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ABSTRACT 

Tius report sunmarizes the first results of an extensive 

survey of the magnetic properties of rare earth ions in crystals 

with the garnet structure. Methods of preparing suitable sa...,les 

are described, and results of low temperature micr<MBve resonance 
• • Yb 3+ Dy 3+ E 3+ d Nd 3+ • • F experiments with , , r , an ions are given. or 

each of these ions, the ground state is a doublet which can be 

characterized by three principal values of a g tensor, and with one 

exception, all the principal values have been detenn1ned for these 

ions in both yt trium aluminium and yttrium gallium garnet. 

Comparison of the two sets of resul ts shows that r,reat care 

must be exerc1zed in applying the resul t s of resonance experiments 

for one kind of garnet to a seemingly similar case, but some general 

conclusions can be drawn, even without the necessary detailed analy­

sis. The main result is that th local environment of the rare­

earth ions is far from being spherically or cubically synmetr1cal, 

so tha t the individual rare earth 10n have magnetic properties 

which are very anisotropic. Th relation of these results to the 

observed anisotropies .ln rare earth iron girnet s and rare earth 

doped VIG ar di cussed. 
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1. Introduction 

1.1. !he general progrmne. 

1.1 

Thia report describes the aaoceastul 0011pletion ot the tint 

two }i1uea ot an a:tenaive prograane ot ruearcn into the propert1• 

ot rare earth iona in garnet oryatala. The firat ot these waa the 

preparation ot a1ng1.e crystals of diamagnetic yttrlwn aluainia and 

yttrillll gallium garnets, for use as boats in the study of the 

magnetic rare earth lona. Under oor .. di ti.ons of high magnetic 

dilution the properties of the magnetic ions depend only on their 

eleotroatatic environment, and this 8ho• ld oe very si.llile.r in 

garnets all having the same F.i .. r1.t ctlll"e ,_ even if they contain ion, 

ot different types It' this i8 so, aey inform,;.ti.on about the 

electronic states ob air.ed in "dll te" cr3stali! :ihould also apply 

when the ions are part of a magnetically concentrated asamibly, 

ao that data obtain.ed on lightly "doped" diamagnetic garnets may 

be uaed to explain the propertiu of' f.errlmagnetic rare earth iron 

garnet■ e Th• partlmlar prop.-tl• ot the f errimagr,eti c garnets 

which on• JU3 hope to accoun t for in thLs •63 are U1e apontana,us 

magnetization, the anisotropy, .and possibly a.lso some of the 

relaxation processes whi.ch control mi~rowave resonance line widtha o 

The importance of rare earths, e"'f~1 if present only in minute 

quantities ( of the order of a few parts p,sr million), has 

recently been deaonatrated snpirloally by Dillon and Nielsen 

( 19 59 ' 19 60) 0 

There are se-r"ral •~s in •hi.c'h the properties of magneti-



oally dilute iona oan be inv•tigated. In th1a report "4•oribe 

the tint aet ot r•ul ta whiab n haTe obtalnell ualng aiarowave 

par111agnetic reaonanoe, while later report■ will deal lf1. th the 

r•ulta obtained troa auaoeptlbility and apecitio heat ■eaaur•enta. 

Ultlllattly, all theae 4ata nll be ooabinell in teru ot a unititd 

theoretical model, but eve betore thia la 00lll)lete we can draw 

several intereati.ng oonoluai.ona trom the reaonanoe ■euur•enta 

aloneo We therefore pr•ent theae here 1n the tom of an interi.JD 

report. 

1.2. Paramagnetic reaonanoe in rare earth 1.ona 

The theory ot the magnetic propertiea ot rare earth iona in 

oryatala haa been dealt with at length by varioua authora, notably 

by llliot and ltevma (1953). In rare earth OOllJ)OUDU the ettect 

of the electric tield due to the neighbouring ions 11 in general 

uaall compared w1 th the apin-orbi t coupling, beoauae ot the ahiel.dlng 

ot the magnetic electrons by outer closed shella ot 5• and 5p 

electrons. The stat ea of an ion are then charaotc-i1ed by quantum 

numbers J( = L .:!: S) and )(, where in general )( ia an admixture of 

several atates of J z depending on the crystal aynnetry. If the 

point symmetry is low, as it ia in the case of the garnets, the 

2.J + l fold degeneracy of the free ion ground state ia removed to 

the maxi.aun a:tent allowed o In the cue ot ions with an even 

number of electrons, ( integral J), this leads to 2J + 1 singlet 

-1 states separated by energies of the order of 10 to 100 cm , for 

whiah no paremagnetio resonance can therefore be observed at 



alorowaTe tnqu•o\ea. 

l'or lou wl th u o4d nuber ot eleotrona, on the other hand, 
lrlHrl' theor• (retleotlng tiae rnera&l. ayaetr.,) preilata that 
in the abamoe ot a upetlo rt.el.a all atat• will be at leut two­
told clt1•.-ate. lhen a 111gnetio n.e1.a 11 applied, tbeae doublet 
,tat• are apli. t, and tor tielcla of the orclc ot a ,_ ~ilooeraterl 
rNOnanoe -, be obaened at llicrowaTe-rrequenoiea. The apli tting 
fl I l.a 41reotly proportional to the field H, and ma, be characterised 
by an •ettectiTe apeotroaoopic apllttlng factor" g, detlned by 

'11 = g/~ H, 

where (3 la the Bohr magm,ton, g ia • 1n general ani90tropio, 
retleoting the point aymetry at the rare earth site, and valuea 
ranging from sero to about 18 have been obaen'ed. Defined ln 
th1a •II, g ia therefore a Yery different quantity from the tree 
electron spin g value, whloh ia cloae to 2. The large range of 
valuea, lhich are t'requently observed nen in a single ion, arise 
fro11 the strong admixtures of different J z atatea produced by the 
oryatal. field, and th4'f indicate how intimately the properties ot 
any particular ion depend on the nature of the environment in 
which it ia situated. 

In making measur•enta on 'dilute' oompounda, with a new to 
applying the resul ta to 'concentrated' OOlllpounds w1. th a somewhat 
cUtterent oompoaition, it ia necessary thcefore to investigate 
how critically the magnetic properties depend on small manges ot 
environaent. Thia we have done in the present oaae by aeasuring 



each ion in both an almd.n11111 ml a 111111111 garnet, 1114 oa11parl11 

the principal nluea ot the obaWYed g tensor. In two au• (n 

ml 14) TW'I 11allar rlllllta were toud, bat 1n no other ou• 

(DJ, Ir) TerJ aarked 41ftertno• ••• obaentl. The nature of tbt 

4lttermo• Ifill be 4•orlbed below, bat fftn tna the q11alltaUT1 

reaul t one oan oonalucl• uae41ately tbat the aleotronio atat• of 
J♦ 3+ • Yl> ml Id wi.ll probably be Tert alldlar in the iron garnet 

to thoae aeuurecl in the cliaugnetio garnet■, while thole ot the 

two other lona will require oaretul interpretation. The tull 

algnitioance of the Yb reaul ta will be dl.aouaaed in a later 

theoretical report, of which a brief, preU.alnary Tereion hu 

already been published. (lolt, 1959). 

1.3 IJCperillental Method. 

The equipment uaea in thia 110rk wu alaoat entirely oonatntoted 

in thia laboratory. The apectroaeter waa ot the standard trana­

miasion type operating at a trequenay ot 9 • 7 Go/•. The oavi ty waa 

cylindrical, resonating in the Tll.11 mode. The steady magnetic 

field waa variable from O to 6Kgauas and waa modulated at 50 o/a. 

The apeotroaeter oould be used at temperatures between room 

tsperature and 2°K. Detection waa by a reotifying crystal whose 
,. 

ou t~t waa diapla,ecl on an osoilloaoope attar passing through a 

" Al though 1~ Nd iron garnet does not fonn, garnets with 
oompoaiti.on of up to SO,C Nd in yttrium iron garnet have been 
made. ( Bertaut am Porrat, 1956). 
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n••-•plitier. The aagnetla tield at the aaaple wu aeuurlll 

b7 nualu.r upetla reaonanae tecbnlquea, uaing a circuit clffel.optd 

in thl• laboratory by Bobluon ( 1959) • 

Gr•t care ha4 to be •ero1a811 ln the orimtation and .,uatlqs 

ot tha -pl•• In order to preaerYe thl• orl•t&tion 1t wu 

nea•aar., to cl•Lgn and aoutniot a rod on lhiab the orimted an4 

aounted aaaple oould be 1naerted into the oryoatat. Thia waa 

finally aohined by the deaign illustrated in Pigs. l and 2. Aa 

th•• drui•• ahow thia rod alao served aa a coaxial lead to the 

probe ooil uaed on the nuclear magnetic resonance field meter. 

The aaplea uaed for the magnetic field meaaur•ent were protons, 

7 
preaent ln the perspa: ( luci te) former ard Li nuclei present in 

single oeyatala of lithium fluoride. 

Pi.ga. 3 am 4- ahow imotogralila of the apparatus, as uaed in an 

m:peri.ment at roam t•perature and with the two d•ar v•aela 

neoeaaaey for an aiperillient at liquid helium t•peraturea. Pig. 5 

is a block diagram of the microwave equipment used. 

To plot out the anisotropic spectrum of an oriented a&11ple -

that ia the variation of resonant field with the angle between the 

field and the crystal axes - the following steps were followed. 

The oriented specimen was inserted into the cryostat and this waa 

oooled to the required temperature using the standard cr.rogenic 

techniqu•. Starting at one of the iapartant cr.rstal axes the 

resonant field for each line in the spectrum was measured. The 

magnet was then turned through an angle of 5° and the fields 



1.6 

aeuarlll aaain. Th11 n■ repeateli watll 111ttiolent ... aramta 

ha4 'bee obtain.S tor till anlaotropy ot the apeotiu to be 414110.a. 

The prnet 1truotm-e 11 oablo ancl the 1peotra ot ar,■tal1 orldecl 

10 thai tbe aagnetio t1.ia - alftJI in the [110J. plane were 

lnY•tiptal. In mall a altaation it 11 neo•Al7 ollq to take 

0 
■tu11r•ent1 oYtr a range ot about 100 , 111loe b 1peotraa 11 

rep•te4 nary 90°. Thll 11 illuatrat.a by a VJ)loal aet ot 

r•lll ta, aa shown ln Pig. 6. 
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2. Saple Pi-,earaUon. 

2.1 Jlnbod ot F9wly the ar,ptal.1. 

S1ngl.e orJ■taJ.a ot ,ttriua plliu (I3~o12) and yttrlaa 
alaaln11111 prnet (I3AJ.5o12) were pion b7 an adaptation ot tba 

aetbod a.or1 becl by lielalll ( 195,) . 

Rt.el.am' a aetbod tor grow1.ng 11ngl• C171tala 11 to aool 

■lowly a aolut1on ot the oonatltllent oxid• ln a tuaecl alzture ot 
lead oxide all1 lead tl110ride in an atmosphere ot oxygen. Por 
growing yttrium gallillll garnets, the re0011Dended oompoai Uon or tbe 
melt La:-

PbO 39 -4 mle,C 

PbP
2 40.8 ml~ 

Gafl3 l.4..8 • • 
I20 J 5.8 " " 

The oryatala uaed in the resonance atucUea had a aall percentage 
ot rare earth oxide 111b1ti tuted tor the yttrium oxide. Ball ( 1960) 
found that ai.lli.lar !!!!!! proportions, aubat1 tu ting aluminium oxide 
tor galli.Ull oxide, gave reasonable yielda ot yttrium aluai.niua 
garnet. These yi.elda were in general lower than tor the gallium 
garnets, and •o•e experillenta were pertonned to try to illprove the 
yield. The oompoa1.tion of the mel. t waa changed in varioua wa,a, 

0 and cooling waa OODDenced 75 higher than uaual, but in none ot 
these •perimenta was there any illprov•ent in yield. It 1.a 
poaaible that the lower yielda are aaaooiated with the greater 
atability of aluminium oxide compared with gallium oxide, and the 



2.2 

lower atabilUy ot yttriua almd.niu prneta, cauaed by the 

aaall•r tonic radiua ot aludniua. 

Qargea ot between l~ and ,00 sr- were packed into 50ml. or 

100 IIL1 platima onioibl• with tightly tittizw lida. The oruclblea 

were then aet ln hol• in retraotory brioka by Ileana of an air-

aot ting al.ulnoua refractory o•ent, a.a shown in Pig. 7. Thia 

prooeedure wu intended to: -

i) f acili. tate rea>val of the cruoiblea from the tumace; 

i i) 81D00th out temperature fluctuations by providing a large thenu.l. 

capacity; 

i ii) protect the furnace fabric and elanenta from the flux in case 

of crucible f aHure; 

i.v) provide adequate 811pport for the platinum crucibles, which 

are subjected to considerable mechanical. strain, and have little 

mechanical strength under the experimental conditions. 

Firebrick lids were placed over the crucibles to prevent 

f l akes of silicon carbide from the elsents ooming into contact with 

the flux or crucible, and to absorb lead OOJ11pounds which 

volatilised during the experiment. 

In earlier experiments ( Boakes, 1959), the crystal growing 

programme was oonsiderably del93ed by repeated failure of the 

pl at i num cr'1cibl es, reaul ting in oomplete loss of charge in m~ 

..;;cwaso The poos ibili. ty o.f physical failure was r•n·8l as 

descri.bed above, the other possibility being chemical at tack o 

The mechanism of· chElllical at tack was probably alloying of 

• 

• 
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the plaUmm wlth h-ee lead ln the melt. Any oarbonaoeoua 11&tter 

in the charge would reduce lead oxide to lead. Pil ter paper 

tibr•, tor example, lligbt be preaent trom prmoua prooualng ot 

the charge. An oxygen atmoaphere ln the furnace wu apparently 

lnauttlcient to prwet reduction ot the 11 tharge to lead. The 

0 dlfflculty waa over00119 by maintaining the crucibl• at about 460 
tor 10 hours in oxygen. Thia provided an opportunity tor m:lclation 

ot any carbon preaent, and also partially converted the 11 tharge to 

red lead. lhen the charge was heated further, the red lead dOOOll­

poaed to litharge a.nd oxygen, rovi~ing an atmosphere of oxygen 

within the crucible from the start of the high temperature opera­

tiona 0 

Platinum crucibles with twice normal wall thiokneas, 

i.e. 0.30 an. instead of 0.15 1111. were used, as these were found 

to have a longer useful life. 

0 The crucibles were heated to 1250 C for between 4 am 12 hours, 

and finally oooled to between 950 and 1000°c at a rate of approxi­

mately 3°c per hour. They were then allowed to cool naturally to 

room tsnperature. 

The garnets were freed from the matrix mechanically, and were 

cleaned by boiling with 5o,t; H003. 

From galliwn experiments, the yields were of the order of 40 
grams from a 475gm melt, Crystals weighing up to 5gm were obtained, 

but large crystals were almost invariably twinned, included some of 



th• aelt, or were 4.teotlYe ln IOM other f/13• There uuall7 

appeared to be t.bree •U• in tbe ■elt at wbim or.,1talllaation toot 

place. The larg•t .-y1tal1 '""'on the aurtaoe ot the aelt, ml 

were 1111...ii, pale brown an4 laparteot. Th• beat oryatal.1, tn in 

nuaber, grew in the body ot the ■alt, and were otten oolourleu. A 

large nu■ber ot a■aller cryatala gi'W on the aid• and bottom ot 

the crucible, and apart trom the tace in contact w1 th the metal, 

were generally well-tomed. Their oolour wried trom pink to 

violet. 

In one m:peri.llent, the aryatala grew in a horia,ntal l11er in 

the melt. Vertical and hori10ntal aectiona through the melt matrix 

in thia caae are ahown in Pig. 8. Some m:perillenta were carried 

out to detemine whether the cryatalliaation ai t• were caused by 

t•peratare gradients between the atmoa}ilere and floor of the tumace . 

• 
Th•• were, howncr, lnooncluai Te. Details ot these mperimenta 

may be found in Ball, 1960. 

The yields tram the aluminium ael ts were of the order of 8gm 

from a 3()()p melt, the largest oryatala being at least 5 times 

Sllaller than in the case of the gallium runs. The crysta.la grew 

in the same ai tea in the ■el ta aa the gallium COllpound, though 

relati Tel1 leas aurtace crystallisation occurred. These crystal.a 

were usually colourless, am were morphologically more perfect 

than the gallium gameta. 

In the caae of the gallium garnets, the different si tea for 

crystallisation in the melt produced different crystal ha.bi ts. 

• 





FURNACE 

scd ,onal sid c cltvat;or, 

I I I ' 

~c c.t;o nal end c lcv at ion 

FIG .. 9 



Oryatala growlng on the aurtaoe u.aually hl4 80llt well-tom.a 

{ uol tao•, bu.1; wUb vi nl y { 211} tao•. Ceya1;1la IP"Owinl ln 
the bo!V ot 1;he aeH bid elaoat •alualnly {mJ tao• wUb 

ocoulonal aall {uo} tac•• Qeyatal■ groftJII on tile anaoible 
aurtao• were nner toun4 wt. 1;h f uoJ tao•. The llalnlua 

garnet■ on the o1;h.- band, grow alaoat entlrel.J wt. th f uoJ tao•; 
only occaalonal { 211} tacea were obaenecl. 

2 .2 Purnace and Cl>nu-ol 1:Jul11Dent. 

The aucceaa ot the aetbocl described in producing good crystals 
of a suitable size tor the resonance work was in no small meyure 

due to the furnace and its oontrol equi}lllent, and these are 

described briefly below. 

The furnace used waa an scperillental chamber furnace, heated 
by Cruail1 te ( "Gloltar•) ailioon carbide el•enta. Basically, the 
furnace aonaiated ot a box of refractory alumina bricks, cemented 
together. There were eight transverse heating elements, and there 

were two holea in the back of the furnace, one to admit a Pt/13" 
Pt,Rh thenoocouple, and the other, an oxygen inlet tube. Sintered 

alumina hearth plates were used to minimise daa.ge in cue of 

crucible failure. There was a working space of 9" by 6" by 4-"• 

.I diagram of this furnace is given in Pig. 9. 

The elements were wired in two parallel series of four 

elments. Power was supplied from the control equipment ( see 

below) via a 50B 1'Variac" variable auto transformer. This was 

adjusted to give maxi.mum permissible current through the elflllents, 



2.6 

•bo•• r•ia tance alowly cbang• w1 th II•• 

Power 111pply and t•per ature oontrol were obtained troa a 

••t Inatnmenta" atepl•• t•perature oontroller actuated b7 a 

aua-operated progrM1De controller. Thia ay•t• eliainatea 

t•perature i.rregulari Uea inherent in on-otf type oontrollera, 

and oontainlng no electronic deri.oea apart trom a photo-electric 

cell waa very reliable. 

The control equipment was composed of three units: 

a) Inairwnent 

b) Driver unit 

c) Reaotor 

a) In the instrament unit , the uin device was an indic~ting 

millivoltmeter calibrated in degrees Centigrade, which registered 

the output voltage from the furnace thermocoupleo 

was in an electrically heated thermostatic bath. 

The 001<1 jun ct ion 

A setting arm 

oarrying a pointer waa poai. tioned on the tanperature seal e, either 

manually or by means of the mvsient of the programme C81Do On 

thi.a arm were a light source and a photocell, arn.nged so that the 

light fell on the sensi tissi surface of the cell o When the 

temperature;/ as registered by the thermocouple output on the milli­

rol tmeter, approached the value shown by the set poir1ter_q the light 

beam was interrupt ed by a vane attached to the meter needleq and the 

photocell current was redu cecL The instrument also contained &. 

slow·~speed motor and gear system to drive the progr8JDDle -:::am, and a 

primary magnetic amplifi er for the photocell current 



2.7 

The drl ver '1Di t ( b) provided a aecond atage of ugneUc 

aaplificaUon, and auppled a D.C. Ollrren, to the aontrol wlndlna 

ot the aaturabl e-core aagneU c reactor ( c). The upi tude ot ihi.1 

current _,,.emed the out.PQi of ills reactor to the Yariac and el••ta. 

The input ot the reactor oame troa the ulna. 

Th.ls the power i np..&t t.o -the e.leenta waa governed by the current 

flowing through the photoeall and hell e y the ditf erenoe between 

the actual and de!ired furnace hmpflrature 

Excl'1d ng a. ... ctden t al. me<han1 cal dauge to the furnace elemenh , 

which are very fragilef : hi ' ~ has no• gu·en almost iroubl&-

free servi,ce or ove1 o e y eu-

All the cheai.co.ls used we e the pu1 est readily obiai n&bleo 

Yttrium and rare earth oxi des were ~~pplied by the Lindsay Cllemical 

Divisi on of the Alller ican Pot aoh am <llE111ica.l. Cbrporation (99o9~ 

and 99 09" pure res pee ti v·~y) o Gallium metal used to prepare 

gallium oxid-, wa.s guppli Ed b1 Johr..eon llatthey and Cbmpany Ltd o 

( 99 e9 + ~ i=Ure) .. Ot her r e~geniiR and raw matenals were supplied 

by BJ> Ho Ltdo in Analar grade or hi ghest obtainable purl tyo 

Magnetic s s cept i~i li t y mea.surE1Dents WEIU'e made at ~o K by 
. 

Dro Leask of this laboratory on PW~ PbP2, il,tJj and Y,fJ30 The 

results for thP. Y 2o_} and the Ali j ahowed a slight deviation from 

the diamagneti aJn ax:p~ted The concentration of rare earth 

i.Jlpuri ties ( 'Che most lik~J.y) required to cAUse such a deviation 

wa.s found to be less than 30 par-ta per milliono The PbO and 
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PbP2 were both tound to be 0011pletely tree ( 1.e. leaa than a t• 

paria per ailllon) troll any panaapetlc oontlllinanta. S1.ailar 

uperi.a~• on alngle oryaiala ot 7ttri1111 aluainiua garmt showed 

that th•• could have no 110re than 10 part• per aillion ot rare 

earuu,. Any iron iona preaent u illpuritl• in th•e aubatanc• 

would be about twl oe u etteoii ve ugnetioally u rare earth iona. 

The above liai ta ot lapuri iy aonoentratlon ot rare eariha could 

therefore be halved to give the ooncentration ot lron preaerrt. 

Deapi te the eaiabliahed purity of the aonaU tuenta, and of 

the product in the caa e of yt triua alWld.nium garnet, a most puzzling 

feature hu been the wide varlation in colour of the single crystal 

garnets <bloura are particularly atrilcing in the yttrium gallillll 

garmts, ran.ging from colourless through yellow and pink to deep 

mauve ...,ng crystals of the same batch. 

The ooncentratlon of iron in the crystals required to produce 

these colours need not be high. Because of the si.JDilari ~y in size 

of the p"}+ ion (0060 i) and the Ge.3+ ion (0.62 i) there could be 

i\eleoti. v·e incorporation of any iron present in the charge, so 

requiring even lower concentrations in the oonstituents of the 

ci.harge. Spectrographic analysi.S, by Dr. D .P. Evans of tb.e 

Department of Mineralogy of this University, of some yttriwn gallium 

garneh showed that any iron present 111.lst be less than ·the detection 

l. imi t of 100 parts per milliono Variations of ooncentration 

within this limit oould produce the variations of oolou!" ob-~erved. 

A further possible cause of the colouring was the :rr ·8enoo of 



TU71nl oonotnirationa ot ft2+ lona wbloh IIIMll.d al•• rlH to 

oolOllrlq beoauat ot the 4eteota uaoolat.a with a dlftl• lon ln 

a trl ftl111t al ie. 

Th• lack ot oolOGrl.ng in the 7Urlua alual.nlua prneta la 

oouiatmt w1 th both ot th•• bJpoih•• beoauae tile •1•• ot the 

ilJ+ ion (0.50 i.) ia allf'tioienU, -11 ocapared wl.th aa3• (0.62 i.) 
2+ to aake the latU.oe dl.llenaiona too ....U to ao0011>date Pb or 

,J+ iona in either t 3• or il.3+ aU•. 

In thia oontewt, it. is intereattrw to note that J .A. Bruce 

and P.l. ai1er ot the Structure Uni i of the Propertiea and Phenomena 

Section of the Electronic Material Sciences Laboratory, U .S.A.P., 

Bedford, llusaahuaaets, have analysed by X-ra, tluoreacence, single 

oryatals of ,ttrt.um iron garnet grown by the lUelaen method. Tht1r 

found that up to ½ mole percent of lead replace■ yttrillll ln this 

omapound. (Status Report, June 19li0). 

2 .,- grzatal Ori en tat ion. 

The crystal.a to be uaed in the experl.ments were carefully 

ohoaen to be tree trom any large iI aluaiona ot lead oxide and to be 

aa well formed aa possible. The two methods of orientation that 

were used were optical and X-r93. In the optical method the crystal 

was munted on a Technioo two circle goniometer, and a atereogrua of 

the ret'lectiona troa all visible tacea plotted. Since 'the.aryatala 

showed tacea ot only two typea ( the ( 110) and the ( 211) types) it . 

waa then only necessary to ■eaaure the anglea between a t• tacea 

to find the orientation of the oryatal. Once the cryatal had been 



oriented thua an I-ray photograph ot the Laue back retleotlon type 

waa taken in order to OOllplete the orientation to the duired 

aoauracy. The X-rq equlpaent uaed wu a Kenon Victor 'Raylu 

60• aet wt. th oontlnuoaly pmped tube. The Laae callera wu 

auppllt4 by the ~bridge Inatruaent Qapany. 

The vanater ot the crystal troa the 110UDt uaed on the X-ra, 

equlpaent to that aeed ln the apeotnaeter was carried out on a 

lathe ao aa not to looae uy ot the alignment. The adhe&iTe used 

was an lpoxy Resin ot the Araldite group, (XBJ/4, by CIBA {A.R.L.) 

Ltd., Duxford, C..bridge, lngland. A tlnely pawdered tonn of 

si.11.ca was added to the resin in order to illprove its ala:itici ty 

d lo• temperatures. The amount of silica added was adjusted until 

the adheaive waa of the required conai.steney, which was that of a 

yery viaooua paste. This 0011blnation waa found to be TtJr'Y e.t'feeUve 

and ir1 nc caae did the ad.heal ve suffer fracture because of thermal 

sb:>ck. 

The type of sample munt used is shown in Pig. 2 wher@ the 

m.ethod of attaching it t.o the long rod ls obvious. This method 

tmsur~ that the axes of the holder, that is of the ocysta.l~ arrl 

of the rod were well aligned with one another. 
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3. S r\Jf ,.,ure or the Garne· .. and 1 • s effect on the Spectra. 

3" 1 Cry a 11 ographY. 

Ex •.;enshe in~ estlgations into the s l ruc ure and the possible 

~os on or garnet )'pe ompounds have been car:--ied oul by 

Geller ad GiJleo (1959) and by Ber aut and Forra (1956). The 

garn e a h mse ~ to a ery wide range or subsu ·utl ons -

n 1 . L of the on tt uents and by 

rh h An ~ c l ) i f he ub ~ u on 

ha a- known rob p ~- bl ha been g ve b) G l e ( 1960) who 

a " g ( d 

The ~p<1 g oup f h I gar Jt 
h 

0
10 

Ia numb 230. 

Th are - gh ~ fornu a pe r n1 ~11, in o al 160 on 

Th g • ., al r ,nu p3 Q R 01 w re · 
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·.o he a 
The oxygen 

0 ghb 0 1r of ar n 1 a r ,h ar : 1 number and Lhe 
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form a polyhedron which is a ~:ube wi .h distortions. It is the 

symaetry of this electrostati field which decides the energy leveJ 

scheme of the rare eartll ion 1 ~h~ -.-:rystal. Work has been done 

in the determination of these o')"ge parameters using the techniques 

of X-ray diffraction and of neu ron d1ffraction. 11le results 

publlshed are by Prince ( 195 l or, YIG and YALG, and by Geller and 

G1lleo (1959) and Bertaut e v a~. (1956) on YIG, 

Czerlinslcy and Euler (AFCRL, unp~b .) are ntM actively engaged in a 

complete survey and have alr•jady a noun ed results for these parameters 

in YIG, LuIG, GdIG, IDaG, YbGaG ard YALG. 

In the report or Geller and G • l 1 ~o ( 1957) a scale drawing is 

given of the eight cornered Lwel e ~ided polyhedron formed by the 

oxygen ions about a rare ear ·h s i. 'Je The values given in this 

drawing (wh1 h is reproduced ~ F lg, 10) are those quoted by these 

aut hors for the "ase of yt ~ .:um i o. garneto 

The t-wen four pessible :, ;~ es for· the rare earth ions in each 

unlt cell are a 11 identical ex.. ep~~ for :he orientation of this 

coordination polyhedron or oxygen lon.s with respect to the cell 

axesa The rare earth ions at nese sites will have the same g 

tensor with principal values g , g , and g e The synmetry axes or 
X y Z 

the g tensor for any lon JDJst be ·den ·-ical to those of the 

coordination polyhedron for t ha ion in order that the tensor 

transform correctly under the varJous operations detailed below. 

The unit cell of the garnet s tru • ·ure is composed of two 

identical sets each of four oc l ants; the four in each set being 
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related '° one another by 180° rotaUou abollt oell u•. In •ob 

octant tilere are three rare -.nh 1ona, each a11rrounded by l ta 

coordination polyhedron ot OQgen 1ona, IDd related to one another 

by 1a>0 rotatlona about a body diagonal. Uai.ng th•• ho operationa 

there are only aix inequl ftlent tranatomatlona llblch oan be perfonned 

on a Teator or aet of Tectora. llcaalnatlon ot the or.,atal at:ruoture 

aoon that the 24,c ions all 11e in inter-ootam plane,. This 

iapliea thd the axis of the polyhedroa of the ion ooaon to two 

ocb.nts mst be invariant under the operation whidl tranafonn.s one 

octant into i ta neighbour. Stnoe thia operation is a 180° rotation 

about a cell axi,s i t follows that one ot the axes of the g tensor 

must be parallel to tbia cube axis. The other two g values must 

be in the plane perpendicular to this and can be in, and perpen­

dicular, to the inter-octant plane or both at J+.5° to it. This 

pictorial type of argument ls incapable of deciding which ot these 

must be the caae. The above argument waa dneloped by l~hy 

study of a scale mdel of the garnet structure of which a photo-

graph is given in Pig. 11. 

Another method which can be used to derive the number of 

inequivalent sites for the rare earth ion was developed by making 

direct uae of the symmetry el.sent a of the crystal. 

The space group number 230, that of the garnets, is represented 

by the symbol o~O - IaJd. The latter part ia a shortened version 

of the Hennan-llaugin notation which in full is: 



'fhia detin• tba t'1l.l ocapl•ent ot ayaetr, el•ent• P>••-ed 

by the auucture ot wht.ab t011r are ot lnter•t here. Th'IJ' are:-

1. a gllcle plane ot i along the (001) uia 

2. a three-told axis of rotat1on-1nveralon &long the (111) 

axia 

J. a ho-told axia of rotation &long the (110) axia 

4,. a body centre. 

Thue symmetry elanents mat apply also to the polyhedron ot 

oxygen iona about the 24,o si tea o Let us represent the three 

mtual.ly orthogonal two-fold axes defined by 4! and 3 o by the 

aymbola 2A, 2B and 20. Let us also define &x, s,, and Sz as 

the principal n.lues of the g tensor ot the rare earth ion and note 

that they can be regarded as the principal axes of an ellipsoid , 

centered on the ion. There are twenty tour polyhedra in the unit 

oell all alike but for orientation. By el.anent 4,. aboYe the number 

is reduced to twelve identically oriented pairs. The cublo 

1,-etr.1 reduces this to six sets each of four ident10all7 oriented 

polyhedra, because of the inherent centre of symmetry. These six 

possible orientations of the axes 2A, 2B, 20 _(or g1 , Sx, s,) are 

amwn in Pig. 12 where the axes XYZ are the axes of the aibic unit 

cell. With reference to these diagrams the orientations can be 

lisied thus 
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2A,'a 2B, iz 20, ly 

X !I yz 

I yz YZ 

-I xz xz 
y iz xz 
z XI tr 
z XI XY 

Aa a reaul t of the above cilsouasion the nwnbe1 of inequivalent 

ai tea tor a rare eartil ion haa been reduced to six. A.a a result of 

thia it ia to .be expected t!'ld 1 • i '= of effccU ve apin s1 = f_. in these 

al tu would produce a speotrum oontaialq aix lines. It soo~lt.i 

now be poabible to oaloulate the anisotropy of these lines as cl 

function of the direction ot the ateady magnetic tield and of ~ 

airection ooainea of the g value axea at these a1x a\ tea. 

3 .2 Qiaracter of the Specmun. 

Let ua now define the direction ooainea ot the g value axes 

(i.e. ot the principal axea ot the ellipaoid of the g tensor) as:-

ix ( 1x• ilx• llx) 

g
1 

{1
1

, a,, n
1

) 

iz (lz' m1 , n1 ) 

The result of the arguments above 1a that the aix seta of theae 

sets of direction ooainea can be written down immediately. 



'x s, g& 

(l ' • ' X X 
n ) 
X (l , • ' 1 1 

D ) 
1 

(1 ' 1'l • z z n ) 
I 

1/ '2( 1, l, 0) 1/"2( 1, l, 0) (0, o, 1) 

1/ (2( 1,-1, 0) 1/'2< l, 1, 0) (0, 0, l) 

1/ 42( 1, o, 1) 1 / 12( -1, 0 ~ 1) (0, 1, 0) 

1/ '12( -1, o, 1) 1/f2( l , o, 1) (0, l, 0) 

1/ fi( 0 -1, 1) 1/f2( 0 l 
. ( 1, 0 0) 

1/ ✓2( 0, 1 1) 1/'2( 0,-1, l) 0) 

The direction cosines of the ate~ f .. el d ll'llSt no,, bd 

direction oosines of g1 *here i can be x, y,or z, we can w wri te 

the equation for the effective g value of any ion wi tll a K.rDJn ~r~ 1 

doublet ground state (aee Sect. 1.2) aat• 

g/ = 1k,,, z, 812 ( 111r• lllj_ lllj_ ♦ ni nr)2 ·······•3-2.1 

Direct aubaUtution ot the six sets of (11, "1 1 n1) 1n 1qt. 

J.2.1 will give aix effective g values and on substituting for 

(lr, mr, nr) the eq~ULtiona describing the spectrum are obtained. 

By careful choice of the plane of rotation of the field, however, 

a considerable aillplification can be achieved. Reference to the 

diagrams in Pig. 12 will make clear the reasons for the choice of 

the [ngJ plane as the plane of rotation of the field. ii th H 

confined to this plane ions Ia and Ib will give ria e to two lines 

whoae turning points will give &z - when H is along the Z axis, and 

and 8x and &y - when H is along the ( 110) line. Ions IIa and IIIb 



will be equivalent wi. th respect 'to the /ni/ plane and so will gi.v 

rise to one oompound line; as wi.11 ~on~ IIIa and IP '.I'he pe -

trum has thus .. een r educed t o four li.nAs of which tw are c.;apa.t.:e 

of simple analysis for the 1;hree g val .. es " 

The restric'tion of the fie d to f:he [i1ol plane ena le~ : t . 

direction cosine/3 to e e%p ~ssed i.n a pfu.-t:.ce.lar-}s con ·ent n 

"the Z ~.xis L 
'I'h'° ct- . - c •• t- . •. . . C'J • ..... • :i " .,.. - ,; .1. ~ ( l I r ..... ' • I', ·~ 1.~: ""\,,,1.1.1 ,. ,O,. t...J.., .... 1~ ~J. .1. ";n -/ ·~r: .•.. r 'b' _ 

g/ 
,. 

sin2J 
r;.. ... -=- ·l G ~-· gx f-, Kz. ._. J r-· 

g/ ?- Gin~) + ,,. ;,., 
'"O S'i G = g~v- t-,.~ V ~ 

0 
B = 90 to 

G :;: 0 --
from Eq-ts. 3 ~ 2 ~.5 and 3 ~ 2 o 6 



,.a 

9 s 90° g
9

2 = Ix 2 troa Bq_t. J.2.J 
2 2 

ge • '., trom Alt. J .2 .lt, 

1.2 = t ( &/ + a.,2) + ½ 1.2 rn. aiw. J.2.5 

and 3.2.6 

le will no• abo• how these tonulae oan be UI ed ln tile proc-ing ot 

the reaulta of meaaur•el1'a of the .~nant field aa a function ot 

the angle Q. 

J .; Analyala of kperi.llental Data. 

In Sect. l.J a d•criptlon waa given of how in a typical 

experiment a plot ot the four lines in the fiJJJl plane waa made oTer 

a region from 10° before the (001) axis to 10° &tier the (110) axis. 

A preliminary assessment of the g values could be ~e fro• these 

curves by observing the turning values at ihe (001) and (110) axea. 

This however waa not the method uecl tor the oaloulaUon of the 

aluea quoteci here. 

Prom the ex:peri.mental. values of resonance field giTen by the 

two ourvea with simple turning points at 9 = o0 am 9 = 90° a plot of 

1 v. oos29 was made. Since these oorvea of H v. 9 are 
~~2 r~ 

principal ~nio sections and 8 is measured from a principal axis 

this plot should be a "'raight line. A typical example is 

reproduced in Figo 13 and on it are marked l 2, J, 2 ,-nd l. 2 
Hx 11, Hz 

which are ihe values of H! 2 when the field is parallel 'to 8x, 
res 

g
1 

and gz respectively. These three values ot ft 2 gave 
-res 
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ihe I ftlu• by aubaiitution in the equation hT = 1p B 

( Standard notation). The three g values ihua dert Ted were 

aubaiUuied in lqia. 3.2.3 - J.2.6 and the nluea of ge2 001Dpited 

at 5° or 10° iniernla of Q. 1e2 - then conftried to H by the 

equation giTen above and the val.u• of H v Q plotted on the same 

gra~ aa the cperlllental res,.l.l ts.. The fit of the ccmp~ ted and 

experlllental curve1 was then • a.ref,· 1 a,~am1ned. AA, deviation 

could be aiiriboied to an er 'Or in the ~ i~e ot> g
1 f!y . or gz. 

When it had been decided whi ,:h of the ihree was wror.g the ne,_.easary 

oorreotlon was made a.nd th... . . -: :.\lt'V~ oomputed ·-3in& t.: r ew g 

values There W63 th", -:light uncerta1.nty in the g a.lu~ fro ,r . 

the lH 2 v~ oos2 9 lines becau~e of the nature of the s a.L,• f' 
res 

such a plot involving aqua.res e Th~ second choice of g valuee was 

in all cases sufficient to gi • e a fi't of experunental an.d oomi)uted 

curves that was within the scatte o the experimental pointso 

The g values which gave such a fit are those quoted in later 

Sections of this report. 

Errors due to 111.s&..l.ignment .. 
I 

The above method of extracting a set of g values from the 

•Peri.mental data assumes that the equations used for computed 

curves actually relate to the exper-t....mentdl cor d1 tionsa This will 

be so only if the crystal is orient~ so that its /J1W plane 

coincides with the plane of rotation of the steaczy magne.tic field. 

The purpose of the considerati.0111 that follow is to investigate the 

effect of any miaalignmm, of the specimen o 



Since ~• ar.a.l.7•·• required tor the oue ot a 0011pletel3 

gceral aiaalignaent ia wmeoeuarily long, ihe etteota ot ho 

different t1P• ot lllaaligmnent "111 oe oonaidered. laoh ot thlae 

will be tunher aiaplit1ed to the ai iuaUon ot e • o0 or 90°. The 

two OM• to be treated u"1-

a. ihe field rotai1ng in a plane containing ~e Z axia and 

ou itl.ng the n plane 1.n a line Wl. th direction ooainea ( ain oC , 

oo~ oC , 0) •h~e f1: is defined u the angle between thia line and 

0 
the Y axis, nearly 4-5 o 

't, \he fl.eld rotating in a plane oontaining the line ( 110) and 

t tiri g '1-le plane fi1Q], not in the Z axis :, but in a line at an angle 

to this - i J e. in the line with direction cosines ( l / [2 sin/3 , 

1 / .f2' f3 i.n /3 . cos (3 ) . 

G:lnsidering O&.Se a" 

G :; o0 n en the field is in the lZ plane i t is along the Z axis 

and th~e is no deviation from the ideal ( properly oriented specimen) 

oase 

~- = 90° Whsn the fi.eld is i n the XI plane it is along the line 

with ci1reciion cosines ( sin oc i oos oC , 0) and as a result it is not 

para..1.l.el. to Sx or 8y for ions Ia and bo Though ion I!a is equivalent 

·to IIIb and ion IIIa is equi vs.lent to IIb the two pairs are no 

longer identioal and the single ~ssing point of four lines becomes 

two crossing points. 

Direct substitution of e= 90° ani (lr, m.r, nf) = (sincC, 
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3 .11 

oo•~,O) in Eqt. j.2ol givee the etfeat1ve g values and these can 

be uaed to find the spacing of the two aroaaing })Oints and the 

1h1tt of ihe iwo tuming polnta. 

Thi epac\.ng ia: 

Al :: sin 2y1a2 
- ',

2 

e Se 

•here ie 2 = t< ix 2 + &y 2 ) + t S: 
am ~ = 4-5° - oe 

i theretore is the e.ciu.,aJ. angular d"1.at 01 f rom the ~deal 

caae. 

The ahi fts are gi "JR j y 

sln 2 -X 

These ex:pressions will e used in Se tlon 4 to estimate the errorf\ 

on our results due to misalignment but a typi.~al case will be 

treated here both to illustrate the method and to give some 

numbera. Let us consider the case of" neodymium in yttrium 

gallium garnet with approximate g values~ 

g = 4 z 

On inserting th.-e in Bqt o 3 .4 .1 we find 

Now 

because 

fige = 8 u5 sin 2 'i 

4.i : . AH 
g "ff"" 

flg = ilH g ~H 
lr ~-r 

H = 2J.,r¾8 i s approximately equi valeni to 



B -1 for a ,ypicll Yalu.e ot ;\ . 
I 

Prom '111.a we can 113 

11n 2~ = AH x 1,2 
1 x S.5 

= )( 

}.12 

'1B mat no• be put equal to the UXUIILlll 1pa01ng ot -Che two 

001Dpound lines which would no~ be obaervable. Thia can generally 

e sud to be a 2pacing of one J..ine width., which in this caae waa 

about 40 gautts .. 

Then 

sin 2i ~ 0.0017 

::. Oo Ojl 

Pu thng tlu.s value of l lr! Eqts j o4- o 2 and 3 .. 40} gives errors ln 

&x and &y of leas than O oCXH:' . 

Clms i.dering oa.s e t-, 

~0° With the field i n the XY plane the spectrum doea 

not d1 ffer from the tdea.l oa.se . 

The 1ei d 1. s now along the • ine 1n the [i.f.Q/ plane 

in th h r echon cosine~ (l/ [2 s i r1(J, )/ J2° sin/3 , cos (3 ) • 

Eq t c J ~ n l then y1, eld,.,. ~ge for ·t.he spll tting of the compound line, 

~here 

~ge 1 gx2- g:z:2 8~,: l /3 0 0 c., 0 • . o oo),4o4 

m Se 

1 11 thi s 2 ! ( ' + &y" ) case g e = ~ g ~ 
X 

Usi.ng t he g values of r .eodyd.1.lUl i n yt.t r i wn gall1wn garnet once 
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aore ahon that, for a apli tting of tiv, 0011pound l nea of 40 gausa, 

(3 • 4-½ 0 • The effect of this type of llisaligr:ment on the co&.l eoced 

lines which have a aingle tund.na poini at 9 = 0 is to split them 

aligbtly and to 110ve them both up ln field 

ahltta in g Yalue are 

sin2 (J gx 2 - 8z2 

IJ 

5ln
2(J ~~ 

~z 

The amounts of these 

Theae are eq l val.er.t to ~htfts ~ n f1 el of ? -~ s arad 5 gau. 

respectively - a .:l)lltt "' ! ~ :w.s~ which l o oour a , 1 , 

observable ., Tne fer .... e:. tage .,rr r in Sz i ;; nowe er of .hd V, .. .. 

of O 5~ due to this effec. L 

The above analyais, as ta.ted at the beginrung haa rested on 

Thia USUllption can be seen to be reaeona·.nle by con,sidera tion of 

the fact that all of the curves. of' ~e ·r u 9 wilether for a properly 

oriented apeci.Jnm or not .,, are ~e )tions of &.n ellipsoid o If tM 

apec11len 1a properly ali.gned the two curves ue~ to find Sx!i ~ 

and Sz are the ellipses resulting from intersect ions of the 

ellipsoid with two ortlx>gon.al planes each oonto.ining two of its 

principal axes Por a mL align,xi speci.mer the planes .Dl'-\Y not 

contain one or more of these axes.. In this r.,ase the lnilimwn 

difference between the two elJ..ipses will be at their axee t hat are 

at 8 • 0 ani 8 = 90° ·- the co. eri conRi.der'ed o 



Br.rox might ar-b a 1n the measu? smtn ... o;: -;ne r ~ r .. ant- fields, 

the a.ng.1la.r aetting of c.he ma.gt e .. ana t hr.. 11--t ... ro~&.ve wa,· egth. 

"'"e.1.ond.IH::9 f ield meter ma tly iJ.t. the Jentre of the el~ciron 

resonance 1'ignal on the otr.er oB ... illo~cope trace is one which 

If we t alc& typical 

T~ r,3. ,,.: e. l arge value for the r,uclear 

r ~r,3.n ;.e h .n~ w· a th • ~ u~ ed by the inhomgen.eity of the 

P.~1~ ::6 ~~ 
~ 

Thi fl wo .u. d i trod,uc ~ ar, error of 1% 

In fact, 

So :t" o~ & H i . lai1 :.i.s .~ .1: x 100 :-~ ~ 
l?-

t a.1 dar1ir. and CH d t o t t; , . r r ~~.t to w· th.' 1 ~ part i n 105 and so 



;.15 

waa checked against a laboratory substandard and wu certainly 

better than O -~ which ia the -...1.leat that t.he field measuring 

error could be. 

The only error theretcre that is collparable wt.th the poasi ble 

errors due to lliaalignmen t is that of setU ~ the two resonance 

signals to coincide on the osc1llosoope. It has not been uaumed 

that the nuclei which a.re re oni U ng ar~ i n the same magnetic field 

as the paramagnetic ma.t arla.l '1 a.llB e t he l near "'pa. in:g of l an " 

between the two made thh uniike· y v To overcome this et feet the 

nuclear magnetic resonance s ignal w&... al.ways llS ed to meal3lll'tt the 

resonant field f'or a a.ample o! free radicai a t1ally f ixed t a ~ e 

of the par8118gnetlc cry:,tal. It was assumed that the rat o ,e v. 

the field at these two point - the free radical a.rd the nuclear 

coil - was the same at all fi elds o Assuming this to ~e so all g 

values measurei were corrected by a factor equal to the ratio of the .. 

true g value for the free radi,cal to its apparent g "Value as then 

meaaured o This factor wa~ uaually of the order of 0 1~ but was on 

a few occasions as high as l" because of ioovsnent of the magnet 

which was necessary for other reasons . 



J+ l 

~-1 Introduction. 

In tnu chapter the rssulu or paramagnetic reaonance 

a:perimenb perfonned on rare ea.ri:h-yttriwn alwninates and galla.tes, 

in a range of t•perature, f, om 80°K to 'f'I.. :, are gi. ven" Th•e 

reault• sbraoe:- a deuiled investigation of' the rel.at oniiiln p 

betweer, the re•:,ona.nt tl.~d magr. · tude and di.re hon (with re~pec to 

the unii cell ai:M) for ea h t e of magnt-ti .. ally nequi oale t rd.I 

earth ion, a measurem6~ t 1 t e r a lg e o t snper&. t•.u-e o ·•re1 whi .h 

resonance can be obeenred; !ili approximate m~~ s 1 ement of •ne line 

width In some c9.Ses the var·e. .. ion cl. lin~ wid th with r are arth 

concSltration a.rd with t.em~erf> ' I , wac: noted 'These meas ren1 .. n t 

of line width were carried by . c.1, t 1 ng the ~ 1 gr ai. from the 

nuclear I'eaonance epe ... trcn-,.r..ter d • -er.tlv abc., ·e the. haU power po i nt 

of the electroni o ahRorption s:g:nal on tht:; do1 1 ~ beam o .. cillo .. cope 

and measuring the separation l . field of the e half power poi.nt 

Thia method is not at a.11 b.~r· rat ~· !"eca.use l ' take: ~ no 9.ccount of 

the effect on the line shap~ of'' tr e ·tari.ou .. , ampl • ~yi.ng stage~ 

through thich the signal p~sea o F rt.her' the hah power level was 

found by measurement of the sigi.s1 height on the o cilloscope ani 

so was subject to erroro Hofle•rer f'or the purpose of cnecking on 

which was the beat con ... enir9.tion of re.:-,~ ear th iona and which w~s 

the best working tsperature th1 s me·thod WJl. ... q i te SJl.ti 8f&.ctory ~ 

The question of line widths will be returr1ed to in Section 5 o 

Fuller experimental results :i.I'~ gi Yen by Ryan ( 1960) 



~,a Yb3+ Ion in Yitr.llll G4.JJ1um Gvr . .,t. 

The ap~·,r.:.m of th, n3+ io L waa o sar- ·'Ji from i g. . • sta.la 

lowering the isipflrature to 2°1 The li.r..e width waa effectively 

Tte • trod of u .&Jyais dea ·r. bed in S&Jt ..• ; was applied to 

Thi!, c'Cl.l ~s i'ine-ly a.as gned to 

~ - 3 .60 ! 0.02 

g~ a 2. .85 .! 0.02 

arror of 1½ c • n th 0 I1 p a.n.l!!S 1'Cl ... :i e detect~b Ei but -., d give rise 

a.gainei~ the .:'tlll 1i , . ,,u ·; ·1, ~1 i. .!~ ".::i t :.at :~.m? .1 ~el 1.ni:ng tre t) 

e.bt.1·v~ ~,-;uL\ f-:2 r. gx!) iy 3.!ta g~. A N.: mpari:s 1· o .. ·th~~,, =-a l t3 

18 
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wort 11 po11i.bl Whit• ar: d CAreoc (1960) t.t~ ng dt f terem suiples 

t 'ound the following Tal uee for Y. 3• 1.n yitn.um gill i UJD g&r"lif>t 

These a.re in scellent a.gresent, wi ih our alue-s and are 

inCJtud of cm . as o r, wa.re~ BO ~honng t,hat the h1 ghe req -: c. 

does not 1nir~duce ,&riJ oth~r eft . t~ . 

4; .. 2b Yb3+ Ion in Ytt:1.-um ~um .. nu m G-arne~ 

No investigation W:Uj ~J'.t~ .. 1n o on th ~ 1 011 ec.&1 .:. Vf 1 

and Ot.rson (1960 a) had a.lre~dy \ , H ,9.l ~ the t 11 ~pedrlllll ~foy, ~ 

Rampl es w'!tra a ~'ail able f' r ou 1, u e . 

g - JJ:5 
X' 

~ 2o 4 -gZ 

4;o)a lt·,3+ iri IUr1um Gallium Ga.rnet n 

• 'he r~ Jl 3 quoted y t hese 

Resonance experiment! wen~ ·arn ed OJ t on crystals <'.ontai,n ng 

11' erbiwn hui the line width was . er.y grea - a·bou 100 gauss-, a.rd 

ihe signals very inten::le v Crysta.le. contai rung Q,, 3% of' erbi.um wer 

then prepared and fo\lnd to be s.iita l e for study ., The lines were 

still wide -· about 6o gauas - .,. t, th1~ was a zoore sui table width 

to wo I'k wi. th The temperatur ~ t whi .. h thes,~ orys tal ~ w~.re 



at11dled waa 4,°l. because the apectrua was only juat viaUale at a>°I. 
11 waa obac-ved that at 4-°(. it waa po•ible to saturate the re10-

nance signal trm theae O •"' erbima sampl• with leas than the 60 
ld.lllwata ot 111.arowaTe power that waa tbl maxi.lwn anilable. 1'or 
th1a reuon these •perlment I were carried 011t with a nr, low power 
lffel. 

In '1.g. 15 are plotted values ot Hres tran •perillent and trm 
ooapitat1on - aa a tlmotion ot 9 the angle between H and the (001) ma 
ot the aryatal. The larger dil"ferenoea here oan be attrib11ted to 
the greater line width ot thia apectzum ,mi to the tact that the lines 
A am B are close together over so men of the range. IEperimental 
valu• ot Brea are not given for 9 = 54-0 

because it ia at abo11t thia 

angle that the lines are orosaing and so pulling eff eota are maxilwn. 

On the basis ot this fit the g valu• for ths ~• ion in yttrium 
gallium garnet were taken to be 

ix = 4.03 ..:!: 0.03 

iy = 4.69 .t 0 .04 

&z = 10. 73 .! 0.21 

The misalignment errors were decided upon by the use of the equa­

tions and criteria of Secto 3, whioh showed that in &x anl Sy they 
were less than 0 .01%, and in gz they we:re 0 .5::&. The large difference 
between the possible errort1 is caused by the si.milari ty of the 
valu~ of &x and ~ which results in tha IX)S' ibility of a relatively 

large misalignment ot the sort referr~ to as case b in Seot. 3. In 
fact at 9 = o0 the field ooul.d be at an angle of 6° to the ( 001) axis 

before the :pli tting of the oolti)Ou.nd lines would become visible ( i .e 
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of tlll ofter ot tb• 11.nllri.4'11) o lmwffer 1lnoe 1z ani S, an oon­

al4ea~ lll&llv than Ii t.hla real.ta 1n • error ot only Oo~ ln 

••· Ia au, a. howenr the pouibl• anal• ot 1111&1.l-•t la 1111eh 

..U• ul ~lue it• etteot ia to Malx 1z ancl a, at 9 = 90° it 1a 

qlllte llllll owl.ng to tbt nJ.ue ot tb11e two bell~ IO oloae. 

un lnftati.aatt.na the P.Osalble error 1n •••mr•ent ot thl centre 

ot th• reaonanoe llne WI t'1n4 an wior ot O o6'C i olo ..:!: 0 002 in 1.z:; 

ot 0.1}C 1.e. ~ 0.0} in 8 , lo~ i.e.! O~l' in .. o 

4t.Jb 1rJ+ 1n Yttrium ilWDinium Garnet 

The apectrwn trom abgle aryatala ot aluml.n1um garnet containing 

o.~ ot erblwn ftl Ti.al.ble at a>°I. l:Qt the u .peri.llenta were curled 
0 out at lt- 1. becauae ot the aupmor 11.gnal to noise ratio at the 

lower taperatun. Thi llne width wu ot thll order ot 40 gauss with 

ll ttl.1 t•perature Tari.ation and no saturation ettecta were obeerved., 

The mperillental am computed T&luea ot Brea are plotted against 

Q ln the graph ot Pig" 16 for Br3 + in the aluminiwn garnet o 

The g nl.uea used were 

ix = 7 • 75 .! 0 009 

iy :: 3 0 71 .:!: 0 002 

g& - 7 035 .! Oo08 

The errors here are mainly due to the ditflcul ty ot accurate 

aN1urement of the reeonant tiel.do The ma:daun possible JD11-

ali1DJ11ent trrori are O ol~ in ix and g1 and O 051' in 8, o The 

aettl.ng errora howner are 1 ol- in 8x, 0 053- in Sy and lo05~ in ijz 0 



The intenai ty of tb9 at-eo-tr~ rrom lfo u~c~rnilJD-y·,u-iua 

gallium garnet alngle cr.v,na.18 waa auttici~ ·i; 20°1. ior ·.h' .a work: 

to be carried out. The l ine width waa aboui 50 gauu &Di ahowei no 

nriaUon with t•pen.ture. Th$ •~atrum w~ •Ml apaosi out (aa 

can be aeen trm the grc,.pi in Pig. 17) ao 11.D. m:od.11.eni fi i ot 

thia ti 1 the g values c..lwse.n w&-e 

8x ;;. 1.251 ..! O.OOi 

gS' :.. 2 .027 .! 0 .008 

g ~ )e66/ + 0.018 
A -

The errors quoted are a oomhination of tho.:4e oausea by aligi1-

~o r- • o 
orientation in thfJ XY plane i e ~ ~nd iu 'tn~ LL.f)/ is l • These 

oould give rise to errors of O.~ in i¼: , 0.1" in 8,· 1\rxi 0.01,C in gz.• 

The ma.~imum ix,s • i b l "J per ... e.r:.-t;~~ r~rar.~ du,~ 't<.I ~~·Gdng &..re O .~, 0 .3~ 

a.rd O.~ in &Jo gy w g.li, e1:1ip1~<~~brttl_y " 

b~--N~)+ Ir1 Ytt r ~~!;~-~;ad.~-~-c.e·~:~ 

Iii the ~ingle ~ry;..:tds of' / ' tr-h . .m aJ.umi11iu.m ga:.·re"; con·caining 

spectra of' tha type 110a00n. to t.lle oth~ r u ··e earth,:\ . r.rwo of theae 

have associated g -v·,9.1.u -~: 
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'x = 1.179 ! .002 

ly = 1. 73} .! .oo~ 

'• = } .915 .:!: .026 

The erron in theae g •aluea due io aeit1JW were O .1 ,- in Ix 

1.e • .:!: 0;002, 0,,25~ ins,, Le.! 0.004; 0"5~ 1n '•i.e.! 0.02. 

The uxiDlll aq.tlar errcr in the XY plane a ½0 which introduc• 

negligible error ink, 8x and 8y That in the f.i.1Q] plane ia "4° 
reaulUng i.n a 0.1" error in a1 

The other two apectrt. were very puzzling because the relative 

inienai ty ot the ilree remained unchanged on lowering the t•peraiure 

to 2'1. Thia suggested that it the spectra were due to the popu-

laii.on ot other levels they mst be very close to the main one 

The ihird apectn111 ooul~ not be investigated very fully because it 

wu • enral ordc'a of u.gni tude small er than the other two ard 

being very aniaotropic o·verlapped both. The aeoonda.ry speotrum 

waa of a similar in'tensi ty to the main one ,, On fitting g valuea 

to this apecil'Wll it was found uw.t it was al..most identical with 

that of the ir3 + ion in yttrium ,uU11ini.um garnet u The wna.11 

differences were shown to be entirely due to effects such as 

difference in wav·elength of the microwave radiation at the ti.meaof 

the two eiperlment I! and a amall difference in the apparent g value 

of dep.p.,he On taking these into a.coouni the g values for this 

~pectrum agreed with those of the Jr3+ spectrum to within our 

errors o The most likely explanation of' thia phenomenon is that 

at some atage of the preparation of these crystals the charge 



'bee•• oontud.nated by erl'iwn. The resul °' or t.D1 1:1 ~ir.\tm·.;ional 

ditterem condi tlona waa ·nry r"8Bsurl.tc" 

4;.5a pz'+ Ion ln I1tr1ua G.J.1.-•lll G~ 

Thia apectrua, oiaerved in s:.ngl" aryt-ta.la OOI!te.ining ~ ot 

clyaproaiua, waa vialb~ e only -.-r. isperaturea ot 4. °x. Mi below. 

The line width, of the order of 60 gi.llss, waa oonatani; with tspera-

ture from J+.°I. to 2°Ic. The anisotropy of thi ~ spectrum •aa 

p-ea~er than that of 111\Y of the e t her rct..,:-~ ~ .,.h..~ imr~tigat td. 

One of the g values wu so lo• ·,htit th., a~•ropr1b. te ·g_~rni~ point 

{ ez:trmlll of field as a function or angl•) oould no't be seen 

because it was outside the rar>g~ of ·the magnet u3eci. To find this 

tuming point Y8.l.ues ot' Hres n~~ ~~ t. \?p of 'i:~ ~r....ng, of magnetic 

field were measured at very r.:.i.015 '-:t i .~ ,e.r ··;;u.s ~ .a ·t,'1-,-:t:r u.s~ on a 

l 2 lf;;1 v .. co~ 9 plot whi <'.h wa.~ ex,,~"1.pola·i; :::,1 t o gi·.-rr~ i.h~ brnir..g 

value. (Stt F'.9 20). 

Usii1g tr.i.e e:i:parl.lnen..,, a.1 r e:: Ju l t.s ,~ a .. -=, ···~.2, ~ . ci.:.t;iw.h ·~ ·~ -'ch-, g 

T8.lues decided upon for t.J:at:, D3.}+ :lo.:t. in y:;;-:.:L.m g...u. ,.L .tu g,'£\.r•u::·t 

were 

a :-· 11.0: + 0 . ~o ~, ... ,., 

g ~' .;7 .85 + 0 .10 z _, 

The setting errors in &y ani gz ner e dl"H ~ 0 .. l j );1:. a _-t O "08 
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Sinoe 1n tbh apectrua ix u 90 aall C011pared wl. th Sy and g
1 

it 1• poaall>le tor very large ai1allpaeni1, wbl.ch wollld Affect 

', and g
1 

11 Ule and ix a great deal, to be unnoUoed S noe none 

ot ~• oiher apeoiJnena ahow-1 ai.gna ot alaorientation, aid beO&lle 

panicular care wu taken 1.n tbu caae, ii wa.1 uauaed that the 

aui.lull poasib!e angular error wa.s not larger lhan \be largea\ 

poaaible in ~• other ca.sea. ALgle, of 1.,o •er~ therefore taker, 

tor angluc( &i""..d ~ of Cue~ ~ e&(}d '=> i.ra Section 3 o Tneee gi v~ 

errors of l~ in Sx: ana O .i5~ 1n Sy and g1 o H 1.a rea!JQna~le thu 

the error tor g x ahoul d be 10 large for ihe reuona gh'en abon 

lhUe and Caraon (l9Wb) have, a.lac aeaaured ~1.• apeotrum 

aid quote their reaul ta aa 

~ • . • 07 

g - 11oo: 
1 

g - 7"78 
f,, 

which are in scellent agr~emeni wi. ih ours 

9:.5b J>f • Ion inJ\J.:i·aa ilulli,nillll Garnet 

11:perim-◄mh were carried ou I at t•peratures from 800(. to 

2°1C, on several differ'en.t 1111p ea of. yttri,lll .uWD1nit111 garnet 

W&Tel.ength a.Di within our f'ield range of 0-5 e5 kgauas 

approd,11a\ely.. The cry•tall ~ed were w~ll formed of reason­

able aise and in D)St ca.sea MOWed a alight yellow colouri,ng 

typical of' dy1prosiu.m ( '\hough colour ia not a .good guide to ~ 



oontda ot the garnet.a). Howner Dr. Leuk ot tbla lat>orator, 

bu pertonied ac.aoept1b111ty ■-ur•d• at hellua t•peratur• 

on thue cr:rat&l.1 and tOWld th• to DI q'Jite 1trongl.7 panupett.o, 

10 proTl.ng that the dyapzoaillll hu ieen lnoorpon.t.a into the 

oryatala. Some TerJ aall 11n• at ffr1 low teaperatur• were 

aeen at aome angl.• kt th.Me were ri.a1ble onr 01113 a Terf aull 

rqe ot angle and were not reproduolble troa one apeolmen to 

another. 

In the caae of the ory•ia.la ooutaining 1~ of dyaproaium 8ll 

a:tenaiTe and m:tl'•ely ooaplex: apNUu.11 waa vialble troa liquid air 

t•peraturu down. B'9oaua e ihla apeotl'Ull waa 10 ccapl• and 

beoauae 1 t wu 1'1.11'bl~ ai auah high temperatures it wu thought to 

1-e due to an ainonnally high ~nomtration 1n th•e oryatal.1 of 

l.apirl tie1 be.longing to the iron group. On inTeatip.Ung the 

hiatory of ~eae ory•tal• it waa found that at one 1tage ot the 

aryatal growing p.rooedure the orucible lid had fallen off ao 

m:poaing tbe charge, a.~ a v~-r, high 'celllperature, to ih6 abloapbere 

in the turna.ceo I i •aa th~efore no'\ 1urpriaing that there was so 

high a level c,f i.Jlpun.ty concentrationa in 'cheae cryah.la and tor 

thia reason they were di1~edo 

A more 1ntenaive aearoh for resonance waa then c-irried out 1.n 

the other IUlplei ~i ,w:ue W'la.8 found. 



5 u D1acuaalon. 

5.1 Signit1oano• of the obaerYed g Taluea. 

The •perl.llental reault•, auanari1ecl in Tule, •ho• aneral. 

intere1Uns and unupeoted tea~ea Cbap&rl.aon of oorreapondlng 

g-nlu• 1n the galllua and al.Ullinium C01lpo1mda •m•• a clear 

ditterence between Yb on the one haNi, ud Ir, Dy,, and Nci on tho 

other 

principal ftluea are very •i•i.lar tor thi, iwo di fererrt boat lait cea. 

A• di•o..t•stM.i 1n tho introduaUon \hi.a in.di atea thd the alec.\ron1c 

1tatu are not cri Ucally 1enai ti ve to 111all ohangea of environment, 

10 that it ii very likely that t,he aame g-,val es wUl apply al ao l n 

the iron garnet,, The relati ,.,a!y amall &n1,!0tropy or g indi.cate, 

that Yb+3 Lona present in a ferruaa.gnetic iron garnet should not 

oontri Mlte Tery 11.1ch to the total 11agneto-crystalline anisotropy 

001lpared wl th the other rare ~ar'th ions o This is in agreement wi. th 

the empirical results of Dillon and Nielsen ( 1959 196o) j who found 

that Yb was about 10 timeo lass ftffective than~ s13 Dy in influencing 

the low tsparature anisotrop-y of slightly do psi yttrium iron garnet u 

It is ditf'ioul t to IIAke an m:act quantitative estillate of the aniso­

tropy to be m:pected on the 'bash of the measured g-valuea alone but 

an. order of' magnUude calculation (Wolf :i 1959) shows that the ob­

served 11agni. tudes are quite rauonableo The nlue of the spon­

+.aneoua magnetization oan be ~stimatfd with 111oh great• certainty 9 

and for thia vecy good quantitativ·e agreeaent is 01tained (Wolf Le~. 

Por the three oth~r ions, Er :i Dy and Nd the si tua.tion is mor'e 



41tft.ml t. Por all three iona the g nlu• Ibo• aou1derule 

ualaotrop1, 10 that one aa, •peat al.10 large etteota on the 

terriaapet1o anisotropy. ID tile oue ot Nd+.3 tbe ftluu are 

11&1n tal.rly aiallar in tbe YOO aD4 fjG hoat latt10ta 10 that th91 

aboulcl alao apply in • iron garnet. Untortunatei,, pare neoclylllu 

1roa pn1t ca not ie prepared (NOallae ot lonio alHB), 10 that 

one oaa 110t ooapare the pr•Uoted aal oalaw.atea •Po11taneoua --•nta, 

Mat lt WOW.d ie poaa1~le to do th1• tor aixed (lld-I)IG which oan ie 

aade. So tar there are no reported IK>llCt ■euur•enta tor th•• 

1arn1ta. 

!he reaul.ta tor 1r•3 abo• the moat unspectecl effect. In 

~otb the il mi G& hoata tm ■peotrua bu approxi.aatel.7 axial 

aymetr,, Mit whweu the u:ia in the Ge. boat ia p1nllel to the 

(001) cllreotlon 1t baa ahangecl to the (110) direction in the Al caae. 

Jt,reoTer, in one oase lz » ix, &y, while in the other the situation 

la rweraed. Th14 shows that the electronic states are ex:trsely 

aenal ti. Te to saall d>.q es of enrlromient, and it illustrates 

rather dramatically how i.llportant it is to use 110re than one type 

ot boat lattice tor paramagnetic inTestigationa ot this kind. The 

two uin conclusion~ which can iluned lately ie drawn fro11 the 

o'baerYsi Talues a.re ( 1) that Ir 1ron garnets will ie nry aniso­

tropic, am ( i.i) that the aniaotropy us ie strongly a train 

dependent., This would illply large aapetoatricti ve etf'eota at 

low t•peratures t' So far no such aaeaaur•ents haTe 'been 

reported. 

• 



• 

Tbe reaul ta tor Dy+3 are wen -,re --,aterioua. In thla aue 

no naounoe ot uy kind oould ie found ln the il coapound, tbougb 

tbl Ga oryatala hid ahown a Yerf atrong aiaorition apeotz,m. One 

po11U•l• •planatlon tor thia 111gbi be tba t 1h• g ftl.u• 1n the 11 

ocapoud are nen a,re an1aotroplo than ln the Ga coapowl4, 10 that 

either the tranaitlon proiai1lit1• are Yer, mm reduced, or the 

reaonanoea all occur at magnetic fields beyond tbs range ot our 

aagnet. Another poasiile a:planation would ie an •traely short 

relaxation tille, laroadening the lines bc,yond detect1un. Thia 

aigbt 80llebow io related to the tact that the Dy iona interact 

with one another unusually strongly, as indicated by the tact that 

pure Dy alu.lliniua garnet becanea orderer! at about 2°l (Ball, 

Leaak am Wolt, to ie pulaliahed). At present, howner, the 

aiaence of re10nance tor Dy in IAG mat be regarded aa unexplained 

and requires turther inveatigationo 

5 .2 Line Width Anoulies. 

In Section 4 approximate values were given tor the width of the 

oiaerTed resonance lines. The unpredictable variations ot these 

was puzzling and on the wh:>le they were reurkaily large. Since 

the cryatala contained no D>re than 1% of rare earth the width was 

unlikely to ie caused by interaction ireadening. The U.nea were 

not oiaez-yed to decrease greatly ln width on lowering the tempet"a-

ture and ao spin-lattice relaxation was an unlikely cause. The 

line wi.dth in rare earth 0011pounds is often due to the broadening 

producal 'by the protons of the surrounding water 110lecules e.go 



in the etql-aulphatea Ho•ever, no SU\lh iroa4enlng wUl tat a 

place in the garnet.a be0aaR6 n.ri, all the oxygen loM haTe &Ml 

nuclear aagnetic llOlleDto 

It na s.lao oii~ned that t.he 11.ne width wu not aonatant lklt 

T&rilll with tbl angle ~etween the llapetio tleld and the oryatt\l. 

Thia ettect waa partlc.ularly r.10tio-.,le in the Rd}+ ln yttriu 

almd.niua apectnm where at oertun anal•, thl turning pointa ot 

reaonant field with respect to angle~ the lines were 5 to 10 gauss 

wide. These turning points occur at posi tiona where the 11agneti o 

ti eld is along an edge, of the wiic unit call or along a tace 

diagona.L A likely cauae of thia anomalous line width 1s the 

presence of lattice illperfectiona or inhomgenei ties. If there 

were any aicroory~tallina structure in the apeaimens the interfaoia.l 

ioundariea would." bec~~e, of the a,rphology ot the garnets, contain 

f llC>J facea., If' ·the 11i~rocrystals were slightly misaligned rel.a-

tl ftl.y then one ot the positions in which the angle between the 

ooaponent ~$tal a:t:ei~ 8Jd tM magnetic field would be the S8Jl1~ 

would be when the field wa:? in ai"l i .. nte1--f'acial plarH~o In other 

posi tior.-a the an.g,_lei 'be :;R~n the crystal axes 8l1d the field would b~ 

different i,n the d ~.f ferdJ t microcrystals ·- r~u.lting in a smearing 

out of the reson~<:,c, fietl,d o Thi .:. ~ th~refore.., i8 a oause of broaden·-

ing which 1euld el:hUn,t the required llinw at 'turning points. 

The taih.I1ique,i of mii~ro"'·~eam X-,ray anuysis are sui ta\,le for detec-

ting suah micro ... ,ll(J3aic ~tructure of crystals. The 'Jq_uipnent at our 

disp:>2al was not suitable for this work b~.ause of the relativw~y 



111'1• aiae of it• beaa wm.ch ooltld not be reduced below la., radius. 

2•3 (l)noluaion. 

The reaulta pr•ented in this report clearly cx,nati tute only 

the ti.rat stage of a Yer, extenaiY6 inYeatigati.on.. Al such they 

oan only lead to rather general conoluaiona. aoae ot which boweYer 

tum out to be Yery 1lgn1f1cant .. is JUght haTe been s:pected~ &ll 

the rare e.vth iona haYe been fourd to exhi bi. t very apprec1abl e 

anisotropies emphuizing a.gain their' iaportance in oonnection 1r1. th 

the ar1 sotropy of terriaagnehc garnets. The wide ra~e ot g 

ftl.uea i'oum {l 07 to 11.07) shows clearly that a considerable 

amount ot ex:perillental ar¥i th-,retical 1nformation is eas ential 

for the undentanUng of these rare earth ccapounds, wh1 ch may 1.n 

general be ex:peoted to have properties very differELt trom fe.rrl­

aagnet1c aateriala containu1g only )d i.ons wi. th "spin-only" para­

aagnetism o The marked differences found in ,several cases between 

apparently very sillilar C011po1nds ~tress th~ n9ed for graat care 

in applying some ot the p,,-ramagnetio results to f'crillagneti.811, 

a point which has t1ntil now not been appreciatei generally. The 

observed structure sensi ti Y1:ty alao suggests tnat some marked 

magneto-elastic effects might be found in certain of the rare earth 

garnets. Further m:perimenta on some of the problems related to 

these conclusions are now in progress .v and it i s hoped to present 

the results in the near future o 



• 
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TABIB 

Summary ot Experimental Re!ul ta 

In Y.G.G. 

n,3+ 'x ,. 73 ! 0.02 

&y 3.00 ~ 0.07 

g 2,85 + 0.02 
z -

Er3+ ~ 4.03 !. 0.02 

~ 4.69 !. 0.03 

gzlO. 73 !. 0. 05 

Nd}+- f1x = 1. 25 !. .007 

~ = 2.027 !. ~008 

g = 3.667 + .018 
z -

n,3+ ~ = 1.070 : o.:u.. 

In Y.A.G. 

'x = J.87 !. 

~ = 3o 78 !_ 

gl = 2.47 !. 

1.179 ::. .002 

1. 733 !, o 00.. 

3" 915 !. 0026 

• 

Sy = 11.07 ! o. 20 

g = 7. 85 + 0 0 10 
z 

No resonanoe observed 

• Measured by Carson and White ( 1960) . 
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ABSTRACT: 

Tl 1 epo r, ;; mmar ze t I I • u 1 : r .rn _, j" 1 \( 

ur e .h magn ~, • . prope of ar n h inn 

w1lh he garnei· ~ru ·ure~ 

are d • cr i bed j and r ~ ult 

e p n . w 1 -,~. Yb 
3 

D. 

e·L uf ·,h ~ P n ~ ~ he g 'Oun 

b, Jrr pr . n i pr I • ' I l t 

e· · pLi.on 9 a l ·.11 prrn ·pal. vaJu . 

10n in both Lt .' um alumi ni um ar d 

d r 
rr :, • 

Comparison of the two se ts of r ul t how. ha great ar 

mus t be exercized i n applying t he ·e uJ t • of r onan e per1men 

fo r one k.ind of garnet to a seemrngl i mll. a r ca e, bu · CJne g ne r ,11 

conc1us1ons can be drawn !l even wi hou t the nece ar detai led anal)­

sls . The main resul t 1s tha t t he local environment of he rare­

earth 1ons is f ar from being sphe rica l.Ly or cubically synmetr icaJ, 

so t :1a t tne- rnd1 v i dual r are earth ions have magnel1 p operL1e 

whi ch are very anisotr op1 . The rela tion of Lhese results to the 

observed ani sot r op ies .in rare eart h iron garnei"s and rare earth 

doped YI I are di cussed. 
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