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of tipe-differential perturbed angular correlations (TPPAC). The
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value obtained was ~1T7.3 3 0.3 kOe with 2% hafnium impurity at the

F - .

zirconiun sites. ~ - . ° . . E S
~ The hypérfine field .\nm alsc r;i:nsured‘u ﬁ' function of hafnium
1

- and t.it.nn;un concentrnt.!on (nuhst.tt.ut.ing at zirconim.ni.tes), andc Coe
nred vith nngnetiutlon heuurenents on - .the sane sanplea. 'I'hé ‘

:_mahetiiation data ngreed qualitnthrely vith u»asurcnentu hy Ogavn

' the aagnet.imion decreucs to zero at about ;,5 hafnius concentratioq,

‘but 1ncreuea to q ::a.xim at about. Zb,- tit.anim concentration.. "I'he‘

hrperﬂue rield hoﬁrevar. decreuen less rapidly with hatnim concentra-

T

;o

t.icm bl.g.’drops aff fnirly suddenly near 203 hn.fniun Hhen titaniua

“I o

_‘_1npur:1trr4§ udded the hyperﬂne ﬂeld does not increue by as great a

’

rmtlon a3 doea the mgnetitntion. . ,..-'] .
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h . GYAPTER I | ‘ |

- TNTPOLUCTION
. oo >
N y e ol .
."r"cﬁ&s" iz o p“oro. b 1 which hna nIVAr" held a strong fascina-

']., ' | -t

or pedple. Althaurh an in:cnse arount has teen learned about it,

thern '; {11 airplﬂ qucn.ions (liPc "‘Mj is oéne raterial ﬁnrnntic and

’

nnother not?") which do not have sinplc.an;wcrs. This will 1likely

aivayz he no., The reason is that the presence, of ~1netisn depends on

. ghe cozplicated elcc:ronic structures of thn atona and alco on the

arranre=ont of the ators in the purticu‘nr nnterinl. The ntoms do not ~

behnve .ﬁdi?idunll" but, bCCﬂUuC of their close proxiﬁ‘ty, intﬁract

;w ith one nnot er. dome of the;r electrons are shnrcd_to n large cxtcnt

ntoms} ond‘cvcn those which arp-not shared hnvc a

differeat tehnviour fro: wh1t it would be for a 31nrlc free atom.

. _
The ori;in or ‘hc rngngtiSm ituclf in vith the elcctrons. An

7

el»ctroeagnet ie zade by pnsoing a current through nﬂcoil of uire.

u'

A=

L]

Lixevisc, in a marnetfc subﬂ{nnce. the nagnetism can’ cone from the

,

circulntion.ot elc*trons nbout the.ntonfe'nuclei (ofhitnl nnrulnr -
ponentus), Ecuides this, every elcctron hag- some intrinsic nngnctism
‘whieh ray be thought of as orieinuvlnp rfon thc electron’ s apinninhg .

. { !
on its nxlszzs}rsahgular aoreq;un) The electrona ure-like

idﬁnt‘cu. Harnets each huvins a nngnetic :oucnt of one Boh

B-

. ’ ’ . .

' T E
';neton: TN A n@gnetic'poﬁcut u can be defined by the energy E and .



'
i Ny : i : - . . '
the'torque’ T for a masnet ir a ragnetic Tield i . The equetions are:
. o . . : . S .

;. . - I‘.‘ N

> Emlp - F N ¢ 5%
W . ’ ! Co-
. - - e . ) - ' '
. and - T = p xH . ‘ . o (1a2)
. Thc spins of the elcctronsébny bc oricnted 1n one of tvo. vays

P
.

pwith respect to 'coné arbg;rnry direction: either parnllcl or*nnti— '
T ! -] )
parnllfl. They are”usdnl;y called "spiﬁ up” . ér "spin down" electfbns;
3. '_ The mntcrlal; déacribeJ‘in this.tﬁbéis ﬁ;e crvsﬁnlg, whiéh;
rcanh £hnt the ntors are qrra;;cd in an orderly array or lattice. C

- 4

There ray, te’ unpnired spins between the atovs 1n the lnttice or ripht

at the ntons. {in vhich case a local moment is- nnid t0 have rorﬂed..

The orbi&al nprular-momcntum also contributas to .5 mocent. Usunrly.‘

but not nlvaya, these nomenta vill be the Bnmr size at all’ atqns of ¢

‘the pnnc kind'in the,prystpl. rgn'ferronagnetsm-thesg.pomenta align in

' the sare direéiion V1thin.snnll re?ionﬁ callcd aoﬁninn. This Qrdcrir;«

“u

occurs only below n critical ‘temperature cnIled the Curie tempernturc'

T . A3’ thc tcuperat.urc increues tovards’ T » the orientations of t.hqf?

-

mo:entn vithin . docain fluctuntc nore nnd wore, so that- the' noment

» o

_per unit volunc or the domnin(cnlled the saturation mapnctiznt!on}
decrennes ”he totnl.noucnt- of - the domains nced not be aligne¢ and
this in vhy iron for instence is nqt alvays‘nagnetized. An lsrge |

';uagnetic fieldn are npplied the donaing allen and the saturation »

f. angnetization is npproqched by the mngnetizntion of the uhole aemple.

) Abovc the Curie tcuperatnre the nasnetiZatLon 13 not spontaneous but ‘

it can be 1nduced by applying a angnetic riéld. This 18 called pera-

¢



nnghetls&. \The bulk ragnetization for a sumple‘égn,bc mcasured in

rield 1ntenaity pec unit volume or unit wciphts The practice followed

3 L

| in this thesis 1s to. use the bulk nomcnt which is the numbcr of Bohr

-

magprtcns perratom of z{rconium. H - :;__ ! ' -
; 7 i‘ Fron tﬁ; previous dischﬂsio;?ii'can bé-secnathat mngnetisn.cnn

; ¢onsidered on difrcfénﬁ,sculcu‘of-ﬁi:e. The tihgh‘o; mensug;méﬁts ,
’thgt.cqnzﬁq :Qdeg‘rall na;urnll; 1h£o:ty6,cﬁ;éaories: Vﬁnérgscbbic and

~

_nfcréhqopig;' Huch Ean be learned about tﬁé mggnetism af a matérfnf ffpﬁ .
R U . ’ . r .
bulk nnrnctizntion ncqpurenents.nt dirrcrent temperatures and ‘applied

‘fieldn.. This iu a nacroscogic ncasurcrent. ‘The uﬁpalred spih densi:y_l.

-t - - ¢ ,, .

-(n nicroncopic property) can'be :easured throuéhdut the lnttice by

di!tuae scattering of neu?.rona._ "?u: pnrt.icular cortribution or this
thcstv 1nvolves t.he neasur_gment. or mrnet.ic rields at nn, at.omic nucleua

ain 8 t‘crmgnet.. ":he fleld at t.he nucleus is called the hyper!‘ine

mmuc fiedd. . = 7 L e e

.o [
LI - ¢
(]

P 'I‘he bent t,hcoretdca'l upproa.ch to describe zagnetic maberials S
. mries. In the "rm emh elemnt.n the electrons rcsponsible t‘of

na@d‘t.lu m \mn locnllzed nnd the 'orbita.l nngulnr noment.v.m plays an

L] & N ‘ )

iuport.ant"role. ‘The tranait.ion serien elexr.ent.s urc thq 1nt.crr.§'diatc

‘ "

" cue- the degree of loculization in mgh ,lcas and the elect.ron spin

pro\ride,s the doniuant. cont.rihut:ion to t.he aasnetlnn. d o~

i ' m opponite ext.rcae tos rerr\.r.agnet haﬁng locuizcd monents g

is one in vhlch the eiectrons responm ...e ror the nagnet.isn m

.'\

1tinemt.. »In 1938. Stoner prcpoaed P band mdel to descrihe thia

kind of ferrnnuanet.. * nins.le free a.tms the electrons have

° 3 Yo ..,a' Lo A.' L e o



o
-, . A :
discrete enerpies tut in a crystal, because of the interaction of the

atoms, their outer electrons.can have a continuous "bang" ok ?ncczics

" within a cbrtaln rnnpé called the bnng-vidih. The number of"clcctrons

4

vith a spocificd enerry in a band is cnlled the dennit; of states ror

' thnt cncrgy. Ir aténcr s model, there {c a band o.-spin up d elec;roné

(a-kjnd of electron hnv&nr a pnrticulnr orfsital nnrulnr rqaenuuﬂ In

the ntqﬁ) and a band of spln down d electrons. Thc bands %nve
- ' b ' s

.'

~electrons up to a fairly shnrb cutoff in enerry called the Fcrni
. b : . i "

level, 1If the nntcriallvéro not mapnetic, the two bands vould be

at identical ehcrafcs but, because of irnteractions between the ﬁﬁp"
. and the "down" electrons), the bands shift ~ one upvards in eﬁartf?'

, : . . B R . ] . "

‘yheiothcr §Qanang. The aﬁount'dé called the band splitting. - Becouse

of the definite energy cutoff at the Ferz{ level, the giectrbns from

LW b

" the band that moves upvard are ré*ﬁved and added to the band that moves fi'
W 4

dovnvnrd. There are thcn nore electrons or one spin han of the other

+

and the naterial is nagnetic. ' _
Before the rclntlvelx reccnt discovery of 7r2n2 there vas no

exinting rerronagnet to‘vhich the theory‘!hitably applied (the thco;y
. - s -;‘1

for a very uonk itinerant fcrronagnet) R S
A liVely intercst has,triscn in this aJloy of zirconium and L

”zinc (neithcr af vhich in nagnetic) bec ¢ its nagnetic propertics nre g
fdirfefent fron th‘je of typlcal rerronachts. Zanz'vas tirat reparte§
o be a fcrroaagnet by Katthiaa nnd Bozorth 1n 1958. It ‘has a Curie

teapernture o@:about 26K and a anturation morent uround 0. 16 u per s

_zlrconiu: site,

-



Foner ct al.in 1067 susrected that the ferromngnetism vas

induced by inpuritlcs;und thht\Zané night not be {ntrinsically ferro~-

cagnetic. Ogava and also Blythe, however, ﬁnQé nade magnetic samples

v

vith less than 100 ppn Lrnnsriién impurity. : : \

A ¥
Using Stoner'x band model: for a very weak itincrant ferro-

:ngnct,(acc Section II- 3) ohlrhrth has deduced that the band spli‘tlng

-

Is about O OL cV nrd the density of states at. thc Ferni nurrncc is
%)

_2.9's;ates Jaton/eV. PBand structure cnlcula;ions for the cubic Laves
" . . o . X - ) . — . ‘,‘ .~ . . . .
structure {Fig.l1-1) (Hgégz type) by Koelling et al. (KJKM) have ..

resultcd’in a splstting of approxinntcly half that amount since Jthe

cnlculatcd dcnsity of states is about tvice Wohlfarth's value . The
a

L vidth ot thc band in calculatcd to bc\nhout 0.2 eV,

& I
Chirane et al., using nmoagnetic neutron scattering, showed that
the unpairéy spin dengity is mssociated with the zirconium sites rather

" than. the zinc and that there i & naxirur in the dengity midvuj‘bctvéen

zirconfun, sitéal‘ . “‘_.; ' .

w

~

Hcasurcnentl of the nngnct!zution of Zr‘n vith hafniun and

& e 2

e

titaniun 1npur1t1qn by Ogava provided the motivation for the equ;inentn
.in'this thesis. The =agnetization decreased to zcro‘vhen'abput 1§: of
'thé :ircbniuﬁfatons'vcrc replqcéd with hatniu:. but the.ﬁigngpization

-mcrcued &o a mh:un at 20' t.i.tnnim::.

i

) %urﬁoch et nl. ‘were ahlc to Tix an upper limit of 22 kOe for the

-

'nnanltude of ,the hyper'lne tield nt gTWb in Zane, using nuclear oricntn-

= -9

- tion. . Tinn-dlfrcrential perturbed angular correlgtions (TDPAC) offered

' e 18
the posiibil*ty of nensuring lnver hrpefrtne‘idolds at L'I'a nuclei™

AN
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formed {n the decay of radioactive 181“(. Hafnium wvould be .expected to

occupy zirconium gites siqce the =etals are very similar and naturel

z{rconium contajns & fev percent hafnfym.‘ L -

Iy C ' ‘

" The method of tinc-diftércntiul_pcrturhbd_angulun correlations

'v111 novw- be bricfly descrlbcd. A

lalTnuith the erigaion
R
of twvo suoccssive gamma Toys vhicn can be distinguishcd by their

Thc -radioactive nucleus lalﬂf dccnys to

5

. encraicsj The nucleus ‘tan be plctured as npinning on its axis. The )
- probubility or enission of a gnnma ray from the nuclcus hgs an. -\g\\hh*\
anisotropic dlstribution vhich depends on the orlentntions of the,

nucleus bctorc nnd after cnission. Because thc nucleus hns a -

randoa oricntation the rirut paamn rny Yl has an equal probnbility

B .
s

of being dctected in. eny drrbction. Oncc 1t Is dﬁtected houever. the A
nuclear axis hus a prcferred orientaﬁion 80 that thc probabilitj

distributioa of the second perna rny 72 ia anisotropic. "his distribu'ion

-
T

1s ealled the nnrular corrclntion.

“A torquc ia produccd on a nucleus huving a mnqpetic dipole

" ook nomcnt vhnn a aasnctic rield is applied. The nucleus- thcnehndergoes' -

classicnl Lnr:or precession about the field\&irection like a spinning
-mtop in a gravitational ;teld.' In both cases (at lcast to a good
approxination for urtop vith LS hcavy rin) the rate of precension is

proportionnl to the finld strensth but independent of oricntation.

B

Becuuse this in so. the ansulnr correlution rotates nbout thq field -

direttion nnd ret;lns its ihupe. It is nov cnlled ‘s perturbed angular

- . .
.

eorrelation. - 4




k)

The tern "time-differentinl” refers®o the method of pﬁﬁcr;lng. ‘
themperturbcd nngulnr\correlntion.;;For‘each 71 detected, if a 72 is '

algo detected by amother fixed coﬁnter. the tine hetween the two farma -
[N [ .

- " . . . . ‘.‘ .
rayn ls beasured. The number of 729 plotted againet this time¢ interval

. ' [y - \ ) : '
= decreases cxponqn;inlly butl there is nlso a periodic rodulation of the

1nbenni.y becaaso o' thc rotn‘ion of the afzular correclation pattern .

(V{r- V'-l nnd Vi- 2) The 'rquﬂncy of tiis oscillation Is double -

ho prncasqion frrquchJ {tqn. TII- °) because there are two maxima

» -

nni ninica ror-cnch.rotntion of the pnttrrnv

T™anter 1T digcunses di'fcren’ odols af: rcrroragnetisn with -

-~

tress on S-oncr tbeorv vhich is uscd in Chnptcr v ror thn nnuljsis of‘ /\
Eulk .apne»iz&tion data for Zr?n Chnptcr II Also discusses nnrnctic
HWJ clcctric in:vrnctions vith the nnc'cus (rfrnrrine ficld«)

Chartwr r 11T dcscribcs the cffcct of bapnctle ‘and clectric

rtu—ontiona ‘on the correlntion pnttern. pivinp rznnplcs for 18}?&

under difre*cnt ezpwrlmcntal condiﬂ&ons.‘ S ' T
- . - , . 7
. Chnptcr IV cozz;jns thc apparatus used: - calibration ot the * ‘, .

,elrctronlcs and the size ard honopeneity or thc external ﬁnrnctic rleld

o ¥iich was applied to uarplen dur!ng the hyperflne field measuremnnta. f
Phag’nr v ia about the nvtnllurgicnl condition of ench snnplc.

tg contcnts are cruciul to the support of some or the conclunions f -t

\
L]

drnun in th!a thesia1 ‘The nmethod of su:ple pneparation and the annlyses

by neutron activntlon and by X-ray dirtruction are deacrlbed. Alao .

[_-contalnod in- thia chupter are the bulk magneti:ation datn and corrections

to then becnune the snnples contsined ‘some non-nngnetic phase.'




I o

Chnpter VI

.cqnénlns the results of the hyperfine field

reasurecents. Iy dermonstrates how the rawv data are generated and

-~

-

hev' they are trented ir order.to annlyze then. The hypérfinc fields -t

nre-agifarcd with the bulk nnrﬁetizut1on~mcnsuremonts.
\ ' - .

o " Tmpter YII sumearizes the results dnd rakes somn attempt
e e e
» ° . .
‘hﬁﬁ‘gig}nln tHen. ! '
' -,
' ]
- LS . y - '
. . ‘ <
1 ‘1: _ ) +
. .-Y -
oo ’ .
- [y 3
- , ;
( ~
L
P- +
- ) '1 . g -
[
. - .
K] : T“ A . ,
. _ L ,
. nt 4
- L )
. ! o - a
. - N
- Ay " .
L] \ ' .
v ; \ .
- . N
Y ' S .
- "-;_‘_- . . \\
"" ‘ \\
. . .




CHAPTER 1I'
MAGHETISY AND BYPERFINE FIELDG IN METALS

-

A rrnnt denal can bc underatood about ﬂngnctlsn in the rare
" carth and transition serien elcrcnts on the basin of a local noment
nodel Cononquently. A large anount of, rcsenrch has heen devoted

-~ .

Lo urdchtanding hov local moments form nnd how they interuct with

L

one onothcr. The most irportnnt nocbnnism for their {nteraction is

the polnri-utlon of the itinerant s elcctrons by thc local momcnts.,

In arder to undcrstund ‘this mcchanina rore ru11y, t is neceasar}

to ?noomt;c spatial’ d!otributlon of. the 3 eiecuron opin p01nr;zution.

. THe 3 elcctronu are ty only electrohs vhich have a larre probnhility ,

of exlsting‘n; the atonic .nucleus nnd at this pnrticulnr loéntion

their qct‘npin polurizﬁtlon can be mcasured by the rcsultiﬁg uagnetio
r§e1d'nt.the‘huc1eus.. It is called the‘hyperfinc nagnotic rield. " There

.aay be, hovever. another contributlon to the hyperfing nagnetlc'ficld .
and this {s from the orbitul angular—nomcntun of al}l.the other elecorons.

| In the rare enrth elencnts, the orbitnl unpular noncntun or the

g electrOnn providen the nnJor contribution to the local magnetic
=o=ent nnd ulso contributen to the hypertine field. The 34 e1cctrons<
of lron. cobalt and ntckel though,,aro not“as localdzed as. this and
are not vell shlelded rron the intense electric fields trou neighbour-

" ing atoms, “This crystal rield caupen the z component of the orbital

'angulur aouentun Lz to vnzy in tino g0 that its averuge value is
N oo 10 -

. ' ) ' - . . O ot ‘.. : . . ’ * 'i-.
. [ - . ’ e ) B
.o . . . . . P . .




-

srall or zero. Thc orbixnl unyulnr ebmentum is ‘said to ‘be 'qucnched"

50 that 8pin angular momentun predoninatca in the ferromapnetism of
mcimngnmm : .\\;5;

"hls thesis descrides the ncasurorcnt of hyperfine rtclds at

-

"

"rﬁna. in this natcr!nl» the clqctrons responaible for fcrrornpnetism

-

are ovcn leas locnlized thnn those in elemcnts of the iron proup and
the o*hitnl nngulnr rorﬁntum‘coftribution ls Equctcd to be insignifi-,
cant. -In .his_cnnc. the hyp&rfing magnetic field provides an

unu:blgpous indication of the .8 electron spiﬁ polafizution,ﬁt the,

- nucleus.

. PR . .
o a

- Proynbly the slﬁpiest picturc of a magnétié?ma;crinl is one - -

.- -

\ «

in vhich 1dentical localized noments internct. 'In order to undcrotnnd'

how these monents rorn uﬂh hav they 1nternct. one experimcntnl

L

tcchniquc is often eaployed- -a sinple 1mpurity aton is subqtituted

. /‘ ©

for an utoa in the pure material. For 1nntuncc. the igpurity ntoy
S &8

cay be one that 1n noc rrou‘a uuxnetic mctal and the host lattice

zay be a rerronagnet. Doen a local moment. torm at the 1npurity?

-

I! ocne does, hov .big is 1t and hov doeu it behnve? Hov does it

Ld

nrrecg thc host rorents near, ;t! Altennntivcly. a mapnetlc 1npur1ty
can be- put 1nto a non-angnette hoat and ‘one may ask vhgther there 15
wn oment ,. uh?n its excent is. and vhether it induces noavntn 1Q,Fh°
host. The ui; is to learn ubout the behnvlour of the’ local monents

in the pure ungnetic naterlals. The nensureucnt or hyperfine rieldu
» ‘

at or near the ninple impurity is one ot the cxperinentnl nethods ‘of

1obta£ning sone of this 1nfbr=ation.

T . . N

11,



- ncv ones if -they are rcquired.

12 -

ﬁ\;é“l"l'u: prcblen considered in this thesis is the behaviour of
the hypergine r:agnet.ic field at tantalum {mPoeicy nuclei substityting

" at the zirconiun aitcs of ferro~agnctic Zrin, J'Z‘his material is

5
vell dencribcd in terms of & band model. The piéturc or'intérncting
local moments previously mentioned does not apply begause the elec;rona
responsible for the nngnetism are ftinernnt to a much greater dcpree
Do modeln predicting hyperrine fields in the iron proup still apply?
"his La not an enny question to ansver on theoretical grounds nlone.

‘and 80 thc actunl reasurement contained in this thenis providcs a

auidelinc for applyinp and retining exinting models or developiny

-

) 3
- The purposenof thc rest of this chnpter is to give more detail -

‘about scme of the ideas already discussed.. Both local moment models
‘ N » . ' . i_ . ' ) . ) '

and band rod€ls have traditionally been applied to the iren group

elencnts. - Section 1 is a brief reviev of some of xhe-ddxglgggsezf

thnt have'taken place vithin the twva approaches. The second sectibn

'describcs loue of the predictions or the locnl,noment =odc1 and

. uCCthh 3 descrlben Stoner 8 band model and its applicntion to Zan \1

Section h contains rmore. considerntious about ningle iupurities. The

last'qectlon Ql about hypertipq:riplds-and their relation to magnetisu.

-

~

1. MODELS FOR, mmuc'fms;u' 1 METALS
A - :

An exeéllent ;eviev of the developnent of nodels ror ferro-

magnetisno in metals hnx been vritten by Herring., )

-

Since thg 19308 there have been two aodels'fbr magngtist/;pa’,——ﬁ\




r

.
» * " -

this resulted in intense rivalry. The first is the'Heisenbékg model
in uhich the rorcnts are loculized on the atomic sTtes end interact

directly. L vaa uucccssrul in cxnlnininr the Criticul‘scnttcriné

r

of neytrons and ln descriving pin waves. It vas Otoner who was rostly

b

reaponsitble for adapting vand thnorj to rngnrtisr.' This {'s the other

- ~ .
,n,rronch. Te, gxp{nins thie fuct :hnt-thc d elcctrons responsible for

- ]

.fcrroanznctinn pnrticipdte in conduction. It also explains why the

oy \

‘masnetizal lon at zero deprecs nﬂed not bc nn interral’ nunber af Bohr
; ‘d
zugnntons per atom. A sinple band rmodel used by ‘btt dcrcr‘bes the

-nrnﬂ’ic mOﬂcnts for rcrronnrnotic nlloys betwﬂcn nnirhhouri\g clemcnts

of the iron group (2 lnter-?nulinr curvn) o . ~

s

These models hnvé‘zrpdunlly been rodified so that each contains

the esécg:inl fénturca‘of:&hé other because neither i{s adequate in its’

simplest form when applied o the iron group., The ~direct exchange
ihg_vcen spins {n the Heisenberg model vnf replaced by .ndirect coupling
vin ‘conduction elcctrcna (Frenkel, ?encr) ~The exchanre enerey favours

apin allgnncnt in 'erro*apneta begause the Paull ezelusion principle

' causes thc electronic charge distribution to depcnd on the rolativc
‘s .

o or!cntutloq of iplns.

o

™ - Dand éodein‘huve bet§n'critlcized (??Iedel).bccauue they éoqldf

13

not nccount for effects of the locnl cnvlronmcnt on an’ atow (and vice

N o i . o\--_
versa) This can be reconciled vith bund thcory if the band structure

-

is nlao nlloved to depend on the locnl enV£runment (xim). R -

'. Thp-bpnd‘nodeln.ncntloned 2o far cnploylthe Fartree-Fock

‘npproxizniion. More recent réflnétcoth includébnt;cmpts to incorpoénte

. B

. . 2
. -
- 4

..' .4.' ‘ :f .  ; :: ;, o | . .- | /"_ - :

[N



lh‘

electron corrclntlons and hyhridizatipn of overlapping bands,

-

2. WJ“Pﬂ'Hf nF "AGW"“TP AN ﬂT“ Pnrurnﬁnetisﬁ, Antiferromarnetian

and Fnrrn:ngnetinm -

A pnrunagnetic'ﬂnterinlfis one which acquires a ragnetiantion

c R ] ] . . A* L)
M when an ?xternnl field ¥ {g applied. Mofnetic wmorments at cach ntom’éégg
Rtk .

—

wvhich nre not normullf nl[FﬁPd ‘and do not intcrnct uith nne another,

v ]

are or‘cnteu by thc applind rield The mngnetization is describcd
by a 3rillouln runctioda For spin 1/2 for example. the Brillouin
'urc::on iu piven by

e,y tnnh(ui!/x' pT) A ] = S - n

vhcre T is thn nu*bﬂr of morents of nngnitude u, ¥ {3 the npplied

Lom .
P

{cld, P ia the Boltzmnnn cofiztant nnd T is thc absolute tcmperatur&.

In the low 'ield cxpnnsion. this reduces to the Curte lnw for the
n * - q;_
parn:ngnetic susceptibility x: . ° L K

v yem H/H.- c/T ._ L ,""
' vhere C {3 the Curie,coannnt fpr_drparticﬁlar raterial. ‘ Because,

N R s ce .
in ncr.nls thé %oncnts do interaqt this formula does not apply.
. -

In an antirerronngnct tHc mpments are ordered below the Wéel

terpcrnture in such a uu; €hn§ there 18 no bulk moment for the

Mtcl‘iﬂl. .' . ¥ FREN e .,‘-.
meertal : &

In a rerronngnet the moaents alirn in the sane direction. ': e

resulting in a apoﬁt.oneous nngnet.i:ntion belov the (.\u-ie temperat.ure T .

-

An exc‘mnge rield or mlecular field proport.ionai to t.he

r.mrnet.iutio:p vas postulat.cd by P ‘Weiss in 1907 to accou.nt for tl&
) Q . . . s . . .__1-,_7

nl
1
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PR

} Tt

noo.
- -

-

hlignﬁcnt orﬂthe-locnllzcd spins. This model npnroximately des criben‘

the .c-pernture dﬂpendcnce of the marnetization bclow the Curie

:

15

c—perature. Above this tcmpe-nture._the nntnrial becones pnramnrnetic 7

and the GUSCFr?ibilltV is npproxirquﬂly des cribcd hv thne Puric—nnlss'

-1nv:_

RRCE BN (11-2)

. The ﬁofcculnw rinld model npproxirntcs the quantun rcchnnical

Hnigenberp model vherein thcbspxns have an interactlon‘cnrrpv pivcn bj'

JG

U'vg »

3

0

+

- exchance integral. It s néznt{¥e for nntiferrdmagncts anq positive

2

v

+ -
&

‘tor fcrfomagnqts. “This podel nodir es tha form of the sudcuptibillty

L I

above the Curie temperature: -«

xow (e M3 o (113)

+

.+ where 5. and S “are the spins on nelfhbouring atoma and J 13 called the
. g 50 %y _ - -

-

This fits exprrincntnl dnta closc to thc Curic tcnpernture bet ﬂr than the

1 - ?

u*ie-“cins lav tor mnterinls thnt ore vcll deacribcd by thc Heisenberg

n

. : . -

ncdcl Iron and nickel nrc in rairly pood apreement;

3. "Vﬁ/f ?EQ "ODEL AHD ITS. APPLICAaIQSIEL FERRQHAGHETIC Zanea

,‘ ot atoner s theoryobcpinn vtth tHc Furtree—?ock aniltonian for

‘a ulngle aton in a crystal' o A | .

.

— U - . L
[ck f}n L o 1= oo‘)nk‘a’]"ka ‘ ]



1,
e .
*n .

:.‘

) ) X . .- "' “‘}I‘.
.vhere k is the bnnd indox, ck is the kfnetic cﬁorgy-tcrm. o is the.

?

-~ spin, U fs Ohe hvcrnrc Coulo zb intepgral und Y is the nunbcr of ntomn

k]

L1 {3 the qumber of clectrons per ato* 1n the:? th bard uith °pin 0.

,ho,drastic nssu:ption is -ndo t“nt ‘the nrc"nr:ﬂ £rt»r-al J in zbn ' ﬁ’
anme. size ns thc r‘<:n.xlo'-~h intcrrnl U so ‘hpt nnj electron s n’rncted
'—onlv bv the nverape potcntiql*o( e‘ctrong Hn:ing the oppos{te*spln
na is dcfincd by : S . o, '
.7 r— . ) n.".
' S v T S .
.o _ X s ) ® B “J :
. . . . ) ,ﬂ. . . .- A 1 ., . . " - v ‘: aa
ko v . . L] s ’<.|.\;
. §o:thn; o ray be vr;;tcn.- o S ‘ 7
. , , o ; 4 .
_ : i . . : L
. - + el . R oo R ’ ‘
R T _U‘;;_o LY S
The total interactfon energy is then,nlgply;';. e
Unén_c . i l o ; . . e - i ) |
-x; _ SR > _ . ;ﬁ

”he effect ofwshifting :he spin up and spln dowvn hnlvns of a
s!nglc bnnd-il then considcred If o thin slice or p(EF) 62 eLectrons

'i-o-rc subtructed Fro hulf thc band auﬂthe l'-‘er-mi sur!;ace the decmue e
1 .

é
“{n° the bnnd enirgy vould Be (n(L?) GE)(PF E}

Voo

| tor the othor hnlf of the bhmd incrcasea thc energy by (D(? ) 6?)(£ + ‘l

Addinn thcae elgctronu

-

. so that the’ total lnc?eue 1n band. energ_y is. o(EF) NF) e o
'l'be intemtlon epergy vould alno change by an amunt.- ’ o

. . . ’ . . . .
: ! . - i i) .
. . . . . . PR . . - . . e . . . X : .
L - . N . . . . R . ¢ ..
N . . LR TR RO S
e . to. o e P RO N “." o . . .
. - . oA . . f ot X . - . . ‘
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. JOF. f'p(i':p)'(ar:)a 1 - ”“,SEE)]

This rcsultn in ihc Stoner criterion'for the formntion of a stable

napnetic noaent ¢

r U‘o(EF) >1 .

In this hodel. the presence of a narrov ¢ band at the Fermi surface
. '{s favourable for ferromagnetism because D(RF) s then large.
Stoner's ecquat{ons for 1t£nerant‘rerromagﬁetism_aré:

| '%’n(lzz) = S £le,n®)5le) de
e :
vhere .f(ein’) s 1/ (expl(c-n®)/ky?] + 1),

T

SN e _ . ; o
n u -kaB £ ?BH : N . | o

and f g = n(u.r)/nnuB ot S

u is the che:icnl potential 9 is a parnmeter rclating the bend

splitting to the nagnetization and H ia the applied field.

Ly

l(c) is the density or single particle sta.es per aton pcr spin. The

tirst equstion 1ndicaten thnt as the bands shift the number of electrons

'\\

is connervea The third equntion indicates that the, band splitting’

is proportionll to the uagnetization and the npplied fieldtJ

A very uenk itinerant ferronngnet is one for vhlch £<<1
vhich aeanl thn& ‘the blnd splitt!ng is szall eonpared vith the band .
\ddth. At lov telpernture the equationn may be explnded (Edvards

and Uohltarth) into the siuple forn:



'Vz-(}i T) = '12(0 (1 - ('r/'r ) N ax i'/‘-'(H ,T)] . (11-L)

Several propcrt Les af a very veak 1tincrnnt ferromagnet are

yredicted by this equation:
. . i N
1} The nngnctizqtfon'does not uaturnte vith ficlé‘cven at

zero degrees. This is built‘lnto the Gtoner cquations becnu,e the
. ]

o

bunﬂ ,nlitting increnses with npplied ‘field.

w

2) _Hz ﬁiotted ngninst H/H gives‘péraliel straight lines for

- different tpmpernzurés. "his has been verified cxperir«ntally by

£

Ognva-;or erh? There 1£ ‘no T3/? c\gionent of the magnetization

ffoa spin wave excita;lon obsc;vcd;' The intércépts of the graph

etve v"’(o.;)

.

3 1£(0,7). plogted anatnst 72 gives straight lines with

1ntercepuu H?(O ,0) an c?' Ogavs has also verified this fcr 2rin

»

2.
L) Thc'pnrumagnetlé’susceptiﬁiliﬁx_xlls predicted to have
the fbiaF | |

X« (- LG A

P

Experinnntally, a Curicaﬂbiss behaviour is observed for
Zane,nt high tcnpe?nture. Close to the Curie terperature the
Jsuscoptibility is vell fitted by X = (T T )-h/i\ . This hnhnvlour

s obtained vhen spin’ fluctuntion or.erectron-cb;¥e1ations are

1ncorporitad';nto the Fodei (Hpﬁg et al., Moriya et al.). '.f



k. THE SINCLE IMPURITY. . . .

-]

The ntudy of the problem of a sinple impurity atom in-d ferro-

‘magnetic host vus glvén ito impctu* by the ?ener nodel in vhith locnlized
13 ‘_,,
4 electrcns 1nternct indirettly viu the s-d exchange Haniltonian by

r
-

polnri:ing thé itincrnnt 8 clcctrons. At first it lookcd as though

'.the problc: of hov locnl nonenta forn nnd how’ they behave might be-
¢

: aizply dbscr!bed by a model of this type (qchvartz) i
. ' ’ .

A prauislnr cxncrimcntnl appronch vould+be sy:%i:atiénlly to

»

.exaaine dirferﬂnt sinple impurity ‘atoms in nagne(EhﬁEgstu. The probien

of vhen and how a locul moment rorns ‘turns out to be much rmore

' ‘-
’ conplicntcd than it f}rst appeared because 1t is. not -a property of

the nto:ic site plone ‘-Itn fornation is fgiuied to the environnent '
\ | .

and so the fornation “and behnviour of a moment are not aepn'atc pnpblcza.
but are 1ntimtely related o | - _

"_An important eftect 1mp$ritiesrin a host wvas }ifztl&éeribed .
by Friedq}:_lwhen the iﬁpuritf h&sin'différentlvq}encefr§; the host ,

- : . - R : :
lt provides a ncnttef!ng potential for thc-conduction electrons.

Becnune of’ the. nhnrp cutcrr 1n energy at the Fcnai level the aurround-

.a'

ingn of the inpurity are not-shielded conpletely from the potential

and thi;.results in charge oscil}nzions in the host(Fritdel oacilla- ,F
tiona). Eaaentially the sane eftect occurs tn the spln density nround
‘an inpurity as 8 result of the conduction electroé;' coupling hy |
/the s-4 iuteraction ‘o the 1npurity loell noment. JThese oscillations ; .
‘1ure naned - blcillatlons trter Ruderuln Klttel Khsﬁyn nnd Yosida. .

vho 5}ppbs§d t nnchnnisn. The oscillations are geen experinentully



I3
- . - - . '

as satellite lines about thé'mnin-xnn {Koi et ai.,-Streevcr and

Urinno, Pubinstein et n}.) and MSssbauer resonances (Wertheim.et al.,
Stearns) rron_nen; neighbours to the impurity and by broadening of

. . P . ' @
tne =ain rescnances from farther nefghbours. Another important cieans

’cf Zeanuring loeal environment effcctn is by diffuse neutron seattering

_:cchniqucs .ovclopcd by low and. Colllns. v

. proposed by Cuzpé}llzf . ‘ o . .

5. MYPERFINY FIELDS

.

7

A

. Some of the i—purities vhich forn {;cnl no*cnto in}jron cobalt

nng nicrel Hosts nrc. "n, Ru, Rh,..d. O3, Ir and Pt. lion

T

of the
clcﬁénts:;si. 2r, Hf, or ’n (whgch are the ones pcruaininp to the

eyrerimants discusseg in this .heais) form local roments in the some

meszta, . A model for ‘the formatian of n local rmoment has been’

-

. . . . -1 .
A hybczridc intcractton.is-one ‘betseen thc.alcctrqgnpnetie

:u_tipalen of thc nucleun nnd the- clcctromurn»tic fields of thc aton

JoF thoae-of the crystnl. The magnctlc dioole nOﬁcnt interacts vith

\

:n;nciiclficlds.-\Hc electric quadrupolc mounnt uithq:he clcctric

20

fledd grudient at the. nuclcus. Intcructions involvlng.highcrnmultipole

. 5 . . p

zosents are very small.

(a) mcvxsrr'xc PIELDS | -

Fér n zinple free aton, the Dlrnc relativistic thcorv Gtvca

the interaction ){ between a single electron and the nuclear nngnctic

-

dipolc noncnt as:

- . < ' o )
- P . . . - '
1 . e P . o
) . . (S .

»
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» .
My = =gy (35 8-T8(F) o (=201, 3 ’;f rl)
' . Ir| l | .
0 Ryl o o,
= ppalf | | (11-5) v

) - : ' A ' ! N
cwhore Hrf {3 the Eypﬁrrine marnetic field.

-
L {3 the elcct'on orbital angular rorcntum.

(&1

is the elect:on‘apin-anEUIar romehtum, : ”:

-

i3 the nuclear total nngulnf rmozmentum,

- -

g - 18 the 3Bohr magneton,

L., , 18 the nuclear magneton,*

Fo6p are thc.elwctronic and wucléar g factora respectively

. &y .
and oy 13 the projcction or T on’ the 2 axis. tn?cn to be pnrullcl

to ”M

The Iaqt two teras are dipolnr 1nternctiona which are zero ror s \\J?

.eleptronn. The firat term is non-zero only ror s'glectrona and ts
.o S : ‘

.called ‘the Fermi ebnﬁpct term. In transiti&n retals, vhere the

ofbi;al Angular momeritun s ldrgcly.qucnchcd.‘this term accounts for

most of the hypc?flnc mepgnetic ‘field.

'.'Addiiiénnl‘conterutions to the nagﬁqtlc tield at the -

. nucleus are the externhl riéld H ot * the lorentz field HL arising

rrmﬂ qll the angnetic mocents. 1nduccd 1n the nnnple, and the .
denagnetizing rleld -htDH rrou polnrlzation at the surface or the .
snaple. b is the deaagnetizing fqgtor which dependu on the shape

L4

.or thc nanple. @he total magnetic field at thp—nucleus isicalled



©.
.

22

_the effective fleld and is given by:

fore ™ g g K -l - T )

For the tfannition metals, the origin of the hfperrine field .
is roatly the Fermi contact term. This is proportional to the ne;
unpnired-spin‘density of;a electrons nt the aucleu;. There are.tvo

, cemponenis: core polnri,ntion (CP) and conduction electron p01nrizat10ﬂ
(CEP). The internction of the.d eleetrons vith the inner core s electrono
chnnpes the apntinl distribution of their pin in.such & yny that the
polnriza~ion at the nucleus‘is negntive‘(nnti—pnrallel to.the d‘electrons).
The conduction electrons which have most of their vnvefunctions |
outside~ the d nhell.,have positive spin polnrizntion at the nucleus

but negntivc polnrizntion outside ‘the ¢ shell The -CP tern dominates ;

3rso that in pure iron, cobnlt and nickel the hyperfine fields ure

negative (relative to the applied field) o | :
(v) 'ELBC’I‘HIC FIELD cmn:m:s ' . ~ » \J
rield gradient vill exist at the nucleus of an ntom ine .

crystnl lattice. ir the neighbouring atous are not distributed dbout 3

L

with cubic synnntry. . - For an nxinlly srumetrfe field grndient
oF
azz N the electric quadrupole internction energy ia given by:

.'_.;g - I{141) S _ :
Fo T TERIT) °°az - " ,

' vhere n is the nngnetie substute of ihe state I nnd Q ia the spectro-

P

leopic qdadrupole moment for the nucleus in the stlte I. (For the

‘I = 5/ state of lalTb Q - 51 2 0. 15 barns NMetz and Bodenstedt)

e

W
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In the presence of a rield pradient. thc chQrpe distribution

1

of an nto: bccd“es polnrizcd Por lnrrc atons thin produces a-field

.—

radlént n:‘the nucleus vhich {8 ruch grentér than the original oné
. - b N - ! r

cnuiin > the polarizat{on. The a~plification 1-y_"is cnlled’ the

- A h . . -
Cternhelper anti-shielding factor. For Tns+, Y, -A1 (Felock and

Jéhn:on). Because of the cudbic syrmetry about the fzpurity site

(=ig.. II 1), no fleld rl/dicnt is expcct::d excc\pt t‘orlthonc caused
- . N ‘ .

: L_f m.ticr- defects. £

v
+
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e _ Figure II-1
) Point Syrmetry About Ta Impurity Atom
. The dark circle in the centre represents the tantali= (L
e ‘ T w L . —
- impurity aton, the grey cireles -~ the zi{rconf{um, and
-5 B . - [

" the open circlcq-nrrnngeq in tetrahedra - the zin<

- - atoms. . : , _ x‘f

@
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'circular polnr!zption or the guroa ra;a.

R !‘3

CHAPTZR IIT -
R Y ANGULAR COPRELATIONS
&

Thisg thesis is concorncd with the nnn,urcnent of Hypnr'ine

{
mosnetice ricl_s n’ IP}.n nuclel located at zirconium sites ln N
”

-

[ - -

fcrro:unnctic-ﬁrﬁnz.‘ The rethod viceh vas used to reasure these fields

-

i3 called time-¢ifferential perturbed anpular correlations. fThe

- . ’ .

1nnulnr corrclntion of the nhnma rnyn cnittcd by the nucleus s

rﬂ'turbco by 'He influcnce of bgth rnrnotic ficlds and electric ficld

rrndicﬁ*s at the nuelﬂus. ”his chqpter de.crgbes .he form of the

Perturbed anpular corrclutipq ror.difrerent_experimcntal.situationu.

- Ierivations of the formulas quoted may be found in the review grtidfé

z.by ?%uuenfcldcr°nnd.ﬁte!rcn; Only directional gprrclatlons vill be

-
. .

cqr.ldered uhlch nmeans that the detector are insensitive to the

v

- . LI

1. UNPEPTUREED AHGULuR CORRELATION

.

"Nhen n'nucleua undcrgoen transitions rrnn initial to inter-

'_nedintc to flnnl atntea hnvinr npinn Ii' I nnd Ir, two cnscndc pnroma

rays ALY and 72_9re enitted havin5 :ultipolariti»n L1 and L The

d!rcctlonnIAcorrclntion betveen the gazma rays is given byu_' B
kﬂu- . . ‘. ‘
=V(0 t) - fl’ - 8, QP (cos 0)] exp(~t/t)7
% L CO% & .
| kw2 | o o .
'k _even



-

- where 9 is the anple betveen the dctectorn nnd t,%s the time between

‘transition probabtilities for hiphcr multipqlaritics than [#2 arc very

]
D=3

tke erinsions of the pnmma rays. ”he Q_s are, the solld angle attenuntion
~

fnctors and the’ Pys are the Irpcndrc poljnoninla. T i3 thc‘mcnd.lffe

Vs
af*the Intermedinate state nnd ¥ ;x a V‘n(°I.aul.2Lq).. For the
thn ' Ty - 181 f‘ ‘ ) ' ‘
LAD reV state of Tn, L {3 2 50 thnt the maximu= value of k {s L.

o
For p'ucticnl purpases this {s alunj the maximum value of % because

-

s=all.
. M . ] "' \ .
2, PETTURDTD ANGUIAR fﬁﬂ““LA”IOW"' ' : ‘ ’ . -

- . L] . A ! .
Extrpnuclgur perturtaticns may result in a tirme dependence

<? the cor?cluiidn function ather than the exronentidl one., The

+

rerturkation rmay bd 6nucribcd by thc in.vrn tion of the clectroragaetic

=ult ipole ~o=cnts of the nuclcus and the hyperfine rieldg ‘at the nucleus

-

yhlch are caused by its enviromnsent. Only tvo types'of internctions are

.“‘rnit‘cnn’ly 5~ronp o hnve been detectcd bty angulnr corrclntion

-

oxpcricents' the 1nteraction or a magnetic 'field ! vfth the nucleur

-ngnctic dipole noncnt u, ‘and the internction of the clectric tield

rrndlcn‘ 3?/3r {n tensor) wlth the clectric qundrupolc roment Q of

_the nucleus,’ o " _"'_ ' - '
. (a) MAGNETIC. nvws I o -

l

For nﬂ{(%nptic ficld oricnted perpcndiqulnr to the counter

plane. the bed ansulnr corrclation is given hy
. " ' . . ) . . . -, ‘ .ll . . ,.-
(T = (1oL o,;p (cos(ﬁ-uLt))] exp(-t./t)
ot . k=2, h
- \ ‘



o
. o !
or equivalently _ i ) ’ - '
Rty = {16 T b con k(0-u )] exp(-t/1) . {171-1)
¥=2 W .
<35 S
wiare v @ L I - Amey ‘
L TE Sy \ (_1_ : g, ond tL = -1 i TR
VAT A S Lt g,
- . LES _~ta ' lal,..l . . L
For the «E2 keV state of fa, a, = =0.29 nnd 8, = -0.07. For the
cvﬁ(ri ments in this thesis Qé v’OJBh and th= 0.k so trat b, = -0.21
and by = -0.02. RN o ‘ -
The Larcor precession: frequency is given by:
b - . - ) ) o,
e B - - -
o gp"!{‘/ﬂ (111-2)

27

vhere ¢ 15 the g factor for the {ntermedinte nuclear state (g = 1.32:0.M

-

181

for the L52 ke¥ state of Tu)._ﬁl_is the nuclear magneton and A

: :i‘?lngck’s constant /23, Fipure TII-1 shows the decay scheme for

’ ‘ *he larpect time dependent tcrﬁ:ib the b, tefn 5o that the

dOﬂinnnt frcquency observed in hJjB H,t) 15‘2UL or twice the prcc#ssion

Vfrtqucncy. This 43 because therc aré tvo raxima and minima in the

correlation pnttern'(?!g, Viel) which paps a QeCCctor-for a single

_prcéession of the nucleus.

.For detectors ni.150° or 90° hnd‘the ragnetic ricld in the
counter plune at h5° or 135° the singlc Lnrmor frequency is ob"erved.
)34 thc source }u an unntgnctizcd ferro:ngnet (1n whidh the rield

.hrouahout hnd randon directions). then axtnnp%nent of both the single

_'
"

. and doublc rrcqucncien 1: obgeryed," L SR f

181,
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Ca R .. TFigure I11-1

o' Level Schegs of

.

181,
. ia

The state vhich’ is of interest in this hes!s‘in the ome with <he
! . - o . -t ‘ l

half-life of 10.8 ns. The Toincidency "\ looked for are those

betveen the 133 eV and LB2 kev ém,rws. '
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19

For.thc électric quadrupole interaction the rate of précéssion )
of the nucleusidepends on its orientntion. Because of this, the anpular
Jcorrclation pnt(ern does not sirply rotate as it does for naénctic

/ : ) @ A ,
interactions. In the case of an axially syrmetric clectric field

pradient, the -quadrupole frequency is defined b}:

*r’ : , eQ( 3_27/3?.) . , ' . -
. HQ - - m . - - {111-3) .
‘ 181

vhere Q rbr:thc 5/0% state of ~ " Ta is 2.51 * 0.15 barns (letz and

Bodenstedp). -The angular’ frequency is piven by:

L 3”Q for ihteger I . . L
“o* {GQQ fér.hnlf-intcnerﬂl ,(III'H)_
The angular corféldiion is given by:
- 327 ' we
W8 =" .t) . [1¢ QyG (t)? (cos 0)] exp{t/t) .
3z ' l. . ’.2 L \ ) - '

. vhcr@,G ti)‘is the'chturﬁntlbn'facio: which-contains all the avnilablg

mforution tout the perturbation,

- In a polxcrynt.nnine aource, G (t) s p!ven by:
f&i miﬁk(t) ] I S lcos&nu t) L R {
N L

N - ' 181

vho;rc\the coerﬂcienta .,y depcnd on the vaJ.ue of 1. For,*"'Ta .

{1 = SR( for the h82 keV sta.t.c) for cxmple- -

62(") - -s- Eg- cos(u t) + .-;;-cos(aw t.) + "1f goa(3u F)



o

("

precession

The firat term, 1/(2k + 1) is.called -the “hard core"value. For
static pcrturbations GFIE! hns a'lowe; limit which 'is never less than

the hard core value. (The lover linit occurs gradualty becuusé.the,

nucled nrcjnaxnll_in exactly idcﬁt!cnl ficld gradients so that their
4

et but of phase).

Pl

. ' ’ il . '
Experizentally the two types of interactions are casily

d&stinguihhub;c even when the dlfrercnces.ﬂn the shhpe of the

correlation pattern are not clear. This is because, in the case of .
T, . S

-

. electric qﬁahrupdlq interactions, ;he pattern is syrmetric about B

!

180° vhllc for nagnetic interactions perpcndiculnr to the counter

*

plnne it is not.

% .

&

° More couplicnted patterns dcvc*op vhcn thc electric field - r'
groad! nt 1n*not axially synngtric or when Lhcre are Tixgd magnctic ‘

' - 14 t

“electric interactions. . . o .

(¢) TIME DEPENDENT PERTURBATIONS
When the extrenuclear pcrturbntiong are tirme dépendent, Gk(t) _

L]

Bay relax to zero; There are several codeld for rindgmli.fluqtuating

tnteractions (Abragam and Pound, Dillenburg and Varis, Gabriel,

'Blunq). _A;cordinglto.the AbragaméPound moﬁgl, randon qanrupqie

1ntcri§tiqns ihrdiquida-gife r1se'to a-pe;turbntionitaé#or:

Gk(t) = exp(- lkt)

vhere lkia proportionnl to the correlution tiue Tc vhich 13
anproxinatcly 10 sec in l11quids. As long as tc‘<$ (the .
nuclear mean 1ife) then Gk(t) *180 that the unperturbed correlation

is obuerved.e(rt s also neccssary thnt uT <<1) .

Al



3

. “." . *\o
3. TIME RESOLUTION ‘ . . :

Ir'thc tizc dependence of the coihcidcnce count rate is given,

by: | | ' - ' : AR

Y . ' )
Wit) = (1 + b sin wt) exp{~it) for t>0

.and the. tize ‘resolution or'thc'nppufutus byf
o . ' -

expl(t"-t)¢/20°1 L

« “ ¢ &
Le(tt-t) m T
1

then the convolution of the two expressions pives the reasured

correlation: . .
c(t7) = WWit) olt ~e)ar .
. . L ]
-l

-

= [1+ b exp(-u202/2)-:1n m(t'—oaljl eip'(o“’A?/?)cxp(ylt')k

“This is correct onlyffor t >0 lbccauhe‘ﬂ(t) shoule actually be zero
for t<0. If ¢ i{s small, the nnin;étreét'iﬁ-that the azplitpde of the

“oscillations iu-atgenunted. The nev anplitude_is given by: Y

o R exp(-3-5(2tlT)2j ‘Vhere 1= 1180, 7 ip-fhc period

and 27 id ?he-rcsolution Tu;l width half rmaximun (A;HM). - .

- . Por the“experiments in this thesis 2t = 1.6 ns and T>20 ns

L)
v

80 that th;r;ftegt can be neglected (37).
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1. THE APPARATUS

Ficure,IV-l-:hobs schcnnt!cally'ﬁow tire spettrn were penerated
0
.and collectnd. A single time-to- amﬁlitude converter (”A ) vas started

v# pulses from the nnodes o' tvo PCA 857S photorul‘iplicr tubes using

=1
} "'x 1/2 sodiua lodide :cintilln.ors to detect the LB2 ch pame=n,
: ray In the 133-562 ¥e¥ cnzeade in lalTn. 1ﬁe{stop came from an BCA £850

- Lut+ VXth o 1":x lfﬁ" sodium fedide erystal detecting the 133 keV’
_.nzza Ty (nr:1r1£1a1ly dclajcd pulse). Sinple channel apalyzer (SCA)
pulsea from the enerey pen)s were chlusively UR ed and uoed to route’ﬁ<§:
PJ; tvo TAE 3pcctrq.' These vere collccted by n PDP 11/05 é;mputqr, |

Sﬁ;onrn:zed toibpn-lghc duta.unafyéis. The propras is listed in the
‘appendix Lo'the theais,

T

(n) "CI”TILLATORS PFC”OVUL"f?LI"B TURES AHD TURE BASES

e SR

-

Hlth thc elcctronlcs used, the time resolutl%ndgiyh plustic .
seintillators (Huton 126} for 511 KeV garza rays from 22Ha-vas better - .

than 0.5 EE'(EEHH4). 'Por.sodiun {odide ﬂnIle) the resolutioq vas about
i no. . ?o:‘thé e&ﬁeflncnts-in this thesnis, go§§ tine re;ﬁiutiqn‘vns“\
" not crucial and WuI(Tl) vas chosen. Tke‘photoc;:¢triéibfoqa-section‘
Yis =uch higher thnn for plnstic 80 thnt the cnergy rcsolution 15 o

nueq_bctter. This is necesnary for rcnolving the ha? keV garma rny

.32
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Schezatic Diagran of' The Apparatus
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(851) of BlTn from the 3h6 keV (1L4%) which- vould pive a large prowpt ‘

i

penk in the tine spectrun . ;'

The RCA 8850 photo 1tiplier vas used for the 133 PeV garma
ray because it has a higher gain than the RCA 8575. Both of these N

tubes are capecinlly{aood for experiments iha; fequirc good time

résolution. - . : o

“The tube base is essentiafly a voltngc‘div{dcf used to provide
. . - l‘ .

the -voltages foq_ihe dynodes of‘tﬁelphotomulgiplier tube. Pains u;re

taken to mininize the cahncitancé of the basé so that the anode pulse
- would have the fastest possible'rine.t?ne. In the first stage nnd‘t

lest three stages of the dynode.chnin, chcr‘diédgé vere uséd\#g;

raintain constant yoltages as the count rate changed. The cnthodcf‘

vas run at -2600V with re&pcbtlEg;the anode and the tube i;s gprroundcd
by a shield at ~1300V. The slov”pulnep'uupd for qnergy-selcéfion

. and coincidencew of! the npprop}iaté FARmA rays vere tékén;from the
ninth dynode. The fust timing pulsqs vere ;dken rrbm th;ranodc.

A constant roo tenpernture is denirable over the duration of an

w‘erperinent (Utgner ahd ?orker) Zero shirts in the time spectrum

of up to 0.2 ns accospany chnngea in the room tenperature of about

- S {

.. - _ ‘ o . . T e 1
(v) nxscanaumm T T

10 degreei c.

The electrons arriving at’ the anode are Poisson dlatributcd
. 1n tiac 80 that tho resolution vnrieu ns the square root of the number
of electrons + For this reason it 13 deairable to detect the pnrt
.of the pulle traa the tirlt photqglectron. The'purpose of the

'discriulnntor is to dOithis and produce a pulae with a tast rise
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time to drive the time-t -nmplitudc.convertcr (TAC). '
C The discririnator vere constructed uai"p a uAT1O0. hiph speed

f
M fferential . co:puratqr (Fairchild4). The output pulse (zbout 10 gs/V)

{o tr!gaercd by the lendinn edge of, the ancde pulse close to thc noise

level which was less than 10 mV. The time resolution obtainett for 133 keV

nad LE2 veV gamma ray vindovs on the eqcrzyfspcctrum of ?aﬁa vas ¢
1.6 na FEIM, o
2. TINT CALIBRATION

The tinef&ni;brutsﬁﬁ of the systen wns'nckémplishnd by a circuit
ﬁc?"icpcd Q} Bbultcr et al. .It employs erys tnl oscillators to produce
a start pulse ror thc TAC and stop pulses at prc set 1ntervals. The.
fﬁcctrun collcctcd cOnaists or tirme spikes uhich are equnlly spaced ‘
(¢ the system is linear. The cglibrntorihas becn chcckcd,usiqg g‘

frequency counter several tincs'ovcr”n-period of years and is constant

within 14 parts per million.

3. J0U-LINEARITY R .

“.'. . 7o ncnnure‘tﬁe non-llncnrlty ér thc'nydten (including'both
_ the TAC and the unnloguc-to-dlvitul converter. (AIX)); a spcctrun is
rencrated vhich is ;lnt ror a lincnr systen. “The 4p¢ctrum nctunlly
arquired ia cnlled che dirrerenttnl nnn-linenrlt{ (DIL) curve dtldc. b
‘Each polnt. sho\rn relati\mly hov much time t corrcaponds to its \
pnrticulnr channel c. The DHL curve is Ee;erated by ntnrt;ng the TAC
vith randos pulses (using a radioactivc source and phot :

—“L_ﬁggggl;,,b_pu}a' txused to stop the TAC and thg interval betveen

s




ﬁx .
___L—-—-—-‘ y ’ _ . , -
4 ‘ .
\ ®
\ .
Flgure IV -2
:‘1 + . )
.mL_g:ff_ T 'Ditfercntghl Hdon-Linearity Curve -

The tine spectra from actunl experiments wvere acquired

+

\h\ ‘ in the reéion of fhe DIL curve fﬁbm 99.?2 to.106.3§,
;_  which was approximated by a straight line. T,
' v
. . » .
. A & ‘
e i . , R
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N - -

§u}3b§ sust be lonper than the imc scale of the TAC.' {Usirg a source -

Lo ntop-:he .nC givcs An exponrntinll; dncrﬂnainr curvn) Spéetra
'-o“ experizmenta are corrected by dividing b; the DJL_eurvc lor rit

*2 it) channel ty channel : o
i(e) = '(ercicl ' . ' )

vhere (f‘t/df‘)dc . _ _ .

P

N{C) i3 the nurmber of counts in channel C, R(:),is‘thb corrected

~ £«

-~

- nunter of counts at tize t. Fliprure IV-® is a DIL gur%c Fenerated

-

for the apraratus used for the experirments {n this theslis, Spectra
. : . ! : e el

vere zcquired {n the rezion of the TNL curve from about 99 T% to

-

. ' )
172,37, which was approximhted by a straipht line.
1{e b 1 iy L 181, )
The 1i&f ctirﬂ of the B2 WeV stote of Ta- ¥aS measured, uﬂiﬂ? B

n ﬁ.id ﬂourcc rade by disfolvinp neh‘*on nctivatcd ha'n4um me;nl

a

{n”H concentrated: HF 1olut£en, 8o that thc correlation vould be

.unperturbed. The tlme cullbration wnS‘donc three times over the dura-
. : ‘ ) - ’ '

tion qr the experiment hnd vas determined within 0.2%. Figure IV-3

.qhovs the tine np-ctrun fro= thc decny or the L82 keV state. The '

. ™%YL correction chnn?wd the lifctire b) 0. 3-. ”hc nea»ured half-

\ 1fre vas 10.76 * 0.05 ns wvhich agrees vell vith that of Lowe et al.

vho used.the saze calibrator but o,ﬁcrwinr dirfcrent uppnrutus and

obtained a vnlue or Ty " 10.81 ¢ 0.05 ns. . * -
h. THEMAGNER E - 2

To - provida the extcrnnl poln:lzing field on, the Zan .

| saﬁplé. a srall pernnnent magnet was conntructed. It cons@sted of

- . .
) . . '
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Lo rods of na alnico elloy on® quarter inch in diameter and atout
) - . . ‘. N . . M .

'an inch long each. These vere neparated by an nluninum washer

Q. O( O 0 e OS"_‘hicr V'th n llﬂ dlameteor hala for the ﬁnrﬂleq.‘

s

The ﬂur“Pan'" 9? AN tnil ot ﬁhe Hauid heliy~- cry¢3tnt.

.. into which Lhﬂ nrﬂ%’ hnd o fit, qii_ﬂgi vernit cogstruction of a

N
I~

r«“J—n ﬂwah for tﬁn'fi 1d of tﬁc-ﬁdr;ct. m
- v e Y

-The f‘"ld !nhoro”cncitj {"ijx tru) was gnlcuLnted for the

"
a-

5

]

so;u_ﬂ of S e Snsnet cnvity. The nor:aliznd axinl cozygyﬁnpofthe
. u . 0y

fleld, W, ts miven byt . - {0, L S .
.3!,.=1+f1., 9"“‘—-“1'5 : - A
, — +l " ' T -~ . Q' . - - M .
. : .;‘ . tl ) ’ ' l . - . L. . N .'l-‘
: K .
: . ' . G tlsa % o :
. e "*-"'(-4 {cos 8) + — o (-—4 {ces @) + «..
» l\ q 1 ] - )
L (c “a1)?/2 o 2 24 (a1 372 Tyl
' where r0 ib'zhe radius drvthe rnpnét s the dl Lance from the

r

ccnt*c ro!nt to a pole fnco. q = ,/r “or is Lh» vudial ﬂistnncc'fron

‘“e azin to. ary point !n the cavity. .euin the.nnrle bc.vn»n e llne

“ R ..

Joininr ?his uarc poin‘ o the ccnt'c poin& nrd '*h-hapneu axis. nnd

S .. -
. 2 nnd P, are the Lﬂrcndrc polynonia;s. Firure Iv- h qbous the cnlcu}-

q
nged lincs of equnl H?.‘ “he lnr:cst JLvinz‘on froz the ccntral value

LR

— k-'n:cah -6= rear the edie. of the cnvity and the volurc ucirhted

.
»

- zemn 'ield is 1 8’ lowcr trun the central vuluc. The nvcrnge:absolute~

°vn1uc or thq dc?fﬂtlon (volumc uoiph:ed) from thc mean field 13:1%,

. . & ©
S b ”he flcld vas ncnnur—d over the median plnne or the cngity ‘
unlng a 1&11 pﬂ9be rnuauﬁetcr. "he nngnet.vns tn?en apart. rqasnegbléd, .

' ) <
vl
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re=arnetized, and the field pesonsured seyvernl times. The central

- - .

value otinined: for the fleld wan 2.02 = 0.05. kG, Yhere the edee of

the cavity would Yoy the field dropped to D.0L G which {g less than
X . "
e rmaleinted Avcranse g nbant 2,89 B5). The H41) prove wat chesked
Yy oroasuring a 3,02 w0 fleld {n on larie avmbrateiy calitrated electro-
. . . - : L]

e prete ¥as found o he ascurate to Letter than 0.05 %G.

. .
.

[

“me ownlue of the rean fleld uged was 3.0 2 0.1 6. The nffegt of

» be noticed {n the

wvher

c only o M.

soetitanions mase deteeted. . .
G, THn DETLATILTIONNG FACTOR L oy . |
Y “Tre demganetizihg aag:or L {refdr to Dection II-%a) forma -

. - i’ - [ . P .

. o R )
sarle filling the magnet eavity iz 9.u6, giving n derasnetizing field
2 2nlet utere It {5 the marnetizntion of the semple ot 3 kG applied.

‘ /
Tleld,
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CHAPTER V
- 1
SAMPLE PREPARATIOW AND ASTALYETS

LAY Y -

1,. SWPLE PEPRODUCIBILITY . - N

.ic pcth?d“qr pregnringg2r2n2'hns been to preas the netal
péﬁdcrn into a pc;lgt and t&-ﬁin;er it at about 915°C fﬁr several -
‘dqy:.‘ Many researchers have found thnt“thc magnetization and Chri;
tezg;inture afé:not f;producfblc'f{pn sumplc.ta sanple. ¥napp et

‘ . : .
al. have found that the cubic Lavés phuase (Fip;?I—l) forms over a

range from Zrln, g to Zrin, 0" The raximum Curie tc*pcrnture of 26°K

_ occurs nt'z;2n£'9 for'éamples made at 36$°C. If the snmples are

" nade at 965°C,- the Curié tcépernture is, oﬁlv about 169K ror":.r?Ln2 6

+

vhereas {f they urEWnade at 700°C the Curie temperature ig again
|
nbout 26°K and varies only by about two degrees over the range of

" atoichiometry fron Zanl 8 to ernz 0’ They concludc that th; éubic e
Laves phase contains only Zrz P9 when rade at 700°C. Other reasons
.for the lack of reproducibility are thq prescnce of impurities nnd
‘strains. There nrc usually traccn of other” phnses.pnrticularly |
Zan3 in nll snmplel. (phase diagran, Fig. v-1)

In view of the reproducibility problenm thcn, 1t g pvident.
thnt hypcrrine field neasurcnents in Zr2n2 should not at alone
but that as much infonnation as posaible ousht to be obtnincd abouél
‘the condition of each saﬂple. Three typea of experiment were cnrried

h Y

out' povder I-rny nnalysil to determine the phases present 1n the
. : s . s
b2
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o . .
arrples, neutron activation.annlysis. to as rertain the actual zine

toncentrationn, and Y'Y masnetization mensurementh. The narnctfzntionsh

wnra correeled bveocaude the resgured cvalue averspges over the whole

-t ' v . .
iemrLe, tneluding nen-mapnetle portlons,

. ’ - & : ¥

-

The rmetnal powders unad in the preparatien ef the Drin, s p‘ns
- : _ .

2
- \
were ohtalned, Trom Alfa Inorqwnics L.ed. The purities were: ’
e Thd = ) e : H N
e HE o 04,87 (Fe 1940 ppm, 1720 pp r u.ﬁﬁ) .
- " ‘\\
e w0 (Fe Y90, Ta 199, L 99, Bf f0, 0 OPO) TNy
. : . , _
T 20,05 (Fe L2 ppmy 0 700 ppm)
Tn 99.6%97 (Ye L ppn) '
. : wooee b LM -
In otd Inr to measurs Lhe hyrerfine field nt Ta nuelei in
.o ': _ - o - e S ——
Uriln, et least 29 8¢ the zirconium ¥as replhced with hafrium powder
o . . , ’ ., ’

. ' : ) ' ‘1" ~
. . ~ LN 1 3l e
vilch had been neutren ncti?zuvq o produze the radioisctope 7 THOL

’

v whs kcpcd that the hafnium atons vould diffuse throushout the

;r::g_la:;ice to thn zgrconium sites. ' ' _ : - .

B 4

L ?clletn 3.8 = in dinnﬂ er nnJ about § =m lon; vere rade
Ly pr»asiﬂr the met nl powidlers togc:her.undcr a veipght of 700 lbs..

» The pclletn vci; .rd nbaut 150-&:._ They were then senled in evacuated

Ml

tunrt~ nnd 'in“crcd at di'fcrer. tc pernturcs "for wvarious le rngths

-

of time. The furnnace, dhlch mnln.nincd itn tnrperuture within 3/~
degreen C, vas constructcd from a dif ua!on'punp hcater.

In nll lh narpleu vere prcpa*ed and numbered 1 to 1k, ruun : .

.

.9 su:plcz discusned in"this thesis arc des iﬂrutnd by elther thcir

ﬁL.hcrs or nominal conponitlons. ‘Soac of the 5n§p1eq vere made at

A L.
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sintering tires less thon a =onth, nnd none wern obnerved for?®

-3 -
and others at T720°C. Braides thln, tun different mixing

dures vere followed. ”bc first sen iples were nnde by simply

<

sins the cenatituent povders together and relying on diffusion

pit
1
b
p—
[

e the “1.nium in the lattice.. Yo messurable hyperfine

($5xCe} was ob bcrfnﬁ for greples rnde {n thiz wav nt 7353°C

“

”

- v . . [ -
¢s mnde al 916°C iﬂ_ihe'sinzerinﬁ tire was less than a week.

1 felt that the diffusion rate of the hafriun ntpht be the
o et T s A
n. The finished sarples retalned their ecylindrical shape,

tine that oniy the zine atoms are very robdile. In the sraled

. ’ . - o -
: Urln, tors not melt until 1160°C. o
Thﬁ second procedure ¥as :b-helt'the nafniuz and, zirconium

.

titaniws for anoce an.plcu) toPcthe“ at tuo'b»h-nn nE deer viaculm
. s . )

nn electrion bennm.

-

The inrots were filcd lxrqtly nnd the iron

-

srhe file vas reroved from the, powder, first withrn':ngnet. then

ching with o S0-507mixture of fornie acid and superoxal (307
rcn peroxide). (¥napp et al.). *he.ﬁticd pouder vas then
]

ntcd jn thu'rcnztor bcrore thg zinc was nd dﬁd to make’ thc '
. ) s . x
t. T?e narplcs vere nintcrcd at T‘C“C ror,one weck. The outer
R -

cc of eyery pg;let wnn rilcd and only the 1ﬂ“cr portlon uas

'abcy vere o uniro*n dull Prey colour insidc hnd a grniny

texture nnd cru‘bled enslly. A cylindrigal carmple was cut to. fit

o

avity of the nacnct uzrd in_the "DPAC experimentﬂ.. The Snmﬁle

\

rs, noainnl canposltionn. -et hod of prcpnration and actunl f}nc

1
.

ntration are auqnarizgd 1n TﬂbIEIthg ’ : ' -

)

!
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The routran nc lvﬁtlon annlyses were the last éxperirments

- . rd

cxrried out but will te diZcussed now Tor continuity. '
) e

Atout U7 memoaf Lhe contre "urzic" nt roch roeple was gsenied

-

. ' e 13
Cin fine nuartz tubes and nedtron, nrt:?n:ci (for:n hours at T x 10

]
€ B
. > . + .

. i N - . .
cemtrans fer ) osec) all toeethior with n hirwy seeple cehtalnine

seurately wetehed {2 0.09 =7) amcuntc of zircon iur, hafniun and

L
)

. e i (: .
The intenzity ef the 1.1195 MV premn ray Tron SCu after the

demay of 0 (v = 245 dnys) and *he intensiey of the 0.72L MeV

9 SO 9.
JRema ray o Trem ‘Sﬁb after the £ deeny of “7Ur (-

/0

woere seasured, 1Th!5 ¥ua dene for euch semrle tefore andpnlter the

P

.

- . R . - - ' . q
neutran antivation (since the zircenium had previousZy been nctivated
L - . b

Lot n?\zrr samples 5o Shet.the result ef thjd;:uﬁt ba subtracted
' ' . ' -. —
frem the Cinal ctivi'v) The relative intemsity o{ cnch pnzna ray
~ . .
~ . Cow

a4

L .
Y that nf the dum=y sample wag peasured using two Geli detactors 1

-

s=rre apart, counting cach sample for an hqqr{ The twd detectors

.

tndefendently rrve con,IJtcnt .1n concentrations, which ame liated

Aa Téblc v-1. {The fnct thht’sqnc zirconium has ﬁepnhreplnCnd_vith
. . - . .-‘“ . ‘ ) . '. “: P ‘ ] ' '
‘hafatu= or titaniun has Qéen t{ifn into.account}. All the samples

L] »

nﬁpchr to have gxcess zinc. Fven the énes raie at 916°C could not,

" .

hnvé'nn'huch zinc as vn3 =rn5u§cd all in thc ZrZ'e'phnsc. If the

nsnu.. lonn are made thnt thc sanpl-q ande ‘at 700°C have 1.9 zinc

ators pcr zirconlun site; those mndc at 915°C nave 2.0 2n ntons per’

.1rcon1uh s5ite, and that: thc zine lett over 15 tn?en up by the o

~ - : -
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b

. ! ) l e
7.r'z’.n3 phase (the main impurity as demonstrated by the X-ray analysis),
then the proportion of the sample which is magnetic. can be cstimated.

In sn:pl} #1, for instance: : : : ¥

i “ . ‘ .
Zanz-eh x{Zanz'o) +‘y(2run3) _ ,
X"Y'Vl - . o,

-

The rﬁfult for each sazple 1h'record§d in Teble V«é?

k. X-RAY ANALYSIG S : -

. Zth wvha deteruincd by Pictrokovs?y in 195k g€ having the
cubic Laves st?ucture (Fig. I-1.) TiZn, does not have the same structure
becnuse the Ti{ atoms are Eoo szall. This is presumably vwhy the

,onznetlzaiion of Znt_xTiIan begins to drop.off at X = D after

L]
Il

inftially increasing. - o
vader X-roy photograbhs vere made and a portion or the spechrun
is showvn ror edch unnple in Fig. V-2. The lincs at 2. 63 A. 23 A
'nnd-2.13.A indicate the d-npnclngn for the [2,2,0];(3,1,1) and [2,2 2]
blnoos respectively in Zr2o2. . Lines at 2. h l and 2.03 A belong to ‘
the-[2, 2.2]'£n& [h 0,0] iianes of the cubic Zran, phasc. The tvo L
impurity lines in saaple #8.have not been identified. Although the o
central portion of the pellets viaually nppearcd to be uniforn. the "
 tiny pnrt of each sample ‘that vas x-rnyed Aight not be’ enti(cly
representative of_the condition or‘;he vhdleasample, The proportion
'or'eaoh un-plo toat is in’tho Zonz phase has boen-eotimated by the

‘ratios of pesk areas in the spectra. The numbers vere normalized to

-

S

-
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g been oh.ninnu'irA:he ;c:pcrg:ure depe

t
. .
- —
uy
o '
N - .
]
. \
- v .
"

-

whe ;robortiqn cbhtnined for sample 10 uyi

- L] 0
nre lisved (0 Table ¥Y-D2, ey
6. LULE MGNTIZATIAN --f--;*-ué-:rr:
a¥e i :

P,
! Fa .
W I
)
A
4
0% nruttron netivation and
+ -

-\\ - i

., °F

L] - . et +

with n, wvitrnting snnple

snonetcneter on 'r» whole numples which had been usel %o dotersine

N L4
- .

e Yrperfine fielda,  Fips, V-3 and Vih nrow the masnesization plotted

L
L]

temcratuse Y 750 5 oardd ﬂﬁ.?:?C_G.l ?ipﬁ.'vJS nrd‘?-é ﬂra;pluts;nf’
il b " r .. . . . . A ) i
Y va. T for thewarples which kad opomeazuratle Curie serperature,
i 3 Pt ,
hd . N . . n . . : s - -
The Antp wers nnalyzed along the lines suesected by othe Stener theory
v . o . v "t
S \} o - c -
(Minzeer TT, Ceeslon 7). 'The walans of ' {0,7) werq obtnined by
"? -.-‘ . : :r-- ¥ el
exirapolasing WNH,T) vs. B4 to rero ficld. The plots sheun deviate
L i . . 5
- 1
fro= n.at ey, line an hirh témueratures, 'y hesnuse of thi
éxtrh;o}n:ion. + hirn temperatares, ! ois thint any systeratie
. . . . - ' )
. . . ) o
c"roru bﬂcc re moTe pronounced in H/M. « Eetiar reswits would protably
v .

-

- -

{347} are qlité canatstent \-}'.:h" the daluns

/o
!

e, owrd [P LR L,

.
4

wpeingt fleld,  The r\rﬂﬂti”nﬁion wnn uI ofo] rnx\:*v ng o funetion of
: : . ' ; e

~ r‘ N(h

o

Inn anaizrenaers anderinien,

w<lating the p"n shs wof>¥ vs. H., The Cgric tenperatures and gncorrﬂcpgg,
: . . | . . - . . .

v,

vnlues of :{0,0) are recoried in Table Y-2

6. 'c- zsc?zcr.-t o0 THE :'..'.c'zs':‘!",f«'rm't

- ‘ ’ -

-

. phase, the ﬂcnsurcd nngnrt!zution ({n Efjf

L
‘
’

.
.

Bncnu:e not nll thc nqrﬁlc cORT i“tﬂd o:_‘ﬁo nnpnetic Vrnnz

/RéﬁCLGﬂJ porﬂuxchniun
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The hyperfine field is given by:

o o _
H.H. -y - +-_;:r-s-nlm.'4)%- o (11-6)

- -

" The *nrnetizntion reasured for the snrole vas hwﬂ(h°r 3 kDe} = 1. in?oe

62

— —and—thT ccnurnetizinr factor is 0. h6 The external field was -

- +3.0 2 0,1 FOe.

= Frpg Eqn. II1-€ the hyperfine field experienced by 1§1Ta 7
miclel in Zrunl.g is: ] . . N
. . X ‘- R B .
. th ® 17.3 s 0.3.k30.- E .
‘ | Lo ~‘Ei?“-a _ N S
K 2 B:‘\CV('RO\FI'J :L'“'“P.Af"r'r"ﬂv : ‘M'?\:?ﬂ : . . o : . .

In'a typicnl cxberinent; thc 133 PeV hnﬂra detcctor vas
?
‘ nbout h S en fron the 5ource Vith 1/3°" of cadmium absorber for
\ F - i
low encrpv Y-rnys. The h82 keV detectors vere about 3. 5 cén frou

thc source and had 1/8" or lead abkorber to cut down the intensié;-/

L

of 133 ch £Rcsns. Typical- count rate* vere 5000/sec for L82 PeV .
f ‘ .

%\\“100001 sec for 133 keV nnd nbout‘30 coircidcnccs/s»c.. “onetines,
after the TAC has hccn started by n 133 keV gax;hq a h82 Pev panma'

is detccted which is rron a differcnt nuclcus This «itnntioa is

a~ v

cnllcd a chnncc coincidcnce {as opposed ton truo coincidcnce) and

Tthc Sccond pumnx ‘ray is uncorr€iated in tine with thc first. r(In

- Practice. the TAC is aégpglly stnrted by thc h82 xeV pnmmn ‘and
ttoppcd by thc art.iﬂc:a.lly delnycd 133 lfeV in orde% to decrense ;he )

dead tine of the TAC) Chance coincidencea resuit in bnckground ;i

which dacreales approximately as exp( by t) vhere A ig the .

Probabllity or chuncc coincidence pcr uftit time. Ir the probability :

rb—



}
P

s of e,chence coincidence in'the,tine of a TAC cycle (200 ns) is

aqnil, the expopential‘becoﬁes_approximately linenr or, for & very
iov probebilit;. nearly consrant, For the count rate stated ror
-eiop pu1o;; (10009/sec). Ac -'16"5 na-l 80 thet the frpction;;'
‘ decre;se in background in 200 ns is only 2 x 1073,
" Before the. function H(t) (Eqn. VI-1) can, be calculated,
the background must ce subtracted from the.cime7spectre.- Tnis‘wog
" done by eye on. the PDP 11/05 computer. . An exponentiulrcurve vith[}
adJustnhle decay constnnt und amplitude ‘was displayed elong with the

L . datn; Uhcn the data coincided ~dth the curve background subtraction

¢

vas stopped. "hia alvays occurred as the background berore the t =0 ]

edpe or the epectrum became zero. showing theat it vas Justifiable to N

‘subtract a constant background. Typically. there vere about 50000

counts collected in the pca? channel and 500 background counts per

¢

v channel. The b?i:rround could be determined within about 10 counts

per‘éﬁ;nnel Lehst squeres rits could have done better but it

“‘**"'Vind huVeqnnde no detectable diffcrence 1n R(t) ' o~

-
(Y

%‘B. "STATISTICAL FRROR, R L (-‘., ' : o

1-.3“ The veriunce op for ench date point {or prak’ aree) atter

beckground nubtrnetion is siven b ':

| .,‘og:- PeBo (-w) '

'vhere P is the, nunber of counts ufter bnckground subtrection, B is the

background subtracted and AB i3 the uncertatnty in how vell the back-

. e - -
- - I

ground-is known. ° ._' Co oo cw

[ 3

s

-
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<1

£~

}49.'3'\-:

" Then the best choice of P 1s:

- o ’ LA =
" The best estinatc of T is T The r.m.s. deviatio& of T¢from T is 77"

ST e

- . . -/./ \.‘. “

-

I

If a Bnmple S of constaAt buchround is taken in order to

1 rcnove hackground D froz datn (P+u), -then the varlancc in the calculnted '

pea? area P.is: ) oL R ST .
k'l'-’l.—; ' ’ e
”; -ug =.(P#B) + B[S © .
The smallest wariance posqiéle {s then: - .
) . y .
o? min‘= (P+B) -

‘and not P+2B-as {t is 6ften arpued. This is because the background
) . ’ -t .. - . [

under a pear i" stntisticnlly correlatgd with thé data before bﬁékéroﬁnq‘

subtraction, . To demonstrntc thiu, Supposé ﬁbat data T'is reasured #nd
alno'theﬂtruc nvorngc,backnround ) under the peak is calculﬁtca‘{frbm o
' v . .o~ o R

~gree semple say). o SRR

IfS'hcvihtionrfr&z:ihé true value P {is: B
P-P = T-{F+B) = T-T . = - co. .
v51Ch.hnn.p Pojsgon distribution vith vnr;nn'eé C '
:_t Ug ','-I'- .t. . j '_ . ; o o %

-

1

8o that the relntive crror is lﬂﬁF Hhen T 13 ldrge then.

is a gooa hbﬁfoximﬂtion. -

. 2
Pron té; variances 02 1n the. spectrn. the vnriances %0 ror ench point

of. the‘runption‘nft)'tre culculated. In the least squares fit to R(t)



thecpoipts are veighted bf‘i/agf. The.standarh deviation of each para-

meter vas taken to be the.square root of the correoponding ﬂiaéonﬁl
element of the error matrix {inverse of the curvature matrix) vhich

vas generated by the least squares progran.

. mmn-zrrm. RESULTS'

-

Figs. VI 3 and VI-L sumnnrize graphically the effective field

neaaurements at 181 Te nuclei. The lergest x2 vag 1.7 for sample 12.

- 1 i
All others vere less than 1.4, The room temperature measurement shown

in Fig. VI~ 3 is typicnl of those mede using the other samples. In all’

cases, the amplitude was approximately the same as the. emplitude at

\

koK. (Both are only a third ar less of the theoretical amplttude)

65

.Teble VI-1 and ?ig. vi- 5 present the hyperfine fields calculated from -

- the effective field using Eqn. 11-6 and the nagnetizutiOn data at the

. same tcuperuture nnd externnl field. The relntive size of the scalos

o

on the graph is sonevhet arbitrary The way vhich ‘was chosbn epproxi-
B

nntely uininizes-the differences betveen the two eets of data. _If

the dnta hud insteed been normalized at- Zr 98“?.02 1.9° the situation'

Y _5|
. v

vould not chanpe nuch : o o i-

) » e ' ..
.

Coe

If the uncorreeted nagnetizutions hed been plotted in Fig. VI 5.

r s

the zain tendencies do not chnn much for hnfhiun. The magnétization

L]

 and hyperfine field yary in the same manner until after 10% HE. The:

‘uagnetization 4rops quickly after that {(1(0, 0) drops to zero by 15%)
.a .

'1n ngreeuent with the results of Ogavn. The hyperfine field remains-

high. even unt.mlss ur. AL
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"points are for titanium impurity. the remaining onesb .
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’

For titaqﬁum {mpurity, vhen the uncorrected dagnetization ts ™)

plotted, the points are consiatent vith'the'ﬁypcrfine field tut the
. o~ ' . : ' ' {
nyperfine ficlds are lover for both 10% Ti and 182 Ti. For the

corrected rmagnetization vhich iggblottéd, thc'poinfs are incrensed so

that thé error bars ﬁo lonpei overlap cven though they are larger.

That - is, the frnctional increase in mngnetization is grenter than

 the rractionnl incrcase in hynerfine ricld. The hyperfinc Tields
chnnge by at rost 0.1 kOe as & rcsult of ;he magﬁetization correction.
Tﬁc hypcrfine field fg; snmplc 1l 1is inconsigtcht witﬁ"the other two

" geasurements for 2' Pr but this sample wns made at 916° As diséhssed e

' v
in Chapter V (ﬁection 2) ‘the magnetic propcrties\Yﬁ:_samples mede at

hifh temperatures are not reproducible (uithough-samples S.ana\T are

consistent). = & | - }

3 aiemte [ [ '



CHAPTER ¥1I ~

DISCUSSION OF THE RESULTS AND INTERPRETATION

! . L3 ~

]

.There. are four aspects of thie results that Vi1l be discussed
in this chapter. The first is the 'I{screpancy betﬁeen,the-obsef%ed :
and theoretical amplitude of the oqciilhtions in-th; TDPAC experimentél
The second aspect is the importance or the zinc concentration in the |
Zan2 phase. The third section is about the size of the hxperrine field
rlneusured and its conpcrison with‘the predictioﬁ of a modél. Tﬁe iast

-

thing to be considcred is thc impurity concentration dep nce of?the

hyperfine ficld.- The reaults indicate thdt the hyperfine riel does

not follov the- nagnetization as the impurity concentrntion increases

1. THE AF?LITUDF OF THE OSCILLATIONS

The anplitude of the oscillations observed in the TDPAC

expg;&éents (Figs. ¥1-3 and VI-h) vas hever more than about a third -
of ithe theoretical vnlug The renson for‘this is not Just that™ most’

of the atoms are in non—magnetic parts of the sanple.. Ir tbis vere

- . \ ]
the case, then the amplitude at” roon tqpperature vould-be large. In

-

fact it is pbt noticeably larger thgn_at-h'&egrces. At lenst two '

e

_ o . d
thirds dr the ;alTa nuclei are not cﬁntributing to the oscillations

’

in the angular correlatiod; The onlx‘aatisractory explanntioh seems

to be that the nuclei aro experiencins large electric field erudientl,

] ~ —_—

producins quadrupole osailla&ionl too high in rrequency (say above’

T0



200 ¥Hz) to be resolved by the apparatus.. u«fng equations I1I-3 and .

113;& and tn}inp into account the ?*ernbcinnr nnti-“hieldinp fnctor

b

{section II-Sb) this corresponds to'a ficld gradient ih excess of
16 '

4

L x 10 V/cr:2 (bcfore umplificatién). _ ' L i T

N It hnfﬂiu: tended to clunp together in the sanple or tq -

.
w

oxidize, the quadrupole frequencies shouldﬁbe clearly distinzuishdhle

(especially in sasple 12 with 207 Hr) in the time spectra obtained.

. The. field rrudicnts right be cause? by strains (Blrthe) in the ?r?n?

or by 1arae unounts of hafnium trapped at prnin boundaries The

-} —

latter is.ﬁ“likbly possibdety;in viev.of the‘coarse‘textuqe_of‘the

MQCB- | o -‘ ' E " JJ

Small oscillnpioné are not pccﬁliar to mensurehents in".ern2
. A o _
but hnve bccn rcportcd by many other_re carchcrf on a varicty of

differcﬁt ﬁapnetic systens (Carcron et al Ke zthelyi et al., Aqarval

pt-nl. Oddou et nl.). The problex points out a major advnnture of

Vi

" TDPAC .over uethodsl(like zimc-intcgrnl PAC or nuclcnr orientntion)
: 4

vhich mcusure the average hyperrinc tield on ol thc pro%e nuclei.

These methods . vould obtnin values sevcrnl tlncS(Eyo small‘ir they

-

could be measured at a1y, In xhe timerdirferential methﬁf howevcr,

only the nuclei ezperiencing a field contribute to the effect observed.

//--Lé{ Z1%C cowcsnTnATIov IN THE Zan2 SAMPLES

f

The reason for naking three samplea all vith difrerent zinc

-

concentrations (sapples 1,8,10) vas orisin611? tq,asg vhether or not , |

there vas a naximun in . the hyperfine tield o Zerlfgtgs thcre/fi for

la - '_f,;,~w" i
‘ . | - .

-



.. concentration has-any cffcct_on the.ernz'phnsc. It was_made ut QlC° C.

e . , : L

the magnctizn?iph.»‘ns already mentioned in section VLI Heﬁfiﬁéinnr -~

of Knapp et al.,irdicate that the cubic Laves §2§se occurs

. thih‘coépogftion vhcn the camples are made at THO°C, thus insuriﬁn
thcir rcp:oducibility The hyperfiﬁe'field.mcusured'fof sgmﬁle 1l 1is

thc only indication in the results in this thesia; that ;h;'zihc o
Y - V J..

. 'L At rirst flance, it appears that for snnn'

temperntu"cs. the chunpo in mngnctizution'with -inc
- ‘_./ - uF .
nipht bc explnincﬂ by the chnnge in the Fermi level vhu

oncentratién

zinc atonms . \

[ .
S

«~ add elect#ons to the s-p band as thc concentrabion increnses. If a
. . ]

zinc atonm vere to contributc Lwo electrons. the shift in the Fernd
RIS - ,
level vould be about the snrc ns the width of the nnrrow d band of -

- 1 é

'ZanE. This explnnation is not valid-becedusé. the zinc atoms do not

contribute cnouah electrons.a
S~ -\ . - \
The band cnlculntlons of D.L. Johnson apd o!i"bclling et al.

(KJKH) co:plctcly neglect the presence o zinc atoms "and deal” only with
zirconium atoms on a diamond lattice. Johnson considers this to Ve

quivalent to 2rin He states, 'Hhilé the Fermi level mny be

1.9°
slizhtly raised upon :9ding in tuc zinc atons. it vill certainly not B
- (o
. be raised by two electrons per zinc atom. ns this would cause a :
o
severe charge 1obalance, and it Kthe Ferni level) co%ld cpriceivably be

lovered rclntive to the Zr d conplex. In viev of their bnnd calculn-

*

tiODS. an increase in the Ferni level: woqu quickly make the crystal

'atructure unstnble. The. d clectrons of the zinc do not mix into the

4



- 4
:: zirconiuu d bnnd appreéiably because thcy are approximately 10 eV ¢
. ) p
7 1over in energy and so no morent should bte expected to form.' This is

-

sgpportcd by the mensur?ment by Rishiharu et al. or the lov hyperfine

field at iron substituting at the zinc site (3 1 kOe) and by. the low (\

san density nenr Lhe zine reporteq-by °hirane et nl vho used difruse

L)

nentron saaﬁtering. 27 - . e Y

T

- . -
L]

The reiative stnbility and optinun magnetic properties of Zanl 9o

uppenr to result rrou the lnrge size Qr the zinc atons. Departure from

R

that. contentration of zinc could bd expected':o producc strains in the’

lattice, Sangles nade at low tcmperatures vould be less likely to

,  contain excess zinc rorced into thc 1nttice—than those made‘agwhighpp
~k

h ' . 4 - . - B

tenperntures. , ‘ -l -
1 > i . : ' !
The conclusion is that after the maanetization correctiqn

(because not all of the sanple is in the magnctic Zan2 phase); theg

L]

J,' polnts plottcd in Fig, VI 5 shov the behuviour of the magnetization as
L

q function of harqarz and titanium concéﬁtrnbﬁons pnly. The bghgvi9ur

. : 'y ‘ _ . .
_js neither a result of the manner of sample préparation (or'poor - .
,Hunlity), nor of dirrerences in zinC‘concentrations; .
- . i '.: - - . . .
3. THE HAGWITUDE AfD 'IGW QF THE. HYP"RFIW' FIELD . T fju

Host but not ull of the Kyperfine rields ‘measufed so far 1n o

) magnetic materials’ Mave been négative_- ;pat is, opposltg in di:ecti?p
" to the npﬁlie& fiel& It could not be certain ahead of time that-thé_ {

hyperf!ue field at lslTa in Zanz vould be negntiVe. The . vnlue '

measured vas —17 3 £ 0,3 XOe forglr 98ﬂr_022n1 9. The decrease in

—

| . '
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. ‘hyperfine field with hafnium cohcentratton is linedr up to 15% Hf and
the’percenﬁase decreug is the qlme as the percen_t.aé’e of hatniun;

’,

" impurity. ‘The hyperfie field at a single tantalum fuéléus in pure

) / ‘ '
Zrin, should be abo(t 2% higher than the value measured. *

T

B'e ‘behaviour of the mngr;'ctiu.ltion 15. the same but only to 109

‘ . !
- hafniu’so,; at leest in lov conéentmtions.&rnim atoms (and-
prén,g‘:.aﬁly' thal\m at'_oas. ilqo) behave like a _diagmgne't.iq impurity. . .

. . L
This has been found to be true for tantalum in nickel (Barrett et al.).

“

A crude model for: hyperfine magnetic flelds at dimgnétic

izpu:ilties (those vhieh have no localized moment) in iron, cobalt-ahd

3

. ' . < - r. .-
_» nickel has been used by Shirley et al. This is the conduction electron
pélhrizarioﬁ or CEP model. The conduction s electrons of the ma_g_g_ef.ic

, host have a positive polarizarion within the host atom but are
| \ "L\ »
negatively  polarized outside _the d shell. The impurity atom is

o trén"ted as ir {c \:lere_‘rrce an.d the polarized s electrons in the

. conkluction band as if £hey ver;._- the outer valence electrons of the . b )

impurity. The net polarization of the electrons is assuned tp be
.pllOPbrtionnl to the host moment .. The hyperfine ﬂ_eid is predicted by: '.

L ‘0 IR | (VII-la)

A. S Hh!' * 0-02751?‘!“ ' . . B
\rhere u is the host moment and H g 1s the hyperfine field that would '
be -pro;luced' in a rrée.'in!purity' atom by a single ntomif ns electron\ v

3

The constant Q.027 vas obtained by fitting the hyperfine fields for

17 ceses of impurities in iron, cobalt and nickel hosts. They found’

. that, "the average deviation is only 2 k‘G and the r.m.s. magnitude

/ . : -



o the constnnt in equation ViI-1.

o

s ’ . - B . ’ !

r a1z .

. k * . \ 1
of the deviation is. 5L kG in a quantity of average maghitude 260 kG."
Becapsifgf fittihg. ractors oihér‘than‘CEP m&y have been abs;fbed by

the parameter (core . polnrizntion for, exnnple) For tantalum, He . has

been calculatcd ‘to be -8300 kOé 80 that th;jkfgérfine field is given

- . . i ? . ' - B . ." ’ : , . ) .
' L] ' . - g N
B * -22bu - Cr (VII-1e)

The hype}fiﬁe fields have been plotted for zantalui in'ibqn,

_ \ ) S
nickel and ZrZn, in Fig. VII-1. The model overestimites the maghi-

tude of the field by a facfor of tvo. The constant in equation VII-1:

- .

75

should ‘not be expected to ﬁq;;pg same for ZrZn, as for the irdn series ,

2

hosi’() If a horizonﬁal-linébvt?é.to be@dravh through nickel, to vhich .

band models apply. better than the other elements of the 3d group,,then:

tﬂe“ngreément becdmes nuéh béttet (23 kOe). In Zrin2 there is a

-

naxinun in the unpaired spin density mid-vay betveen zirconiun site&

.Thiu might popsibly contribute some poaitive CEP vhich vouid 1over

< -
[r

b, IHPURITY WCFTTQATIDW DEPEﬁDENC’ 0? THE PYPEHFITV PIFLD \

Hhile the nagnetizntion begins to drop at. about 105 harnium,
L)

the hypcrfine field reaains high until nrter 15 - For titanium

-

impurity. on the other hand, the hyperrine field does rat increase by

LY

as grent a rrnction as does the nngnetizdxl‘nvaﬁﬁﬁx\\

-

A poa:ihle explanntion of the hafnium data 13 that, as the

hnrniun c0ncentrntion incrensel, the proportion of sitea vhich have

-all ;irconim nen-egt, ngighbourl (about half at 15% it the hafnium
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. "Flgure VII-1 . ,

T

( =t . _The Conduction Elec‘t.,x?on Polarization (CEP) i“!od-el

s

"+ for the hyperfine field at Ta in 34 ferromagnets. The

point :ro;-' Zﬂﬁé is also plotted.
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-is randonly dintributed) and the nagnetizntiqn decreases. The'aétual
decreeae is faster th;n this crude approxinntion predicts. The
tentalun nuclei that have all zirconiun neighbours might still
~experience a high‘hyperfine.fteld. vhile_pthers_tbgtybave-one orﬁ
more hh;niuu neighboufs detect a lover field o;'possibly the external

field.’

— -

tbe same tjpe of expienetiop might’also‘npplf to the titanium :

dete. The tantalum sites whichzhad eny‘titanium neighbours might be

’ incapable.of detecting a magnetic field (say because of large electric E
tield gradients caused by the small size of thc titunium atoms) The
r"uagnetization vould increase eround the titanihm atoms but the probe

_ auclel cap&ble ot detecti a nagnetic field vould be at locations

having less thun the sve magnetization. -

These explnnatiodp may be totally incorrect Poosibiy'the

reason for the observed effécts. is that the addition of impurity -\
chanses the dlstrlbution of unpaired spin density. Néutron scattering
G!PGrimcnts could te11 vhether-this is so.

| A model vith vhich the problen night be attacked is «the -
coherent potential epproximation (CPA) Af the impurities do not.
diltribute theaselvea;in an Qrdered manner Calculationq of this

S cowplexity ere. hovever, bcyond the’ SCOpe or this thesis. .'




APPENDIX-

* This nppkndix contains a listing of ;ROGRAM DIFCOR Qgicﬁ va$
used torrdntn ncquiaitiéh and display and on-iine andlysis oi the
data'QCQui{éd by a PDP fi/bs‘ﬁom;htér.

Because tél count rate ﬁasllov. data cqﬁld be displayed n;d_
analyzed without stoppid& tﬁé‘aé;ﬁisition. .ihis-nllowed oge to tell
hov an experiment vaa-prpgrg;sing. The fittiné prﬁce@ures vere éone

on another computer. 7 o -

Program DIFCOR acquires two spectra at a ti;e—in Oné of two
uenory,lbéations. A.or B. Llocation A vas for detector 1 atl+135° and
1deteo%or 2 at —1359. Location B was for the detectors interchanged.

Locatioﬂ D vas reaerved for nanipulating the spectra uithout

b/ altering the rav data in A or B. D consista or tvo spectra ¥ end X.
Xis a spectrun at +135° ‘which hes been moved from either A or B3 ¥
;il a spectrum at =135° from A or B. fither X or Y can be normalized o

Eo the othtr. {The spectra can be displayed aupérinposed; using.

svitches on the display panel) The spectra can be shifted 1bft_qr .

right and a constant background can be subtracted from cither. 'x B
Ve ot v
’\\cnn be divided by Y and the quotient is stored in location W and
- s

displayed. Since. the oscillations in X apd Y are ¥ out of phase,’

*

~ the oséillatibns in W have nhoﬁt £Vice‘the applituderof the actual .

. effect. ™



_,panql and computer console.

4
In order to see the §bQ}llaxions 1J‘n single spectnm X,
- =
s pure ezponentini may be deposited in Y instead of another spectrum

The exponentinl can- be ritted by eye using switches on the display
!

s

The spcctra could be printed out or stored on paper tape.

19
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L ETTY

nnosinn

'4%=é3' . I

T:‘:?-ﬂ.’i Ty

»2133°

L0t ADCA - -

L2y 347 @

=469

C A ‘""A. oV ADCL L. %A

S ZIT 4157330, 29 e

iC.0UT

LT #27333,%0
3T TWO0

AL 29
ADJ'Ci. %0

I INC(S2)
CT: LUC ADCSH

La Rl
apd

TV0: TIC #23203,%2
ASL 29
ADD C2,%3

- 37 ONE

ADCSRa 164313
ADCI=164a312
+=573°

© STATT: MOV #453,26° o

DS®LY: CLR 87164392

10V #137,KSR

MOY C3,%5

Locm: may. (25)+, 00162332
‘NC e e16a999

C 2£163702 .

cn> 0s155202,HC

BEA MIGH °
MAIT: TST oflsaaza
qTUE VAIT o
n? LOQ® | SR

HIGH: MOV 0'!64596;15

.BIC KA,%5

1ov zs.o:lsaaza . %
ASL 35 - .
ADD CO,%5 T -

MOV (25).90164228 . e
. MOV #3;90164088 - °
PAUSE: CHO €416a890., sKS

BNE PAYSE .

DIFCOR

. ADC ROUYTING
2¥ 256 CHAUNELS

)
: '
_DISPLAY
-<?,néaxsfs§>' N
(Z REGISTER) INTENSITY.
| (3~RéGIST£BT;s



- . \ .
LR 4 b

" CLR #/164020 o I AR

o1 10992 . _ROUTING

¢2: 11233 . FIRST ADDRESS FOR ADC DATA (BIT 13 CLEAR)
co: 18333 _FIRST ADDRESS FOR ADC DATA (BIT 13 SET)
‘Ne: 2033 . °.FIRST, DISPLAY ADDRESS .

LC; 14032 ~ NUMBER OF CHAMNELS DISPLAYED

i CLR %2 | - LAST +2 ADDRESS DISPLAYED

M: CLR 22° 2 MEANINGLESS 1NSTRUCTIONS

0P3: 14284 . (TO. qzsznus THE LOCATIONS) ~~

oPL: 15330 . _ =

Ka:.177829, - o a | ‘

"{5! 2 . . .‘ﬂ‘_ ‘_.' ° ----.-—---b-------.l--.”----
© .¥1003 | I L - .

TTY: CH® 'rxn.:am , ; Tg[_gfvpg
mIE GO2 - , 0. . _ .
HOY #10333,C1 | "kEY "conrqou A" BEGINS DATA ,

MOV #11%92,C2 : '‘ACCUMULATION! IN LOCATION A
1407 JIBAJADCSR . ;o I :

e Y A T L - S
. R , -
G02: CM» TKB"QGQ KEY “COMTROL B* BEGINS DATA :

1= DIS7A - IMULAT N LOCATION B 7
oy 13082, c1 . ACCUMULATION iN LOCA o o

- nov e12288,C2 . - et
. MOV sisa,apcS® - ™ L
RTI - . o \ SRR A
o \ . RN ,
e oisea KR ke v miseraia
CLR es16a632 " - 0 s 4T
MOV #193@3,C9 T— SR
MOV #10983,NC : o R
MOY ll2BBByLC o B - . :
nT1 LT AT W
2] oo . L .
-gié.géog"? TKP’ "B . kev wB~ DISPLAY B,

cLT es1648@2 © . coor ] L. - S
MOY #12302,C8 T L SR ) '
.MOY elB@@,NC . . | B
NOU‘IIAGBG;LC ST PRI B
3 IR Y
5701 CHo rxa,a's a4 Y
BNE DISPD ° . - .. KEY “S» STOP‘aDC . |
MOY :4.Aocsn ' R S
RT1 - o C Ly !
DISPDs .CMP. rxn.o-o . KEY "D* DISPLAY: THE THO DATA
BHE DISPX - . . - |  STORAGE LOCATIONS.X '
CLR #4#'164892 ' . yuEwE DATA IS MOVED. TO PERFORH

HOV - #14099,C8 " YaRIOUS orennr:ous '

ol
{ o=

“MOV _s1008.NMC . -
. MOV sl6@B@,LC . . . . . < S S
RTL R P AN S LR

Ja




DISPY: CHMP TKE, #°X  \oy wyw DISPLAY X
BNE D1SPY

LLT 241640082 ‘ - : "

0% #14003,C0 ‘ \ :

0% #430,NC .

voU #15300,LC

1:0Y #1a193,0°0 - o S
10V #15023,0PL o, .

nT1 .

DISPY: CMP TKB,#'Y . |

TIE D1SPY - KEY Y™ DISPLAY Y . SR
CLR 0s164882 - . : -
$07 #15922,00 A : R
MOV #4X33,HC Co . N
MOV #162380,LC |

$0Y #159803,0P8 : N ‘ ) e
MOV #16200,07"L . . N
Ty . e . .

DISOH: CHUD THO,e'YW KEY "W*. DISPLAY o o
EMZ MOVE ” ' : B R
CLR 94164002 : : R
MCY #70043,C0 g : ”%b
MO0V #403,MNC - © W

. MOV #10330,LC
HOY #73933,0M2

MOV #1023@,0PL

.

\
R

.
I

RT1 S '
. &EOT., T o 7 : . ) . !
D% MOVL "DISPLAYED TO' X IF IT IS 256
MOV C2, 11 o CHANNELSS TO X AWD Y (D) 1
LP: MOV (X1 ¥+, (%2)e . . S .
cHe z1,LC : - © '
BEQRET , -~ - & Lo
DR LP ' . :
MOVI: CMP TKB,#'! KEY “SHIFT 1" ' SHIFTS DATA FROM
BIE MOV2 . “ DETECTOR | TO LOCATION D
- MOV #10200,.%] . (DETECTOR ! IS AT +135 DEGREES
. MOV #14800,22 .. WHEN DATA 15 ACCUMULATED IN A,
L2s MOV (Z1)+,(22>+¢ gyt AT -135 DEGREES WHEN DATA
P %1,011000 1S ACCUMULATED IN B) ~
BEQ LR o S N '
DR LO | -

. LR: MOV »213068,%1

MOV ‘#15880,32 . I e

LS: MOV (%1)+,(X2)+

CMP 21,014000 - S ,

BEQ.RET . N
BR Ls . o : . . CO

MOV2: CMP TKB,#*™ - , , :
BIE RVRS - . KEY "SHIFT 2" o
MOV s12008,%1 @ . oL

‘MOV #149008,%2 b L

LT: MOV (Z1)+,(%2)% : .\ e

82



cuP 2t, 213000
“BEQ LU '

37 LT

LU: MOV 2110008,%1
“ov 215000,%2
LYz’
MR 21,0120073

azd RET

gn LV

fYTS: CHP TKB,#"1
I PLUS - -
MOV 214000,%1

1oV #15000% 32

LUt 10V (%1),%3

MoV -(%2 (’l)’
23, ¢ )
Zl.¢ 493 T

oY
crp

39 LX: ’

BR LV | -

LX: MOV #15000,%1
1OV £16280,3%2

LY: MOV, ¢(21),%23 -
MOV -(%2),(%1)+
MOV %3, (%2)
CP 21, 415400

BEQ RET

BR LY D -
RET: INC KSR

RT1 )
PLUS: CMP TKB,#'+
RIS MINUS

MoV 0962721.0933 _
a7}

MINUS: CMP TK8.!'-
BNE NOUGHT

MOV 016272I;OPER
rT1 ’

BHE WU .

MOV .#1,CONST .

‘BR BACKGR ~ .,
VUN: CHMP. TKB,#'1 .
BIE TOO0 P
MoV aa.cousr

B BACKGR -

TOO: CMP TKB,#°2
BEME THREE

MOV #28,CONST

- 87 BACKGR

THREE: CMP rkn.o's_

BIE FOUR
MOV #1099, CONST
BR BACKGR

Il

MOV CZ1)+,(22)¢

HOUGHT: CMP Tna.o'a

KEY 1% INVERTS THE DATA IN
'BOTH X AND Y. (FOR TIMS SPECTRA . .
THAT HAVE BEEN COLLECTEQ”#1TH .

. TIME REVERSED). . '

-

“kEY =+* ADB BACKGROUND

-

KEY “<" SUDTRACT BACKGROUND - .
(GONSTANT BACKGROUND 2
TO THE POUER 2N). .

KEY "8" - -

KEY 1%

’ -

P

KEY "3




&
J

“oun: CMP TKB,#'4 , ' - ’
- MDIEFIVE . . KEY "a*»" . -

1OV - #2483, CONST ) g
3% BACKGR . ! . '
FIYE: CHP TKB,#°S KEY "S* s

- XIE SIX : -

T %MoY #2000,C0NST
37 BACKGR
SI%: CHP TKB,2'6 g
TIE RIGHT KEY 6"
M0V 710903, CONST .
2ACKGT: MOV OP@.XT ©.
0PER: CLR %2° - .
COuST: CLR %2 - -.
© . CMP 21,0PL

'BEQ RETURN

. 8% OPER- T ‘ oo
RIGHT: CMP TKB,#'R KEY *"R" MOVES THE DATA
RIE LEFT ' ONE CHANNEL RIGHT
MOV OPL, %1 ) : - - _
nMov.oPL,%2 s ok
CLR =(%1) oLt
SHIFTR: MOV «(X1),~(%2) . . : . .
cir. k., - A ¥, . . g - ev !;
BER RETURN o : - )

.07 SHIFTR _ - ’ .
L J o~ ., .
;SETéog:? THE #°L KEY "L* MOVES THE DATA
MOV OP@,%1 4 - .. ONE CHAMNEL LEFT .
MOV OP@,22 . R S |
cLR Cx1+ - o
SHIFTLI MOV (Z134,€X2)¢

. CHP %1,0PL 2
. -BEQ RETUSN °.

Bn SHIFTL . 2
HORM: CMP TKB,#°'N - KET wpyv. TO- NORMALIZE. . A
RIE DIVIDE e ‘ —
MOV OP@,%1 T (MULTIPLIES EVERY POINT IN
Mt MOV (21),%2 - THE DISPLAYED SPECTRUM BY 17/16)

© MOV #4,DN - - . e e - .
ROT: @SR X2 ' S .

. BIC #10808808,22 R : :

* DEC DN . - _ _

~TST DN | \ , ST | .
ME ROT - . . . g L .
ADD 32,(%1)+ o B

ct® 21,0PL - B : R
BEQ RETURN - o, S

" BR NN : L |

DIVIDE:, CMP TKB,#*/ KEY */* DIVIDES X BY Y

BNE ZERO "~ - [ POINT BY POINT AND. STORES
'CLR %4 .. . . THE QUOT1ENT IN ¥ FOR DISPLAY
‘HUMs MOV Al (%4),322 o S ,

.



7ST 22 o ' ' | |
B 7 : ' . .. ' . , - —
10V A2(%AY,31 o _ | |
TST %21 _ D |
pen 2 _ .
AR N
STV AN ¥: W5y | .
SETUP: ROR %2 = -
20" 23 . , ’ |
" DEC M . -0 - _ )
TST M o : - S
mIE SETUP , o
MOV #22,M  , o S
[ DI'-': ASL:S . . . . . t
ROL -X2 o | . | o
GEA LOP: . - v - e
G 23 . . . ‘ o
sUn z1,%2 :
» HI1S LUP
ADD 21,%2. . ' . o )
DEC 23 . . . , | | o

WPy DEC M - . SR L
TSTH " .‘. ' ’-. _ﬁ o ' : i .-
JIE DIV . . o o .

MOV 23,A3¢24) ’ ‘ S -
COUNT: TST (2a)+ ° : :

CMP 24, #A8 ‘ - _
3R A IR o

Z'T CLR A3(24)

BN COUNT

A: CLR X4

AQ=1300 : S .
+Al=14003 < . .
HA2=15009 _ . _ C. .
"Ad=7000 - 7.. . .
7t RET . L

ZERO: CMP Txa,oeaa .
»CONTROL z+ ZEROS THE
BIE EXP - KEY "CO 0

' RUM v N

OV C@, %1 7 : DI1SPLAYED SPECT . |

AGAINI GLR (X1)+ . | | | e
' QP $1,LC . coE |

RE AGAIN o _ .

RETURN3 INC xsn .
mx i ' o ) L . .
TKEP 177562 | o, . | ’
- KSRw1T7568 SR - )

g
n




EXP: CHMP TKB,#'E
IIE RETURN .
HovV #15338.21
CLNY: CLT (21)+
CiiP %1,216292
IE CLAY

1OV 0#177570,2%1
MOV #15109,23 ;
10V 221647326, ¢23)
ASL (23)

ASL (23

ASL (23)

1oV J17,M

MOV (23)+,22

CLR =(26)

CLR Za

LTt CLC . :
ROR. 22 "
noR 14

noL %1 . ’
TST 21 -

BPL. BACK

ADD 22,(33)

ADD 24, (26) .
ADC. (23)

. BACK: 'DEC M*
CTST M y

E HULT .
OV 02177570.,%)
oV #17.14 %
OV (23)+,%2

HIOV (Z26),%A4

LLR (X6)

clHP 23,2160080
BIE MULT

CLR (26)+

nT1 :

«E2ND

. o - 86

-~

KEY *E* DEPOSITS Al EXPONEHTIAL
SPECTRUM 1IN Y

THE AMPLITUDE IS, DETERHINED BY
THE MNARKER SHITCHES CWHICH ALSO '
DEFINE THE IN{EHSIFIED POINTY

THE BATIO OF CHAMNEL N+1 TO

" CHAUNEL M 1S SET 01 THE CONPUTER
CONSOLE SI-ITCHES
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