvubl« at higher temperatures. I 
proved to be the cae;© for neod^isiumt »ua&riua and p 
Unfortujjately the whole series of r;**re earths will not form 
oryat&ls of double aitrute, <ao that although we could probably 
introduce them as mull tepirities in the Itxnthanum double 
nitrate there w^s no hop® of makine specific heat or bulk 
susceptibility i^asura-ioats.

The Physic,*! Chemistry Laboratory eupulied us 
with oxy$oa ^nd nitric oxide cl^thrates. Xhese new coapoueds 
contain the p&r&mimetic oxygen ..nd nitric oxide ruolecules en-
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closed in bo las in the ouiuol lattice. It wua Lop

tble mi^jtit provide a field«froe epuoe in wbicb to

the properties of purtuaugnebic "g-iuies" below their 11... ue-

Our atteatiofi wus drawn to tlao probl@'::'i of 

tbo t©m^riitur«> variutioa of tne auscoptiLility of 

by tbo o^J^^uw inturost in tbo rt»aon^&oe spectra ctf the 

ooapi«nc oyanidoa* *i© wisbed to discover whotbor or not 

reso&a&oo v/a» ruled out by a didOU£^3tic level being lov**©st 

and to obtain iafonzuition about tho oov.aJLont binding of the 

iou.
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II

AND T'E

I. THJS aiCKiiiilTH bA£*UfC£s

A ring balance (figure 1} was constructed 

that of M. Sucksmith (1929), The fore© exerted on a paramag­ 

netic specimen by an inhosiofeneous magnetic field is propor­ 

tional to the displacement of the bottom of a phosphor bronze 

ring (B) to which the specimen is .attached . The displacement 

of the ring is me&sured by the displacement of a beam of light 

reflected from mirrors (C) mounted on its edge. This balance 

was designed to measure susceptibilities over a range of 

temperatures from 300°& down to 1.5°£.

He shall first tiescrice the details of con-
t

struction of the balance, then some of the problems which 

arose, and finally the resulting alterations. The major 

difficulties were to measure the deflection of the beam of 

light, to measure and nkant^ir; the tamp^r^ture of the specimen, 

and to obtain an inhomogeneous magnetic field of the desired 

symmetry, se belieTe we have successfully overcome the first 

two difficulties, but we did not obtain a suitable magnetic 

field for measuring large anisotropies or absolute suscep­ 

tibilities,

1, 1H2CMRY Of m SUQKSMIIB 

a, the xaraday Method;

If I is the dipole moment, per unit volume of
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a paramagnetic substance in a magnetic field ii, then the 

internal energy is U s f_I . H dr where the Integral is 

over the volume of the specimen.

'A'iie fores on the specimen _F - -^ U 

.-. * s - 7j I , H df

r -V (M_ • H)

where M is the effective (average) magnetic moment of the 

specimen, we may let M = X. H MV.*X.VHV M2 - &%&z
^ jf ^" V ** W ^^

because it io always possible to choose fixes X f Y, 2 so that 

the susceptibility tensor has its principal values along them,

Then:

(.*,i 1.1
Consider the force on a crystal v/hose axes are 

V , y^ and z. Let the angle between the ^ and X axea b© & ,

and li and Hv be the components of snagnetic field 

the *\\ and \ directions.

It may be shown th^t for an arbitrary

e

7* -1 1.8
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b. The King Deflection:

According to Suctomith (19P9), the force t 

applied downward to the bottom of a rim/ wbose to is fixed 

produced a radial displacement U at any s>oi.nt

U - -j£^ 3 J<^ 3/-/ # •*• ^> 5 ^ - ^ ?
7f/ .4

where r is the radius of th«? ring, ^-s Young* a ruodulu8 t and 

<d &he angle between the r-adi is through the point considered 

and the iioris&Otttal,

when O~ 90°, the displacoment of the lowest 

point relative to the point of support is

T

'i'he angle turned through by the t..nf*ent to 

the ring is to the first approximation

p

is laaximmn at -about 49°, whence

Thus we see that the deflection of the beam of 

from the two mirrors (4) is linear with the force F.
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fte verified that t&e deflection of the 

of light was linear in the force *nd nence in

by plotting the deflection caused fry » ssj.«ei,-i©n of
*>

tin(NHL) (SO,- j. «6tivO as « function of H*". Uo *ere cuen
Hi A* *• -

to cheek for f^i*rorau4^ietic i^j.,uritiea in un ualcnovm a^-.,

by a similar ezfjerimenty since X *2L(II) for such a substance,
g and the deflect Ion is no longer linear in H ',

• i'o measure h' we eallb rated the

part of the magnetic field by proton ru&onuuee (Ctiapter
^ \ i» *\ p 

us a function of curr»,-nt w iae linearity of I .° ri< jwith H we>6
V O 2. /

also verified by the experiment with the M

Optical

The diopl«»cejaent of the specimen is 

by the deflection of u beam of light* In the origin*! apparatus 

a lamp and condensing leaawere sioujatea on tb© same ri^id fe*®& 

us u travelling t-dc roe cope (figure 2). i'he ll^ht was brought 

to a focus at the nearer rln? aiirror uftor bein^ col limited 

by on adjustable slit and reflected through about 130° by tuo 

adjustable pLane uilrrors as shown. The iif:ht beuzii was then 

reflected onto the further ring suirror and froei it back
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the lamp. An image of the slit, formed about 90 cm from the 

balance by a convex-concave lens, was observed through a tra­ 

velling microscope.

To avoid moving the microscope a microscope 

eyepiece graduated into 100 divisions was used occasionally. 

Although it is difficult to produce an image of the slit which 

can be read to 0,01 m.m., a diffraction pattern can be formed 

(with practice) which is very crisp.

The plane mirrors were supplied by H. Tinsley 

& Co. Ltd. from their stock of galvanometer mirrors.

The whole apparatus was originally mounted on 

an adjustable frame on the Tickford magnet as shown in the 

photograph, and the optical system arranged as shown in figure 

2. The measurements of X, of CegMgglNO^^g.S^fiigV from 4O£ to 

1.5°K were made with this arrangement.

b« Balance:

The ring, 2m.m. wide, 0.09 m.m. thick and 6cm 

in diameter, was turned from a piece of phosphor bronze. The 

quartz rod (R), 1 m.m. in diameter, hung on a pivoted mount 

and supported a specimen in an inhomogeneous magnetic field. 

This rod was enclosed by an 3m.in. German silver tube (I) which 

terminated in a larger copper container (P). The bottom of 

the copper container unscrewed so that a centering spring
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and specimen could be inserted. A rubber £«isket lubricated 

with tup grease and glycerol w«us used to make a vacuum seal 

between the bottom and top of the copper container. 1'he 

centering spring was cut us a flat spiral from a thin sheet 

of phosphor bronze by soft soldering it on a backing, cutting 

the spiral on a lathe, and slicing off the resulting spring 

with a raaor blade. It was held in place in the container 

by a wire spring which fitted in a groove. A split sleeve 

pushed the spiral spring against a collar on a "spec pure" 

copper fitting du.rofix.ed to the end of the quartz rod (see 

figure 3). The specimen was mounted on a piece of perspex 

which also screwed into the copper fitting.

The temperature of the specimen wae shown by 

a helium gas thermometer built into the copper container, and 

provision was made to attach a resistance thermometer to wires 

(L) passing through the siphon vacuum case (K).

e. Balance Case:

The upper case (figures 1 and 4) contained a 

screw and slide arrangement (A) for holding and centering the 

ring; a damping bath; an ana for placing a known rider weight 

on the ring; the rider support (D); and three perspex windows. 

Together with the eight m.m. tube and copper can, it formed 

one unit of the vacuum system, ihis unit could be evacuated,
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or used us u vapour pressure tiienaoootor ey fillip it -rfit 

heliuu und connecting it co ,. wercuiy a-.noaiOfc.ar, <• II «hd 

perapox widows wore sealed with rubber gaskets, ...rta the Ca;*. 

eeuled to the levelling table (C) by a ground Joint (i), 

Some trouble w^a experienced in finding a

aui table damping bath (K) f which is very cloee to tha liquid
o 

hydrogen bath. Itu e^uilibriuta teayoruture is ^bout 0 G,

Ordinary "Api«sx>&** oila were too visooue ^t this

, butyl phthalato is euitabla && it h-» u lo^ 

u fairly low vapour pressure, Unfortun^toly it 

on the cooler parts of the eysteta and oventuully dissolves 

tho LI ,c^.. ?^ut and duroiix Joints uoidiu the quartz rod vo
• : i. ••••". ;"• - V- v'/- : ' ' '. • -' ' ''V ' .. • - :

the nog and to the specimen holder,

d, .
•

Outtiido the layer part, of the 6 &»»»
-"'('-"•'••••-""''". • '

silver tube was u double-Wiilled jaetul cryostat (H) into which
< *'•,-•• '• .•*•*.,•

200 c,c, of liquid helium could be sipuoued, A his ijot^l 

oryo»t^t «r.;ii; la-^io of .,ratsi) oxuept lor ^ two-lnoL lei^tii of 

thin etu^iiilotta Q'^vl tube isupi ;oning k*nci tiiorcu.lly i^aui.^ia^ 

toe iiinor v^ll froui the tx>p» Tuv spacy beuv^on who ixsnei 1 ..ad 

ou&ar wall& wt*ii av.Acu^t.ea ^Gd closed off by ,*R orcirury pinch 

ol-iap on a ^liori, l@Dfc-.tti of oofi. rubber tub ing oovui-eii uith 

glyoerol* Tu*> cryotttut wus sealed to *«ho trounl jo-int (^) v;ith
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Photograph 4

h balance with taet&l cryoatat in pl*ce.
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Chapter

Photograph 5

Sucksmith balance with outer d@w<ir in place.
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glycerol and a thin layer of apiezon grease. The ground joint 

was part of the vacuum case (£.) of the helium siphon (J).

The cryostat and upper part of the eight m,m« 

tube were surrounded by a bath of liquid hydrogen in an open 

dewar.

There is a strong horizontal force on the 

specimen if it is not at the centre of symmetry of the in- 

homogeneous magnetic field. The centering spring was there­ 

fore placed very near to the specimen, and the whole apparatus 

was made as short as possible to facilitate centering the 

quartz rod, and to lessen the chance of it sticking to the side 

of the tube. In this respect the apparatus is successful, for 

it has frozen only when gases other than helium leaked in. Any 

air entering the upper case after the liquid hydrogen is put 

on will condense in the eight m.m. tube where it passes through 

the hydrogen bath, well above the centering spring.

3. MODIFICATIONS: 

a. Magnet:

When we tried to measure Xx/ of Ce«$g,,(NO,,)l£.
// (-> 'O O

24HgO at 4°K, a deflection in the diamagnetic direction was 

observed. This was attributed to the interaction of the larger 

X, with an off-axial component of magnetic field having a 

gradient of the opposite sign to that acting on the smaller *.,, .

That is, if we write equation (3) , Chapter II, as
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where 11 is parallel to the principal axis of susceptibility

X , we have finite \\y - and/ or ^

Rectangular pole pieces with sloping faces

were therefore made to replace the round ones used in resonance 

work. Shims were milled on the sides from data given by Hose 

(1938). The problem of computing the optimum face angle and 

length proved intractable. Although a similar problem which

involves maximizing the function HY ^ *"* *-over a volume has£> :£•.
been solved for a torsion balance, it is difficult to treat 

H^ -^r — *" similarly. We therefore decided to try rectangular 

poles and poles bevelled at 45° as shown in figure 5«

The pole pieces were tested by measuring the 

deflection caused by a fixed current as the magnet was raised 

or lowered relative to a specimen of Mn(HH4 )g(S04 ) 2 .6Hg|X 

Figure 5 shows that the rectangular edge has a greater Hx^^5-
O £»

than has the bevelled edge. It will be noted that the gradient 

of the forces is about 3$ per m.m. in the linear regions above 

or below the maximum. If the specimen has a volume comparable 

to the region where the force is constant, i.e. three m.m. 

long, the gradient of the force is about 1^? per m.m.

The off axial components \ Hv ̂ !i 4 H,
L y b*

were estimated by comparing the measured principal suscep-
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Utilities of Ce,M&JlC ',).,,.84H*0 at 4% with those calculatedsC ** *•* jyA* **'

from the stlcrovmve resonance 3&t&, The results indicated that

U ^U*-l was S$ of U dU* at the particular / dT. z ^z- J x~b~zT
position of tii« apecijaea,

It wa« tbsrefore Impossible to msu»ur« tbe X,y 

of tiie oeriu% n*odyatiim a»d s^ijaariim -doublet nitr&tes because 

below £Q°iL it contributed 1&«® tL.^n ono ^u^rter of i&» otaarved

very

b.

It '^iie oot po«@ibl@ to Calibrate the balance 

very aocwratdly by mesns of a ap*cisen of Ma(M4 ).i; (SO ) ;̂ 

presumably beemise we j^ever naanueed to r@ploee the 

in exactly the s^me field as the utajidard* iltiiou^fa the 

could be centered ut room temperature, the doable willed 

cryoet,it, when it was put on, «*®uld bend th@ elf hi m*m« tube 

the speeinen*

For this re«i»oa « gl&ss inner de^^r with a 

se-^l W&P «ade t and the eopper specimen cront^ 

replaced by one of soft glass with a coppar-tfl.^s se^l by 

which it w^a screwed on* Thus the position of the 

could be observed directly*
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c. Mounting!

A0 the damping was satisfactory we were encouraged 

to mount the balance permanently on the *mil f as shown in 

photograph . Although there was more Tib rat ion, we could 

adjust the optical system more conveniently*

d. Sensitivity*

When we attempted to measure the susceptibility 

of a nitric oxide clathrate the b«JUnee was not sufficiently 

sensitive, so we constructed the photocell detector shown in 

figure 6*

AWO selenium photocells from $vans j&ectrose- 

lenium Go. were used* Their aliverod bucks were joined, to­ 

gether, and their front contacts *rere connected through a 

Tina ley taut suspension galvanometer of sensitivity 1450 n.mj^^ 

at one meter. Several cells were tested in order to obtain a 

pair with matched Internal resistances.

Unfortunately the deflection of the g^lv^aoraetor 

is not always linear in the deflection of the light beam because
*

of stray light fulling on the photocells, water drops con­ 

densing on the balance windows t and changes in the internal 

resistance of the cells, vVhen liquid hydrogen is in the outer 

dewar the water vapour condensed in the air by the rising 

hydrogen gas produces fluctuations in tae intensity of the 

light bsfeffi which seriously effect the galvanometer*
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• ' The sensitivity Is & function of the Inten­ 

sity of illumination, and seems to Increase faster than 

fluctuations due to the Instability of the Internal resistance 

and/or e«a*f. of the photocell up to the Intensity supplied by 

a 12V, 84 watt clear lamp with the filament focussed on the 

cells. This lamp w*s run from the 1-V output of a 250 V 

transformer on the mains, as the laboratory 1£V d.c, supply 

was unstable* If accumulators were used the sensitivity 

fell noticeably during an experiment as they discharged*

there are four w^ys of securing the deflection 

of the light

1. Microscope and eyepiece scale:

fhis method is rapid (once * clear diffraction 

pattern of the slit has been obtained) and speed is important 

because the zero drifts and the liquid heliu& evaporates fairly 

quickly In the metal eryostat.

One hundred scale divisions correspond to a 

movement of about 2£ a.m. of the light be«m one meter from the 

mirrors, and it is possible to read to - 1 scale division* 

Henee the precision Is 0,01m.m., but the Txtreenti^e error Is 

large for small deflections* The zero position i& unlikely 

to be changed during the reading by moving the microscope



ii. Microscope Vernier:

5^ The diffraction pattern can only be set to 

•j~0»01m,m., so that even by reading the vernier to within 

O.Olsum. we only get & precision of *£o*0£a«a* Furthermore 

it is necessary to touch the microscope in order to change 

the setting, possibly altering the position of its scale 

slightly relative to the mirror system. Again, if there is 

a slow drift of the rest position of the balance the longer 

time required to make these two vernier readings increases 

the total uncertainty*

While in principle it is possible to increase 

the sensitivity by increasing the length of the optical lever, 

in practice only a factor of Bx or 5x can be conveniently

lii. Photocell and micrometer:

By using a galvanometer us & null detector 

and reding the deflections by means of « micrometer drum, 

an accuracy of ~^0»00£du** can be obtained. Because of the 

inherent instability of the photocell e.m.f, or internal re- 

sist&nce, a precision of only about "^ G,GQ3m.ia, was achieved « 

This may be worsened by any fluctuations in the light source 

intensity or ehuagas in the relative positions of the light, 

balance and photocell. If the latter effects are siftall drifts
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they can be accounted for in the final calculation, 

the necessity of touching the micrometer screw can introduce 

error, and the longer time required to make an observation 

increasea the uncertainty due to drift,

iv, Photocell and galvanometer;_

the highest sensitivity results it tha micro­ 

meter ie used only to balance the two opposing photo e en.f. f s 

so that the galvanometer initially re&ds zero, and the gal­ 

vanometer reading ie t&ken as & measure of the deflection, 

However as we nave noted, the g&lv&nomefcer deflection is not 

consistently proportional to the light beam deflection for 

l&rge deflection*. For this reason the procedure we adopted 

was to lift * rider off the ring. The ztmgnet current was 

when the specimen had been pulled down by the increasing 

netio field and the galvanometer had returned to its ori 

position. The rider was then dropped back on the ring &nd tha 

magnetic field turned do?m. rhe final position of the galv^n- 

ometer showed the drift, half of which was assumed to take place 

during the reading*

In the c^ae of th© nitric oxide clathrate, 

at «:0°K the deflection of the be^a of light w^e 14 eyepiece

divisions, = 0»9?m,m, t and could thus be measured by the
•1" 

travelling microscope to only - 10/0. By using irhe photocell
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**Bd ^aliraiioaeter as ubove, the deflection of the £ 

v/u.8 easily £&Gkr»«a, , and the accuracy limited by the accuracy 

of the 8;,u&r0 of the aae&et current aducure$ont, i.e. - <V. 

ihie is of course woraenad b drifts.

ihe procedure followed with the rider avoids

the effects of any changes is the elastic modulus of the system 

due to eh&oi#e ia teis parti tu re of the phosphor bronze centering 

spring which may foe -ae itaich as ;£.. between 300° and ?0 &.

In tt«tt«urin£- the diuaafnetie suecoptibilii 

of the speeia^n hiiders, i.e. forces mi eh le^s tii^n the ^ 

of tae practical rider, it is necessary to rely upon the 

approximate linearity of tho oiT-^nometer deflection vsith small

d^fleatloas. In this case -^e c,ai obtain a f 

iuy by usin^ the gi*lvu»oict€«r dei'lection (method 

by usin^ the null :'i@t&od (iii) and re^dinf- the fticr 

drum.

Liicii^ off tfao rider manually often introduced 

chiiC^es in the rost --osiuion during a. re«dinf . if or s-his reason 

we made a j&a^nctic pickup of &QS\- of ?46 s.w.p. copper v;ire ^ouri 

upon tA Tufnol*' former over u soft iron core, us shown in 

figure 7. ibe rldor® <Are steal ball bearings weirhir^.-- from four 

to 52 rnillipr.tft&. ii» b«ll be^rijag rests in the bottom of a 

conical per&pez bowl attached to the ring. 2 he pers^iex cone is
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durofixed to the bottom of the magnet (C) in order to keep 

the rider so far away that the residual magnetism will not 

support it,

Several other arrangements were tried for 

picking up iron wire rings, but the ball bearings proved tho 

only reliable device having a stable rest position on the ring 

or against the magnetic pickup*

e. Thermometryi

The interesting regions of temperatures for 

the clathrates wer© between room temperature and 20°K. In 

this range the helium gas thermometer is not as sensitive as 

a resistance thermometer or a thermocouple. Because only 

platinum wires went into the inner dewar it was necessary 

to use a resistance thermometer. Thus 70 O. (at 500°Kj of 

#47 s.w.g. platinum wire was annealed at a dull red heat for 

three minutes in air, and wound on a former.

The final coil was wound over a sheet of 

cigarette paper, on a copper former, bakelite varnished and 

baked one hour at 80° and two hours at 100°. After half a 

dozen immersions in liquid air its calibration was stable.

If the v/ire was bakelite varnished to perspex 

it was torn when the perspex cracked at low temperatures. If 

it was not varnished it sagged and short circuited when the
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perspex contracted on cooling, A coil wound on soapstone 

did not craok but had too poor a thermal conductivity to be 

in equilibrium with the specimen case at liquid oxygen 

temperatures.

The resistance was read to £ I;-* between 

300°iC and about 45°K on a Pontavi ftheatstone bridge.

Fixed points were obtained at 0 C in an ice 

bath, at -78 C with dry ice in an atmosphere of C0g , at 

-185°G in a bath of liquid oxygen, and at 20.4% in * bath 

of liquid hydrogen. The usual precautions were taken of 

allowing the solid C0g to come to themal equilibrium by 

heating it sufficiently to generate an atmosphere of pure 

CGg, and of bubbling oxygen gas through the liquid oxygen 

bath for several hours, Ihe dry ice mixture may be 8 to 

10°J£ above the equilibrium point at first, and the oxygen 

may supercool several degrees, (Temperature, 1941)

The helium constant volume gas thermometer 

was calibrated in a liquid oxygen bath, in a liquid hydrogen 

bath, at the triple point of liquid hydrogen (14°!:), at the 

temperature of solid hydrogen at less than 1 ra.ra. pressure 

(10°K), and at the liquid helium point (4.2°K). Figure 8 

shows the calibration curves of the helium gas thermometer,

an independent check, the measured
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•usoeptibility of Mn{NH4 ) g (S04 ) g . kEgO was plotted assuming 

it to be a function of -£ and the appropriate helium gas 

thermometer readings were also plotted versus ~. 1'hey fall 

on a straight line as shown in figure 9*

The resistance thermometer is useful from 

300°K to about 50°K f and the helium gas thermometer from 

90°K to 4.2°£. As noted on page 3 of this chapter, the balance 

case can be used as a vapour pressure thermometer below 4.£°K. 

The expected linear behaviour of X . of CegMgg(NO_).. g .24H20 as 

a function of ~ indicated by the vapour pressure thermometer 

is a self-consistent check on the validity of this method of 

thermometry,

| In order to vary the temperature of the specimen 

continuously we made a heating coil of 45 &- of constant an 

wire wound like the thermometer.

Thermal equilibrium could be obtained by:
/ 

i. Immersing the specimen chamber in a bath, or,

ii. Establishing a thermal gradient from the heater to a cold 

bath in contact with the top of the inner dewar.

Thus it was possible to obtain any temperature 

from 500°K to 90°K by filling the outer dewar with liquid 

oxygen; and from 90°K to 20°K, with liquid hydrogen. 

Equilibrium could be obtained from 20° to 10 by filling
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the inner dewar with liquid hydrogen and pumping it, i'o 

obtain temperatures below 4.2 K we pumped liquid helium in

the inner dewar.

We were unable to establish thermal equi-
o olibrium between 10 & and 4*2 &.

4. GOOLH1G BOM:

The cooling procedure is as follows:

a. Set up balance at room temperature with the optical 

system working properly, and the s pecl/aen centered and 

moving freely,

b. Blow out any water which may be in the siphon, and pump 

the siphon ease,

c. Seal the bottom on to the copper container with tap 

and pump down the balance case to test for leaks,

d. Remove the perspex top of the balance case and fill the 

damping bath with butyl phthalate which has been kept in 

a vacuum for some hours to remove any disBolved air, If 

this precaution is not taken the air will fora bubbles 

when the balance case is evacuated, and the butyl phthalcite 

will spatter onto the centering spring and later freeze,

e, Again evacuate the balance case having sealed off the 

copper container with glycarol.
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f• Evacuate the space between the walls of the netal

cryostat and seal it off with a pinch clamp on a bit of

rubber lubricated with glycerol. 

g. Seal the cryostat onto the ground joint with glycerol

and freeze it with liquid air, or ^ood's metal it. Purap

down the cryostat and test for ld<aks, first closing off

the outside end of the siphon with a pinch clamp. 

h. Fill the cryostut and balance case with helium gas. 

i. Pre-cool the outer dewar and the apparatus with liquid

oxygen. Empty and replace the outer dewar. 

j, Siphon liquid hydrogen into the outer • dewar and wait for

the specimen to come to the temperature of the liquid

hydrogen, 

k. Siphon in liquid helium from the transport dewar by

pumping on the er/ostat. After the transfer, close off

tha outer end of the siphon.

One dewar (four litres) of liquid hydrogen 

is sufficient to cool the apparatus and keep it cold while 

a single fill of liquid helium (about three cylinder atmos­ 

pheres) lasts ... about two hours in the metal cryostat. Using 

the plass inner dewar Wood's iiet^lled onto the siphon case 

a single fill of liquid helium (three cylinder atwospheres) 

lasts about six hours*
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II. ifclCKOWAVE KKSONANGU

Most of the work in the field of radio 

frequency spectroscopy has been done at or above £0 £. 

However there are a number of substances which have a suitable 

relaxation time to rive a narrow absorption line at 4°j£ t 

although they have a short spin lattice relaxation time at 

high temperatures, lor this reason we wished to adapt the 

conventional spectrometer equipment for use at very low 

temperatures.

Dr. G. S. Bogle developed a microwave spec­

trometer used at liquid helium temperatures in this laboratory. 

His first apparatus consisted of a cylindrical resonant cavity 

immersed in liquid helium, i'he dewarcontaining the liquid 

helium was enclosed in another dewar filled with liquid hydrogen 

or oxygen. The specimen was introduced into the top of the 

Cavity on the end of a long rod. In order to increase the 

sensitivity and convenience of the apparatus he then made a 

second model using a more sensitive rectangular resonant 

cavity and a brass Cun of liquid hydrogen above the resonant 

cavity to cut down the influx of heat, although the dewar 

containing the liquid helium was only surrounded by liquid 

oxygen, the time 750 c.c. of liquid helium would last was 

increased from three hours to raore than 12 hours.
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tfe were unable to restore the specimen from 

the apparatus during the course of many an unsuccessful 

experiment, 'and therefore constructed an apparatus in 

we could change the specimen, ii igure 10} It is cooled in 

the SUM® way as i)r« Bogle's apparatus*

Ihe electronic part of the apparatus consists 

of a stabilized power pack whose circuit is shown in figure 11. 

A reflex klystron oscillator feeds three e.ia. iBicrovwve power 

through a variable attenuator down a wave £uide with u.n 

adjustable termination. Pov»er is picked up from the wave 

guide by an adjustable probe and curried by a coaxial line 

to the reetuotfilar cavity to which it is loosely coupled by 

a. probe. The cavity is excited in the &QJ* rsoda, und power 

taken from it by another looaoly coupled probe us shown in 

figure 12,

1'his power is then Drought to a crystal

detector and rectified. The rectified output is fed into a 

shielded microphone transformer. 'The output of the tr^ns- 

forraer is ^aplifled by a conventional two-stage a&plii'ier 

and fed onto the vertical offlplifier of a C.R.Q.

Siihen a suitable parar»gaetio crystal is

pluccd at the top of the cavity in a steady magnetic field, 

if the ^eenuui splitting is equal to a. uantum of radiation
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in the resonant field, the crystal will absorb energy. If 

the steady field is modulated to a depth of a few hundred 

gauss at the same frequency as the C.R.O. horizontal sweep, 

a stationary trace of the absorption (as a function of H) 

may be obtained.

The apparatus was made to be used with a

rotatable magnet. A disadvantage of rotating the magnet is 

that the microwave field component parallel the steady magnetic 

field varies sinusoidally with the direction, and hence the 

intensity of the spectrum usually vanishes when the r.f. and 

d.c, fields are parallel. However the error in marking the 

scale of tiie Royal Society magnet is only 0.1° in 180°, and 

we cannot measure the rotation of the specimen equally 

accurately. Therefore we measure angles by moving the magnet 

after a suitable starting position has been found by rotating 

the specimen.

1. DEI'AILS OF ,-JPPrtttA:i\JS: 

a. The Cavity:

A diagram of the cavity is given in figure 1£. 

The rectangular box is chosen instead of a cylinder so that 

a greater proportion of the magnetic flux in the resonator 

will be intercepted by the paramagnetic specimen, i'he specimen 

is introduced into the top of the cavity glued to a perspex
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mount on the end of a long German silver rod. There was 

no appreciable gain in sensitivity when a ^A choke was used 

in place of the dielectric mount, and we conclude that very 

little r.f, power is dissipated up the central tube.

For the HO.. mode, if the horizontal and

vertical dimensions of the cavity are a and b, the magnetic 

field at the centre of a horizontal face is a/b times trie 

field at a vertical face. AS the square of the magnetic fit*Id 

enters in the intensity of a paramagnetic absorption, the 

cavity is made as wide and as shallow as possible. I1 he inner 

dewar limits the breadth to 25,0 m.m. The height is made 

22.6 na.ia. and the width 11.0 m.M.

Ths cavity is made of brass, and is silver 

plated to give a higher $ for testing at room temperature. 

The calculated $ of this cavity without the hole in the 

top is 5,500,

Bogle (1952) has experiment-illy examined the 

variation of the sensitivity of this type of cavity with the 

Q , and finds 3,000 at ?90°K to be a good loaded Q for 

working, we have chosen a slightly higher Q - 4,000 to 

utilize the better frequency stability of a high voltage 

klystron supply.

The power absorbed by a paramagnetic sample
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f p 
in an oscillating magnetic field H cos wt is a^Air

where Z io the imaginary part of the susceptibility of 

the sample. If V is the effective volume of the resonant
|l ^ I /

cavity, the microwave energy stored in the cavity is -U — X-
% TT j>

and hence the power absorbed by the cavity is n V _L— <^_>«rr <^0
where Q& is the ratio of the power stored to the power 

dissipated per cycle of the unloaded cavity* AS far as detec­ 

tion is concerned the important quantity is the ratio of the 

power dissipated in the cavity to that dissipated in the 

cavity plus the sample, defined as the loaded O^ Q .

iience
^ o V 

The minimum detectiible 31 may be calculated

from the dimensions of the cavity, the wavelength, the noise 

factor and the band width of the final amplifier, to be

However 'rrenara (1953) and others have found
—3 that the experimental sensitivity is about 10 times that

calculated.

le have never .^ade an absolute calibration 

of the sensitivity of the apparatus. However we have estab­ 

lished that it is quite high by notinp that the signal of a
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piece of di-phenyl-tri-nitro-phenyl-hydrazyl, which we could
o *%

Just distinguish from noise at 20 K was 4x noise at 20 £ in

the apparatus of Mr. I. Ward, employing heterodyne detection. 

The limitation of our working sensitivity at 4°K see/as to be 

caused by nicrophonics and the frequency instability of the 

low voltage klystron.

b. The coaxial leads:

The resonator is connected with the wave guide 

and detector by coaxial lines of which the outer conductors 

are 4 sum. German silver tubes which change to 1/8" Yorkshire 

copper tubing on emerging from the cap as shown in figure 13. 

The polythene and inner conductor of Uniradio 32 cable are 

continuous from the waveguide coupling probe to a point several 

centimeters inside the apparatus, where the copper inner wire 

is replaced by a 1 m.m. German silver capillary. Thus even if 

the polythene has not adhered to the cop er inner, the leakage 

path is long.

The great length of coaxial line between the 

cap and the cavity is very susceptible to microphonics which, 

as we have noted, appear to be the major shortcoming of this 

design of apparatus. These are caused not only by the boiling 

liquid heliuia jarring the coaxial leads, but also by the 

50 c.p.s. field tnodultition shaking the inagnet. *a the inertia
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of the magnet is large, this effect ct±n lie very disturbing.

A difficulty encountered in bringing a coaxial 

line down to liquid helium temperatures is that the differ­ 

ential contraction will pull the cavity probes loose, and 

thus change the coupling. The German silver capillary is sup­ 

erior to the constantan wire previously used on two counts. 

It eliminates most of the differential contraction because 

the inner gmd outer tubes will have nearly the sane tempera­ 

ture gradient. Furthermore, we can use drawn-down German 

silver tubes to make sliding expansion contacts as shown in 

figure 13. The probes, whose adjustment is extremely critical, 

consist of short loops of copper wire soldered into the ends 

of bits of drawn-down 1 m.m, German silver capillary which 

slide into the main 1 Ki.m. capillaries. The probes are insu­ 

lated from the cavity by threaded perspex plugs which screw 

into the ends of the 4 m.m. outer tubes. It is easy to 

replace the probes or to adjust them, but this arrangement 

has worked satisfactorily for six months without any adjust­ 

ment.

They are originally adjusted for optimum coupling* 

by starting with overcoupling and gradually snipping off the 

ends of the probes until a suitable Q is obtained. The Q 

is measured at room temperature by observing the change in
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frequency for a given reflector voltage when the dielectric 

constant of the cavity is altered by pumping out the air.

It is common for this type of apparatus used 

at £0°K. to be troubled by wuter condensing in the coaxial 

leads where it absorbs a great deal of microwave power. 

This does not bother us for the coaxial lines are easily 

pumped out before an experiment.

c. ihe klystron:

The input coaxial line of the resonator 

receives power from a waveguide by means of a probe and 

plunger matching device. The source of power is either a 

723A/B or a CV149 reflex klystron isolated from the resonator 

by a variable attenuator.

1'he 723<yli operates with 300 volts negative 

on the reflector. The beam current is 20 - 30 m.a. A sta­ 

bilized ponder pack (figure 11) is used for the beam, ^aSL 

batteries are used to give the extra -800 volts required for 

the reflector, ihe tube is designed to ullow frequency control 

by xaeans of the reflector voltage. In paramagnetic resonance 

work frequency modulation raust be kept very low as there is 

a frequency discriminating element in the microwave circuit, 

i.e., the cavity.



11.29

Provision is made to apply a 50 e.p.s. sweep 

of 60 volts pe«±k to peak to the reflector. The whole klystron 

mode, of width about 50 volts, can then be scanned, corres­ 

ponding to a range of 0.3,^ in wave length.

The wavelength was measured with a direct reading 

coaxial plunger absorption wavemeter. Four readings could be 

obtained spaced at-^-- , The points can be read to ^ 0,05 m.m. 

Because of the very iiigh Q of the cuvity, vie should not expect 

the resonant frequency to vary during an experiment on a given 

crystal whose position is fixed. It ia*y vary from one experi­ 

ment to tht> nfcsxt because the lower part of the cavity zauy not 

seat at exactly the same place on the ground joint, and the 

amount of dielectric in the cavity may vary. For this reason 

all results *re related to the line of g-marker, di-phenyl- 

tri-nitro-phenyl-hydrusiyl.

d. Detection and display:

The coaxial line bringing microwave power from 

the resonator is coupled by a probe to a short section of 

waveguide which ca rries a crystj.1 detector lying parallel to 

the electric field and is terminated by a matching plunger. 

The crystal detectors used are type CS5B made by British 

Thompson Houston Ltd. They are not manufactured for d.c. 

applications where audio-frequency noise is required to be a
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minimum, and it is necessary to make a selection from a 

number of detectors whose outputs may vary by as mch as 

80/&* The detector cartridge takes the form of a quarter wave 

coaxial resonator with the crystal rectifier included in the 

inner conductor. The GS2B gives about three times as much 

current for the same microwave power as the unshielded types 

such as the C\fll9.

Current from the detector passes through a 

4 : 1 microphone trunsformer of low input impedance to match 

the detector.

The output voltage from the transformer is 

amplified by a tv;o stage amplifier with negative feedback 

a high frequency cutoff.

©. Magnetic field:

For fields up to 6.5 xilogauss at a gap of 

SCfci.m. an air-cooled ilekford el@ctroiaag.net is used, A 

current of up to 10 amperes at 100 volts is obtained from the 

230 volt mains through a variac and step down autotr&nsfonaer 

followed by a full wave rectifier circuit employing iron- 

selenium rectifiers. Smoothing ie performed by a conventional

filter with C, ^BOO^xvfd, L^O.OB henry and Cg -500 ̂ *-f&. 

The ripple at a field of 4 kilogauss is 0.15 gauss peak to peak.
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The pole pieces are shimmed slightly to give

a. homogeneous region at the centre according to the calculations 

of itose (op.cit.)

A water-cooled magnet iaade by Savage and ^arsons 

of siiatford pave fields up to 16 i-ilogauss at a gap of 56 ia.B« 

with tapered poles at 100 amperes and £00 volts. It was 

purchased with funds made available by the -ioyal Society, 

and will b© referred to &s the itoyal Society magnet.

Some convenient fettturos of the iiUignet are that 

it c^m be rotated about a vertical axis on a bull ring thrust 

bearing; each pole cai/ be moved in and out by a micrometer 

screw gauge; and ordinary tap water is &.11 that is required 

to cool it. Power is supplied by a 25 &«W. generator which is 

controlled by a potentiometer system in the excitation circuit 

of the generator. This is not too stable, however, and has 

a time constant of several seconds, Furthermore the miniuxouusi 

field is about three Kilogauss. iiowever as the resistance of 

the magnet is only two ohins we ciin easily obtain 10 Ailogauss 

by a few six-volt accumulators.

f. Measurement of magnetic field:

The magnetic fields are measured by a proton 

resonance machine similar to that described by ii.ii.D. 3covil 

(1951). The principle of th© measurements is similar to that
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of the paramagnetic resonance experiments, vdth the difference 

that the resonant circuit is a coil and condenser combination, 

and the frequency is variable.

The coil surrounds a proton rich substance,

and the whole is placed in the field to be measured, i'he fre­ 

quency of the r.f. oscillator is now varied until it equals 

the Lariaor precession frequency of the protons in the field. 

A n absorption of energy then occurs which is displayed on an 

oscilloscope in the same manner &B in the paramagnetic resonance 

experiments. The frequency is then compared with two or more 

harmonics of a crystal controlled ^avesieter. Beats betiveen 

the two frequencies are displayed on the oscilloscope.

The relation between the magnetic field H 

(in oersteds) and the proton precession frequency f (in 

megacycles per second) is H=254.86 f, according to the work 

of the U.S. Bureau of Standards.

Our preliminary procedure in correlating the 

paramagnetic spectral lines with fields measured in the above 

way was to construct calibration curves for the magnets giving 

the relation between the readings of an ananeter and the magnetic 

fields measured in a standard hysteresis cycle. A nuaeter 

readings were again taken during the experiment and converted 

to magnetic fields via the calibration curve. A Cambridge
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unipivot 160 millivolt meter was used with the Tickford 

magnet. It was sluggish, and liable to changes in the 

zaro error, .Furthermore the dipole field of the magnet in­ 

fluenced the meter by - li* and varied with the angle of the 

magnet.
,-(

A sub-standard sneter made by jSrne*'st i'urner 

& Co,, High aycombe, was used with the Royal Society magnet. 

This meter was intrinsically more accurate, and seemed little 

affected by the external fiold of the magnet.

In both cases, however, the double reading 

of the nietars introduced the principal error in the final 

result.

We therefore laado some measurements of

spectral lines with the coil of the proton apparatus {con­ 

taining liquid paraffin as an source of protons) inserted 

between the pole of the magnet and the paramagnetic resonance 

apparatus dwwar. ~3& could thus Measure the field about four 

c.rr*. from tha par&raugnetic specimen, and Dr. Bogle has shown 

that this introduced un error of only -^>. The proton resonance 

signal at rooia temperature is rather siaall, hov/ever, and the 

vibration from the sweep coils of the Royal Society magnet 

made it difficult to observe.

We therefore decided to introduce a proton
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coil just above the specimen at liquid helium temperatures as 

Dr. Scovil had done at 20°K. There were soiae difficulties in 

doing this, as the coil had to be placed about one rueter from 

the rest of the r.f. oscillator (figure 14). Furthermore 

the line width of many nuclear resonance signals tit 4°K is 

very great because of long nuclear spin-lattice relaxation 

times. Our first a ttempt to us© Li!1 nuclear resonance 

failed on this account. $e observed a strong signal from the 

F~ and, at about twice the field, from the Li . ^t 4° they 

saturated and disappeared in about one second . However we 

obtained a strong resonance from the coil's perspex container, 

some/5" gauss in half width, and therefore made a series of 

coils wound on perspex formers,

g. Mounting:

There was not enough space available in the 

laboratory to jiount both the Sucksnitfc balance and the reson­ 

ance apparatus permanently on the wall. As the resonance 

apparatus had to be moved to the Royal Society magnet, it was 

decided to mount it in the iickford magnet in the some way that 

it was mounted on the larger magnet. A container was nade as 

shown in photograph 7t which fitted between the pole pieces 

of the ilckford magnet and was supported in a tapered joint 

by the fixed base r
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7. microwave Spectrometer mounted in the 
i'ickford magnet.

8. iaicrowave spectrometer mounted in the 
xioy.il Society magnet.

9. i'or an exneri/^nt
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h. Cooling down;

The cooling procedure is as follows:

a. Puap the sipJaon jacket.

b. Seal the ground joint on the bottom of the cavity with 

glycerol and the ground joint at tho top of the specimen 

holder with light tap greune.

c. Blow any water out of the siphon with a stream of 

hydrogen g^s,

d. fcihile bubbling hydrogen through the siphon raise the

inner dewar full of liquid air until the hydrogen can is 

covered by the liquid*

e. Pump the cavity «nd coaxial leads and check for le«Uc».

f• rt. fter about five minutes remove the dewo.r und eiapty the 

liquid air into the large outer dewar,

g. Quickly raise the inner dew&r again, cut- off the hydrogen 

flow through the siphon and close the outside end with a 

pinch clamp, tfeal the inner dewar to the metal top by 

glycerol and a tight turn of ivire about the rubber tubing.

h. Pump the inner dewar to see there are no leaks from the 

outside through the rubber on the netal top, or more im­ 

portant, that the hydrogen can does not lo&k.

i. Siphon liquid hydrogen into the ea;i as quickly as possible.

j. Keep pumping on the inner dewar to see that no hydrogen 

leaks from the can into the helium space.

k. Fill the inner dewar with helium exchange gas to cool
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the resonant cavity.

1. Put on the outer dewar of liquid oxygen.

m. Test that the siphon ia not blocked by letting, some 

of the exchange gas bubble out into a beaker of water.

n. IBiien the resonant cavity has reached liquid hydrogen 

temperature, raise the transport dewar of liauid helium 

and clarap it to the siphon. Suck over the liquid heliura 

by pumping the inner dewar. When one liquid has been 

transferred allow the pressure in the transport dewar 

and the inner dewar to reach atmospheric; then remove 

the transport dewar and close off the outer end of the 

siphon.



in

h;*ve performed our experiments upon 

paramagnetic ions and molecules which were surrounded by 

the di«uaa£n&iic constituents of the rost of the crystal* 

Therefore we shall describe the theory of the energy states of 

a free ion as a first approximation. Then we sh.ll go on to 

include the effect of the electric field produced by the 

p&rtattct^netie ions* nearest neighbours (which we shall refer 

to us the crystal field,) Jt-'roeeeding in the order of their 

i&Agnitudea , we alull discuss th© Ze&ensai effect; the effect 

of nuclear mo^pietic iind electric moments} und finally, the 

magnetic interactions between ne^rost iaagii^tic neighbours « 

All these effects will be related to the observed resotUAnce 

spectra.

As we e»re also interested in the bulk suscep­ 

tibility we shall derive Van ¥ leek's 1193£) useful oppressions 

for it. But ^6 shall derive it in -c-ornis of the Spin 

t onion becuaee this form, can express v@ry concisely the 

information obtained not only from the resonance m 

but also from bulk susceptibility <*nd specific heat raeaaare-
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I.

Neglecting for the moment the effect of 

nearest magnetic neighbours, the crystal field, etc,, 

consider the ion in a crystal as a free ion,

We wish to classify the energy states of this 

"free" ion in termc of quantum numbers, and eventually to 

classify the perturbed energy states of the "quasi free" 

ion whoae properties wa obsex*v@ in terms of these some 

quantum numbers.

itfe can classify the state of a single electron 

in a central field by two quantum numbers, n and ./ ; hence 

the state of an K-electronic system is determined by a set 

of N pairs (x^, / ).

A physical picture of the atom as having so 

many electrons of type (n^, Jt ) t so many of type In^, *t .) ,

so riiany of type (n2 , £ %) , etc,, may now be drawn* A'his is 

called an electronic configuration, The configuration having 

the lowest energy is called the ground oonfifru ration.

The quantum numbers X , m, have a range of 

values restricted by n>x( } \ my and we shall require a 

tv/o-valued qu ntuia niuaber s, according to the Pauli exclusion 

principle only one electron in the ion may have a given set 

(n, J? , m, s) , of quantum numbers. Hence the nuiober of else-
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trons which c^n have a given (nlt 1, ) is limited. If in a 

configuration electrons with all the possible m_ t s are 

present, they are said to form a closed shell, (und contribute 

nothing to the ion's parama£:netisj>ii) .

Generally there will be a number of possible 

values of m t s^ associated with the electrons outside the 

closed shell, although the calculated energy of the free ion 

with a central field does not depend upon m t s the 

energy calculated by a field including interactions between 

electrons does. Therefore the electronic configuration has 

degeneracy which depends upon the values of in., s,.

We can apply the interaction energy as a per­ 

turbation if it is small compared with that of the central 

field. The degeneracy of the configurations will be at 

least partly removed, and the "tenus," (states arising from 

one eoni'i£-ur-tion) may not have values netir the terus arising 

from any other configuration.

II. 'ffiE FKEE

Consider an electron of charge &f moving 

in the coulomb field of a nucleus of charge 'L&. a distance 

r- fro?a it. If there are other electrons in closed shells 

of radii r. less than r- , then the free ion Ilamiltonidn 

operator may be written down as:
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<H=

where we susa over all electrons t and where F-M is the n

separation between the i uu und j electrons. V / is the
Ze^ >- *•

momentum operator. ~—^.~~ + . . ~— is the coulomb

which takes recount of the shielding due to the 

inner electrons.

Solution of the aifenvulue problem i* 

is complicated by the .uuatity T^* , and tiie H.-*rtrce central 

field approzi£kitioQ ior so^ie eoaivulout upproxifiUition) is
!

The total HiiiAiltoiiiotn for the coafi^arut 

u8in£- the iu*rtroe central field upproxiiiutian is 

written;

where the ii^rtree potontiril ¥(r,) is chosen so 

in order tri^t .perturbation theory aay aprsly.

It is in general possible that

'i he iron «?roup f .ill under the o-^ee ii^ ^ Jij... 

huss&ll<<>uun£iors coupliii£ » **nd the rure e^rtu& uMor 

E.^fL, called intermediate



H. hoe been written .*& £ \( rt \ $: • 5j<c i w ' -
the spin-orbit oouj/li&e* *ais 10 tiia siiipla^

l iiQouaption w® c^n skt&e In order to consider 

the dependence of ^B eioctronf 8 onorgy upon the 

of its awn orbital ^ngulur aioaeiitum anc! ©pia.

oouldl fe»l©o consider the inter M
th the ©pin of th© i electron ood ttose of tire others

guessing tbis to be A ei , eu ; but this IB cml--f about<*V A J '? '" 
the apincorbit oou^liae is about ID*' •

The interaction of th© orbital magnetic i--*osx*at 

of the i electron, with the spine of tte othor

i,e. -? B X' * »i » - *»nd the interaction of tho spin of

the i n electron with th© orbital nagjoecio Euoraentfi of the

t i.e* 2 B £/ 1 . 8t t are
<V J "" 

u.6 liotud in Uie n«act section*

le postpone discussion of the effoct of tho 

crystal field, aucle^r Efcignetio i^ooient and ne^rost iiei^u- 

bours until k.t©r.

If we nagloct the spir* orbit coupling then the 

spin 'ttucl total orbital siomeatuia of -.» coLfi(ur:,t;ion 

lu tlcMi 9 und '«r© henee good quantum aurabdrs. T 

fore «ach ilrt»e ion t^rsa ie obttr^oteritted by a v^lue 01*

«di_^= <?^i • *'&* ^^^ described by L ,<nd i> is 

1)

j.
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If U is not neglected the sum of orbital
<•

and spin momenta may be &ba»rn to b© cons toot, ut not their 

individual values, i.e. J= L + & is a food ;Uanuii;i 

The term described by J is (SJf 1) fold def?ener<ite 

called a. nultiplet.

If H^H^Ll, each aniltiplet will belong to 

a definite term of a definite configuration* *ie iaay then

write the spin orbit coupling
-f 1
\ is a

ill. Hie; GHOUKD ii

Denote the r freo ion configuration -a a ^r
a the lisvels into which it is split as & {a^O, 1, " «.. nj •

°- \ U v^ji. is spanned by manifold of states denoted fcy | Ar , -^ ;> .

If XQ is the ground eonfi^iirution we ja^y write 

the ground at%»te t i.e. that navinc tto lowest enerf^ level, as:

U r\° > * 0> ^ E(x.) - tx
3.5

froni first order- perturbation theory, ^here &(^r ) is the 

eigenvalue of confijuiir^tion X .

'i'hie bus c^ii-dxed oonf i? u rations to predict th© 

lo-t^iit level und the rit ? ht hand fraction is thyrsi'oru called 

the coni'if urutioiial interaction. Unleiso it is sjuali, first 

or-ier perturbation theory1 does not apply and we Ounnot ^cc
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describe un utom in ters^s of a configuration, -ve sh^ll sets in 

Chapter V how the reaonanoe experiments offer a sensitive t-oet 

of this interaction,

From susceptibility measurements Van Vleek 

(1938) showed th&t the r*re #^rtri ions have ground states 

predicted by Uuoti's rial®, i.e.;

"The ground level fa<iS &uxiiaum spin (S) und 

then maximum orbital znoctentuRi (L) and these 

ar« ocjupleci by t&@ spin-orbit internet ion 

to giva level* of raininum total un^nilur 

laomentuia (J) lowosfc when the 4f shell is less 

than half full, uM laoximtfj; (J) lov^est when 

it is more than half full.**

fhe ft*ot that ixt rooji tcffaperaturoa tii© suscepti­ 

bilities are near those dxpectod for free ions shows that the 

splittings produced by the crystal fields (to be considered 

later) ure less than kT and leas th-on th© effect of spin-orbit 

coupling in th® case of the r«re earths.

We have now ut le«*st touched on those riurt* 

of the theory of the free ion to which w© shall later refer, 

and conclude by tubulating d»t^ for Cie , M , jr

und 3;

In the following table trie m^ntity 

is defined by the equation: n ^ « \i&V

3.6
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(Van Vleck, 1932), where X is the oiolar susceptibility, 

k is Boltamann's constant, T the absolute temperature, 

N Avogadro's number, and ft the Bohr magneton, £ is 

given by;

=r A/ ̂  "*" t

The column headed "Hund" is calculated from only the 

unperturbed part of equation 3.7, i,e.

X -

3.7

3.8

The experimental values identify the 

ground level term and hence act as a starting point 

for the more precise calculations (given in the next 

section) which include the effect of the crystal field.
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IV. m IOK IN iliK CK5C3'i»Lj

•ihe pr&c&dijQ<£ a$ot»io£ has dealt with the 

problem of the energy status of tiie free ion, however our 

exp^rluoritoj work ha® be©a done on %u«si free* ions in the 

electrical fields of the other particles forming crystals. <s 

we a«ave seen, the effect of crystal liolda ou rare eurth ions 

is small, und xve con apply it ;AS a perturbation on the free ion 

multiplet structure. The sy^^etry of these fields greatly limits 

the type of m^ta«3faai,ic,>l function vihich describes then, ihe 

function oust b© <& solution of i*» place 9 s tiquabio& <aid 

can be ©ip^udeu in sph^rieul j^monics, I.Q.:

3.9

Here, T ^^) denotes a 8urf;^c© harmonic and is a

coefficiont depending on the nature of ttia surroundings.
in 

*6 would like to be able to calculate th® A/, from our

axperirnental data,

In the rs»re earths -*• deal with 4f electrons.

,Tjjy skktrix element ^.risir^ from the perturt^tion due to the
0 ~ 

electric f laid will have the form A o X v dt , where u

diM v both refer. to the f electrons. If the charge density 

of U* V ie expanded in spherical hannonics it will not conta 

terms beyond the sixth degree, and any integral in which X is
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higher than the sixth do^roo will vanish by the orthogonality 

relations of spherical h&riKonie0* Hence we e**n tensliute 

the series ut n»6 f for the matrix elements of all higher 

temui «*re z&ro. ,Vtj can *lso drop all terms which reverse sign 

under ^—^-^ y-^-y, z— ̂ -s (odd parity j , foru*v « 

not change sign under this transformation and it readily 

follows that J V> X v a f is then zero, ( 

1952.)

In referring to types of symctetry we «n 

use the notation of iiyrint?, -alter and £imball, (1944). Thus

€„ yaetoui that there is a. vertical three-fold axis of s.

The subscript r is added ii' thert^ is also a vertical reflection

plane (^a)» &%& & is ^dded if th@r@ is & hori^oniul plane

,,. )• If both th©s@ additional eysaaatries ara proeeaL the

total sywaetx-y is ^erjoted by D«. « ;my surface harmonic 

T (^ 0 ) for %'hich m is zero shows no dependence on y> iii

to have an axi^l syMnetry. If MI * "t 4 iw IB
-^ 

t©&r*igono.l ©ymtuetr,, m - -.3 trigonal aymetry t

m- t. £ rhosiblc syrfimetry. Any form rhieh contains terms of 

different symiaetry is said to hsive overall syi&netry which is 

the greatest syrametry ooia0«on to ^11 terras «

Helmholtz (193S) showed that the rare earth 

ethylsnlphates and bronates have C^^ aynuiotry, and ^.
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VI.

A theorem in rroup theory states that if D.

la spanned iy two different bases of irreducible representations 

(i) and <$. (Olr- i, 7 ,...•••) where there is a correspon­.

dence between <jS (») and (f>* (^ ; arid D is spanned by

- S (,) arid <£* U)(S- J ; ^...-^

v/here the constants on the right multiplying e<*oii y). or®

the 9*316 except for the ^multiplicative constants b ,

tat.;;e b are the same for —I i with a t ivan k. In our case

" ri^ X ^ ^t ^L I triinsforras like D* <Aud is (J>^ (i) ,

, while th© v?ave functions of the lowest ailtiplet

for«t like D. eoid ^re the (A (l) . The quantities required

«UP» the BV' ** **«d if the problem can be formulated aor© k re
f ieiiaply in a different representation and Bk a found, the* rs

original problem is solwd except for & eons tout factor.

Therefore consider the states <.J § J I ^sw 2 •

the CL>- S (^) And discover by some ise^ns what function of the
in i r f \ 

operators J^ f J y , Jz (called Yp (J) ) is the ty ̂  (i) ro-

In this c^s© all the B = G(JC { j) eince J>. ^ <£>. =
* 3 i
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Stervoni? (19&£) &»a tubulated soms fuactions of

*y ^ whic!l tptmcforo like 

obt£*in&& by replacing x, y, a by Jxt J t J.^ OIK! 

fop tu® oorcroututiaa ppoiwptios of the J*0 by pepluoiog i

product x t y *i&a » b* ^ ^^ **^pe a is tao oimbor of 

of ? of
"*W **

To *JT«lu,ite the B vf« isust flr^d some
J

culop aiitpix ©laoent by integriitiog orep the wura functions.

h Is to cossidap ttje J, J z > aa built 

fpcua one liussol -..;•• .^uodeps i.opj;i of oa& eoafli?u.ratlon for 

ctija no^ find | J Jx ^ in t$ra$ of I LI^ , ^ 

with tlio spin vapi.^bloa v feene© within u manifold of total L
^ ^ \7™(<2* // \the e-~ r\> Y/j \~^i jr{ ' a^i b«t pupl^ced by .u

m / \
to that fop J in tepKUa of LX , L^ t 1^ ; Y « VU) ^**>", ^nd tiso

aatri/. w-leinonts vill bo ^tw.^ const^ut C tla@s tho 

au-iurio-1 faotopo fojr Uio oloiiaatti t^bul^ted by 5

ona @j(^au&ion of J J Jz ^> in ter«&8 of \ LL8 v

, u ppQportio.x}^Iity c-^n be obtained be^.^eoa B and G*

Tbd | LLZ » ^3^") fop which 3-^ ^L uud ^ B

p » 2» ®IectPO££} out^ido th^ cioetici ouaila will

- -•>««*
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elaaent Is a ausi of 

of one aioctron functions like

wittiin tba manifold <_ i© constant, so r

) «*n^ w$ *w>©d imiegfate over ,
aar© givon by ^liiatrt, (!&£) in tt>r£i0 of 9^ , the 

of tuo uveru^je T^lue of tbe ttloctron over a 4f orbit*

Our procedure in fiading ttse uiutrix 

for tti© cr/8t«.l fi@14 perturbation now r^tluoou to

ooordii«av^ op^r.torG witu whoir opur 

ltiplyiog Uie reaultio^ o^r^-tar by Uie appro* 

by Staven®.

tfao operator e-4uiv*»ientis 

coi;8tu&ts -wtiich we ah^ll

VII.

If v?e «r«3 to coi^sider . ^rturb,,tioas in tho 

of tiae n,^oitude of tueir offset we should next cviyiid-sr cfao

oiToct. By Kraja^rs 1 tiieory^ tao oaergy l@v@la of un ioa 

'-^ °^^ nuu.iber of electrorys or© at le^&t doubly 

in tno -ibsenc© of -* sauf:iietic field* Dir«c (19^6) 3boi-/a that

the perturbutioii V caueed by tbe ap;.lic«tioa of A n^g 

field is \i
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Operator equivalents inside a manifold for which J is constant 

(3z2 - r2 ) ^ ^ J )/ 4 // J> r~2 ? 3J 2V Z

- 30r2zs + 3r4 ) = /J // ^ // J> 

) 4- 3J8 (J -h I) 2

(231z6 - 315r2 z4 ^ 105r4z2 - 5r6 ) = ^ J

- 5J3(J -I- I) 3

Fr

J>

J>

J>

'>

6
7

-2
5.7

-eS ——
3^.5.7

0

4
5

-22 .13
3^.5^.11

-E2
3^.5.11*

,2*. 17

1
11

-7
32 .112

-22 .17
3s . 113. 13

-5.17.19

8
7

13
3^.5.7

2.13
3°.5.7.11

0//
.5.7.11*.13 30.7.110 .13^ 

(Values for ground state)

fl J> t <J M // J> etc. correspond to the 

different i of 3.14 in Stevens 1 notation.
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where II is the magnetic field* The associated energy is 

of the order of 1 cm . There is an associtited dianagnetic 

term which we shall neglect here as it does not occur in the 

resonance work, although we shall have occasion to mention it 

in Section XII, 2.

In Stevens* notation

and he has tabulated these elements, some of which are shown 

in Table 2, We havs already defined the spectroscopic splitting 

factor g from g^ K~ 2^ where -a is the energy shift caused 

by the raugnotie field. Hence the problera of firming g theor- 

reduces ultiinately to finding the matrix elements of

and applying first order perturbation theory, toe shall 

note some properties of the g tensor in the s ection on the 

theory of iiieasurerients , and show their detailed calculation 

in Chapter IV.

VIII. MJCLSAR KYPERFINB STRQCTURE:

A nuclear magnetic moment, I, will interact 

with the spin and orbital magnetic moments, and the electric 

quadrupole moment of the nucleus will interact with the crystal 

field to give an axis of quantisation relative to which the
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magnetic isoment can have tfl + l values. Hence euch level 

resulting from the previously discussed r/erturfoutiona

nucleus is in the strong Magnetic field 

(10QKG) of the electron opino. --hen &n electron #o©» from 

!-*-•?• to 1 - > the change in energy of the ion results not 

only from th© difference in eiiorgy of th« l-v> and 1 -> 

states , but ulso from tboir shift in energy caused by the 

reversal of the field at the nucleus. 1'he nucleus itself 

does aot change its orientation during an elsc^roiiic transition, 

hence A in *0 ie a £0od selection rule.

Tiie interaction between the electrons and the 

nucleus urisos from two causes:

a. The magnetic interaction between tfee electron 

spin rautmotic i.iojMnt ,,nd the magnetic i-iomunt. of
it.

the nucleus (linear in the nuclear @pin vector, _ij,
: -a

b. I'he electrostatic intar^ction between the electric 

quadripole laament of the nucleus (quadratic in 1) 

and the electrostatic field caused by the electrons 

at the nucleus*

i*e ahull neglect the small interaction of the 

nuclear monent with the isafnetlc field -^ \ _T , II .



III. 18 

tfe shall use cosine coupling d8 la the spin

orbit, interaction* Bigher electric and iocagnotic i^olea need 

wot be conquered, their effects being aagli&il/ly si&iil

owl jfryee, 1951), i'h© nuclear coiririfcution to the 

therefore be writ tens

wh ,

3.15

where the first bracket is fropi (a) and the seeoud from (b);

for th© orbital angular >&OEientui& of the k electron,

its 8j:in» > the Bohr iat*gneton f >,.. the nuclear

J the nude** r spin, ^^tkie nuclear e^ronbagnatie factor in 

units of ^- t»c9 and Q the quucirupole siOJient as usually defined 

, 1940).

i'he eacperiuaents of fcleaney, Elliot c f ticoyil 

( 19bl j on gudoliniuyoai vdth L = 0 show th^t it h«s 

no hyperfiae stracturo in suny of swroral cojo^lexes , including 

partieular crystals -sa?e have Imreetigated. This i 

that v^e fiuty neglect the Serai term (Jrermi, 1930 j ,

Like Stevens (1953) let us define S by

N,
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I'hen the magnetic interaction term

M-I

A very useful iaatbod of currying out the 

perturbation calculation has been given by iryee (1950)* 

The method, which ie only applied when the lowest orbital 

stcite is a sin&let, consists or carrying out a formal per­ 

turb-., tioa treatment in s»hich the opera^ore refarrici^ to spin 

and nuclear vuriubles are trouted as non-coiamutiRg algebraic 

quantities. Th&t is, no representiitiou is chosen for either 

S or I* x'he result is that instead of obtaining thd perturbed 

energy && u@Uu.l y «».n expression is o&i^ined which involv^t, the 

components of S and I. This is th© so-called 5pjn ii

^he iiCtuul oaergie* are the eigenvalues of this new 

operator.

Thus find ing the cfcitrix eleaents of K is 

similar to the problem of findinir; the elements of 

already considered, i,®,» one of finding the i^ulti 

factors <J Hi* || JT> and <J 4l|l4 J'> dofined by:

CJ....l«M\T...> r ^TUNl3><J..^T\J--> 3.17

and IcT-v^ 7"- 3^
^+ ,,32 \N\3II>,<:3^\\ N\\S>'^^^ 3 . 1S

though we ^ill not need the letter.
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JSlliott iind Stevans (1953) list for.uulae 

and tables for those.

I' lie 8 x 2 matrix which is obtained for 

/*/*t£/£" ( ~r* \)M' Jotta be written as S.T.I wfkere i is *» 
tensor v*iiii principal values A, & aiad £. Tbus

O / M* I - > 3.?0 

The matrix elements of
< r ±_< r+'> _ 5 (r,, •-!"/"; 
K * V —pr^ '

can be obtained using operator equivalents (replacing r by J 

and performing some siBiple operator algebra), thus:

where <^J // ^" J> is tabulated by

'ttffi SFIN HAMILaX)WIA£4l

«fe have ehowna the nuclear purt of til© spin 

n to be of the form * = S.T.I i- q 'f 1^ - j 1(1 -^ 
a hen i' has its principal values this nay be v,Titten as
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if there is at le^at tetragonal ayuu&etry*

lor the case of the latest orbital aim let, 

then, we may writ© the tot*! spin Haniltonian in th© nsost

forms • ' ' -

s + S. T. L + I .P.I

However the srln iiamiltonian must show the 

same symmetry as the crystal field, aiwi hence for 

or tetragonal syametry we is^y write:

4- A Iz

I'be Various terms c«a be interpreted ^s follows:

The torsus in ii .aca b show that the ac-in is no 

longer completely free because of the crystal field, but Can 

either be regarded aa free uiid precessiag about the magnetic 

field (g. H^ f g H. r , g*, H ) or us httving an anieotropic
i 1. J* ^ 56

g
magnetic moment (g 3^ , g £3 , &. S^) . The ten?1 DSZ 

describes how the levels behave ia zero wugnetic field in the 

absence of the nuclear interaction and ecuaes from the second 

order effects of the crystal field, the spin orbit 

from the apin-^pia intern



The term in & and I come from th© :.i^( 

interactions between the electrons und the nucleus and are 

anisotropic in the surae- way as the ^loetroaic sonant is am-

i so tropic. The term PI_ comas froia the ouudrupole inter-&
actions. The direct interaction between -ohe Rk^rnetic field v,*j;d 

the nuclear moment t*4ke^ the usu,-al fora -X£Mi>!_ ^^ ^^i@
f*-

il tersi -^*-'K,A,K does i«3t depend on either $ or _l, 

cun be iiaglected in resonance v*oric although it appears 

in the susceptibility us

A» this spin iiarailtoniss-n has complete 

8ynRnetry t ther« is no w*y °f deduoing froia it whether the 

crystal field is trigonal or t^try^gonal,

Using the spin Hamiltoni<in we ur«? now able to 

describe the o&eaetie v-roj)ertie8 of a erystiil in terms of u 

relatively ocidU nunber of constants.

we shull now ealculute the enargy levels and 

the magnetic fields at /mien absorption lines occur tor a 

doublet.

The
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which ineliKies only the effect of the &aguetie field, ths 

nuclear interaction with the spin and the .-.•uudrupole effect, 

be broken up into t%o parts tfhen B. is parallel the z-

V, - <^£HS Z + 

( Sx l fc 1-

(i'he symbol 4 * S,* i3 4 f ; I = I x -il $ etc.)•t -*- > "* y
We shall apply W and ^, as successive

4*

pertarbutious - t* procedure juetifittole only when , ( , 

large, i.e. the hi^h field CT

l. .'a-pua-diou' 01- ft^:

t», is ctiu^on-1 with respect to & and Ia 

the typical matrix elenent is

«2 „•.«•o , o

i'hue the state |i.i t «i> is a E€*ro order ei|?anatat€ of ttie

perturbation with the en©r£y l3«£5)» Let ufoli G. ihe

t o 
v^a"> »:ith Qnerfies 30-1- -I^Aa +jk> (ia''

i ? -iP^ with energies * ,G - .^Am -f- l*(ur - const}*

Ignoring the effect of w gt an oecill^t ing 

field h o^n produce transit iocs between the groaps
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ia not aero. This only happens for m*m , and the effective 

component of the oscillating; field is that perpendicular to 

U. tremsitioiis occur when*lEi~tf « G-Kr«*i. It will be not®d tbut 

P does not sntwr into the relation*

2. AHUta&'ION OF #gt

The first order effect of ftg on the energy 

levels is zero since

<^,m^v l, + ^-r 4 ]n,m> •= 0 

In fact tb© only non-zero matrix olei'tents of tfg ure those 

of the type

iherofore ike second order effect on the energy

1 , .ja^ , which is
^ i \ \ . I 8 «^— )<lQtiiar state 1 >:, I ; i. x> iottier states "———————

^» m — ^- ^ther suite

consists solely of the term

B S - T+ \-J: , r^~^ \ 
- (--\G -iAr^-^^^

we are getting; raerely a correction, the 

may with sufficient accuracy be rut equal to G + .wn. 'ihe 

correction to the energy of the fif1^ state, in Uiis 

mation is "J" (l •» t>-
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In the same way the correction to the | -Jm^state is found

to be ~? e
(5-

The energy difference between the states ( Jm^and h^aa^s then
r + /9™ +•*• **£Xff)") - *** * -J
^ -2.^ ——— $. + & ̂  and absorption occurs

when ^? ^ equals one of the SI -/- 1 values of this expression*

Since g/jH^cr ^^ where HQ is the field at 

which reson&nce v^ould occur in the absence of hyperfine 

structure, then

Put

then

The effect of #g is that the eigenstates of

the energy are no longer pure eigenstates of s and I , i.e.z •*

to / jbiX8 admixed 1 - | f m 41> in ainount proportional to
-o

-^r~T, • The selection rule m- m' then breaks down although 
W H
at 5 cm (ikicrowave frequencies the intensity of the forbidden 

transitions is low, tfhen m chang.es during a transition the 

energy difference contains first order terms in P from which 

P can be deduced. This will be discussed further in connection 

with erbium ethyl sulphate and neodymium double nitrate*
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In conclusion we will list soroe useful formulae 

given by Bleaaey and Ingrom (1951) and iileuney ll^bl).

a, H parallel 2,~«xis:
3-29

b» II per pern icular ft-
3-30

c, H a.t^ to ^ axis; tr^asition (^, m) l^-l t m)

*» -

•*w l ^ «*-« j_ y? *% v * • i
£> C</^ C7 T" ij tf & I *|
d// C3-!-

XI, AfHJC^TION TO OTliisfi

The preot«iiB£ i&eory has been derived for the 

case of the r^re ear the whero HU >^ E^-f h » Vc . I» the 

of the iron group cyunides, however, HO »VC ^> II^-i-Hg 

the perturbations must be applied in a different order.
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The free ion electronic wave functions of th© 2&*ttnetic e irri 

are 3d rather than 4f , tut there is evidence of some ciionical 

bonding. rte sh^ll develop these differences aore explicitly 

in the chapter on the experimental results.

ttame work was done on par<»ttui£Xidtio molecules 

via. b,; and 140, ttnd although the theory hue the some structure 

as for iona, there are differences in nomenclature which we 

nota in the chapter on experimental results*

UI. meDHY OF

a. g Values;

In par ̂ o^netic resonance * l 

Kilogause) steady iiomogenaoue mugaetic i'iald ie ,p; lieti to 

a crystal. i'he lurg* lau^netic field separatee <a iirumers doub­ 

let accoruinf to the daemon effect. If a sis^.11 <u.c. field of 

high frequency ^i» applied ^rpeGdicular to the steady field t 

it R\&y ijaduce t.rauaitio'na between the separated levels when 

the quantum ener^ K iJ i& e ;aal to the -ieeiaan eplitting a

we have already not«sd f g is a tensor of

k2 and if , m, n, «re the direction cosines of the mag­ 

netic field relative to tiie coordiikite &jat,®m where g h^s 

its principal values g , g,, , e, .Auau^lly coincident w
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the cryetallo^raphic axoo) then

3.31 

If the 2-uxis is an axis of rotation.*!

syMoetry» in the PC - y

3.33

if the crystal fieid has ^n r-foM 8>i

the field mat be tu@ s^ne «it = P0 + ~ ^s it is

If r-2 (rhc^abic) tiiis is compatible with ^.53. But if
£ er > 2, then g,.,, -pit - 0, Hence we huve the important&,i.j *•*

result that gg£«- Cxx» Ciiii!i>^ e • ^<>w Pttt €^s = e • si'b«n

an tussle £> to the ^

,*" S/M Z 6>
3.34

ikjiiition 3.34 is particularly useful if the 

ti g v^iue ii«yt> bayoiid the range, of the ^tu^etic field
«':' »":

:\^ 5 - 8^ri4 ^ 04i^ G® extrapolated linearly to ret the
ODB

derivation of 3.54 is tossed upon the first

ordar approxiaiuAtion thut the jueeoun splitting = { 

be t>ao»n i'ro^ perturbation theory -iiuL the t\vO clergy levels 

will never crosa over duo to the effect of the SMgnetic fiald t 

so that at huge fields »e as,act on affect in ii . ihia u
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lead to departures frow linearity in §^s 8i& & which 

we have never observed*

b. Line

In microwave spectroscopy the resolution of 

the spectrum is ^enertilly limited by line width r&tii&r tu*a 

instrumental effects. The two major causes of line width 

are the interaction between the ptaru&agnetic ions and the 

lattice, cvM the interaction between the various parumacmetie 

ions theicBolv^s.

These interactions have often been treated in 

terras of two relaxation tl&es - the spin lattico relaxation 

tUie tf ) iiiMi the spin-spin relrjcntion tine. The letter is 

not as successfully described by a single p«r-ui®ter **s tne 

fonoer,

^'ii& inverse

of T is a measure of the rate at which a spin reversos direction 

and either gives to or tiikes fro/u the lattice a {Uantuia of

energy,

Van Vleek's theory (1340) v/us given v>Tith 

particular refarenco to non absorption v and Bogfraley «md 

Griffiths (19Q£) report th*it the line widths do not follow 

exactly the expressions given by the theory.

The uteohunicua considered is one in which the
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thermal vibrations of the lattice frive a fluctuating crystalline 

electric field* ibis effects the spin (upon which the 

effect* depend) via the spin orbit coupling* A he 

shows that c depends very murkjiedly upon trie 6Q]>uration between 

the ground state and the first eycited state; if ^ is lurpe, 

is l&rge; if A is enull, f is small , Other effects of 

vibrations, such a& modulation of the dipol0~dipola

between the spine appear to give negligible vvidtaa* 

It ia usu&l in resonance work to increase spin- 

lattice reluxation time* by working at low temperatures, This 

indeed is the reason why our apparatus was designed to be used 

at li .aid helium temperatur£&« *^s we auve noted, T' IB short 

rtueu there is a Iov;-l>i;u eieitua 1 vel, and this ia tiie c^se 

for several of the rure eartas because the 4f electrons are so

well ehiolciud froa the crystalline elactrie field.
•t> If t > lu sec* -e soould exi>eot the

absorption line to be weiikeaed because of the inability of the 

spins to transfer the energy received from the radiation field 

to the lattice quio&ly enough, Ihis is the c use for gadolinium 

in the etujlaulpiuittes <*nd double nitrates , ror its apectmm is 

not observed tit 4°i£ f t*lthou{;ja it is visible at <nd above SO°K.«

i'he long spin-lattice relux^tlon ticie of the 

nuclei of Li* and J* prevented us from ueinf; them as reference 

lines for ae »euring oue ^u^etio Held. *ne sli, nti> larger



III.

interaction provided by dislocations formed by bombaitiing 

the LiF with neutrons was sufficient to prevent the signal 

from saturating at 4°K, but the line width is still very large.

ii. Spin-Spin Interaction: The second broaden­ 

ing process arises from the interactions between the dipoles 

regarded as situated in a rigid lattice. This broadening 

shows no dependence on temperature (above the Curie point) and 

can only be reduced by separating the magnetic carriers.

Two main types of interaction between the ions 

have been recognized; the dipole-dipole and the exchange 

interactions.

The dipole-dipole interaction is due to the 

magnetic moments of the ions, which can be regarded as rather 

like bar magnets. A picture of the broadening process can be 

obtained as follows.

Each bar signet is regarded as processing about 

the external magnetic field. Its magnetic field can be 

resolved into a component which is steady and directed along 

the field, and a rotating component at ri^ht angles to the field. 

The steady component sets up a steady field at any other magnet, 

which then behaves as if it is in a field which is slightly 

different from the external field. The rotating component sets 

up a rotating field, and if this rotating field has the same 

frequency as the frequency of precession of some other magnet
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there will be * couple acting on this second magnet to rat 

to cikinge) its direction* *he first process gives a broadening 

which is rather like that \vftich arises from using an inhomo- 

geneous mimetic field, and the second process fives resonance 

broadening because it tends to reduce the lifetime of sui ion 

in ti given stiite* 

Free spina; Van Vlaok (1^48) gives the following: fonaulu for

the (Man s-iuare \vidta of u lir;e for i'rae apins 

' diiolo-dipole interiiOtions only (assuming cosine

i.55

where the resonance is frojn ions of type J, where disaimilor 

ions are of type K , S 9 g , and where 0 delates the angle

between the line joining two ions ^nd the direction of the 

external field. It will be noticed that similar lone ure 

tiiaes as effective as dissimilar ions in bro^ening the line.

Kittel aad Abrahois (1953) have calculated the 

line shapes to be expect ad iraa various concent r-Atione assuming 

randomly filled lattices aitoa. ihey conclude th*it if less 

than 0,01 of the lattice sites txre filled xd.th paraiaagnetic 

ions the liB© width will vary linearly with the concentration,
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that the fourth moment of the width will be large, ami hence 

the tail of trie line will be wide and the half width narrowed 

as it is in exchange narrowing. If more than 0.1 of the lattice 

sites are filled the width will vary roughly as the square root

of the concentration, and the line shape will be O

The above considerations refer only to iso- 

tropic g val\ies, Sevens and rryce (1950) have developed a 

rdora general theory of line widths and Elliot t (19bS) has 

applied it to the case of anisotropie g*s for dipole-dipoie
.i

broadening in the ethyl sulphates as follows,

Let us consider only the dipole-dipole

interaction of the ions,

The mean square width of the resonance line

corresponding to the transition between the states I 1> and

of the i ion surrounded by j neighbours is
-

Ki i;

3,26

where 2^ is taken over all atoms except the i ,
J

Now the dipole-dipole interaction between tv;o

ions i, j, whose relative positions are friven by R , is

3 27- 3 'iirfi^£i2 7
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where ^< . is the magnetic moment, Q> (^^ 2S^)« But we have 

shown that this can be written g • .§ when the lowest level is 

a Kramera* doublet. If the ions i, j, have the same principal 

axes % , y, z, and the principal g values ar© jLfu = ^4 : 4(J) '

and referred to those axes K is K^j-t J^. a^,, n,.) where

ii* ivii1* ttl1̂  niJ a]re ^i1"®0^^011 cosines. As we shall have 

occasion to calculate the line widthe due to dipole-dipol© 

interactions of the rare earth double nitrates a table of the 

direction cosines of the 26 nearest neighbours will be given 

at the erid of thie section,

Then W. becomes:

s, , - 5 .> s, y ; -a. c^;/ - ̂ v j ^,0 si j
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If we <»re considering & transition where the 

external field is put in the X& plane at ^ to the Z«axie f 

the stdtea /.!> and V2^> are given by

whore

Hence it fitoy be shovm vjhtr* i fj Are icte*+'c*/

i *»*€•** + f't'S

where

(1947) sir-07/6<5. that when all spin orbit 

couplings are neglected the coulomb interactions betweon

be replaced by un interaction between their 

of the form :]>T(l«f 4&«S rJ wnere J depends upon the over­ 

lap of the orbital wave functions and 6 and &..t cue the spins 

of the ions • •• not necessarily |. No detailed treatment of
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the effect on the exoh&nge of spin orbit coupling seams to 

h«tve been published, This interaction is s^ld to be isotropic 

because it cispends only oa the relative orientations of the 

spins. However th© Vulu© of J will probably depend upon the 

separation *nd position of the ions because tha charge den­ 

sities s»r© not spherically symmetrical in a crystal field.

Any interaction which is not of the form 

J(§!•§•>) *8 callo* unlsotropio exchange. Thus fi*r in 

ma^netic resw^nanee work the exchange has usually been 

purely isotropic*

Van Vleoj£*$ fr^e @pin &r3^t"ient shows that 

there is no contribution to the second moment from isotropic 

exchange between similar iona ff but there is a contribution 

to the fourth moment* If in the absence of exchiing© a line 

sh^pe is gaussian, with exchange the shupe will alter so 

its ara^ i*nd second noasnt &r& unchanged, while its fourth 

moment is increased. This suggests that the centre puxt of 

the line will be peaked, i.e, exchange narrowing, and the 

excess distributed to the wings,

Bleuney and tttevens (1953) have pointed out 

that Van Vleckf 9 free spin theory does not predict (* 

contribution to the second ?noaient from siiallur ions, whereas 

Pryc® and Stevens (1950) theory indicates that in general there
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is a contribution, iii<*y found that the formula© for 

moments reduce to supsnatians of the form 

denotes an interaction betwoan ioua 1 and j. This means we 

need consider only the two body problem* Stephens 

Bleunay conclude that in nearly all a*sS€»s exchange 

contribute to tho seoood aoiaent exc@yt in Van Ylee^tf case 

where tiiQ iona are regarded as siailar and processing «bout 

parallel axes*

Thus it is possible that there may be either 

exchange nurro^ lag or axohajige bro^d@nin£ of the linas, ,atd 

as yet there is no a priori *«y of predicting the effect in 

a given substance,

2. BULK SUS

Thus fax the theory has been developed for 

th@ individual ion, and we must now deduce the microscopic 

behaviour in terms of this ionic theory,

First Approximation:

The partition function of ^n assembly cjin be 

written in t&rsis of tho spur of the spin Hamilton! =*n if it is 

expressed in a r«f recent at ion in which it is diugon&l, as each 

then represents an energy level,

\
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skull .issuana at first that the 

W may be accurately enough expressed in tonia of a magnetic 

field dependant «nd field independent part, and further, that

tiio field depeiwient part is of th© first degree in E,
2 We shall neglect the H term which gives

to a diom^gnetic effect in the usual ttfignetic li

where the r&ignotic field E is directed along the o-uxis, or 

the tens -^^-.JL.!! in the spin H^miltoniun (eq

Now the free energy F s fcl'jPi^
/ r -Q/« »// U/^ ))

s -Id' x-napur ) 6 ^r f

and tije magnetic moment p«r ionic volume

spur (f /<r 3.

where is Boltsman* s conat*nt t i' is the absolute

Thia can be evpModed in u aeries for/a to give'

M »
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Define the susceptibility per ionic voluae as
y = Z;~. 
A *-*o

a.in now tates only terras linear in H in 3-4k ^id if 
put E^O in

the numeriitor is aero

J ••;
Now by th« principle .of fipoctroseopie stability

& t \ i° %> i f>°Spur te - j spur W^ where W,^ is tiie magnetic momeEt of the
m stiit* in the atosenctt of a mugnetic field.

Thus, fo lowing ¥c»n Vleck (1932) w@ may conclude;
- £>

Spur / +-

3 KT 
where .^ " i» the statistical 8i<&ar* sHui*re of the
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»»e have neglected second order terms in H 

which would h-ave arisen f rcsa a second order perturbation 

Calculation of the diagonal representation of tiie darul ton- 

ion, *e stell now iMicute the resulty of perior&inf the 

8<iae Calculation including thee ©aond order perturbation 

effect.

b« Second Approxjuiii»tion:

Now let

^ -f WUy~, // -^ U/iyi^ /y*+..

where a j m are t»he tUantuji isurabers wiaich distlnguieh a 

particular state. 1'he time aver-^^ of Uie ffiu|»netie rjorie

of 4in ionic or molecular state in the direction of n is

The total satfjaetissation

( we are re£,*rdine^njm| states *t* distinct, -.*lthoui± 

they any incev>d t-w f|ee©ner<*te) ^

Uj -I "KT
i-J

ni>v\ 
where the imiierator is devulopdu to include only the first

power of H, and the denominator to be independent of ti.
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We

e hr"

uleo useuoed that p-^rt of

*T which is equal to 

equule ^cro t 1,0. there i@ ,00

r»sid\u*l

How when $. eoorgy

and

JW, K, J ^v

still

ia secousi oruer perturbatiot theory where

noglected the dl^o.^natiG contribution to the torn in u * 

Tiros

X = /v
Mjw,

we assume v&.*t» only iovels of & given n ^r© populated t 

while J un& M '*x® quantum lii^ibyrs who^e effect on the energy- 

is < t<r* ( £ lae^as n - n1 , j = j ' • a = u/ excluded froia
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But:

where ^njia | i-v | nji« ^ is the unperturbed ajoment of 

^ ia the absence of a fit?Id.

' * B fJ[ l^-^'*'

where xZ is the statistical ueun square of tha

t and <jT i© a tQi^p@r^ture indepetident term which we 

y now choose to include a correction for the diur:i4tai$tiam 

of the ions.

In th@ c,ee of t/he ol^thrutee ( Chapter JU.) 

aud in crystals whore tho p^r^i^netic ions are vury dilute, 

tnis ter^ ^ast ii.cluae th@ aiaiiiugxisti&m of tn^ majority of

thus uot d^^endent on R 9 i.u.

_. *
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I.

This s*lt, Cea^3 (I*0,J 12«£4*igO t is one of the 

isosorphous series of rare e«*rth doublo nitrates which h^-ve 

the fornulu AgbglKOglj^^tilgO where A is the trlvaleat 

rare earth ion and B is u divalent metal, e.f* Mg or 4n. 

They are very soluble in wdter, frcxa which they crystallize 

readily in thick plates of trigonal sywaaetry- Althougii the 

external morphology bus been described by Groth (190*3) the 

detailed crystal structure ia not Known* Powell (unpublished) 

has deter&iined the structure of the lattice fozmed by the 

cerium ions in cerium augnesiu«t double nitrate. These lie 

on rhombohedr ;1 lattice uith ^ unit cell of aide 8«51<* and 

inter«ai&l ai^:le 79^° (figure 1,IV).

Krishnan and ^ooic&rji (19*58) ueusured toe 

susceptibility and jaagnetie unisotropy at rooui temperuture 

of several s^lts in double nicr^te series • bec.-uerel ©t alls* 

(1931) measured the FuRaday effect -it helium ron^-e terajiertt- 

tures with a magnetic field .ilonK the trigonal axis, 'Ihey 

found the affect too small to .^ilov, «m accurutes esti^aui-e of 

the oufnatic susceptibility to bo made; they concluded tout

the effective lautrnetie moment of the c eriur-i ion in the di-
of reotion £ie-.isureinent w&s not greater than 0.2 Bohr a-
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At siookhorji (1949J iae*sured the 

susceptibilities of this a *lt from 3GG°& to 6G°& ana inter­ 

preted his roaulta in terms of a cubic fluid.

Cooke and frolf (Cooke, Duftus ^ad t<olf , 13b3 

measured the specific heat between 1° said 4«2°K by the puru 

ma^netic relaxation method of C^einiir, i;ijl *iiid iiufre 

obtaining Cj? 7,5 x 1Q"^ K/T t «iBd 8ho%y©d that it c^n b© 

for almost entirely bj-
••9 -" roi .iatioii tiiie varied at 'X' or 1 in this ivn^e,

at 2.140K it wue 4 x IG^sec. Doalols and ^o&

showed that the susceptibility ob@\s Uuri© f s law within

between 1°& and 0.006^1.

j.'uu axv.t>rUiei.i5 we shall now describe 

perfonued in conjunction with those just mentioned in 

to detemine the suitability of the suit for riaolQ^r align­ 

ment experiments and for udiabatie d«?u^nei>i£ution«

At low tiKapera tares this salt is a 

plate, having a lar^e susceptibility ia <* plane t .i 

siaull susceptibility perpendicular to this pi^ne. ihis is 

the reverse ol toe e-thyl ssulpuate, which h^a 41 i^laxte ol 

susceptibility and a large sue«jepti~ility along the normal 

to it. ihe geometry of the double nitrate ^Hows i*, to be 

cooled eiiaply by rotating a fiiugnetie Tiold froai
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to the trifc-onul axis to parallel to it. i'he speciiic

is extremely low because the cerium has no hyperfine structure

and i» in an open lattice. Hence vary low teraperatures , viss.
3f

T = 3 mlllidegrees , have been obtained, .ffae heatin^-up rate 

ie correspondingly large, however, lor A oiaed! influx of energy,

The salt has been used miccesafully for nuclear 

ali^moent by both tbe Bletmey method and the Gorter method, la 

the letter, however, the o&leulated degrse of alignment 

not been achieved* lor thia reason we fci@*i8ur&d tha Lim 

witlth in order to find the size of i»ue intdructio&s b 

the oeriuia said eobalt ione,

la order to -uia^sure the specific heat of 

helium II below 1°K i,.arti aiid macintosh are «itteiApcing to 

oool it by adiabatiically dana^netizii^;. a lar^ce mantity (75 

of ceriura double nitrate.

II. iUSEWUIBt

resonance me.ueur@iaenta were n

on a Binall ainple crystal at a wavelength of 3.33 cm. I'his 

wavelength was meafe-ured by the standard type of cavity wave 

meter with a micrometer screw haad. it, v^uu ciisciced &y

s with t**o different w^ve meters 9 and by calculating
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A from the Ytilue of the magnetic field, measured by proton 

resonance, at which the resonance lin© of di-phenyl-tri-Bitro- 

phenyl-hydr-izyl ("g-marker") appears usln# the relation

4.1

.. , Heeonuace was observable only t_t temperatures 

below &bout 10°K. This shows that at higher temperatures the 

spin lattice relax&tion time ¥;«s so short a.s to oroaden the 

line beyond the possibility of detection, und indicates the

presence of a low-lying excited leval,
oat 4*2 £ gave a single resonance

line, indicating that .*s in the c^se of gtidoliniuin a

double nitrate (iTenuia, 1953) ^11 the rare eurth ioaa occupy

equivalent positions in th© unit cell. (There **r« two un- 

e-.uivaleut J6g* ions per urtit cell.

The first measurements w ©re ^i^d© with the 

costal «joujiu«:! with its trigonal axis horizontal in «* £fu»g- 

nei-ic fitfld wiiose direction could be rousted «*bout a vertical 

axis. The uia^netic field ut v/hich resonance occurred was 

strongly dependent on the tiagle ^ beti/een the direction of 

the field and the crystal axis, and was (riven by tue relations

4.2
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The experimental points showing this relationship tire «.iv@a 

in figure / •

If the tridental axis does not lie parallel to

the field it will be impossible to make g=g * ^ine@ $. > g

in thle call it -me^ns the observed g . -^ f • In order tofain ^

make the trigonal axis lie us ae^r parallel to to© Bu^netio 

field ti8 possible the crystal was mounted with its (001) plu.no 

cemented to a pieee of perspex which had been accurately milled 

flut.

In order to obtain points as near as possible

to g «re used trie itoyal Society magnet (a field of up to 

IS &ilofauss) and measured the field during the eacperiiaent by 

means of the Turner sub-standard meter me&tioned in Chapter II, 

The meter reed infra were later ooi&pured with ballistic galvano­ 

meter throws from a search coil. :inowii^- the current at v^hich 

g-fliarker (appears, «ind A « we can o<&li'brate the search coil 

readings absolutely. The largest source of error wus the 

accuracy xvith wtiich the rutuer broad (60 gauss) resonance 

line could be contsred on the C.h.O,

The results of this experiment are shown 

in figures / and I («u » rfhich ^re axtrapolated to give

s 0.25*0,05; r, = l.-S4±0.08.
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£. UN& tflOTi

ihe line v^iati* wwe laeusureti uy photographing 

the C.li.O, trace uucl raeaduring tha width of the tr^ce in ^ 

by proton resonance. Knowing the width of the trace, the half 

width at hull* height of the absorption line va^s easily found 

to be 67 guusB. A a the absorption ^&s very strong i*/e ^astired 

the width in the g direct ion with the r.f. j.ad d.c. flelas 

very loosely coupled, i.e. ne*driy p*ir«tllel. There P/OB apparently
' •-. •.'•'' .•-"'* '' - '• •"••''• • ••'•-. ''.,'•

no appreciable dispersion^ for the line width was the same as 

when the r.f. and d.c. fields were per^ndioular. The speci­ 

men a BBC lor this experiment w*° t»he 01^^ af a pinhe^d.

ill. iliiiDEY:

vir«ia asntioned ia Chapter ill, it '- 

by room temperature experiment a that Hand's rule is obeyed. 

We shall tissue© that tiie lowest configuration of a free 4"*"

ion is .adequately describod by u (System of electrons ,ioving.

in closed shells and a single 4f ©lectroa uoving in u
140 

field, ihe natural isotopes of cerium (i.e. Ge 39>S (

ll>i) hiive no Lmfrietic moments, and hence no hyperfine 

structure is observed.

The 4f ©lectroa has one Kussel- Saunders term,, 

£J? t which is aplit by the spin ortoit coupling into two levels,
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Chapter IV 

Photograph 1.

Concentrated cerium magnesium double 
nitrate, i'he width of the C.K.Q truce 
is &20
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J s Z tmii j= *, . ^ue separation of these is known to be *• ' *••

" with J - ^ lower (Lung, 1936), 'i;he susceptibility

of cerium suits at room temperatures agrees well i*.ltu that 

expected for the Jc ^. level of the free ion, so it eeeioe 

that any splitting of the energy levels arising from the 

crystal fields ar** s^taller ttian ia and

doublet B pacing ( fi 250cm )•

ThJE ION IK THUi

that the crystal field perturbs a

4f electron and that its effect is siisaller than that of the 

spin orbit couplinf the proMen becomes that of u sinrle 4f 

electron iiovliif? in accordance with a Haalltonlaa:

4.3 

By V*n Vleck's (1932) formula for the i*>8itiou of the

^iponenta of & multiplet,

4.4

4.5

that tne electron does not overlap 

the charge clouds of the surrounding- ions, V can be expanded 

in spherical harmonica in ascending p-/were of V, u8iag 

v^lth the nucleus as orif in. !ihem

* Y
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(See Chapter III, equation 9.)

For either C^ or D t symmetry V c^n be 

readily reduced, according to i.lliott and Dteverxs (1958) to:

<• -

-* * 4.7

A| her© is ^ combination of .^ and iCfe chosen to rive V 

this form.

First Order Theory:

If we regard V as a perturbation on J (L ,£>) 

for the lowest group of states this is equivalent to V 

acting within the manifold of abates spanned by the lower 

level J* A" «

texs&s in A^ and A, have zero matrix6 to

is now the perturbation (we h&ve dropped the constant AQ). 

AB V, involves only z «»nd r t it coiftnutes with Jz and the 

jmiltiplot is split into three ilramers doublets, each spanned 

by * Jz .

ihen ^ nkignotic fie 1(3 is applied the doublets 

are split by an amount proportional to \. The t«nn in the
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Hamiltoni^a which gives the aplittiag is Ah . (L
V ™*" wv

or & H . (J S).

Elliott and 3tevon0 (1952) give the 

following t

state

1

35'

--f

A'/l

£//
6
7

>&
7
t ff

u
7

o

0

Magnetic resonance woulci occur ^

doublet

transitions

the selection rul© 

tha oth&r two, 

the J=Z

the

±1 forbids

we will not

is only

values &is tabulated, however we can

now identify a level whose g'a *re observed with the level 

whose tjueoreticml g'a are nearest « ^'e shall call doublets 

by their states in th® first order theory g althou|f,h this i®

not an accurate '
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b. Second Approximation:

following bt«nren» aaS &lliott (195£) we 

solv© tfa.® eigenvalue problem of E = J ( L . ^)*V completely 

where V has the form 4.7.

The secular determinant breuxs dom into four 

quadratics and two cubics, whieh t by 

l in

Th® oaly no&-2&6ro lautrix ©iGiiants of V in 

quantisation ^ ̂-^ X *

-3 ^r^r */*-*
- 6 Z

where X- _-£ ^?r , Y-Jj 
15 33

Values of az fajtv« been omitted sine© V is independent of 

spin, and hence diagonal in sz.

Consider now the manifold of J r "t '•,-« «e2 •

Ciua form a state of Jz = J by linear combination of | L t S
£1

states Jo,4> ^"^ «1» "^ » fa^nce the sub matrix is of the 

form

4.9



Figure 2
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Steveiis gives this as

y<& *\
4.10

It ia obtained from the sutriz elements of *ppei*Ux 1 with 

L S 3; and £j added to the diagonal terms,

An eigenstate ia

where £ is the eigenvalue.

4.12
act-a -«• _

two ViiluoB of 6> rfiiicu differ by n

correspond to the two ai&tfasiuat©**. ^e ctsoos© U*& value of 

© *.iiich muKfcS /^>>tae lower *nerfe-y state. Its Grow

is 

. = -COt



We choose trie uaiuKXtuiiAr phase factor so

1'ton

2 suows tiiia function plotiM for a. rang,® of 

energy of the lo\*t»r level is

and of thi»

ue now h^ve ^ ruri^e of values of

within which to fit the observed g values, but the

g and g , are not iadepeiident. 
4

By similar ur^Oi'iients, in the Cua® oi" J r * ^ 

there ore two eifenBtatss of J s /^ oonsistin^ of linear 

of \Z 9 -^ siad jl f-> wjiich five ris© -to

} and £ .r 0.
•*• 

GoodoE it-iid otiortlsy ( I'^bl) show by the
Mof tii^iuir coefficiaiits that if u^ is <aBy funciiod which iit*s

tilt! 8ai&e angular Viiriv^tioji as \^( d , ft } » the

r ^
5 n 4 M 

A/
In th© crystal field with C syrJia

M *0 or i 6 t and with 'L » |taj there «r^ ao p^ira of st
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o.

T&ble 1 about* tbo ui^.ole eii^le interactions 

-Ho vuriAiB u®*»ru*»t uwigukours b^j»u in iifcur® i of

III. Wiiesy ^re Calculated froa £Uiottv 8 foicuilu
c?\ 0S.39 with c? = 90 . The lor^or lateructione buvo been

it will be ti@en that only -a f^w neighbours ^re iraportunt*

volut»b u,rc vary yoiibiwiVQ to t^@ lattice ai,:uuaioat.. wtucb 

10,9 A° for t^o Utoc^oijul sapaivA tioii ^ui 17 »a *^° for 

tion of iidaroi»t uei^u; ours uloix, tne tri^ou»l 

values ^*ro f;iven by Poaell (u&publishad) for the 

double ai^r^to. »^y i^iVw AA^I^W^U ta ,t thay .,.rc- tao ajne for

f^ v ..,

la oi\jor U> oo&parQ boo calcuivuuu . 

( 1S A 15*) witU Ui@ observed roson..aco lino it ie 

to exprdoi* it in temi> 01 tuu widtu of tad line at

u i£au&s. . .OCO^AIH, to v ar. Vleak (1948) the 

is thut tUo I'rc- aei.ciu: u-.ve . Gauifiian 

tiie iUll ii ulf vsridth, i.e. twice tba deviation frau the 

value at wuicii tiio Aii^usit^ ti-»^ ar.vv.iKi to Uulf its

/ Ax

wo oua oxpre£>e this in tortjo of ctd^o&tic field by



It is the factor ^»3& to which \m wit* a to draw utfcantioa, lor 

it ie not u»iitia»©u by eitber £lliott (X95Sj or i/ryce uod 

Stevens (1950), It xw&riota the u©@ of tbeir formulae in

to 01

GU^pt-^r III

for .,

ut tiiw batta^ of i-ubie 1

For coriu..', is y: .13 gau@8,

I>ut i wiata is

we did not observe arsy uars-owiug wbao it w^u$ copied to 

by pumping tbd btflium* Despite Cook® «ad n

ii»-it «* for

to ..

tbe

tMs 

of

o of imci@ar 

tried to

Xeude aat>port to

toe

i.u

ecraoturo wws broad^R^d into a 

below ,4>out e^» ubovo 9°^ ^?w observed fci

wie 

r«3-.-uIve4

0p@ctrue-i reported by Iroa^a

dieoroi>Aacy in the
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work below 1% slight, be caused by u change of the double 

nitrite lattice pttr?.#»t«r8 ,.. but we could detect BO 

between £0% und 4°&. liowsver, our accuracy \*as poor 

of the broadening*

, • When on cooliii^ th© spin lattice rel 

tiia® of the cerium bocoaou nei.rly as lone **o that of 

cobalt, the re luxation time of the cobalt au-^ beooB9 siiortor 

b reaouv«noo« (Saw Chaptor III, p^?o 31) This would

ociening* Jn oho other l^xiid it rn^y be ouuseci by 

axch Jij e,

IV. 1XJ3A SasCEJTlEIUTri

Aa noted in Ch«tpt«r II our nttemptft to neueure 

X^, were unsuccoasi'ul becctus® of the sysmetr:/ of the iau@OLetic 

liold. The observations of tuie suaoeu-tibllity i>erp©r^i«ii^r 

to the trigonal oa£i& bulow 4%. iilui»ux',,t^ thut ^arie*a law ib 

obeyed in this z«giont and tfcuit the balance Cua© Ocai be ua@d 

as un effect ivo vapour pressure therr^oiaater.

By extrt*!X3latlng the line to i - 0 we obtuin 

a **tejapeGr-iture independenlf terat -^au cuii describe tbe euooep* 

tibility per grua of double? nitrate
^ . -^ - s X * ^-^ V >Q + 3 "^ y ^ 0
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However the susceptibility at room tanperuture its very nueli 

less than 3." x Id""0 am* *he temperature Independent 

t«x& Is only a convenient description of the low temperature 

result®, aM is not to bo coKiptAred with tiie N^Lof equatlou 

5.33

Our !caowla%© of th0 teBper/iture v-^ri^tion 

of the principal miftoeptifei titles of eerium double nitrate 

is very unsa^iefuotoxy* Hookherji (1949) has aeasured the 

«k&lsotrox!y and /.^ doim to 80%f aM Becf->uerel e 

the optioul rotation suJLong the tri©o&^l axis in tho 

range.

fie obtttla tte m®m laiieotroyy t&s IS 

at 3G€#!£f ucd ut 4% X. agrees* vith the value of g.

by s^ir^aa^iotic re^on-^xtoe* i?e do not obtain Mookherji 9 ti

vuluee below 500%§ Althou<.4i we JITI* s^tief ie4 thut -OULI* 

apparataie is at tfjult at 4%^ the qualiu«iiivo dift^cppeuuien 

with Mooicherji t s results is di&turbi&g*

ne do not feel ttut w© shouM presold our 

results until further work hu0 been done on aniso t 

crystals with this



CHAFi'ER V 

PRASEODYMIUM

I.

Praseodymium (Pr*41" 4f ) does not have
4

an odd number of electrons, as do the other rare earths we 

have investigated. It is therefore not a Jiraiaere* degenerate 

ion, and the theory which we have described i'or the ijptuiiers* 

doublet will not apply, according to Mliott and Stevens 

(1953), fields of C^ symmetry will split each J level into 

a single t and J doublets, i'he theorem of 3ahn and teller 

(1937) then states that the complex consisting of the ion 

and its surroundings will distort in such ^ way as t,o resolve 

the de^enerucy of the doublet s.

Using C syrranetiry it jsiay be shown that g « 0 3h A.
for each doublet, so that to a first approximation no resonance 

should be found, ixov^ever ^leaney and Scovil (1952) observed 

a reaonance in the ethyl sulphate, and we have observed a 

resonance in the double nitrate,

II.

A crystal of PrgMg (K03 ) lg .£4iIgO diluted to 

about one part in 50 of LaJ;,Mg3 (lM03 ) lg .£4H. )0 VMS placed on the 

bottom of the cavity in order to increase the sensitivity. At 

4.2°K six asymmetrical lines were observed at equal intervals



of field when the rf and d,c. fields, and th# trigonal 

were all parallel, 'ihe lines were very itiusoi/ropic, moving 

quickly to higjjsr fields as the d.c. field WHS rotated *way 

froiii the trigonal axis. «fe attribute them to a single elec 

tronic transition with a hyperfine structure caused by the 

nuclear spin*

1, g

Calculating g^ from the centr© of 
symmetry of the hyperfine structure
get e =• l.bi.» t 0.0?, *i© cannot esti- 
isate ^ except to say that it ifi very 
small*

«e were uiiifcle i&o detocL the lined at 

fields because of &icrophonica. ^uch observations as we did
P' 2s*could aot be interpreted in terras of a g vs cos' 6' law

2. HYPJ

Tuble 1 shows the values of the magnetic field 

at which the tyrcrf in© lines aipr.«ar. By considering the first 

order part of equation 3«£9, II s HQ - Am, we expect thaa to 

occur at equal intervula to a first approximation* liie coluiTin 

heuded A ehowa the intervals in field between consecutive 

lines, and shows thorn to be nearly constant. «e have performed 

thia experiment laort? than once, and have found no consistent 

trend in tho value© of ^ , and we therefore will not use the
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of equation 3.89.

From Tub la 1, aotiiskitittfc- tin© accurac 
by caiapariiife; \*'m result:-: of u*> oxperiu& 
w© conclude that ,-. - O.C^i Q.OOjf oef • 

undefined.

111.

The c state of the free ion Is

from ?ttbl* 1 of Ch&pter III. Tburo is only
141on© stabio iuotope, Pr v which has a nucles^r spin of

^: (Ela.jaey acd -cavil, liKfc).

1.

^t doublet, uador C n^uootry*

can l>e written

•-. tew which

g = 2 x x 

- 2(1-3

- 4 sin

£2

Therefore, frcxa 2abl0 k of Chapter III ^J // A // J



Chapter V

ail Mtis.gn.esiuia double nitrate 
diluted in lanthanum, iho typical 
asymmetry is noteworthy.



'i'able 1

(diluted in

Field in &ilO£au»s
Axis

1,30 

£,38

3.46

4.50

5.55

6.60

g m&rkar

1.08

1.08

1.04

- 0.00* unknovm

^ 1.55 - o.os g. unknown but v^ry

Cili
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2. fflrWRFIME PARAK££gRSx

we have used the first order part of equation 

3»E9 to describe the hyperfine spectrum. A* fcleaney and ^covil 

point out, the spin rUwiltonian might be written

with fein effective spin of |. The absence of matrix elements 

in the magnetic field between the two states of the doublet is 

indicated by the absence of the usual utrms f /$ Ui S •*- *.i ;•> )

and B(3 I •* £> I ). In first order theory they huvt* aero x if y y
elQiaenta cinyw^y, so TO still i/ot Hrii,, - AH for our 

equation*

Our theory is obviously only a very

approximation, because the levels ,»re separated by U;e 

Teller effect aiid not the usual crystal field of tr 

syrrsnetry. however the theory of ouch distortions has not 

yet b«en v/orked out.

3. LIHS

^e have noi, calculated the line width because 

the shupe is obviously not Caussian (a®® photo/T^ph ^ )•
•^ 4- ' J.

The shape seer/is to be a characteristic of i-'r , however, for

Bleuney und ocovil report a similar shape in the ethyl sulphate. 

i'he double nitrate line at 4,£°A is isuoh narrov/er thiin the 

ethyl sulphate line at £0°iw, which is sevur^l himdred
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keovii {l'y;;v) found 

absorption specbruid in tii© GLUyl8ulpU<-u,e at :. 0°ii and obtained 

its # values very accurately by usir^- proton resonance tech­ 

nique to measure the applied magnetic field. £ur}ier low 

temperature /r,eu.sure&aat& of tfce j^arada}' effect ti»«i been i,uae 

by Jjec<;aart3i at al ilj^b) uaci oi" susceptibility £>„>• van den

oi

rotation, ajad susceptibility uad ¥«rd«t constant were pro- 

i/ortiorial to vrfitjtiin a fwv* p^rc^nt stio\vii^; tn,,*i. tr*«j 8t-»i, k.:. t-> of 

the lo&eafc doublet ure sude^uatfely described by a sin^la J' 

nkiiiifold .and taut ad^dxturoa of other uuriii'oLju; are usuill 

(i,lliott, 1^52).

In ths ethyl sul^h^te ^lliott is i*ble to 

describe trie sasce^titillcy i,>

" 4ka!
it 5> «,p

Cs °S 3 r 105" • w A J» V

up to oxygen temperatures »i,ore they deviate very slightly. 

ihis indicates tbut oali one doufclat is f.opul.,ted up to the^a 

temper.*tures, .tnd thut the first excite doublet .mst be

lOOcsa higher*

'irerfc,siv» f tovevor, wus unable to detect
«<i 

in the double nitrut© down to *
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.us u*> rofttreuoe poiuti t£4tf>u>grupk 2. j. Our

two Bifc.iifeile fcogeluvr was »ii

l.
6.1 stiows tiie observed pro ton reso d 

the u>perfizi0 lines occurrod i 

n»itU Vciluoe c.lculiitod frcsn s^oosd onler jparturfcutioc theory

Mo,

IB no sys^guatic v ..&l-.it/ioa in the dti-

, so we dici

i out by Klliott

B is &iven by UM» uvoru^e oepur-tioii of ^ 

csrf iue linso in Uig perpdndieular direction ..and is time 

iJliaaod. In principle it should be ;x>S8iblD ixj 

.» s'roa tbu positions of t&« hypert'in^ liijos 4 iven

£ . £ • a inff the ',iV >
very em, II, 00 it ^ut» iaipo&»ibiL0 to do it this tf*»y. Elliot t

if tiie st-atos wi.ii.ch 

describe doublets oro eigoiist^t^f} of tuc* totcil ,r^,;ul ^r

// -L
In a ^oniiold wfcore J ie constant, ^ny 

ol«w«nto proportional to tiioee of J.
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H.U.42S) <un bo replaced by </Jjf- J> H.J, ii*i H.I

b$ replaced by ^J/( H I(J^ J.I - — u« do not need to 

iaiow ^ J I/-AJ| J*> for this argument.

In Chapter III fie have shown w© c^n replace 

A E.lL *S£&) by ^ H.6.8, yad so ^J// A// J^ J c^n bo 

by £.i>» fiimll^rly M.1^ becoraee

> J '-3 - J =

Hence i =

tbe ^Tiocipul values of i1 uro A § B «nd B t so

The relution is u0£t lil^Iy to bold in the 

sooood half of th<j 4f steell, for the first excited level is 

well rotiioveci, and tbe ddmizturo from it eorr^spond 

ll. In ioos in tbo first half of the eball tiie

' Ag from unity is roughly prosortiorxil to 
/^ -1- •y

to tha first dxciteu l«v©X. In th« otUyl sal. .i^* to J&

we do iu>t iariow g^ very ^ 
it aet^is the bctst ;/xocoUuro 
in order to oalculute the ..-. 
is ot.U.oalutoA tbia way for botii iaoto:>ea.

c> •• v *
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°- £
g values ^ore measured in the 

way utf the oeriuta valueu, i.e. i/y ex 
lating the straight line of a*'-£ l ii**e +3

<a =• 0. Vi'r 0.£>i' «,«*•< <# - a-7jrS/J-

with it& »ri, on,d axle iu

of the applied yjiAguetic fialdi of the uoyal ^ooiety 

aad the f iold was uieaeurod by a 'Aunaer oeter* 

•bowft ti39 cwrvo obtained in this way.

Th© Iifl0 width wus xaousurBd

wu0 t^it of ooriuitt* ^^s it was greater than the wwoep we 

utiBi:* tad tirj© points of h^lf intensity, and 

pointa by ^>rotou reeoiu«aod t obtaining a width ut 

ity of

~ 170 - 5 gauoa.

xiz. 
x»

triv^ieat i&od^nium ioa hu.G turoo

ia tho 4f ahall* Itii gpoursd atutd i^ found froa tho I^nd rale
4 

( Chapter III, £uble 1) to b© *cy e » ^^ 338xt l«vel being

6000B ubov«« It a*»e nt»tur<Ally aUmdtmt isoT/opes with

, 144. 14fc t 146, 140.
w W 9 w w

spin aero. f&& isotopes 145 «ati 14i> with ubund-noee of 

«a^d 6.3^ r»»i»otively have spins 7/2 (fc>oovil t 1961).
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-JUS 10S

A crystal field will produce u 6 work 

of Cue lowest iav^l. If tfcie fiola ia of aai'f iciontiy low 

r,y till of the deg&i&r^cy «41i be lifted except the

To a first approximation tho matrix

bo
2

the lower Jik*aii'old oaa b» specif iedl as |4f ; J,
+- f* - - ;-

oryet^l field vill^ uooovding to its a/nsraetry,

eto^ontfi oouplin^ «t*toa of Aitftirent JJ^I oiadl

will iiot be =* purtieul^iriy eood ,UL-mtu^^ number. .•- given 

state wiH therefor© be composed of a linear oatibinutian of 

other etatee in mo s-r^ J r^inifold; the admixture 6e;^ 

upon the properties of tbe crystal field.

a. g Values:

We wi©h to identify tbe ground state of the 

Nd"^*" ion as belonging to & particular ^s by oaapsaring the 

observed g values with those eulculutod from the vuri>jus 

J states . This can bo done by considering the-Tytttul field
8

to be a perturbation upon the levels resulting from the a;4n 

orbit coupling:, r^tftor tii-jji by consid@rir% t J ^* - 4

ain^l© perturbation aa we did for Ce . Thy ^
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for finding the values of *<f / 1, * £S J *•> ^.1 ^ 

where ^/ and <-/ represent Krauers* conjugate states 

for^ied by a|Jas i^+~fcf^& ^c> f- • • • Is straightforward 

tedious, £'be operator ••iuiv^lentii for ta$ crystal field

boon tubulated by Steve n$ (195&) ^iisd. the multi 

factors are also givou. ^XUott and 3teveo» (1953J 

wor&ed out the poe&lble g values for ti*e ethyl aulpbute 

find thfcjt uuier C^. ayrapetry the onj.^ vtatec which giva a 

Don soro g^ ^re

0.8

6.3

For tbe J - t J states g - -§- itud ci - 77 • 

B<3 do sot apuroximto the ezperiiaent^l romilts, 

The second pair givae

g ^r ^ I ^ooa^ - 5sinE 6>) 6.4 
^ '

g = ^ sia £ 000 6* a. 5

These are ylottod in fi&ire £ f und - 47° fits the 

observed values &e closely as ttie ethyl

la th« <XLS© of tii© Qviayl eulphatea ^ 

and Biliott -*«re tiiea able u> verify thi.it tho cryet<il fluid 

oould give this admixture of st^^s us the f^pouad doublet,



to
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ifco theory of t»bo 6xtr-^*ol.,Uon of ttir* ©tfcyl aulpiute

been worked out thi« cua no doubt uleo be 

done lor tiie double niirute. *or tLe pvuaeat all we C«*G 

do Is wo tausioe toe foraulu

2 ^ j / v I - S7.

which is ^OafcOUB vo 4.18 1 uod is related w> tiio

by
_ 0 . 3f3 v^. 4 *•'• 7 w *

It will be observed tiiut thin is BtrQBgly dej^eolent

£. i*

It tM8 is still t4i© a.ee, we 0*01

- , ///

in tne vr^u^i®at of our

to eonelder the effect or ud&iziog the

J level wiucii IB 1BOO QtsT* away (Chapter is, table 1).

In tbe a^»e of tb© ethyl aulphubes the ratio — ~ °

is scaa& -^Mlxtur®. 

oruer ctutes -/ ould be of the form
v.e *< /
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should be * &ood cheek upon the theory* In tho ethyl 

o it ia B _
2*073

145
Gi02££ = Q.OQ599 

6, H.073

For the double nitrates it Is

1

from G.ll will be

to bo siiaply i.h*j ratio ̂ ^r^y * «e o<iii obtain throo 

Taluea of tiiis ratio rrota the different linos

with I. - ^"f t ± ^ , - ^ . (The 1 = - ^ linee** 5S

ob&auroci by tne ruin ii&e*) Xhd ratios

— - .01 

.GliJ ± .01

- \ -> 1.613 * .01 

These agred with tho valuer observed by 

Scovil in tha ethyl sulphate^ viz. l.uQG 0.001.

reut^i bf wore

to estijaate the iiucle^r qu*jarui^ole xaooont from forbidden 

transitions at sero field by using wavolen^ ths of irom v to 

eta* ihi@ t^ouiUviUe aight be a@@d on tb& doublo nitrate if 

apparatus were modified. They ustxl arysu>10 grovm in
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to reduce the pit>ton width of th<3 

I'his would not* merest* ouruecur cy unlays a 

sufficiently narrow nuclear resonance eignul could be 
obtained at 4°K«" '*;•<? ^ ;••';,/ • ':' ,/ — .•, ' - ; ''; •;';--::-

JPhoto&raph 1 shows quit# well defined 

lines bot.*»en the Uyperfine lines. $® tiiou^tit tUut ttiey
'.^ v * . • ' r. • • '' - . - . ' ". ' • .--'"' '-''•* -.*-'-

might bfc» forbidden trot^itiotio of A a - £ £ aueh ,*s 

di8ouas€id by Bleaney (1951). In th© ooc© of erbiui;i 

we were ublo to coticutte t&e uucle^r

o^ent with 30^:10 uoour-cy (Bogle, I>ufi\ie
«r

-covil, lyUJJ by *.,a-u^ of oiob vr«juiitionfl, Hov,evor

Bcear* to bo turec satellites between ttote outenooot hypori'ine 
143i of ^M • On© of ttia&e afe T̂ be duo w> ooupiir^

lower proton re«-ioikiao<i» ^ruoe to tb® up^er truoo -..it

the C •&•<)«, but Ble<oi0y t 8 formula glres only one lino between
_ -7 vthe Ja r "L vtr^i J-2 = *• iiyperfia© Ilne3 9 «ad tiiat oao line

abould i>© ^a&oci^ted with tk<3 ^liii©. '^e c^imot explain them. 

as forbidden truat-uuioub Uien,

Bo Satellites were observed on the low 

side of tij© -f. li&e» &ii©r«fore they are not Oautsod by 

inter, ction u^ discussed by 5covil (19^1}«

The lisie^ ^re not due TvO •.-; twinned crywtul 

axis not perpoadi cul^r to th© d,e, field 

although tao spectrwa v/oulci collapse oliglitly it



Chapter U 

Photographs 1, -, and

1431. i*yp0riine lines of -;d associated
1 = 7/1' and 5/2, shoeing tares unidenti­ 
fied lines in between thea.

1432. M. , 1^ - ty £ hyperfine line shown t
the proton resonance signal used to measure 
the magnetic field.

.Ig - 5/2 hyperfine line, 
/ I z s 7/S hyperfine line, 

and two unexplained lines in betv/een.

lar^-e i-id
lar i\'d'



Chapter \L 

Photograph 4 and

4. A , I 3/ £ hyperfine line

and. a seller i'i 5/P line.

u hyperfiue lino of i.d 
sho ,irig the saiae unidentified line 
oa the low field side us &£, observed 
during a different experiment upon 
the su£ie crystal.



Chapter VI 

Photograph 6

'i'hree exposures of the iauin line in 
concentrated neoctyiaiu^ magnesiuw 
double nitrate are shown, rhe smaller 
line on tha ;iuin line in the left hand
exposure is p,-murker, i'he smaller line 
below the uiuin line in the ri^/ht 
exposure is the protou resonance 
set to coincide vith the half intensity 
point on the jviain line i" order to 

its i,idth.



tioved to quit© high fields. If there were two M" ions 

per unit cell, ind ii in some cells they were not equivalent 

ions because of local distortions ... or If there were simply 

a large number of lattice distortions ... we might observe 

such y, weak spectrum, »>ueh a hypothesis would explain trie 

extra line observer? in the niuin lino. Unfortunately the 

satellites ,Are so weuk th-j.t xve only obt><r.rred the»* twice, ^nd 

on several occasions v/@ could not detect whether they were 

tnere or not. If the &@ii£itivity of the app_i.r..*tua coula b@ 

increased this i-iight be an interesting aspect of the spectra 

to

c. Line

i'able 1 oi' Cibapter IV shows the di,;ole con- 

tri but ions to tr?,«a line width irom the various neighbours of 

a Nd** v ion calculated f'ror.i 3.59. There v/us saae difficulty

in judging tins hulf intensity point, but our iiJeasurea v.'idth 

should be accurate to about - 5 guuss. Ahe line siiQwri is

that of concentrated neody^i&n maf*n©6imu double nitrate 

perrjeudiculiAT to the trigoiml axis, -because of e 

difficulties we did not cool this crystal below 4\ to see if 

the line becoue narrower <i ue to a longer spin lattice re- 

n tixae. fte have not included the proton width due
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to the hydrogen in th© water molecules, but some

of this can be made froia the lia® width of the lines in a

ulluts salt. iTenurn (1953) ocserved lines only 4 guusB

wide in gbuiolinium iaagne«si'aia double nitrate highly diluted

with
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MGkbSIUM DOUBLE

I. BACKGROUriD:

Samarium was the smallest ion which we 

to grow in the form of the concentrated magnesium double nitrate. 

i'he crystals were often opaque and asyrrczietrical, and easily dis­ 

solved in their own water of crystallization, when the room

temperature rose,
f /-f 

AS shown in table 1, Chapter 111, the 3ra ion
•5 6

has a ground state 4f° tig , and is notable for the proximity

of the J -- 2. level only 1000 era"" above the ground level* i'his
g leads to the large difference between & calculated by trie

first and second order equations 3.7 and 3.8.

Naturally occurring samarium contains 29/» of odd 

isotopes which we expect to produces hyperfine spectra, i'hey 

occur as 15.1 t G.15>3 Sm/f 7 and 13.8 ± 0.18^ 3m'^ 9 (Inghram 

et al, 1948).

Bogle (1952) observed a resonance spectrum with

g = 0.596 t 0.002 and g^ « 0.604 ± 0.002, and resolved the 
/

147 14^ *f hyperfine structures of Sra and Sm . His values of — " =
fi*•j j, 

are near 4, which suggests that there is a considerable

admixture of J - \, to the g round level, j

i'renaia did not observe resonance in the double 

nitrate down to SO°K.



VII,

II.

JSxperiuQntB wero porforcied on <* crystal of 

^J^^CNO^J-kj.cXaioO usia& the Koyul :>ocioty augnet in order 

to obtain the large Holds necessary to reach the low g

A broiid aiiin line and sixteen fully resolved 

observed $fith the cue. field

1. g V*dUJS8i

1 shows the vurl^tion oi g*' with

The extrapolated values give g^ 
-- O.Vb ± 0,01 and g - 0.4o t G.Gli.

ie dare both inoouvenieatly sumll to be measured ©xperi..v:0nt..Ily >

10 Kiloguues *»t 3 OKU w..ve:U;;;-uu;. 

The earlier g value is beyond the uuxinua field obtainable* -t 

euoh luryo fiolds the vibratijna resulting froni the interaction

on the **.c. 8i«»ep field ,,nd the d.c. field produce <* , r^..t 

tiicro ;honios \«?uich obaoure t&& lii.e, Beo^uwo of the 

dil'licaity in ooaorvia^ the Iii^ t and beo^u&e ol' its widi,h f \^e 

De^uured the ra^nQtic field with the Turner piete-x1 r^aer than 

by pro to a resonance. Indtted it ,/ould be difficult 10 ^.*r:e ;> 

proton r«eott.*nce ooil wh*cu v,«ould cover the r.--ut?a fruQ g i^^r 

to oven the lowest lie Id at which tho a^in line oc-uurs.



Chapter VII

Photographs 1, r , 3, und 4 

1'u.he width of trie C.rc.O. trace is #2, Gauss)

1, Main lino of concentrated samarium 
Magnesium double nitrate.

147 <-. fiyperfiue line of Sra at a nifher
aifiplification than ,v 1.

3. iiyperfine line of Si

4. iiyperfine line of &alA? and of bra1<k9 
shovtfir^- tha very siriull difference in 
intensity due to the difference in their
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We hud hoped to be able to do this by means 

of the resonance of the lithium nucleus in Li!', ^s the

nuclear gyromagnetic ratios of Li - 1.039 x 10* and * -
4 2.517 x 10 | the lithium line appears at about double the

magnetic field at which the fluorine line is seen. «hon we 

obserred these nuclear resonance signals at 4°& in a pure single 

crystal of LiF they saturated and disappeared in about a second. 

rte therefore tried a piece of Lii' which had been bombarded with

neutrons in the Harwell pile, ihe bombarded specimen was 

black, whereas the original specimen was colourless and trans­ 

parent. The extra interaction between the nuclei and the 

colour centres was sufficient to prevent the signal from 

saturating. Unfortunately the Li nucleus gave a broad line 

with considerable asymmetry from quadrapole interactions, tte 

felt we would not get appreciably better accuracy froifi its use 

than we would get from ammeter readings.

2 •

The hyperfine structure wag fitted to the 

first order perturbation formula appropriate for the d.c. 

field parallel to the trigonal axis, equation 3,29.

H * H. - <#" - ̂ J^*"*' *" *-?

i«e have noted in Chapter III that the last term in this 

formula cones froja second order perturbation theory, iable 1
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Bhov.B the fields at which the lines -ere observed; the 

fields at which they are calculated to occur using the first 

order part of 3.29; and also including the second order part 

of 3.29. ifc are able to determine «. quite accurately fro*n 

the average spacing of the hyperf ine lines, ^s in the case 

of neodymium we may estimate B from the relationship — ̂  - I
&<r 
J/S

It will be observed from table 1 that the

fields calculated from such a B using the second order theory 

are in rauch worse agTee.'ient with the observed values than are 

those calculated froia first order theory. If we assume

i- ^ 1 due to the admixture from the J - -£ manifold,
B3*
then we can set a limit of

/.3

Although our limit in the double nitrate is less than the 

value 4 observed in the ethyl sulphate it does not follow that
7_

there is less admixture from the -^ level.

Unlike &he neodyraiuffl hyperfine spectra there 

is now very little difference in intensity between the lines 

from the different isotopes, in the ethyl sulphate, -^ogle 

(1952) measured the intensities of the lines very accurately 

by superimposing a calibrating signal on the C.*t.O. trace. 

Me have identified the spectra of the two isotopes in the
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rouble titrate

Isotone

147

> Observed
Held

(In Jif.'aj

4. 04
5.91
0.94
7.^0

M&in Line
8.91
9.85
10. 3T:
11.82

iirst. urtier
theory

4.93
5.87
6.07
7.86

8.86
9.85
10.85
11.79

-A

0.09
0.04
0.07
0.04

0.05
0
-0.03
0.03

1 ty£e

7/8
3/2
5/2
yg
-1/5?
-5/8
-5/8
-7/2

Second Order
j-'&eory

4.68
b.7?
6.66
7.61

8.61
9.64
10.70
11.70

^

-0.04
0.19
o.se
0.?9

0.30
o.n
0.1E
0.08

149
5.49 
t-.29 
7.19 
8.04

Main Line 
8.84 
9.53 
10.41 
11.25

5.49
•v

7/2
c-., 
7.13
7.9b

8.77
9.57
10.41
11.83

0
0.0^ b/V
-0.06
-0.09 V^;

-0.07 -1/S
0,04 -5/*3
0 -S/2
-0.0?7 -7/2

5.45
6.07
6.98
7.76

8.60 
9»*4
10.51

0.04 
0.^2 
0.81 
0.16

0.09
0.11
0.06

147A « 0.997 A 0.823 Xilogauss , 
- 0.05^87 ± 0.0005

b < 0.3 for both isotope* 

- 0.03SIP cm" 1

~" ^.41 can



Til. 5

double nitrate by assuming ^ogle's values for their nuclear 

moments. Photograph 1 shows a hyperfine line from each iso­ 

tope on the sarae C.K.O. trace*

We conclude, on the basis of first order 
theory that fif47 - 0.03*6 cm"1 andf/if49 =

r1 . /B/< 0.026 cm""1 for both isotopes.

3. LIKE WID1H:

The line width was measured from photographs 

of the C.H.O. trace, 1-io account was taken of the smaller 

a.c. field at a given a.c. current resulting frotn the raapnet 

poles becoming saturated at high d.c, fields, iiowever this 

effect is only a few percent.

The line width was 75 "t 5 gauss 
with the d.c. field parallel to the 
trigonal axis.

III. THEORY;

The free i3m ^ion has the ground state
6 

4f^ Hs (table 1, Chapter III), and hence reserablos

Ce "*"*" *" except that it has one hole instead of one 4f electron. 

It follows the theory worked out for Ce + having Jz .- ~ ^ for 

the lowest doublet with J% - - /i, for the first excited state. 

According to ii.lliott and Stevens (1953) the /^state is not 

as close to the | state in Sm as it is in Ce
+•/-/-



VII.6

1. g VAUJES:

If the ground states are eig-enstates of a

single Jm m&nifold the same calculation of the g values should 

apply as for t he cerium oxcept that the Land© factor is -2=- 

froffl L - 5, S - 9-u , J ~ ^ instead of -f for cerium. 

(Table 2, Chapter III) £hereiore, multiplying the values 

fouxul on page 9 of Chapter IY by ^ we obtain

, z I*
- *- -7 j£-

* ^ ^ o

Hence the 3-= t J values are seen to most2 *••

nearly approximate the observed values, because the «T - -£. 

level is so near, and in view of the limit of fffcj ^1.3 which 

indicates considerable admixture, we now proceed to the next 

order of approxijawtion by admixing 3~-^. The iiramers* doublet 

becomes

J

where v/e have taken account of only the nearest excited

J level. 3y performing a calculation of the g values similar

to that used for cerium, Stevens and i^lliott (1955) obtain

s ^ (cos2 9 -f ^ sin^e -4- 3 ilQ ein 2 £ )
7 r— 

^ * (3 cos^^ - ^ sin1 9 - J JlO sin 2 & )-
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Figure 2 shows the function of ^ plotted for a rang© of $

By extrapolating the crystal field parameters 

of neodymium ethyl sulphate Elliot t and Sevens can show that 

their admixture could give the lowest doublet, rfe cannot yet 

make this test,

The approximation to the observed values is 

worse than for the Ce and i$d . In the samarium ethyl 

sulphate there is also greater disi*t reeinent with theory than 

in the cerium and neodymium, suggesting that admixtures other 

than J ' -^_may be important.

Stevens and ^lliott give 

tan g. = 0.0869Vg - 0.43Br4 - 1.013V0

where A ̂  1000 em and from figure 2 9 9- •= 6°

Unfortunately if V° -=• V^ 4 Vg , as in the
^ethyl sulphate, we cannot estimate vj, nor the ratio -^

v/
<

The — ratios are us follows: 

ilthyl Sulphate ^ ^ ' f f
~% " °'°"™ t~ % 

Double Kit rate ^ '? ?

3^/ O 
The isotope raoioe are:

i_Doublet j.r^r r V ^^- ^,
3 *^ ' *"L •"" -^ ~^

1.2 6



Figure 2

110
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where the accuracy of the values decreases as we go f roia ± ^ 

to _f J. These agree with Bogle's value of 1.222 ± 0*009

£ WIDTH;

The last column in table 1 of Chapter IV

gives the contributions of the various ions in the unit cell 

of figure 1 of Chapter III. They are calculated from equation 

3.29 with 9-0, i.e.

3j ^
and the data of table 3, Chapter III. 'i'he contributions 

from ions clos© to the trigonal axis are now very large, and 

the contribution fxjoiii the nearest neighbours on the trigonal

^•2 aaxis amounts to ^3^ of the total.

Assuming a Gaussi&n shape, we get 2.35J130 - 

27 gauss for the width at half intensity, i'his does not 

agree at all well wi'th the observed value of 75 gauss, 'i'his 

may well be due to a short spin lattice relaxation time 

caused by the proximity of the -^ level. In the ethyl sul­ 

phate the line vadth decreased \vhen the salt was cooled below 

4.2°K. We did not observe the double nitrate below 4.2°K.



Having presented our data and analysed it in 

some detail, we ioay now try to see the overall picture,

(a) The theory which Uas been derived for the ethyl sulphates 

gives a good explanation of the double nitrate g values, !i'here 

is similarity between the ground state of a given rare earth in 

the ethyl sulphate and in the double nitrnte, except for 

samarium,

(b) fte do not yet understand how to predict the crystal field 

parameters, Judd (unpublished) is able to estimate the double 

nitrate crystal field parameters of certain rare surths from 

their ethyl sulphate parameters. He is not yet able to move 

along the periodic table? and calculate the parameters for the 

different ro.re earths from a knowledge of the double nitrate 

parameters of one of them, Powell has suggested that there 

may be a change in lattice structure within the series, and 

the change in symmetry from g > g for the Ce""* and Nd*"*"*
fy

to g > e in Sin*"* 4 may support this,
// -i

We should mention the work of iiookherji (1949) 

on the bulk susceptibilities of oerium, praseodymium, neo- 

dymium and samarium in the magnesium double nitrates between 

300°K and B5°K. It is difficult to compare his measurements 

with our results at 4°£ for the following reasons.



(i) They cover too small a range of relatively high

temperatures.

(ii) They show the effect of more than one populated energy

level, as well as large temperature independent effects from

the excited levels.

(iii) 'i'hey may contain quite large contributions from

paramagnetic impurities, especially in the case of samarium.

(iv) They show the same qualitative disagreement with

measurements by Gorter and Jackson of the sulphate octa-

hydrate salts as they show with our measurements of cerium

double nitrate.

Mookherji observes X^ > X in both samarium 

and praseodymium. In the case of samarium this may be due to 

impurities. In the case of praseodymium his curves of X^ 

and & x could easily cross ovor between 05°K and 4.£i£, On 

the other hand we did not observe resonance in 

24H2O f except when it was diluted to about one part in ten of 

La.-MggiNOjj) r,.£4&,0. There may be a different crystal field 

in the concentrated salt.

Although we have expressed certain reservations 

with respect to our Suckamith balance measurements, we feel 

confident of the microwave absorption results. There was no 

doubt as to which ion's spectrum we were observing, iurthenaore,



the crystals showed very well defined symmetry properties 

and we took pains to establish their orientation relative 

to the rotegnetie field, although wo uead the purest rare 

earths supplied by Johnson, &atthey und Oo,, impurity spectra 

were always observed*

(c) The lines all seem too wide to u^-ree with theory, ^iliott 

considers the theory to be rut her a rough approximation, 

however, and we have not* ruled out broadening due to u short 

spin Ivittice relozutioii. tiae except for cerium. Indeed we 

may generalise that the spin lattice relaxation biiie is 

shorter in the double nitrate than in the ethyl sulphate be­ 

cause both neodymiuin and prtiseodyraium c*n be observed it 2Q°K 

in the ethyl sulphate, lurtiier^vore, f^idoliniui4 o«tn be ob­ 

served ut 4 iv whereas in the double nitrate we have ncnrur seen 

it at so low a teciperuture.
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It is ,,011 iojQwn that the values of the 

effective skigjaetie tuosiejats of some complex cyanides are 

quite different f rors taeir values in simple salts of the 

saiae oatullic ions, iMs has been explained by van Vleok 

(1935) as the result of the breakdown, by vary Lir^e valence 

forces, of both the spin orbit coupling, and the ^ssel 

bauaders coupling, i'his im^e& the deepest state that of 

the lowest possible spin rather ta.an of maximum spin &s 

given by Kunnl's rule, V an V leek (1935) shows that this 

otidct, c^-ui be produced by a crystal f iald waose ayfm&try 

depeada on the orientation of the val@nce bonds« ^s u first

the cryat&l field h«i6 been aesu, ©d cubic in

the Case of the six (Ci-) co.iplexos surrounding a ta 

iou.

JCotaai (1949) has derived susceptibility 

fonitalae using &his assufnption, and notes the discrepancy 

in the publisoed values for K«Mn((3i). f viz.j Goldenberg, 

1940, 3.B5; Blitz, 1928, 3.61$ hay, b/»ar, 1988, 2.95; 

Szego, Osteuelli 9 1930 » S.40. 4'hese ob&erv-^tiona were r<k&de 

at nigh t«isip«rutures , *»nd there do not- eeero to be any pub- 

lishad measurements of the susceptibility of this salt at 

low temperatures.
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Ble4*ney t Borers and baker (unpublished)

have recently investigated the paroia^^notic resonance sj>ectra 

in some eonplex cyanides, and suggested that it would ba -vorth 

while to investigate XgHntCNjg in order to verify that it has 

a diajuu^&etie lov^l lowest as predicted by &ot«ni. Should 

this be the c^se it would clarify the origin of some observed 

spectra by ruling out resonance except from excited levels 

at high

II.

J8« inveetigatsd u S]>eclj^u of baker's 

KJdniGN). in the farm of 0.13 grass of powder packed in 

cylindrical pcrspoi container. The susceptibility wue i: 

by ro<4diiig the mugztet curreiit r^^uired to return a light bean 

to its original position after u 4 fagra, steel ball bearing was

lifted fron the ring* Ihe ligiit be«uc was observed with the 

travelling foierosoope. headings were taken froia 4°K. to 3CQ°iL.

ihe results of X vs. tp ar«3 shown in fixture 

of - vs. T in figure 2 f and of n vs. I1 in figure 3.

although we are not cert^iri of thermal eiuillbriura between 

4^K and icftl, the susceptibility is obviously not chunking 

rapidly over this region.

i'he iibaolute calibration of the susceptibility 

was m*ide at £93% by coiaparing the force on u knov/n weight of
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with the fore® on a *nown *eiidit of 

which occupied u oiuilur volume oiid was c^ciosod 

in a similar awount of perspex. Inter comparison of three 

Mn(!ti)g(SQ4 ) g.GH^G specimens showed that they could be 

taken out of the balance and replaced in the suae effective 

toa^iiotic ix^id to within - 1^.

iat, di^a&i^ietic correotiou a ay to 

porepex i.iounting was expariiiiontally lass tb^n 1^>

sueeeptibility of ila(©«) O4ia 09 eatiaut,4*i by

the stoiehioutotrio proportions of %*-16.u x 

s -lux 10-% A* -10.8X10*0

A H t« aruPki-rnotc susce,
«. is 5»15 x 10 «rau/'nole 9 h@noe the dia^iugnetie correction is

arid it becomes ti@gli^ibl@ by 100°K«

AS the errors in plotting th© graphs ore out 

of proportion to experimental errors, we include th© following 

tiably of ©xpari&entdl results corractrod for the diuisu»£neti8&u

The two experimental points which deviate isost 

from the smooth curves, i.e» 4o°i£ iajd 152°K, have bo^n shown 

on both figure 1 und figure «!« *vs the./ both corree^orja tx> 

larger a^e;rietic fields beiug applied than should kusvft been 

necessary, they <sire probably caused by the balance sticking 

slightly. In the case of the point at 4&°& however, there
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was a very large thermal gradient between the top of the
oground joint at 20 K and the specimen* ihus there was the

greatest chance of thermal disequilibrium, ihe vigourous 

bubbling, of the hydrogen bath also made the balance unstable*

III.

We are concerned now witn an iron group 

element where the electrons which are magnetically impor­ 

tant ore, in the free ion picture, in the 3d orbitals rather 

than the 4f. AS these 3d electrons are not shielded by an 

outer shell from the influence of the crystal field or valence 

forces, we find that the Hamiltonian for the central ion of 

a complex should be written:

H = H°.vVc+AJE ̂ .S^H.tL+SS) 8.1 

where V c ;s» A^L Q, •si ^ ̂ H.(L -*-2&), and now includes valence 

forces as well as coulomb interactions. AS in Chapter III, 

E-t-A *£&\. iS-i is the Hamiltonian of the free metallic ion; 

and QH.(L + 2S_) is the effect of the applied magnetic field.

Van Yleek (1955) shows that under the influence 

of an electric field of cubic symmetry the 3d level splits 

into t'/o sub-levels ... a doubly degenerate d*. level, toid 

a triply degenerate dr level. If the six conralent ligands 

coordinating the iSn*"**" with the six (CN) are arranged at the
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six corners of a regular octahedron, d £ is lower than d £T. 

If the electric field of the ligands is sufficiently strong,

the d C" level is shifted so hifh that- the four d-electrons

•f-M- 
of Mn are all in the d£ orbitals.

Kotani (1940) shows that the two-electron

9
(d £ ) system's nine-fold degenerate triplet ground state 

has its degeneracy completely removed by the action of spin- 

orbit coupling and the £eernan effect. He gives the following 

levels shown in figure 4.
# i- /a

where A-*- 18 f \H^~ is lowest for the case {dg ) , and is 
^

diamagnetic,

We haT© shown
^_^^ x«

3 / 

This gives from 3.52

(-1^ 1 - ', J rt
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Putting: n - ^- and x. - ^ it can be shown
V

?c (tre-*Z +- 3 e~*- +.,)

If we consider now two jx>sitive holes

instead of two electrons , i.e. consider the case of
4 — v id£ ) , we ijust put x - -x in the above, getting

M 1^ ?
V, * "• *^

We have now only one par^neter, 

which to fit this formula to our experimental results.

£otani quotes a speatroscopic value for the free ion of

/9 O 2£2^ 492 . tVe have :lotted n as a function of T with
/<

500° in figure 3. HS T ~?0, n —> 72kT so that from our

8.4

Talue of n6 at 4°K we can obtain a value of^= 269?. ^e
v

nave also plotted equation 8.5 for ̂  =• E70°icin figure 3./<
Both theoretical curves pass through a maximum at fairly 

high temperatures where the accuracy of the experimental 

points is least, i'he values of n2 plotted for different 

appear to straddle the experimental points at intermediate

temperatures. If a value of — is calculated from the 

measurements at 300°K it ^.ives . calculated curve which in

no way resembles the experimental curve except that it

o intersects at 300 K.

While it is true that our experimental points 

pass through a maximum, the curvature depends very
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Potassium &

T

£93
277
261
£59
£49
208
200 
1;>4
114
10E 
93
90.3
45.9
35.5
28.7
£7.0
26.2
£4.0
£0.4 
4.2
4.2

1
r ;
4.

0,00341
361
383
386
402
480
500 
657
878
900

0.01075
111
£18
281
MS
370
381
417
490

G.t40
0.240

x e/rav'M

0.00515
569
696
o06
655
811
api
!.-><-• X

0.0104
Io7
157
160
164
220
269
287
299
305
310
326 
343
339

12.0 
176 It. .5

153 15,0
123 13.5
122 13.1
96.2 12.65
73.0 12.50
63.6 12.3
6B.5 11.55
61.0 11,35
45.4 8.06
37.8 7.65
34.9 6,59
33.5 6.45
32.3 6.40
3£.3 5.95
30.6 5.32
89 .1 1.15
39.5 1.14



VXIX.7

upon the di-assiugnetic correction uad Uix>n the

of J( at root* temperature. Further­

more «4. l~*rge
o

KJ at high

Cooke

8use®i-til>ility of K 

law, mxi a,ib- a

irould produce « curvature of

lter it» values. 

*volf (unpublished) have ^^;;sured the 

down to 1°K. It obeys the Curio-

..else ^ . i@ t beret'or o a

^ is alsothat in iy.!n(CK) the v^

very

ould

effect of .•* trigonal comr-oxient of 

to split th@ lovoia by diffor^sit . U'^UIILO , so 

por-.4zaottir tfould no longer b© aufficient to 

J^ekson (1933) found un iinifiotropy of 4 i 1

in we ozpoot u> be u CQiuparable Salt, i'his

ouv the cubic i'iold Uyi»otho&ia t Add our result** indicate 

U* field in tau K^ia(GM). ie probably not cubic eituer*

h<ivo
(u) A diuis^ipi@tic lavol lies lowest; 

Itu ^itrost neighbour i.; ?a8t
100 da""1 ubovo it, and 

(o) Whe siagla pura'^teter ^ssoci *t©d
with i* cubic fiold is insufficient 
to deacribo our result s.



t£ COMfc'OUEDS

I he structure 01' u number of adducts formed 

by quinol wita Bioleeules or utonui of suitable dimensions 

have been described by i-'owell and his collaborators 1194(3). 

In these so-called clathrute compounds each tr-pped uiolecule 

is totally enclosed in ;•* Cape formed by the molecular

of the |3 -quinol lattice. Uf the corsaon jfera- 

ea, oxygen aix5 nitric oxide are the only ones of 

suitable size which do not react -.jitfo :uinol. &v^ns arid 

*ii chords (195£-) therefore synthesized clathnte eora pounds 

of tbaee two g^see* Tiiey suggested that the,se coia|x>und8 

offered a way of meusurin^- the susceptiuilitioa of "free" 

moleculee ^t temperatures telow their li luifuetion points 

if the lattice holes .»r^ field ftv . .»'e therefore inresti- 

g«at©d the susceptibilities of nitric oxide and oxygen 

clitthrat^s over a large r<*ii£@ 01 te-operutures. be are 

indebted to Wr. jivtins not only for supplying us with the 

olttthratss but also for analysing then to find the friietion 

of lattice holes filled.

I. JM'i»IC

A w<*rra Saturated solution of qulnol in ethyl 

aleonol was boiled to remove dissolved uir, and poured into



HU-

IX.2

a stainless steel bomb. The bomb v.us 0v«,cu<it<2d with a 

rotary pimp «md quickly cooled in liouid oxygen, Vatric 

oxidd (prepared by the method of Inorg. Synbh., 2 f p. 136,) 

in tin evacuated vessel was passed through aa evacuated 

train of traps containing sodium hydroxide solution to 

remove nitrogen peroxide , and sodium hydroxide pellets to 

remove water, Jtiuough nitric ould© was coacien^ed into the 

bomb tills '^^y to obtain &bout 40 atia» prwaeure at room

iture. 'i'he boaib wus resiovcd rrofu th@ ll^.uid or/gen t 

in hot water y shaken for eo>ie tirae to diseolire the 

, 01*3 finally allowed to cool for 24 iiourts,

^ll crystula yr« then w^ehed in a 

solution oi ^uiiiol ija ethyl alcohol and dried in a vacuum

, i'he aitric oxide compound forms crystals which 

uaatiible* 'i'i^y slowly turn violet aad evolve s»0 gas 

even when 8es*l£jd off iri a glass containar.

The susceptibility of this cl&thrute was 

measured by iivajas ^02! tiiohartis (195S) at room temperature 

by the Couy isethod. ihey obtained a value slightly higher 

than th«»t of the free K0 t but attach little siguifi 

to the diacrepaiicy* fo'e vrlshed to extend their aeas 

to lo^ ttsjaperatures to oee if the ausce^tlbility obeyed 

the theory of the free molecule below the boiling point



of K0 f and to 0@e what effect the cguinol lattice had upon 

energy levels.

ii.
1. 3P&CTHAL MQ'X'A £1013 FOE

Probably the most important distinction between 

quantization in atoms and in djUtoiaic isolecules is th <t in 

the latter the resultant orbital oloctronie <*nfuJUr momentum 

10 no longer « constant of the motion, «.iM2 is thus not qua&~ 

tizod. Instead the combined field £ue to the t 1 o nuclear 

attr^etlGf; centres has oxiul ratber than spheric-.*! syD£o0try 9 

and only th© eocaponent of the ^r^-ular moaantu/ri parallel to 

the axis of figure of th© molecule is conserved, li> con be 

given u. quantized value A . A tern ia of the £ IT A> 

type according as /-A./to, 1, 8 t 3 t etc.
i

**® have neglected tht epin orbit coupling in 
the above approximation* Hund (19£6) diet ing^ii shea four 
resultant spin orbit couplings,

(a) In th© first, the energy of interaction 

between the spin and orbital angular moment u is l^r^.@ compared 

to th**t bet.veea the spin «tnd tii© rotutional jajt^ralar aoaentura 

of the molecule ^s a whole f J , and coneoquently the spin 

is finaly qu^Jitiaed relative to the molecular axis, ihe 

conspotient of spin ^if-alar rjomentun. can then be
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a quantised value £ • 'i'he v*»rious values of 

» •••,.$ yield the different components of a 

multiple*. i'he notation -O. -^L-». £ is coraion* i'hus .TL 

gives uiie par«dlel component of spin and orbitul angular

combined, &n$ can b@ used to specify the aiultiplet

(to) In tfce seoortd oase v if ,/L = 0 an<3 6 

spin vector is not coupled to the axis ol figure at 

n«iica -n. is not defined • in this &ise the spin vector 

and th© rotatioaal -ayr^ular ttbtnentuua K associated with the 

nuclei form a resultant J,

(c) If, n& in some heavy molecules, the 

i&i&ruation bot-veeri L and 3 is zv^t©r th<ui the interaction 

with the iaternuolear axis of figure, -A- and ^ are not

Instead L and t> for m a resultant Jtt which is

coupled to the iuternucleur axis with & component _TL .

slectronio angular »aiM©rit«® _n. and t»ij§ nuclear t*ng 

H fora a re^alt^ot J.

(d) If th© coupling between L *ad the

intermiolG4*r axis is very v*eak whereas that between i. ^nd the 

axis oi j»otatioii is atron^;, often the nucJB,*r rotation OKMaentui 

may be quantiacsd anti. give the total angular iiomentuft w ban its 

cojsponents are added veetorially to L and S.
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The normal state of the MO sooleeules is kn 

to fall uoder Hand's case {«*) us a, £*ff doublet of width A 

liJO.QaT* (Jenfcinst B«rton *&d Hullikea, 1&;7). Hi© lover

doublet c jtH orumt fc&e <^- - «^t A a l t hone® froeri eou<ition

x .
as A—

tiie hiifiier nultiplot level becoos^ de;:-opulatodl. -t very
jxjof_

v4tU ^- - 5» A - lt X s ^M 

la c**lculutioii; X for indorsed i^tu 

cli^i'igea ia A which givo ri^o to VOT^ l^rgo 

©norgy differeDoes* ISouover the offoct of & on the energy
mlis oosipuriible \aitb KS5 =r8QQQEi »t roaa tem-per^ture* iurthor- 

zsore ^X = ^ -v- A. differs from & only by an additive constant 

4- 1 in a TT state,

neglecting transitions to excited orbital 

states f ,*11 ©im^csnti- diugoiial jua JH- v^ill involve only 

in the cK>leoulur rotation J« 5iuoe there is «n 

Boltsaauim. factor for both values of XL. we oust 

avor valueo of O- la x)lace of a* 1'bust

ve"
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But summation over — Q. j ^ and _n ouch
3only the values A t -^ • X'h® index j may be identified

with the molecular rotational quantum number J, v/hile s is tie 

component of J" parallel to the field.

witia

Changes in -H. are identified

about tne axis of figure, <sa apt-ear only

a • perpendicular component of i/ioaent. i'lius tha first

second terms respectively refer to the parallel und perpen­ 

dicular cor»i|>oaerits of laoment, Tims:

where m*" is the perpendicular coinvonent of purely spin i

fLv«.IU /
CtfV">P crKev> ^

c

Mow ti (a) (b)

are independent of j, », so the sura over J, r, t is ,t coraaon 

factor which can bo cancollsd froja the numerator and denominator
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Thus: _

3<T

• 

«• u

III.
iieasure^eiits were ?u.ide of the 

of this cluthrat© froa 300°k to 10°il usinp the ^

A 1 m.ra, ball bearing rider was used in conjunction
owith the piiotooell deleter * Above 150 & the deflection

by the ball bearing wus greater than tnat which th© 

maximum laaugnet current would produce, ^e therefore assuaad 

that the deflection of the galvanometer was linear in the 

deflection of the light b<9t*ra.

This wus chocked by observing the raaxiraura 

g&l¥.jLnoraeter deflection the mapnet -^ould produce, with the 

ball bearing lifted aw3 with it resting on the balance. «hen 

the windows of the balance ca^e were dried by .* utre^jxa of 

uir there wua no difference bet ean such re^di^e, aiKl we 

therefore tisauuie linearity.
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The susceptibility was measured absolutely 

at 893°& by comparing it with two standard specimens of

Kn(NHL(SO.) 0 ,£HoO. The standards v^ere of different sizes,«i * «-. «-
but both were slightly smaller than the elathrate. iheir 

susceptibilities >.rere 30 x greater. Because they were 

p&rt of the olut brute was in & weaker field than the st^nd<ird 

and we will obtain too ainall a Viiiue of the susceptibility,

ihe specific susceptibility of rainol has 

been given in eiau/gr^m as:

0.5Q6 x 10* ialacious mod ioa t ^ikil. ris. iuiia, ,

1955 t 55, 627. 

O.G04 x 1CT° French, iTons-l'^raday ^oe. t 1945,

41, 676. 

x IcT Mikhail and iiadd^r, J, ^hem.

1944, 590.

The specific susceptibility of fras^ous nitric 

oxide huL-. been ^ivan as
<<> c

47.7 x 10 burris ^nd dauae, J, Chest* i'hys.,

194^, 11, 442.

49.£ x lu"t> buuer, "@iss and Pick.Ard, Coiapt. rend.,

1918, Io7, 434.

49,3 x 10**° i>one, c»ci tvep. 'iohuku Univ.,

138?, 11, 139.

48.3 x lO"0 Van ¥ leek (culcuL,L0d) 193J5 .
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JEvana and iiichards (1952) find 51,4 x 10"6 for the 110 in the 

clathrate at 50/^ filling.

33y measuring the dioaiignetism of the 
perspex mount, calculating the diar^gaetic cor­ 
rection for the quinol from «»6.oQ x 1CT6 , and 
using the analysis made by £vaus of our sample 
as o8,5fr> filled, VSTQ obtained a specific suscep­ 
tibility of 45 x 10"° and of 47 x 10~6 emu/gram 
froaa two measurements.

ilia may conclude that at room temijeratures the 

susceptibility of nitric oxide in a quinol cluthrate has very 

nearly the sumo value cts does the free gas,

The analysis was performed by tuning 0.11

grams of the 0»50 groans of cluthrate and dissolving it. I'he 

gas evolved WUB collected und its weight calculated, ^s we 

hitvw noted there was a pressure of UQ within the sealed gla SB 

specimen container, so that some of the NO which we measured 

isust have escaped. Kevertheless our measurement is in good 

agreement wit a wheor> , and in as good agreement wita measured 

values as are those of ISvuns, for free KiO.

In order to make a comparison with theory

figure 1 has bean drawn with our experisientul remits
onormalized, to a value of A » 47.0 at £93 K. It includes

the results of three different eocperinaents covering over­ 

lapping ranges of temperature upon the same specimen, -^x- 

ts giving the safae qualitative behaviour were also



OOC00?j_ oo/
n
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performed upon another specimen (which broke in the balance) 

at 293°^, 90.3°& and at £0.4°K. Unfortunately the complete

experiment involves destruction of part of tha specimen in 

the analysis und tha cout^ai action of the remainder by water 

vapour from the ;*ir. This liberates ftO- which attacks tho 

quinol lattice, and quickly destroys the specimen.

The final results ure shown in figure 1 und
2 figure 2 f itad we tabulated in table 1. Jaipur© 1 shove n

«s a function of temperature. Vhie- plot is the most sensitive 

wuy of exhibiting the departure from Curie's l^w. Ihe theor­ 

etical values are plotted for different Vilu«8 of the doublet
/o

. uj e have shown them aa line segments in order

to identify the experimental points more clearly. Ub^iouely 

none of the calculated curves is & very good approxijdution at 

both high if$ low temperatures. I'h© susceptibility is genera 

larger at &ny given tewperature than theory predicts.

No simple ^ssui^ption 01 n changed doublet 

splitting will fit u calculated curve to the observed curve, 

but relativaiy sia^ll changes in the diuoufcstic correction 

would alter the shape greatly at high temperatures.

Figure 2 tfhows the susceptibility p-er groin of 

clathrate &s « function of temr^erature » ihe curvature of the 

points near the oxygen and hydrogen fixed points indicates



8 Figure 2

Xk

NITRIC OXIDE CLATHRATE

FOR

/CO 200 300



that there was soined ep^rture fron theraul equilibrium,
p However the fixed points in Figure 1 show thut n" is

eertuinly falling with temperature. One of the oxygen points 

lias r<*tuer f«x off the curve t j»nd we attribute this to uie 

weight of the oxygen causing the whole upp*ratus to sup so 

th**t the specimen moved into a smaller field gradient, ±iiis 

points to a serious fault in the construction of the balance* 

The balance and inugnet mounting; should hare been deaigned for 

much gre«»tc»r rigidity.

I' he depariure from thermal equilibrium o^n 

probably be trucod to the use of a glass rmther than copper 

specimen case. On the other hand, v® may simply be pushing 

the sensitivity of the balance too hurd. The susceptibility 

of the 0*5 gram specimen never become greater than 7 x 10

, «tnd the diomgnetic susceptibility of th© clutiir^te 

and perspex mount was Q.66 x 10* et4u/gr<jjii« ne were measuring,

only 0.022 grams of NO «»s coEiparud with the 0.5 grraffl of p^r 

Hii^rnetic 1'or which the balance vt&a dasi^med.

:i!he ox^'fiezi cluthrate has been aie*tsured by 

Gooke, 'tfolf &%& Meyer (uniMblished) between 20 & and l°Ji, 

where its specific heat and susceptibility vary as would be 

expected from froe oxygen, i*e* they become temperature



CHAPTER IX Table 1

Kitric Oxide Clathrate

38.5/0 Silled

is in emu per grain of clathrate corrected for diamagnetism 

ie per gram molecular weight of Nitric Oxide

X

1.49 X 10~6
1.58
1.76
2.10
2.19
2.31
3.09
3.30
3.43
5.51
3.66

3.53
3.73
4.75
5.33
6.01
6.71
6.94
7.11

1

0.671 x 106
0.632
0.566
0.476
0.456
0.433
0.323
0.303
0.291
0.284
0.273

0.283
0.268
0.210
0.187
0.166
0.149
0.144
0.141

2 n

5.23
3.30
3.20
3.21
3.26
3.20
3.08
2.82
2.80
2.63
2.74

2.26
2,39
2.05
1.62
1.26
1.16
1.02
0.71

305 0.00333
293 541
255 370
215 465
210 475
192 521
140 714
120 834
115 870
105 954

90.3 0.0111

60.6 165
42.5 235
29.4 340
24.3 410
20.4 490
14 714

10 "oil" ** 7.75 0.129 0.55



independent ut low enough temperatures. «xs in the nitric 

oxiae cluthrate, however, the temperature at which this 

occurs is iissociat^d with a eiauller splitting of the energy 

levels than is observed spectroecopicully in free Og, By 

£G°j&. the oxygon cluthrutd is obeying Curie 1 » law very accurately. 

Its susceptibility hus been measured at room tenpftr&ture by Dp, 

und found to be very nearly that of free oxygen,

e'ata of the specific he^t of an argon clathrate have 

been made by ioulter (unjxiblishsd) and show the .ippon to have 

the Same specific heat ^s the free gu.©.

conclude y therefore, that the i 
evidence points to a rather sm^.11 interaction appar­ 
ent only at low teiLper;atureB between the quinol 
lattice and the trapped molec^iles. It would be very 
helpful if p«ir<rr.u£netie pe«onunce could be detected 
in *
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