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Positive Muon' Studies of Magne{ichateriéls
ABSTRACT -

Bruce DoBos Patterson

. . _ o + o __ _
" Polarized positive muons (u) are stopped in magnetic

- + . N S,
materials, and the U precession is observed via the muon's :

asymmetric decay to a positron. . The precession'frequency is a
measure of the local magnetic field at the u . Relaxation of

‘the u+'5pin'is_caused by spatially or time-varying local fields.

_-The local field at a stopped p in ferromagnetic nickel is

measured. From this measurement, the hyperfine field seen by

an interstitial u due to its contact interaction with polarized
_scréehingﬂelectrOns is inferred to be -0.66kG. A discussion of

 this value in terms of a simple model for the screening con~ -

figuration is presented.
Critical spin fluctuations in Ni at temperatures just.
above the Curie point rapidly relax the y spin. The tempera-

ture and external magnetic field dependence of the relaxation

'Vfate is determined experimentally. A theory for the relaxation -

rate is presented which demonstrates'the importance of the

hyperfine and.dipolar interactions of the . with its Ni host. .

" .y o+ . . ’ P oy
. Preliminary results on U studies in ferromagnetic iron and -

cqbalt'are also discussed.

iv
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I. INTRODUCTION

»:A. vThe Poéiﬁive Muon_and thé_ﬁSR;Téchnique
Tﬁe positivg muon‘or.u+ is an elementary particle with, unit

positive charge. It was first obsgrved‘asaaVCOm§On¢nt of cosmicv
rajs, and wiﬁh the adVent of 1arge éccé1erators it coﬁld Be pfof
ﬁugéd artificélly. .A,brief summary of its ﬁfopégtieé is'pre—
sented in.Téble 1;' o | | |

Beéause it hés’épiﬁ 1/2,Tthe uf'has a hagnétic‘dipoievmémén£ 
but no electric duadrupélevmomént...Its ﬁas§:6f 1/9 the prdtéq
mass'iévéﬁch'that one may'oftenvthiﬁk'of.tﬁe'yf siﬁply as a 1igh£
‘vprdfoﬁ;__Tﬁe u+ is ﬁnstable, hdwevgra decayiﬁg into gvpositron
énd twd'neﬁtrinds with a mean 1ifetime_of’2.2 néeq._vThe
'gy;omagnétié.raﬁio and lifetime of the ﬂ+ are such that it
précésséé‘qne revélption in its iifetime.in.é field of434vgauss;
Laﬁoratory fields of this ordef of magnitude are easily produced
v_and.cqntr;11ed. | | | | |
‘The pargnt‘of the u+:is a positive‘pion.u‘wﬁen Fhevpipn
_décaysvto‘a u+,btﬁe ﬁ+ is polarized’wifh ifs sﬁin_éhti;ﬁarallé;' 
fo its momentum; 'Oﬁe';hus knows the initiél oriehtatioﬁ 6f‘tbe'
' muon'S'moﬁent. Whehvthe u+ decayé, thé:positron is emitted
preferentiélly along the muon's spin_diréctidn, so by ﬁOting the
diréction of positrbn emission one knows ;omething abogt ;hé :
final orién;atioﬁ.ofithe muon spin.-.If is.poséible, thefequ§, 
= to_folldw fhg evolution of the muon sp1nvdirecti6h3with timé.i:;”
| This.ability to follow tﬁe'mﬁoﬁ_spiﬁ anﬁ'the_cénvenient mag—:

- nitude of its lifetime and gyromagnetic ratio make the g a



PROPERTIES OF THE i

Spinf' 1/2
Mass: m_ = 207 m_ = 0.113m

, H e P ,
Magnetic Moment: uﬁ = 1/207 Mg = 3.18 up
 Gyfomagnetic Ratio: Yu = 13.6'MHz/kGauss_.
Lifetime: ‘1'u = 2.20 usec

Decay Mode: u+'+ e+ +'ve + ;ﬁ

v Table 1. -The numerical values stated are known to

'moré sign1ficant digits than shown. See Ref. 1.

-many.
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,véluéble'magﬁetic'probe of‘mattef. ’By.qbserviné the préces§ioﬁ ;'
lof:the u+ stOppéd in a sampie and détermiﬁing'tﬁe Erequency off
'.ﬁrécession,.ohe may,VVia the known gyromaggefié ratiol, findvtho
. local magnetic fieid acting on the u+; ThiS'is tﬁé mu§ﬁ'$piﬁ
rdtgtion'or "#Sﬁ'technique.z | . “

V1‘It is 5eiieved thatlﬁhe'p+ enteré most solid materials'és
~an inteistitial'impurity. vIn‘solids wﬁicﬁ'contain large amounts
'Qflhydrogen, the»p+';éhds to réﬁlaqe-a~pfo£on.3 In Qn insulator, .
thg u+’captﬁrés'an electrdn4 td form mﬁoﬁiuﬁ (u+ -e ), while iﬁ-a
' métal'itvattracts néighboring conduétiOn.electrons, f_orming5 énj
unboﬁnd screeniné cloud. Thesevsituétioné représent electronié
imburity states not fqund in ‘the pure hoétf Thg HSR techniqué“
fhus allows accesé to one of_thefsimpleét coﬁceivabie.imﬁurity
vprﬁblems: ‘a point charge in aﬁ‘otherwisevpufe host. It ééntrésfé'
.IWith tecﬁniques like x—réy ahd.ﬁeﬁtron difffaq;ion, whiéh'are.'A
designed:to study pUre‘maﬁétialsg'nOt isolafed impuritieé.v

The USR teghniqﬁe bears:a étrong resémblance-fﬁ’tbe'nuciéar

 magnetic'ﬁeSopanqe‘techniQUev(ﬁMR)ﬁinfthét they both measﬁré the
ilocal maghétic'fieldvat a'microécqpic prébé. NMR, ﬁowéQér; ré—fi
"quifés,the absorption of a macrbscdpic amount of power;'neceééé
itétingba relatively high concentratioﬁ of resonént huclei..'Tﬁe'
uSR'teéhniqué’operateé in tﬁe eXtremé.diiute.limit>df,one ﬁ+ in
.'thévsamplé at a time. | | _ .
,.Thevféct thaﬁ the,u+voccupies7an'interétitial site also éeﬁS 

it apart from most'dtheff;ypesvof probe. :Cthentioﬁal probes.are '
"fﬁsually the eleétronsjor nucieus of a ho;tvatoﬁ or éubstitut%pnal'

¢

impﬁrity. ‘This difference is'especially-significant_fdr the case



of ferromagnets where a nuclear probe and an interstitial probe

see drastically.différent local fields.
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B. Protons énd u+ in‘Météls
The»eiecthpicistructuré'of:a u+ imbu§ity‘énd a proton
,impufitj-afe_ideﬁtical if one qeglétts the sﬁali difference in
thg rgduced masses Qf associatéd elettrons.‘ frptdn magnetic
:esénaﬁce (PMR) makes available ihférmatioﬁ similar to that
obtéined’from a uSR'experiment.

PMR has been performed.on a large nu@5¢r of.sQlidS;containing
protons. . Most of these are insulating co&pounds Céntéining 1argé
aﬁountS'of hydrogen. Although the‘uSR tééhniquevcangbe applied
._tovsuch_SyStemss, it is moStvvaluabierin systems.whefe'fMRnié"hot
v.lféaéible, such as the ﬁetal-dilute impurity system. .
 Many'métais can be charged with enou;h hYdrogen'toiméke PMR .
_‘observable. Typical sémpleé are transition and rare earth metal
hydri@es‘MeHx(xﬁf.l). fSuch high hydrogen cpﬁceptrationé are i
réqui;ed to have a sufficient number of resoﬁant nuclei in the ,

- skin depth of the sample. 'Aithough theseﬁexperiments:afe far:froﬁ
the dilﬁfé Iimit, it is inétruétive to séé‘ﬁh5t~type of'infor;
mation;haé been~1eafpea.. | ‘

Propérfies under study Qith.PMR in Qétal+hydrogen $ys£ems
iﬂéiudé:v l)vthe Knight or.chemicai:shift6 éfithe PMR frequénéy
(Whiéh fé&eals détails of the eleétronic structuré of the im-
.purity state) '2) .the position 6f the pfotoné in theiﬁoéf-latticé
(as detérminéd by,a'careful measurément of thérstafic PMR liﬁe— |
width) and 3) the pfoéon.difquiOh rate ‘as méqsured by‘the
motional narrowing7vofAthe PMﬁ 1iné);

.THé_PMR ffequency shifts'for several hydrides havé been

N 8-1. . ' ' '
measured _4 -and most are compatible with the picture of an inter- -



.stitiai pfbton surrounded by‘an unbound sé?eéning-cloud. Ah‘

'exceptibﬁ is thevcasel5 of fa—H,iwhere hydrqgen\atoms‘maké1partia1 

'covaleﬁt.bonds ﬁith the host atoms. | o |
Thé proton sites in a few hcp and fcc métai-lattices'havé

. 10,12,16,17

been determined via PMR. ' These resultsltogether with

8.19 . .
18,19 demonstrate that protons tend

neutron diffraction studies
:touéccﬁéy tﬁe oc#ahedfal and/or tetrahedralfinterstitial éites 
innfhese'iattiées; Itvis.difficult to extrapolate this data

to the dilute lihit because qf thé existenée'of‘phase changes
'_which.aCCOmpaﬁy‘changés ih the hydrogen concén;fétion. |

PMR studies 10,15,20-23

in seﬁerél hydrides show line widths
which becomevsuddenly narrow above a fairly weilbdefinéd thregh;:
olditempératﬁre. Abﬁve this temperaturé,‘the proponé‘aré répidly
diffusing, aﬁefaging ouf the effect of static ﬁicr&écopié inhbm&—_.
genieties. This thfééhold temperatufe is uéuéily of the order -
of a few'hundred K. |
The PSR tééhnique has been Qﬁplied to_é'few metals so far
- with ipterésting'resuits. Because onl} one:muon-ié in thelsamplé
at avtiﬁe,.it'is definitély an isol#ted_impurity which ié under
 study. Knigh;lshifts of u+.in vafious métaISwhave'beea meaéuredza;
a theoretical interpretation bf this data'iérpresentedvsuﬁseqﬁently.
. Several .studies qf u+ diffusion in metals have been pérféfmed.
" The muon's activation energy and diffusionvconstant in copper;ha?é
been determinedzs_by observing tﬁe ;emperature.dependent
motional narroﬁing éf the static-dipolar_1inewidth. Iﬁ’a similar
Study26vof Supercgnducting'niobium, it-was foundvtﬁa; the u+ is

répidly,diffusing even at very low temperatdres; Diffusion in"
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ferromagnetic iron and nickel 7 has also been_studied, as will

be described in a later section. The determination of the u

site in a_metallic'host has not yet been performed, but studies

- of ferromagnetic metals may make this poséible.

?



C. USR in Fefromagnets

~ Metallic ferromaghets are fascinating systems to study with

uSR, There is at preeent much interest in impufityeétates.
in these meteiials, and the SR technique ie very well adapted\~
te_just this.sort-of inQestigation. | |
| .Qne'ef ehe earliest inveetigations_of ferromagﬁéts‘with.

muons.was.an experimeﬁt32>by Rasetti iﬁ‘l944. eﬁsiqg cosmic fay-
mubns‘and'wieh'a cdunting rate of one per‘hoer? he  set ouﬁ.tg
.fiﬁd if muons passing through magnetized iron féel theumagnetic_
field B or H. In an interpretation of this dafa,'Wanﬁier33
stressed the impertaﬁce of the "iﬁterpenetration'of the muon and
the.magnetized eieetrens". In more modern terminolog&, this
interpenetration is the source of,the Fermi contaet-interacfion.

In 1971 an.attéﬁ§t34 was made at the_Lawrence'Berkeley Lab-
oratory £010bserve u+ precession in a spherical coileetien of
irop filings. The large variety of'demeghetizing'fields produced.
e large,ihternai'fieid inhomogeniety, andbrapidbdepoiarizatibh
prevented the obServatien of precession;'

A group headed by W. J. Kossler at The College of William
and Mary‘first dbserﬁed35—37 coherent ﬁ+-precession in a ferrbr
- magnet in 1972. They studied polycrfstalline samples qf Ni and
Fe et:room temperature and above. 1In a epllaboration Qith,a greup
from Bell Laboratories, they later extended theip stﬁdies38,to'the_
ferromagnéts'dysprosiuﬁ and gadoliniuﬁ.'

vAfter the initialIWO;k by Kossler, et;'al. our group”ét
LBﬁ obserQed preceSSionBQ'in a satu;ated sample of polycrfstailine

" Ni and at low tempeféture (77K) in a single'érystal'of Ni, and
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we theoreticélly interpreted40 fhe Qbserve@-éoﬁfaét fiéld! Ex-
_ pe;i@enf; were also dbneal in Ni at fempgfétures near tﬁé Curie
point, and room temperature précession was'bﬁsefvea.in é Sihgle
crystal of iron. | | | | |

CA group at Dubné in the:USSR has performed'expériments42 on
. Polycrystalline Ni,‘Fef and‘bo, fo;using QﬁténﬁiOAZZ on the '
temperature dépendénce'of the depolarizatipn_in_Fé'and Ni ét ioyer
fémﬁéfatures'ahd on the'sign.of‘the locallfiéld iﬁ these ﬁateriaisa3.
A.théqrétiéél papef on u+ in ferromagneté44Ahaé been published |
by IQantér. ' T | -., |

Our assumption that the positiye-ﬁgqn occu§ies_an' 
_1néé£§.t1t1gi s:l:te. in Ni and Fe is at present bésed on éiféum-‘ B
stanﬁial eQidence. quositive'mhgn ih maftef'is.éleétrbniéaliy'
| aiﬁoéf.idenfical to,a_protoh. ﬁeuffon diﬁfréctiOn gxpefimenfsioﬁ
Ni-H . have demonstrated’” thatbthe.p£§togs'6céupy octahedral
interstitial sites in the fec Ni lattice.. Aii';h.;jugh the 'ﬁydfid;e :
»is-f;r from thevdilufe limit of the uf technique, wé are
prompted to explbre.the consequences of our aésgmptidn.i Thé';
locatipns.of fhe ;etréhedra1 and octahedrél sites iﬁbfﬁe'fpé uﬁitv
cellAare'shown-in Figure 1. |

'Iﬁla métal,xfhe correct déScription:éfiﬁhe eléctfoﬁic;gtatéf-
'qf.the_ﬂ+ is a bare muon surroundéd by a screépingbclédd of un-
bound conduction electrdﬁs. The fact.tha;_the_u+ binds_én elec--
tfdn; forﬁing muoniﬁmé, iﬁ insulators‘suggests'tﬁébiﬁtfigﬁingv
possibility of obserﬁiﬁg cohe;ent interst;tial mubniﬁm precessiOnk
:in insulating ferfomagnets or antiferrbmagnets, | |

In a ferromagnet like Fe or Ni, the muon's eléctronic

i
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screcning cloud is polarized to some extent;"This'polarizatioh
proddces4§ an isotrcpic contact.qr-hyperfiﬁé field at the mughv
..which.isfproportional to the degree:of polarization andltovtha
: electroh density at the p+. |

‘There is also a classical dipolar interaction between the.

‘uf and the localiaed polarized_electrchs on theineighbdringfcores :

.of its host. 'Furthermore, this classical dipolar interaction hay
appear4enhanced if the contact interaction menticned‘above hasv
not only an isotroplc part but a part w1th dipolar symmetry as
well, Such an effect is known as pseddo—dlpolar enhancement4
"_and.is.a resdlt of anzaspherical charge or spin distribhtionyin
the mﬁon's.screening clcud.v B

hll diﬁolar'fields vanish at.a site,srth cubic syﬁmetry in
-;:thevcrdered phase. This'applied tc bdth'the octahedrai ahd'teté
rahedralvinterStitial sites in fcc Ni. Here;.the only field the
u+.$ees is the isotrdpic contactvfieid. N

The 81tuation is radically different in bcce iron where the
face—centered 1nterst1tia1 sites do not have cubic symmetry The

. dipolar fields are suhstantial here.

Cobalt, with the hcp structure;'is_aﬁ intermediate_case;_ Ify

the c/a ratio were perfect, the'interstitial Sites would

)

; have cublc symmetry, for nearest neighbors._ In reallty, c/a for.

cobalt differs by 1/ from the perfect value 1mply1ng that small

dipolar flelds exist_at the interstitial sites in add;tlon to the

isotropic contact field.
The elegant cancellation of dipoiar fields in‘ferrcmagnetic'

Ni no longer occurs when the cubic symmetry of the muon site

11
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is destroyed, as it is aboye the Curie temperature or in a deformed

4

or impure crystal.‘ In controlled experiments of these sb:ts; the
'aipolér:fields can be made visible and studié&._' |

It would be of great value to determine the state of motion
of the ﬁ+ iﬁ.the ferromagnets under»study.‘.BesiAes being of
intrinsic interest, fhe sﬁaté of motion determines mhch about-how
the U+'$amplés the host's‘magnetism. |

An extrapolation of permeation time lag measgrements
indicates that protons in nickel below‘aboﬁt 200K afe stationary
- on the time.scale of our éxperimént, undergéingvonly_zero point
oscillations about the eéuilibrium poéition af the center of the
octahedral interstitial site. |

"Posiﬁrbns.diffuse much more rapidly due to their 1o§ mass.

‘Calculations for various_metallic hoSts48 sﬁggest an'incféasé
in diffusion rate of-about'lo9 oVer.protons.v

The u+, with a mass between that of thé pfo;on and positron,
may be at reét or in rapid motion;‘an experimental investiéation.
- is célled for. The éxperiment25 performed on muons in Cu
mentioned éarlier‘suggests an elegant way to stddy the motion of
ﬁ+ in ferromagnets. 1In copper, the nuclear moments- of the host
preseﬁt the muén with a microséopically inhomogeneous Magﬁetic
field. The diffusion of the u+ narrows this linewidth. If
different u+ sites in'Ni_can be ﬁade magneticélly inequivélent,
; u+ motion in Ni can bé studied in a similar manner!.
Oﬁe method of introducing microscopic inhomogeniety. is to

alloy the Ni with another element. The solute will in general

not have the same electronic moment, and a dilute random



diétfibutioh of these impurity atoms will ﬁroduceJthe deéifed'
field inhémogenietya A preliminary investigation of Ni-V ailpys

by our gfoup yielded inconclusive results.

Thebartificiél introduction of field~inhomogenieties.wdgld_bq_

unneéessary if.the,u+_sampled botth thevtet;ahedral and oé;éhédial:
| interst_i;ial sites.in the Ni fcc lattice. Although the dipolar
~ field in both éf-theée sites ié 2efo, they ptesumably'have_ 
different hyperfine fields. It was hoped ﬁhét one couldvstudy the
temﬁeiatgre dependent jump.rafe,of thé‘p+'ém§ng'th§se inequiﬁaleﬁt
siteé.; It is known27 that no.dram#tic]éhanges_in the,mﬁbn pre-
‘cessionIOécur down to temperatﬁres of 100K. We performed‘éﬁ
expefiﬁéné in which.a single,c;ystal Ni sample‘ﬁés‘coolea to
O:lZK._ it ﬁés hobed that t%o pfecession,componéﬁtsfw0u1d be:
visiblé cortesﬁonding fo muons-frozen in’the“two,types of sitg;

, Only one precession ébmpdnent'waS'seen ét.thisvlow
temperature, ahd‘the frequéﬁcy was just'é'siﬁplé'extrapolafion
of theAeérlief resulté_at ﬁiéhervtémperature. This i@plies
:that éither the ﬂ+ sampies_only-one'typé df-sife at all
;emperatﬁfes, or that it is moving répidly (quénfﬁﬁ ﬁﬁnneling)
:,e§¢p at O.lZK;' : |
Beéause'iron is bee, and becaﬁse,the‘easy'axis is [100],
| well ﬁelow satﬁratién,'it has two electréétatiéaliy équivaieﬁt
iﬁte?Stitial'sites (on the cuBe’faces) whichhhave.radiCalifj_J
different dipo'lar fields.. The magnitude of the ‘qi’;';oiar field
at one;sipe is twice that‘ﬁt thefotﬁer; butvtﬁé 16w field‘site
is tﬁiéé as common. Sincé théVfiélds'at the twasi£es have

oppoSite:sighs, rapid muon motion will average out their

13



contribution. Thus, the expected precession pattern in iron at
high temperature is a single long-lived component.
The effect. of decreasing the U jump rate will be first to

7 . g . .
shorten’ the relaxation time of the precession (as the jump rate

becomes equal to the precession frequency difference). Just such

a dramatic drop in relaxation time has been observed for muons in
» FPETN oL 2T '
polycrystalline ferromagnetic iron .

If the sample is a single crystal of iron,'and‘if at low
temperatures muons become frozen in the two inequivalent sites, -
long-lived precession at two different frequencies should be
observed' . Preliminary experiments by our group on a small iron

crystal at. 77K were inconclusive.

14
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D. Organization of the Dissertation

This dissertation is divided iﬁto fhréeiﬁaiﬁ parts{ .Thg::
first ﬂgscribes the pSR teéhnique as applied\to a'géneral samélé@b
Topics'iﬁcludebthe productioh, stoppiﬁg,,an& decay Qf the u+,:g
description of the eXperimental'set—pp an§ ébuntiﬁg prdcedute,vand
a deséfiption of the methods of~&ata analysis.‘ | |

| :Thevsécond part presents experiﬁental.aﬁd theorétical'work
'done:ﬁith USR in~Ni in'the ferromagnetic staté;'faf below thg
Curie temper;tﬁre. iﬁe lbcal field at theAuf,’including its
temper;ture and field depéndenée,'is diécuséed-'.ﬁifferenCes’
between single crystal and polycrystalline SQmples:are:streSsed
and é theoreticai treatmént_pf the ﬁyPerfine field is préSented.-‘

.in the‘third parf, work done on .Ni near’thevCurie_temperature
1s.déséfibed; This inclﬁdes’a deterﬁinatiqﬁ'bf>the critiéél'
exponent B and an experimental.and théoretic31 treatm¢Qt,of thé

observation 6f'critical spin fluctuations with uSR.
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II. EXPERIMENTAL DETAILS

A. Medium Energy Physics

At this poiht a brief description ofvhow our positive muons
are prodﬁced, are brought to rest in the saﬁple,vaﬁa end their
life is in order. Tﬁis description will be sketchy on pufpose asv.
the_detaiie have been presented in ’z-othe;»publieetioﬁs:

The process begins when the external proton beam of the 184“
.Cyclotrdﬁ of LBL strikes a coppef pioneprOductidn target. 'Only a
part of the beam strikes the targe;, allowing for the simultaneeus
operation of a Secbnd experiment doqutream..-Ouﬁ of the multitude'.
of'nuclear interactions which occﬁr in the'copper‘cemes ; ‘
substantial flux ef positive pions. Thqse‘with the correct mo-
mentﬁm.entef the ﬁuen chennel whichbisvcomposed of e bending.
magnet foiiqwad By two quadrupole focusing magnets and akéecohd
bending ﬁagnef. The first bend selects pions‘ofie &efinife
momentum.. These pions then”decaf dﬁring.their fiight'through
the channel into positive muons and unseen neutriﬁos;‘ Because
the decay occurs in.flight and because it is an exa@pie of a
non—périty conserving weak interaction; a”u+ beem with'twev
" oppositely polarized eomponents reéults;v The highef energy or
 "forward" muons are tﬁé ones used in.our experiment. These are
polafized éntifparallel tovtheir moﬁeﬁtum'directioﬁ. The les£. 
bend serves ﬁo separate tﬁeSe forward muoﬁs fromitﬁe backQardv
vmuogS aﬁd theeundecayed pions. The forward muons.haVe aekinetic'.
= 150 MeV at this point.

ehefgy Eie
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kThe u+ beam then passes'through'a-z" éoppér‘dégradérjwhich
further eliminates the pion component and slows the muoné frém
150 Mev to 30 Mev éuch that ﬁhey stop‘in the sample under-studyf
A métal sample of typical size is 3" by 2"Aiﬁ'area and 1/2" thick
and_stoﬁs.about 1500 muons peg‘éecond. | |

The stopping of the ﬁ+ in liquids énd ga#és (the casé.df
insulators should be fairly similar)‘has been deScfibed earlierl.
The case of metallic samples, which are of prime iuterest»in |
this“dissertatioﬁ, deserVes-speciai”mentioﬁ. As in‘liqUids and
‘gaéeé; ﬁhe enefgy loss during the beginning of the stopping
process is purely due to ibnization of‘the‘host atoms by_phe‘bare

muon. This mechanism dominates until the p+ velocity drdps to

typical electron velocities in the samp1e (vF, the Fermi velocity,'

for éonduction eieétrons and ac_for;core electrons,vboth éf
which are about 2 x.lO8 cm/sec) at which point tie = 3 Kev. The
capture of an electron by the muon now becomes possiblgfi A.
rapid éucéeésion of electron captures and losses follows until‘
fhe'veloéity’drops to the point where very'littie enérgy is lost
per collision and a state of quasi—eQuilibrium is feéched?with:the
ut hdlding oﬁ'to one eléctron. Ineléstic collisibn#iof thié.
muonium atom with‘thevhost atoms slbws‘thelhuoh.further until
tﬁe'collision frequency drops below the résponéevfrequehcy of
‘the coﬁduction eléctroﬁs.- Belbw_tﬁis respoﬂSe.freéueﬁ¢y (i.e.

: 14 .

the plasma frequency V5 x 10 sec—l)‘a scréeniﬁg cloud forms

around the Y and a bound state no longer exists. This ionization
occurs at an energy Eke = 15 ev. The U continues to drop to

thermal energies as a bare muon plus a screening cloud. The

17



problem.of u+ stopping in metals_has‘bgen.freapéd_frbm énther
point of view by Smirnov |

The quesfidn now arises: what happéﬁs to.the muon polar-
iza#ioniduring this cataétrophic éloving'dowh;  The-only inter-
action wﬁich can reorient the p+ spin is a mégne;ic intgraction.
Since the entire-#tdépiﬁg-process takeé less than 16_9 Sec, the
' mﬂon_woqld have to feel aﬁ average field of 104 géuss in Qfder 
to -precess one radian duriﬁg its stop. Invorder £o become.v_
depolarized, the ensemble of stopping muons must see a field
'distribufibn whose widﬁh,-after being averaged-over.fhe pagh‘of a
stopping u+, is 104_gauss. Tﬁis criterion cannot‘beimet e&eﬁ in
magnetized ferromagnets. It is true, hOWever; thaﬁ_fiélds'éf‘los.
gauss are produced at the p+ by a bound eleétroh, but che‘uppef
limiﬁ'for éﬁ estimate of the time during which Fhe stbppiﬁg u+'
bin&s an_electroﬁ is 10-12.séc, which égain precludeé depolar—v
ization. Indeéd;.it is foﬁnd'éxperimentally that 1little or no
polarizapibn'is lost when the‘muon stops in metailic_ferréﬁagnets.

The stopping pf certainly causés a significant amount of‘.
radiation démage (vacanciés,vdislbgations, Qoids,,etc). Since
the highest density of this damage occurs at ‘the éﬁd of tﬁé_
muén's range; an important quéstion is whether tﬁe u+ sub-
sequen;ly interacts with the damégevcaused by its own stop.
vThere is_alot_of uncertainty. about this question,_apd each
material should Be examined separately; In this disse;tation,
it willlbe assumed that the u+ diffuses away from fhe stppéing
damage, sampiing oniy pure,.undamaged material. Thi$ assumpfion"

requires further verification.
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‘We now have a thermalized, polarized p  in the sample. .
During its 2.2 psec lifetime, magnetic interactions rebrient the
+ . . . !\. .. »
U  spin either coherently, resulting in spin precession, or in-
‘coherently, resulting in depolarization. The nature of these
" magnetic interactions forms the bulk of'this dissertation;
| + s | N R T
The 4 decays according the the scheme: p > e + Ve +._\)p

where the 6nly observed product is the positron. Liké_thé pion

decay,'this is an example of a non-parity cqnserving weak inter-

action.  It is found that the angular distfibutioh of.the”decay
positrons is asymmetric, having the formz' £(0) = 1 +_l/3 C6S(é)
after averaging o&er the ﬁositron energy.:'Here 0 is'the aﬁgle 
betwéen fhe u+ spin and the positfoﬁ mbmenthm. ItAié the higher
energy»poéitr0q§ that are emitted in the forward direcpibn,xsd_
if éne Sglects‘acqording\ﬁo.positron energy (at phé'expensévpf 
' counting-fate); the asymmetry of the distribﬁtion inéreaSes.
Since very low energy‘pOSitrons fail to leave the sample,:we

autdmatically_perform some degree of energy selection. Thef

maximum positron energy corresponds to a range in copper of 2 cm.

.19
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' B. Experimental Techqigpe

A simplified;sketch of the sample and counter geometry ié

preéentedbin Figufe 2. For further details, fhe reédér is
'referred to Reference 1. The detegtioﬁ of the incoming muons aﬁd
exifing poéitrons is:performed by two counter telescopes (drawn
schematiCAlly‘as the two counters A and B in theAfiguré),one in
front of'aﬁd one.behind.the targétf The counters are.piastic
scintillators optically coﬁpled to photomultipiiér tubes. Pﬁiseé
from the‘tubes are fed into several banks'éf electronic loéic
that determine when spgcified coincidences occur.

A muon which stops in the sample regisﬁers a count in the
forward or A counter with no corresponding count in the backﬁard
or Bycounﬁer. The AB coincidence dgfinés the time ty and starts
a very fast clock. At this time the u+ polarizafion is known to
be pointing back toward the A counter. The muon then decays with
a mean lifetime of 2;2 usec.‘.Apbroximately'ZZ of the decay
positrons from stopped muons leave the sample and pass through the
B counter, giving no corresponding éount in thé A éountef. Tﬁis

AB coincidence defines the time t., and stops the fast clock. It

2

1is the time difference At = t2 - t1

which is of”interest, and an
experimental run consisfs of & 106 measurements of this éuantity.
| A histogram of the nhmber of occurances of the measured
values of At will have the general shape of a simple exponential
. decay corfesponding to the 2.2 ysec decay of the u+. vBut ifthe
‘uf ié precessing in the external field or some inﬁernal_field,

the precessing anisotropic angular distribution of the emitted

positrons will cause the average counting rate of the B counter
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Figufe 2.  A simplified view of the experimentai set—gp showing
the precession coils, degrader, and target. The two counters A-

and B are in reality two sets of several counters each,

21



to vary cyclically with At, and the histdgram will have a

e

sinusoidally oscillating component superimposed on the exponential

envelope. The frequency of these oscillationé is identical to
the Larmor frequency of the pfecessing muan. -A typical
histogram is shown in Figure 3. |

The heart of the electronic logic is'the_fast_ciock._ We use
5 Hewlett;Packard type 5360A Computing Counger—which has a'time
resolution of 0.1 nsec. The fime intervals megsuféd_ére‘binned‘:
into 0.5 nsec bins and the overall ;ime'résolutiOQ'of the system
(includihg the'cdﬁnfers, coincidence iqgic and c16ck).ié about
.1 nsec. This blaces a limit of 1000 MHz on the highest‘brecession
frequency we can oﬁserve. The digitized time intervalsbffém
the ciock;gb'to An on-line Digital Equipment Corporation fo¥l5
computéf where the_hisfogram is stored and updated. |

The PDP415.is'a130.capable of doing limited data analysis
such as a Fast Fourier Transform50 during an experimental run.
For archival sﬁorage and for inpu; to the la;ger'COmppters'at
LBL the f;nal histogram is writfen on magnetiéltape at the
conclusion of each run. A histogram consists of_lZ@OOO,bins
correSponding to 6 Usec or.abbut 3 muon-lifetimes:' Just as
the time resolution limits the highest frequency we can observe,
the histogram length (which is dictated by the_muon lifetime)
éets é lower limit of about .15 MHz on the accessible frequency-

range.

22
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Figure 3. An'expérimental histogram taken for a'single crystal .
of Ni in a refrigerator at 20 K and in an external field of 150

gauss,
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Counting rates for a metallic sample of typical size

(3" x 2" x 1/2") are as follows:

Incident muons .3000/seq
Stopped muons o lSOO/éec
Deteéted ppéitrons (""good" eventé) o 30/Séc
"Bad" events o _  3/sec>

. A "bad" event is defined as one in which the succession of
bulsés-méde'the intéfpretation of the event_ambiguéus."This-wdﬁl&j
be tﬁe-case, for. example, if twé muon stops occuftéd in rapid
succession Before a positron was detected or.thé.cléckvwas '
reset. Bad'eQents were_discarded by the logic. Note-that_witﬁ 
this u+ stopping rate and a 2 usec u+ lifetime,'we can be fairly
sure of haVing oniy one muon at a time in our sample. .

We ofﬁen_found it desirable to appiyvahAextétﬁal'magﬁetic'
‘field to the sample. This was agcoﬁpiished'with a‘largé:set of
Helmholtz cdils. Helmholtz coils héve the advantage of providing
easier access to the Samble than a ﬁole tip magﬁet. In
~addition, thé use of Helmholtz coils a&oids thé proﬁlem of field
: inhomogenietyrfrom the_magnétic image chargeé inducéd on'the-
bole tips By a magnetic‘sample.

The coils uséd in our experiﬁént were4adjusted_to giVe '
fields from 4.4 k¢_t6 15 C with an inhomogeniety acrossvfhé
~ sample of less than 0.3 G. The fiélds were not regulated directly
but the drift in the supply current was less than 0.1 percent.

‘The samples cbuld be cooled dr-héated through the |
temperatufe range 0.1 K to.1000 K using refrigeratorsband oyeﬁé

to be described later in the text.
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C. Data Analysis'
'_The general mathematical form of the histogram is:
~t/T

, ‘ n
CF(t) = No B + e—t/Tu [1+Z Aie 2 cos(@it + Qi)]}

i=1
for n‘different precession‘components (cofreéponding'for’éxampie
to n different muon stopping sites in a.ferromagnet)..-uére No
is a normalization factor proportional tévtﬁevnumber of eventé
taken, B isvthe timé independent éccidental.gontribﬁtion, Tu is
and 'd)i glﬁé |

" the muon decay time (2.2 psec) and Ai’ T;:,_mi

respectively the gsymmetry,'relaxatiOn time, angulaf frequency
ST ' .th | S
and initial phase of the i~ precession component. In extra-

ordinary cases (such as precession in the presence of a large -

. - - ~t/T
static field inhomogeniety) the relaxation expression e F/ 2
- must be replaced by a gaussian decay e ' g or something inter-

medigfe ﬁetwéep an exponential and a gaussian. The experiﬁéntal
histogram differsvfrom this ideal formldue to:sﬁatistic31 
Variétiqns in the populatibn of éach bin. The average of a .
'_ 1argé.énsemble of histograms collected under idéntical conditions
is described by the mathematical form given. |

The barameﬁers of interesﬁ‘in the présent exberiments aré
Ai’ wi and Ti; The easiest way of f_inding»‘Ai.andei as well as
identifying how many different'frequencyvéomponents there:are is
to do:a_discrete Fast FourierbTransforﬁso'of the experimentél
hiétograﬁ using for example the CDCV76OO_compﬁte; ofiiBﬁ...iﬁ_"'f
génerai this procedure is pfeceded by.division byvNo, éub-

‘

traction of the background contribution-and_multiplicatibh by .



‘The fitting procedure we used was the Maximum Likelihood Method™ s
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e+t/Tu. Trénsforms of 1024 to 8192'points-were routinéiy per- '

~ formed quickly and inexpensively. A typical transform is shown

i

“in Figure'a.. Iéeally, one can get a value fdr‘T2 from the width

~ of the ith Fourier trahsform»peak, but this was found to be

grossly inadequate due to the discrete nature of the transform.
A better technique, and one that is also fairly inexpensive,

involves performing a series of Fast Fourier Transforms, -each over

_a successively later part of the data. The area under the

Fourier transform peak of interest is then plotted against the

time window shift. in this way the relaxation mayvbe'seen

directly. . This technique is especially valuable when mény

components of small asymmetry are present simultaneously in the
data.
When only a few (one or two) large components are inVélvcd, 

a multi-parameter non-linear fit to the data may be performed.

VL Sl'
and typically 7 to 9 parametérs werebfit simulténéously. Often
the amount of computing involved in such a fit could-bevsub—
stantially redpced by condensing the histogram into a smaller
number of bins. An advantage of‘using the fifting.procedﬁré

ié that é realiétic estimate of the errors in the fitted values

of the parameters can be computed by the fitting program.

The statistical uncertainties in the]éxperimentél histdgram
are of co#rSe reflected in noise peaks’in.the Fourier.frangfqrm
and uncer;éinties in the fitted values of the parameperé. .Aﬁ
account of the Fourier transform and fifting data reduqtion tech-

niques and a description of the statistical errors involved are

presented in the Appendix.

|
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Figure 4.  A Fourier transform bf_the experimental his;og;am‘.
éhown‘in Fig, 3.:'The Ehree strong components aré, in“order.of
‘increasing frequency, Ehe 150 gguss'u+ component from the walls

_‘Of the refriperator, a 19 MHz background signal from the time '
structure of the cyclotron beanm, ahd the 1.5 kG‘u+ component

from the Ni crystal.
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III. WSR in Ni; T << Té |

A, Theo?z,
1. The Local Field Bg;‘
A méasureﬁént of the preceSSion‘frequency of the u+'in Ni
is equivaleﬁt to a measufment of Bp’ the lbéal_field ét thg u+,
Bu-is composed of the fblloWing COntribqtio?S;
+ B

=B - +
B =B - NM+4mM_ + B oE

“H
, 3

Bé is_tﬁe'eXternally'apblied field, M is the bulk magnetiza£ion/

d

of the sample (macroscopically uniform in an ellipsoidal sample),

o 4mM _ :
Ms is the saturation magnetization, S is the '"Lorentz

field" from magnetic charges on the surface of a small hypo-
thetical_spheriéal cévity.centered on the u+7within a doméig,
Bd is the}dipolar field.frém Ni cores within the Lorentz sphere,
and B iS'thé hyperfinebfiéld seen by the muoﬁ due to its iso-

hf
tropic contact inferaction with pdlarized screeping_electrons.

B - NM is just Hy s the internal H field. Below saturation,
vHin cannot be greater than the coercive force (about 2 gguss),.ahdv
‘'we can ignore this contribution to Bu. - If one aésumes tha; the
muon is situated.ét a site_with cubic symmeffy (i:e;, the
tetrahedrél.of octahedral interstifial site), the dipolar fiélds

of Ni cores within the Lorentz sphere will be zero. Thus,

below saturatioh, we have the relation:

Bu o lmMs .+Bhf.
v 3 :




2. Screening of Positive-Impurities in Metals

Because the materials of interest in this dissertation are

metals, énd because the hypérfine'field depends strongly on the
electronic structure of the impurity state, a discussion.of the -

screening of a positive impurity in ﬁetalS'is-in order. The

special features that arise in the metallic state'are due to the

presence of free or nearly free cohductioﬁ'electrons.
o +. . ' ,
A positive impurity (such as a § or a proton) attracts

neighboring conduction electrons; ‘it surrounds itself with a

screening cloud. This configurationfrepreéents a new electronic -

energy state not present in the pure metal. The nature of such

an impurity state has been the subject of a large amount of

theoretical study.5’28’45’52_55

An important question arises immediately: does the impurity-

- screening cloud system resemble a hydrogen atom, in which a
single electron can be said to bevbound_to.the impurity, or is

the scrééning cloud merély a’locaiizéd region ofwﬁigher density

in the eéléctron gas where mobile1electroné*temporarily congregate.

In the first case we have a.bound state; in the second case,

we have what Friedel56 calls a "virtual bound state'.

It may at first seem that the difference between a bound and

" a virtual'bound state is only a quantitative one regarding what

the average "occupation time" of an electron on the impurity is. .

However, a rigorous criterion exists which can be used to decide

between the two states: does a bound state exist in the screened -

s . A . :
potential of the impurity” . Or alternatively one can ask: what

+ .

is the position of the newly formed impurity state with respect

29
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to the‘éléétronic energy bands of the bﬁlk material.

Késtér'and.Slater55 have performed a theoretical calcﬁlétion
of the_position df'sﬁch an impurity level as a functién'of fhe
streﬁgth‘of fhe impurity potential. They found that.for a weak
pbtential,'the new level falls within’aﬁ energy'Band:of thg bulk
.material';nd that fhe scattering of band elgcfrons by the im-
purity is significant for electrons whose energy is cloéé to the
iméurity level. This is Friedel's virtual bouﬁd'siatey

Friedei introduced the concept of a virtual bound state from

26 and dé3cribed it as follows:

phenomenoldgical coﬁsiderations
.since the.impuriﬁy state occurs in the band, it has thg same
energy as'some extended or band state. This allowsvthe'impurity
‘state t&:teédnate with the band state; increasihg its ampliﬁude.
The enhanééd band stafe in turn resonates with other band states
of nearly the same energy; passing'én,some of its'énhancéd amplitudé.
The process is repeated again and again with thé.net rééultrof:
a Broadeningbof the impurity state in both space'and energy. Since
a well—défiﬁéd electronic state can no longer be associated
with the'imburity, thé original state is séid ﬁo'haQe become'a“
.virtﬁal sféte. |

As Koster and Slatér's impurity'potential is,intfeésed,:a
critiéal value is reached at whiéh tﬁe impuriﬁy state leaves the
bottom of the band. Impurity state—bahd stétévreéonance is ﬁowy
- .no longér_possibie, and the iﬁﬁurity State réfaiﬁs a diséfété‘
energy. A bonafide bound sfate now exists wi;h a singie.électron,

associated with the impurity.
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- In metals for which the free-electron gas model is a good

approximation. (e.g., the alkalai metals), a singly-charged positive

impurity forms a virtual bound states; The‘situatioh is‘mpfe
compiiéated in non-free-electron gas metals suéh as theztransition
metais and the rare earth528. The position of various partiaily'
localized'energy bands (sucﬁtas the 3d-bands in Ni) with respect
to.the Fermi level is an imporfant faéfof inbdétermining fhe
nature of the screeniﬁg cloud. |

There is strong evidence that hydrogen gives up_its electrop.
when:it entefs some of the.tfénsitidﬁ metals. As hydrogen is |
dissolVed in Ni’or Pd the paramagnetism of the‘host décfeases
ﬁntii it vanishes at a éritical ﬁydfogen céncentrationf:,This
' efféct,has been,interﬁretedvas a filling of the hoies in the host
d-band with eléctrons contributed by the hydrogeﬁ. |

In a few trahsition and rare eafth mégéls, absorbed hyd;bgpn

15’52. In this case, a

forms a covalent bond with a host atom
discfete'impurity energy state is established with the formatioﬁ
‘of a molgcular bound state.
It is of interest to calculate the.electroﬁvdgnsity n(o) aﬁ
,aiposi;ive impﬁriﬁy in a-free electron gas of density no."Wé.
assumg_that the scréening may be freated asva'lineéf résﬁonse,

allowing us ﬁovuse the.following expressionsgz

ne) =n + 1 ;7 & (1-._1_ )
(2m)™ v . €(0,q9)

where € (o,q) is the zero frequency, momentum dependent di-

electric function. The simple Fermi-Thomas épproximation5

57,58
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for €:

( _*)
r

mw N
ol

q

gives an infinite value for n(o) and is thus unacceptable.

1/2

r, = (EF/6ﬂhoe2) is the Fermi-Thomas screening length, and

EF ié the .Fermi energy. A better approximationGO is the

Lindhard self-consistent field dielectric function:

L - X . | q
: CL(O,q) = l + - 1+ (°F - q ) in 2 + kF
292, 2 q 4k 2 - q
s v f _2 -9

Ky

where kF is the Fermi.momentum. Both'rs.gnd_kF are functiopé.
only of n .. After a simple nuﬁefical integration, ﬁevobtain the
curvé plotted in Figure 5. |

Also plotted are'the’results of a calculétibn by Pathak53.
which includes the effect of electron-electron interéctioné.
Both of these calculations of n(o) are dbne in thé.lineér
response approximation. A self—consistént.calculation54 which
accounts fbr-non—linéar contributions indicatgs.that these

corrections may substantially increase n(o).
3. The Hyperfine Field in Ni

As we have seen, the elegant cancellation of.thg inter-.
stitial dipolar fields.in nickel simplifies the‘inférpretatiOn ,
of BU’ the local field. The important meaéured qﬁéptity is_ﬁhf,
the hyperfine field seen by the u+ due to its Fermi contact )

interaction with the polarized screening electrons.

In this section, a very simple calculation of the hyperfine-
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Figuré 5. The'célculated‘relation between . n (the u —absent
charge den31ty) and n(o) (the den31ty at the p ) Both curves

are for a free~e1ectron gas in the linear response approximation,
but Pathak's calculation includes the effect of electron- electron N
interact;ons.' It has been suggested >4 that both of these calcula-

tions underestimate n(o).
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field is befformed. To date, two other tﬁedretiéal tréatmeu;s of
this type ofiproblem have been published. |
Ivanter has published a paper44 discussing the hyperfine
field of the_u+ in a ferromagnet in which it ié assumed that
muonium is formed. The u+ exchanges its bound'electron‘with‘ther
surrounding‘bath of polarized electrons. He predicts no hyper-
. fine field for the unbound state. Although this is perhaps ﬁhe
 best approach for treating ferrémagnetic inéulatofs, it is ﬁot
applicable to‘ferrOmagnetic metals where no boﬁnd»state exists.
Stéar#s has treated the case of u+ in‘iron61..'1n Ehis

investigation, she effectively extrapolates the hyperfine field

at the nucleus ofvan interstitial iron atom in iron from the-
measured hypérfine field‘at the interstitial u+ in iron. This
interstitial iron result is then intérpreted in terps of a
"conduction electron pélarizatioﬁ cufve".

In our treatment of the u+ in Ni, we will assume théﬁ the
ﬁuon is located in the octahedral site ip thé fce Ni.lattipe
(although oﬁly minor changeé_wouid result from a'éwitch to the
tetrahedral site) and that no bound state is formed.

The treatment begins with the eXbression forvthe Knight

shift46;

= : 2

g = g1 x B {Ju @G, .
3 : F

Here, AB is the_field seen by a magnetic probe in a metal due to

its hyperfine interaction with conduction electrons polarized'by;

the external field Bo, The quantity in brackets is an average

over the periodic part of the conduction electron Bloch functions.



00043030643

We will work in the free electron model where-uk = 1.e'Xs is
the spin susceptability. The product XsBo may ‘be written as the
local mapnetization m :
: loc
B x‘ =m e - [nf(o) - n*(o)].
o”s loc B o :
: ' : 4 Y, .

Mg is the ‘Bohr magneton, aqd n (o) and n (o) are the densities
of Spinfhp and spin down electrons at the site of the u+. Ve
then assume that instead of an external field;'some other agent
produces a non-zero local mapnetization. AB in"this case becomes

the hyperfine field produced by the local magnetization:

Byr = -g_q by (' (o) - n*(o)]_ -

This is the expression derived by Daniel and Friedelasg.vlt_proves

convenient to define the conductionxelectron polarization at the
+
U,

Z(o) = [n' (o) - n*(a)]
o n(o) ]

"where n(o) =vn+(o) 4+ n¢(o).‘ The hyperfine field may then be
written:

'Bhf = "_gj_ UB C(O) n(o) -‘

Using neutron diffraction, Mook6 found that the unperturbed
or "muon absent’ moment density at the octahedral interstitial

site in ferromagnetic Ni is:
R 2 22 3 o oo
~Vy [no - no] e -u.5 n = 0.85 x 10v UB/em = 0.079 FG.

Our first model is a 'very naive" picture in which no

A, 4
screening of the muon's charge occurs. Then'n’ (o) =n_°,
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giving B _ = 8T x (—0.079) kG or B, . =-0.66 kG{ We anticipaté'
‘ hf =3 . hf L .

that the effect of screening will be important and as a first -

: attempt'té iﬁprove this estimate, we could assumé that [ is
independent of charge density. Thus the predicted hypetiing field
‘would be enhanced by the factor n(o)/no (see Figure 5). To
proceed further, information about the conduction électrons in

'Ni is needed. We defer further discussion until after the

experimental data is presented.
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B. Experimental Results
1. Samples, Ovens and Refrigeratqrs

The study of Ni in the ferromagnetic state represents a
major>part of this diséertafion, and I turn now to ﬁhe pre-
sentation of our'experimentai results.

1BOthxpolycrystalline and single crystalvgamples of Ni were
used in our investigations. The polycrystalline sample was made
from a plate of 99.6% Ni purchased from PacificﬁMetals in San
Francisco, California. It was madg in the Shape of an ellipsoid
:tin order to préduce a unifofm‘internal magﬁetiéation. The sample
was thin along the beam direction to allow tﬁe &eéay positrons‘
to escape tﬁrbugh to the positron telescopé.. Also, a largg cross
éectional'area was bresented to the beam to maximize the céunting
rate.’ Fina11y; éiﬁ¢e we wanted to:étﬁdy thg‘effects of different
| demagnetizing fields, an ellipsoid wifh three different
principal.axes was chosen.'.The platg was SaWed, milled; and
finally sanded to this shape -- 1/2" x 2" x 4'1/2"; Thevl/2" ,
axis was always ofientéd along the beanm dire¢tion,.and either
the 2" or the 4 1/2" axis was oriented along the externally
appliéd magnetic field. The.sample was not annealed.

Sevéral single crystal Ni sampleg weré used iﬁ‘fhe course
of our experiments. A roughly -spherical crysfal A diameter)l
of unknown source and.a purity of 99.995% wés'used in'the iniéial :
experimen;s atvroom ﬁemperatpre and at-77K."Counting rate
considerations dictated that é'largef crystal was-needed;

A.very_lafge single crystal of Ni Qas purchased from.

Atomergic Chemicals Co., Long Island, New York. This‘crystal



also had a purity of 99.995% and had many'twins.with a mosaic
spread of about 2 degrees. The crystal was cﬁﬁ into many pieces;
the largest of which was a rough ellipsoid of diﬁensioﬁS'llé”'x
2" x 6". This piece was spark cut from'the'original'cryétal,andv
was not machined at all. This piece was used for -refined “
experiﬁenﬁs'at room temperature andv77K; A rectangularvprism
was also cut from the large crystal. The two largest cuts were
spark cut,'and thé'four smallef cuts were cut 6n.a ﬁechaﬁiéal
hacksaw. The final dimensions of the prism weré 1/2".x'1 /2"
X 2'1/2”; this sampié’was psed in an experimént,at 20K'aﬁd an
experiment near the Curie temperature. A secoﬁd.rectangular 
prism was.éutvin the same manner from the large‘cfystal; and{
this one was then shaped by sanding to an ellipsoid of dimensions
/2" x 1 1/2" x 2 1/2". 'Thi; sample waé usedvin,experiments at
0.12, 1, 4, 77K,>room temperature, and close tblthe Curie tem—.b
perature. All the single crystal samples had the.[ilij
crystalliﬁevaxié (the easy axis éf magnetizétioﬁ) aiong.the long
- dimension. | |

Experiments were performéa‘af many-temperafures, béth above
and belowhroom témperature. Heating and cooling devices of >
varying degreés of sophistication were constructed for thesé
investigations. The ovens which were used for runs near the
Curie temperature will be described in a later sectiont.

Two series of runs were doné with the polycrystélline sample
at 250 and 300 degrees C. A layer of ésbestos tépe_was wrapped
around the éllipsoid on which a non-inductive winaiﬁg of

nichrome heater wire was wrapped followed by a second layer of
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asbesfos tape. A chromel-alumel thermocoupléiWaS'fifmly'
attached to the center 6f the.samplé and Qsed to moﬁitor”thé
temperaﬁure. No automatic regulation of ﬁhe.femperéture wés_
perforﬁed and the drift with time wasvperhabs 20 degreesf

1 Experiments at 77K utilized a stryofoam dewar con;éining
.‘liquid nitrogen;vahe gample was situated in the bottom of fhe‘

) dewar and the.surrounding region in the beam Qas’packed_loosély
with étyrofoam to minimize u+ stops iﬂ thevnitrogenf' Thé.dewarv
was fiiled automaticaliy. |

For xuﬁs at 20K, the sampie was bolted to a copper cold
" finger attached to a-Cryomech réfrigerator.. &ﬁe teﬁperature was
_'monitOred with a carﬁon reéistor. |

A’dilution ;efrigeratdr'was uSed‘forvruns'at 4, 1,‘andv0.12 K.
This:abpratus‘was.hand made by our Japanesé colleagues.  At 4K,
tﬁe Saﬁple was im@ersed‘in liquid hélium, and:ét pheiloﬁer
temperatures, it was in thermal confact wiﬁh ﬁariqus cold walls of
the-refrigératbr. The tempefatﬁre.Was,monitored with a germanium
_resisto;.

_.In all thé‘hotfand céld runé, augignificaﬁf ffaétion of the
muons stopped in the cryostat wal;s or heatér wrappings._ This -
posed no‘problem for studies ofrtﬁe ferromagﬁétic phase,ibecause
as will shortly be described,'muons stoppeh ih_the fefromégﬁétic
ﬁi seé‘é magnetic field QUité different fer ﬁhe appiiedumagheficﬂ
field. Fourier transformsbof the data shgﬁ two well separated
components, one from the walls and one from,the}Ni-(see.Figuré‘4).'r
However,»tﬁe;walls weré kept as thin aé péssiﬁlé‘to maximize:the.

muon stopping rate in the Ni sample.



2. BH and The Effect of External Field and,Témperature

. + ' .
After the first report of coherent U precession in a heated

polycrystalline Ni sample below,saturation35, we .undertook a study

of the effeet of -an externally applied magneticlfieldbon the pre-
cession freduenéy in a heated polycryétalline ferroﬁagnetic Ni

sample. Muons were stopped in the polycrystalllne ellipsoid

deséribéd above at two temperétures with the sample in two

orientations with respect to the external field. Various fields

were applied for each of the temperature-orientation combinations. -

We found, in agréement with Kossler's group, that below

saturation the local field seen by the muon (Bﬁ) is independent. of

external field (Figure 6).' The two\orientations‘of the sample;
"Horizontal"'énd "Vertical" (2" or 4 1/2" axis parallel to the
field), presented two different demagnetization factors, NV aﬂd Nh,
and hence,_tw0 different (temperaturé dependeht) saturation

fields. The calculated®’ values of N_and N, are 0.688 and 2.24

h
respectively. As the external field was raised above the satu-
ration fiéld of the sample,.the locél field begah to increase
linearly with the excess over the saturation field (Fighre_é). :
This is the expected résult; below saturétion, magnetic shielding
prevents thevexternal field from penetrating the sample. After
the domain walls have moved to their limiting positions, the
saturation is complete and no further shielding is possible. The"
excess field leaks into the sample. |

This type of experiment provides a very cleéf answer as to the

sign of the local field. If, above saturation, the local field

initially incteases, as in the case of nickel, BU is positive. It
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.Figure'6.: The local field at the muon site in nickel vs. B s
B i -ext

the external field measured with target out. N is the sample’
demagnetizing factor. The points denoted by triangles.afe'from
data on an . approximately spherical single crystal with the [111)
axis parallel to B <t @t 300 and 77 K. Other points are from

data on a polycrystalline ellipsoid (4.5"x2"%x0.5"). Solid and
open circles refer to the 4.5" axis paralle¢l to B 't (N = 0.688)
S T Tex .

at 252_and 300 C respectively. Solid and open squares refer to
the 2" axis parallel to B xt (N = 2.24) at 250 and 300 C. - The
fields BU and Béx have beéen normalized to bring measurements at
various temperaEures to the same vertical level and to exhibit
Saturation for all samples at zero on the horizontal scale. -
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has recentlyvbéen determined43 by this type of inVeétigation that
B in diron is negative. Here the magnitude of BpidécreASeé just
above saturaﬁion until it reaches zero, at which point it begins
to increase again.

The temperature dependence of Bu is shown in Figure 7. The
local field remains roughly proportional64'to MS(T) throughout the
temperaturé raﬁge studied (0.12 K to TC). '

:The measured value of B11 at 77 K is + 1.48 kG. The Lotenﬁé
field at iow'temperature is + 2.14 kG, whiéhvimplies a value for
Bhf of -0.66 kG. Noticevthat this is in_pgrfeét agréemeng with'
the "very naive" no-screening picture. We are now faced with
vthe problem 6f.accounting for this agreement in the presence of
the substantial screening which muist occur.

If one attempts to extract vaers37'of for higher tem-

Bhf
peratures,-one finds a complicated temperatufe dependence for the
gase of an unsaturated polycrystallipe sample. Bhf begins to
decrease as thé temperature is raised, but jgst below TC, i§
exhibits a-sha?p peak befpre falling'répidly tovZero a?'TC. 'This.
odd behavior is not present in.data taken by Kosslér's group 7

in a saturated sample, and we believe that it is due to macro-

scopic effects in a multidomain sample.
3. Relaxation in Polycrystalline Ni

. - 35 o
In their original letter™”, Kossler's group presented data
on the temperature dependence of the muon transverse relaxation

time T in. ferromagnetic polycrystalline Ni. The measured values

2’
of T2 are of the order of .2 usec. 1In this section I discuss the

origin of this relaxation and its temperature dependence.
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Figure-7; Thevlbcal field Bu'at thé_ﬁuon site in ni¢ke1_vs. tem-

perature. The triangles and squares are our single crystal and

' polycrystal data, and the circles are Kossler's'polycrystal data.

The solid curve is from normalized magnetizatibn_data in Ni of

':eferencé'64.
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Kossler'é group.réported that no préceésion'cduld bé_obéerved/
below‘rbom_temperature in their polycrystal. Wé}maﬁaged to observe
very.shorgrlived (T2 2:45 nsec) precession'in Oﬁr‘polycrystgi |
at temperafures as low as 77K, but in a singlevcryStal, we saw
l‘ong—livedb(T2 > 1 usec)65 pfécession_eyén at O.lZ'K. This
difference'bétween the polycrystal and single.crystal strOngly
suggests'that thevexisteﬁce of crystalliteS'proviaes an effectivé'
relaxation mechanism. |

If T, is expressed gs'ap imp1ied field iﬁhomqgeniéty‘AB
aécording.to the relation Aﬁ - 7 % |

n2
crystal data and our single crystal data may be presented as AB

,'Kossier's and our poly-

versus T aéﬂin‘Figure 8. Also included ih the figure is data ftom‘
an NMR experimeﬁt of Streévervand BennEtt66 on the Ni6l résonaﬁcéj
in polycrystalline Ni and data froﬁ a NMRON expériméﬁt:on'cdéo in
single crystal Ni by Barclay67; The génerél agréémént of the vaiues
of AB as measured by NMR and u+ in a polycrysfal is'Significaﬁt,

If AB were caused by strains; it would scale something like the -
field at the probe. The field at a Ni61 nucleus is 50 times

the field at a p+. The approximate equality of AB as‘meésuredvby'
these two probes implies that AB is the result of ﬁacroscopié-
field inhoﬁ;genieties and not strains.

These macroscopic field inhomogenieties are prdbably thé
result of magnetic surface,éharges~on fhe intgrfaces'bf.the'
randomly orieﬁted crystallites. The orientation éf‘ﬁhe
crystallites influences the direction of tﬁe local magnetization
via the anisotropy field. From the mismatch of the.nystallinc

axes at a crystallite interface, a similaf mismatch -in local
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magnetizations arises. Since the magnetization isfdiscéntinuous
at the boundary, magnetic charges will appear, causing the
QbsefvediAB.

Some conseqﬁences of this model should‘be readily visible.
As the external field is increased, the local magnétizatioﬁs in
the various crystallites will orient themselves paraliel to the
exfernal field direction. This will have the effect of decreasing
the degree of magnetization discontinuity and hehcefAB. Kossler's
group noticed?5 that as the température was loﬁered-to:room tem—
perature, precession could only be observed if the external field
was increésed. |

A second consequence involves the effect of temperatgre.
-Since the magnetization and the anisotropy fiéld dec;ease64f68 as
the temperature increases toward the Curie poihﬁ, the local.
magnetizations shrink aﬁd align more'easil§ with the_extefnal
field as tﬁe temperature increases. Thps, the effect of'highef
témperature ﬁiil be a decrease in AB. Thié is the observed
depepdence (see Figure 8) up to within 7Q dégrees of the Curie
point. -

Kossler's group noticed‘a sharp rise in AB,és'the temperature

c

is caused by critical spin fluctuations near the transition

was increased above T, - 70K. It has been suggested§9 that this
temperature. It is reasonable to assume that such fluctuations
will have some effect in this temperature'region_(critical spin |
fluctuations are definitely observed just above TC’ as discussed
in a later section), but it should be remembered that in this

temperature range, the field at the muon is strongly temperature
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dependent (see Figure 7). Hence, a-temperature’inhomOgéniety or

drift AT will produce a relaxation time T,(T) = 2
: - y. AT 8B
H T
§t I'T
In Figdré 9, I present a plot of AT, as inferred from the slope
of B (T) and the measured relaxation rate, versus temperature. We
see that a temperature uncertainty of 12K would be sufficient to
ekplaiﬁ.the.observed rise in AB near TC

Kossler's group35 was a large plate of Ni, ‘a temperature uncer-

. Sincé the sample used by

tainty of 12K is not unreasonable. Further indication that this

rise in AB is not due to critical spin fluctuations comes from our
observation of a 2 Usec relaxation time in a small single crystal
¢ As shown in Figure 9, these

measurements imply a temperaturé uncertainty of about 0.4K, which

sample at 2 and 5 degrees below T

was also the experimentally measured temperature inhomogéniety
across the sample. We have to conclude that to date, no evidence exists

for observable critical spin fluctuations below TC.
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Figure 9. The temperature uncertainty AT required to produce the
observed u+ relaxation times in Ni. The true temperature uncer-
tainties appear to be 12 K for the large sample and 0.4 K for the

small one. .

- 48



C. Interpretation

hf

1. 4s Screening Model for B

We have seen that the hyperfine_field predicted.by a»"Qery
' naivé" no-screening picture agrees perfectly with experiment.
But, the effect of screening on the charge density at a positive
iﬁpurity in a metal was shown to be substantiél. The success of
the no-screening piéture»muét be.made compatible with the
sgreening‘of the p+ by the con&#ction’electroqs of Ni.

The conduction band of Ni ;onsists of 3d_and 4s électrdns70.
The magnetic mbment distribution in ferromagnéﬁic Ni has been  _
measured by Mook62 and is showh in Figure 10a.“'Loca1iéed régions
of large positive moment density.are surrounded_By a small
negative iﬁterstitial moment density.

It sﬂouid be notedvthét most band struétq?e m@dels?l7?3‘,
which consider both d- and s-eléctrons as.itinéraﬂt cannot explain
the ekistence of large regions in the crystal wheré-the'spin
densify is opposite to ﬁhe majority spiné. This.is because the
exchangé splitting of all electrons tend§ to have the saﬁe éign,

: throﬁghout the Brillouin zone. One notable exception is the work:
of Cﬁnnoliy74, who through a self—consiéfent éaléulétion'obtains
an s—elecﬁron exchénge splitting oppésite in'§ign tp’that of the
d;states.}-‘ |

It is in any case probable that the’negative.momént density-
in the'inferstitial fegionbof nickel (Figure'lOa) is:dué to fhe
Aé;eleCtrons and that the more localized, pOSitiQé moment 1is dﬁe 

to the 3d-electrons. We carry this to the extreme in a simple
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Figure 10. a) Magnetic moment density along the [100]) direction

in ferromagﬁetic Ni as measured62 by neutron scatfering. b))

Schematic diagram of spin distribution according to a simple model.
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modél_which treats the 3d—e1eétrons as pe:fgctly ldcalizéd on
the nickel cores and the é4s-electrons as'f;fming a free-electron
gas; _Tﬁe density of this free—electron gas”may be esfimated»A
using.fhe atomic density of Ni énd the fact70_tﬁat each nickel
core:cdntfibutes 0.54 électrons tb.fhe 4s—-band. This givés a |
;uniform unperturbéd 4§—elecgron density noA= §.9-x 1022.ch_3.' A
schematicfdiagram ofvthé ﬁnpefturbed spin densities according
tovoﬁt model is shown in Figure 10b. |
The 4s-electrons move to écreen the uf, forming 3~screéningv'

cloud wiﬁh'a radiﬁs given roughly by the Fermi—Tﬂoﬁés'scréening

~ length r, = (EF/6nn0e2) 1/2

= 0.62, where EF“is.the Fermi
‘energy. - Since the'muon—nearestfneigﬁbor nickel distance'is 1.8_2,
ali scrgeﬁing is by.4s—electrons in this model; From the |
earlief’éélculétion of_n(o) (Figure 5) we .can find the;cha;geU
- density at the u+'invthe 4s—-free-electron gés. _We find n(o)/no% 5
for the calculéted 4s-density. ,
A simple picture predicts that ;he sgreéning:cloud has thé.'
. same ﬁroportion of_épin up and spin down eiéctrons as fﬁe un—
pértufbed state; Since the véry naive‘piCturé éf no screening
gives the correct hyperfine field, this diréct‘bepoftionality v
hypothesis will give too lafge a field (by a factor 5).

Consiaer now ﬁhe form of the totél energf_éf the free 4s—
-electrohé. This.inéludesﬁ kinetic energy, s#d exchangg enefgy;'
s—sbexchange energy, and correlation énergy. .Thus,-the énergy_

| density in the unperturbed case is:

S .
€ = = Y
"o v [Eke tEqt Ess + Fc 15

where V is the volume of the sample. For the moment, we ignore

o
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the tgrms ESS and Ec and break Eke anq ESd 1nt9 spin up and spin

down components:

_ 5/3 _ 5/3 | s 5/34
eman? Lar o a0y
Here, A = 3 (3n2) 2/3 2? = 1.44 Ei » and Z =rn+ -n_ . The
20 m m ‘n

first term is kinetic energy and comes from summing free electron,
states for the ;wb spin orientations up to the Fermi level. In
the second term, it ‘is assumed that the effect of the s-d ex-
change interaction can be approximéted by avZeeman-intefaction
with an effective, uniform, exchange field, H_,-

The equilibrium value of the polarization, found by minim-
izing € .with resnect tof, is { «-H ., n _2/3. " For the un-
_ o 7 > 77 To sd o
perturbed case, Co = 0.85/4.9 = 0.17; the value of Hsd is fixed

to give this polarization. One finds that Hsd‘é —108'

G, a fiéld
of the order of normal Weiss fields but with the opposite sign.

The u+ is now introduced, and we as$Ume that its Coulomb
field does nnt'effect the magnetic terms in the hamiltonian. We
also assuﬁe a "Tocalh_approximation, i;e.;véo gnes‘to £(x) as n
bgoes to nkx)'and Co to L(x); the kinetic and nagnétic enengieé
at the pointfx‘depend'énly on the charge and spin densities at
point x. The charge density n(x)ris determined by Coulomb
effects, with a negligible-magnetic nontrinutinn.f

It is only the reéion near the u+ that ié of inceresf,vso .
E(o) is minimized with respecﬁ to (o) to find the gquiiibrium
1polariéafion at the u+. One may then investigate how g (o) changes
with n(o) (i.él, what the relatinn is between the cnarge density

. s . + : : .
and spin polarization at the p . It is convenient to define two
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quantities: Pg = n(o) z(o) and pq = n(o) , the relative spin
: n { n ’ ' :
o o o

and chérgé densities, which compare the pgrturbed and unperturbed
stateé?A The success of the very naive picture implies tha; thé
trué Qalue.of Py must be;close to 1, and thé caiculétion of the
Lindhard_screening implies F?at pq must be &IS} Fro?‘a plot. of

. the calculated relationship between Py and pq.(Figure 11), it is

clear that the model is a considerable‘improvement over the direct.

proportionality hypothes_is-(pq = ps). When the effects of &-s

59 Ty . ' : . .
exchange and correlation™ = are taken into account according to

generally accepted schemes {ESSI= :%-‘( %;)}/3 o2 n04/3 _
[a+ C)4/3_+ a - §)4/3] and

U E = ~.031 gﬁg n [@+17) 1og (1 +Z) + (1 - 0)log(l -z]}
€ 12 T2 .

"the.égreemeht improves'slightly-(sée Figure'lljf  '
However, we have made a serious error in using the local
v_approximation in tﬁe expression‘fbr the eﬁergy density in thé
perturbéﬁ state. 'The-local'approximationbéan'only be valid when‘
changes in»chafge-density occur slowly oﬁef a typical electroﬁ.
waveleng;hkk,& l/kF " a, where a is the latticé constant.f But
fhe charge density ne;r the_u+ changes dr§stica1ly_in a diéténce
r_= 0.6.2 = a/6 <va. Thué the local'épéroximatién'is not
yalid, and a bettef (i.e.,non-local) theoryvis cglled for. -
Among the advantages that a non-local exténsion of ﬁhe mbdel
' wouxd briﬁg is the possibiliﬁy,of a non—upifor@ Sfd exéhange |

field Hsd(x). H ., would be stronger in the vicinity>of the Ni

sd
cores where the s-d overlap is greatest, and it would have a

minimum at the interstitial site. The substantial exchange'field

near the cores could, in a non-local theory, produce the observed
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Relative chdrge density.
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Figure 11.- Calculated telationships bétwéeﬁ.the rélative chafge
and spin densities (p and Pg ) at the muon site p ‘and p

the charge and spin densities at the u normalized- to the - unper—-
turbed, or u —absent, situation. The straight line p p ‘rep-
resents ‘the "direct proportionality" hypothesis, while the remain-
ing curves are the result of model calculations ;nvolving the
designated terms in the.eﬁpression for the free-electron energy

Efe'

XBL 746-3443
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interstitial spin polarization even though the_eichaﬁge field here

is small. Then, as the Yy pulls in charge, the displaced electrons.

would feel a weaker éxchange field, and. the spin density at the

u+ would be decreased from the local approximation value. This is’

the desired direction of change (see Figure 11), but a quantitacive'

discussion must awéit an iﬁproved caiculationﬂ
We hope, hoWever,vthat thé main theses of‘our_argument will
. hold up fo closer scrutiny.’ Thésé are: 1).The héutron"diffraction
dété correctly givé the moméntidensity, ahd the negative inter—
stitial moment is ffom quési—free 4s-electrons. This implies an
antiférromagnetic s-d exchange interaétion anélagous to that
found in rare earths75. We beliéve the u+ result aﬁd our simple
theory support the neut;pn-wofk. 2) The 3d;e1ectfons participéte
‘only weakly in screéning the p+ as if they were highly cbrrelafed
on eéch Ni éore,_moving essentiélly as a 1oca1i2ed unit.. Such a.
high degréé of correlation is evident?6 in NiO;‘IB)'The kinétic
energy increase accdmpanying a build—up of one spin orientation
in the_scfeening‘cloud keeps the Spin'density‘at the u+ low_ﬁhile

the charge density increases.
2. Knight Shift at the u in Normal Metals

An extension of the theory just developed for thé'hypérfine
v : + : v : R
field at the U  in Ni may be made to the case of Knight shifts
seen by positive muons in normal'métals. This is accomplishéd

simply by»replacing the exchange field Hs by .the known applied

d
external field B,. It is now this external field which serves

.to polarize the screening electrons. Since Lo is then pro-

portional to this external field, so is the hyperfine field_at
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‘,the u+, whiéh appears to ;hift the extefnal‘fiéld., fhis i#_the waii
known Knightvshif; AB. The results of é éalcﬁlation of AB/B for
various Qalues of nio)»afe presented ih Figure i?éf The rise ;t.
- low densitiés found when s-s exchange and correlation afe.v - |
_included.is‘knOWn as the exchange énhanceﬁent of the Spin.sus—
ceptibility. |

Data Of‘Knigh;vshifts'of'u+ precession frequénciéstofﬂﬂutch_
inson et,'alt ?4v(Figur¢'125)-folloﬁs:thg géﬁerallshapé §f the |
exchange.énhanéed theoretical curve, although the quanﬁitative
agreément i§'poof. | |

3. Local Fields in Iron a‘ndelob.a'l-t;.v

_ The lbcal_field at the p+ in pplycrystalline iron was
- measured by Koésler's group36 as a functiqn of teﬁperéture. -Their
results extrapblatéd to zero temperature. give a valﬁé of Bu of
-4.1 kG. 'Thé‘sign has been determined by the Russiah'gfoﬁp43ﬁ'
Since the expefiments were performed below saturation, the
external field was compensated by the demagqeﬁizing field;;‘The
Lorentz field at low temperatufg is 7.3 kG. Thejfaée—centeréd
Ainterstitiéi‘éites in.the bcc_iron 1attice (the‘aSSumed u+
stopping sites) db not have cubic sy@metry, ané thﬁs thgy héve
substanfiai_dipolar fields.v A classical»calculation of thesev
-fiélds (ignoring possible pseudb—dipolar enchaﬁcemgnt) gives +18
- and -QrkG; .Becausé ﬁhere'are fwice as maﬁy of thé,sécond type
of éite; rapid u+ diffusion averages the dipoiar field.to zéro,
Froﬁ thé Russian data27 cited in aﬁ earlie? secéioﬁ;-it appears

that theld 1is indeed hopping rapidly at temperatures above 100 K
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Figure 12, a) Calculated dependence of the u Knigh; shift (AB/B)
on the free-electron charge density at the muon n(o). The two curvcs

represent calculations involving the designated terms in the expres-—
sion for the free-electron energy E. . E_is.the Zeeman energy of

the ££ee elictrons in the externallyeapplled field. b) Knight shift

data®’ of ' jin various metals, Here, n(o) is the free-electron den-
sity at the u', calculated by the Lindhard method as described in
the text. ‘
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(Kossler's data waS'taken above 300 K).

The oﬁly contributions'to Bp are then~the.LOreht; field and
~ the hyperfine field, implying a hyperfine'field of <11.4 kG. An
attempt héy'ﬁé made fo apply the "veiy.naivef or no-screening -
theory to the hyéerfine field in iron using neutron:diffraction
data of Shull and Mook .

The néutron diffraction data in iron shows a éubstantial
~ positive locél.ﬁaghetizatipn'mldc_at'the'facevcénfered sité, but .
mlécbvar;es rapidly with positioﬁ; goiﬁg ﬁegétive”ih a region |

around the face-centered site, then going poSitive'again at the iron

cores. A negative m c is required to explain the measured

lo
negativé-hypérfine field. 'It appears that the simple ﬁheory
devéloped for Ni‘does}not wérk for Fe; one needs-félallow the
u+ to sample thé neighboring regions ofv#egatiVe LI | |
This ﬁay‘be-accomplished in one of two ways. ‘A_ndn—locai
theory would allow an electron drawn inté the muon's screening
cloud frém a'fegion,of pegatiVe ™ oe to retain it;inegative’
polarization,»cqntributing‘to a negative hyéerfiﬁe fie1d.
Altérnatively; the muon itself could be allowed fo_rattle around
in the intgrstitial sitg, sampling the regions of.negative oy oe
and performing sbme sort ofvvolume average of the inferStitial
spin poiarizéﬁidn. Such an effect has been sﬁégestedg.to explain
4 fhe‘temperature'depéndencevof the Knightvshiftfof H in Pd. N
The experiméntal picture fér u+ in iron is ét present soﬁe-
what confused. ZBU has beenﬁmeasufed in a polycrystglliﬁe_sample

at room temperature by three grdups. Kossler's36 value (-4;1 kC)

disagrees with both the Russian42 value (-3.50 kG) and our.yalue
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(-3,46.RG). It appears that there is some é;mpievdépénd;nt effect.

We have recently observed precession in‘éingle crystal irbn
at roém temperature. The crystal was oriented with the [lll]b
axis parallel to the applied field, and ié'wés just below ﬁagn;tic
saturation. The internal field was -3.39 kG, ﬁhiéh égain ais;‘
agreés ﬁith’Kossler's polycrystalline vaiue.»

We performed short runs with éther oéientgtions of fhe
crystal_([lOO]'and [110]), and no precession was observed. These
rgsulﬁs must be regarded asvpréliminary at this:time becaﬁse of
poor statistics. It is interesting to notejthét'only when‘the .
magﬁetiiation in single crystal ifonvis'along.tﬁe'[lll] axis wiil
all interStitial dipolar fields be equivalent;"‘ S

The measuredvlogal field Bu 1n polycrystéliine'Cobalt42vis
‘iv0.86 kG at room temperature (the sign is unkndwn at présent){

Since hcp cobalt has a c/a ratio which is imperfeét7o ((c/a)Co =

1.622, (C/é)p = 1.633), dipolar fields will exist at both

erfect
the octghgdralvand>tetrahedral interétitial'sites. A classical .
calculation of these fields gives -0.43 aﬁd + 0.30 kG for the.
octahedral and tetrahedral sites respectively (theveasy axis 1is
along the c-axis). Thé.Lorentz field:at>room temperature is
| 5.86 kG, so the extraéted values of the hyperfine'field range from
-4,57 to -7.02 kG'dependiﬁg.upqn which sigﬂ is-taken for Bﬂ and
whiéh typevof_site is assuﬁed. | N
Neutrqn diffraction déta for cobalt78 iﬂdiCates.a spatié}ly -
.depgndent local magnetization similaf_to that foﬂnd in Ni,_ﬁitﬁ é
flat, negaﬁive magnetization at and near the iﬁtersti#ial site. |

" The measured value of m in this region is -0.12 pB/X 3 or

loc
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" =1.11 kG. From m , one can use the "very naive" picture

loc v _
developed for Ni to predict a hyperfine'field of 8ﬂmloc[3'= -9.30 kG.

The similarity of the spatial distribution of m between Co

loc
and Ni and the success of the ''very naive" picture in Ni prompts
me to put some faith into this predicted hyperfine field. The
- discrepancy between this result and the range of values computed
from experiment may lie in the fact that so far, only a classical
(non-pseudo-dipolar ehhanced) calculation of the dipolar fields
has been'performed. Pseudo-dipolar enhaﬁcement could significantly
change the magnitude and even the sign of the dipoiar fields.

A survey experiment searching for u precession in-single
crystal cobalt has been performed37, and no signél was seen. This

result is,unexplainéd;
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IV. USR in Ni; T = Tc.

A. THEORY

— g o

1.  The'Corre1ation Time Approach to u+ Réléxation in Ni

As the température of theANi sample is increased, the
éaturation magnetization degreases, going to zéré aﬁ the Curig
temperature (TC = 630 K). - At this point, nickel becomes éara-
magnetic, and the average iotal field at the ﬁ+ is éimply thé
bextefnally applied field. |

But just above TC’ remnaﬁt ferromagﬁetisﬁ exists.in'tﬁe
form of clusters of ordered spins. The lifetimes and sizes of_‘
these clusters #re described79 by témperature dependent corre-
létion timés and lengths.

This fluctuation‘of the Ni spins causes the instantahéous
value of ‘Bu' to fluctuate. It is wéll knowﬁ7 that the efféct 4o‘f '
aAfluciuating local field on a mapnetic probe such as the'uf.is
to produce relaxation. Thus one might expect to find a #empera~
ture dependent relaxétion fate for the u+ in Ni just ahove TC'
Ve es#imate the size of this effect in the foliowing discussiqn,
startiﬁg from the concept of a Ni spin correlation time.‘

The spin correlation time Te is defined80 yia the’spin autq;;:

o

;orrelation function: T V- / (Sz(t) .Sz(o)> /(Sz(o)b Sz'(o)> rdt

where Sz is the spin operatog.of one Ni cOre'and the brackets

.imply a thermal average. In the correlation tiﬁe approach, the
meaning of'_Tc is extended to describe correiafions béfwéen dif--
ferent spins as well; we assume that ali-the_Ni spins fluctuate-

g

.'randomly-at an average frequency l/Tc.
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1f each of N mutually uncorrelated spins produces'a'mag—
netic field of strength w/Yu at the u+, fluctuatibné of corre-
lation time Te will relax the y spin at a rate given approxi-

_— 2 ’ Too<< 1.

mately by: 1 . NotT ; for Wt 1 ‘ N

: - T c .
2 _ v : : -
Concentrate for the moment on the temperatqre,region (T—TC)-.
':greater than 70K. Microwave studies have established81 that at
‘these temperatures effectively all correlation between Ni spins'

is destroyed, and they fluctuate with a correlatioh time

T Vv1 o 3_%_2 x 10"14 sec. Here wé is the exéhange frequency,

cweJ_ e
and J is the exchange energy.

| tTwoimagﬁetic interactions responsible for'w sﬁggest them-.
sLlQes immediately: (1) the isotropic contact 1nteractibn of.
the ﬂ+ with.its screening cloud qf (polarized) eléctréns, and
(2) thé classical dipolar interaction with‘the neighboring Ni
cores. . R

The éttéﬁgth of fhé contact interaction may'bé_inferfed
from ﬁhé ﬁeasured39 hyperfine field at the ptoin theIOfdered‘ 
‘¥‘+0.66kG. The octahedral site has N = 6 nearest

Bhf

state,
neighbors, and we make the‘éssumption that they'share equally

in the interaction; each.contributing ~0.11kG. Thus,

_ V1l -1 ' : _ v
Uaont = YuB}1£ ~ 10" sec T where YU is the pvrqmagnetic ratio _ |
of the muon. This implies a relaxation rate v _ o -
1. = Nw2 1 =10 sec—l.' S R )
;f cont ¢ a
2 .
cont

ﬁ+ relaxation on this time scale would'be dnobsgrvable.

Although the dipolar fields from neighboring Ni'cores
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vanish by symmetry at the octahedral site in the ordered state,
dipolar-fields from fluctuating spins can éause relaxation when
‘the cubic symmetry is destroyed by the disappéarance of spin

correlation. In this case, w is piven by (for nearest neighbors):

- . 8 -1
wdip = Yuﬂli = 10" sec .,

where Wi =0.6 Wy is-the‘magnetic moment_offa_Ni core and a is

the lactice constant. Since w2 for neighbors further removed

dip
from the'ﬂ+'drops off-rapidly with distance, we consider'qnly the
nearest neighbor contribution: 1 = ijip Tc_:'lo3 s_ec:“l
o o ' - ' . T, R
~which is also to small to be 2dip ' ~ ohservable.

It{ié.ofteh the case that in addition to fhé isotropic con—
tact intefaction between the spins of a mégnetic materiai, thére
exists‘a:contact interaction with dipolar symmétry. This "pseudo;
diﬁolar"benhancemeht ofvthé classical dipolar field is knoxv(m-8
to be the source of the ferromagnetic resonance linewidth and the
magnetic anisotropy in Ni. It has been suggestedaz that é péeudo_
‘dipolar enhancement of wdip by a factor 10 may not be unreasoﬁ-
éble, in which case the relaxation would Be visible.

As the temperature is lowered foward TC;'thg Ni sﬁin corre—'
1ation‘£ime incréases, becoming infinite at the'frénSition. This
would increase the relaxation rate exﬁeétea fér_ﬁhé p+.“v

It would bg of interest to qbserve critical u+ relaXaiion
:and‘to compare the experimental'température dependence of Té with
that‘détefmined psing.other probes80. |

2. The Critical Exponent R

83, 84

It has been shown expefimentally and>theoretically. that



as the témﬁéréture approaches TC from below;  the sétqration“
magnetization obeys a simple law: |

M_(T) g Fﬁf_} B ;  T,s'rc,

v : T v
whereﬂthesgritical exponent f has a value éloég-t¢.q.3.: The
thedry of the u+ hYﬁérfine field B# pfesented éafliérno is com-
patible witﬁ the-assumpfion that.Bhf °fMS(T). 'Méking this

‘assumption and notihg'that Bu = 4ﬂMS + Bhf’ we see that the local
field at the u+ is proportiqnal to MS(T); and we'hencezhave‘an

opportunity to measure the critical'éxponent B with a SR experi-

ment.
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B. EXPERINTAL RESULTS = -

1. Samples and Ovens

_W¢'have performed a series of experimenfs.observing.the
precéSéidﬁ of positive muons stopped in sinple crystal Ni sam-
ples héld at temperatures close to and above the Curie tempera—
ture TC":It is of interest;to detérmine the.dgpendencé of Bu

on température as T, is approached from below and to study the

C
temperatﬁre'dependence of the u+ spin reléxation time as TC is
aﬁproached-frbm above.

Studying the critigal region around Tc-reqﬁires a reliable
method of temperature monitoring and control.’ ihesé'problems
are g;éater for ;he case of pySR than fqr some otﬁer techniqués,
becausg,vin order to stop enough ﬁuons, the samples must be
fairly 1érge. In éddition, to allow the entrance‘of‘the u+ énd
fo miﬁimiZé stops in the oven walis, thin windows and shields
must bergsed.

We_héve.used three different sample-oven sYs;ems iﬁ search
of a reiiable,design. ‘The first oven was designed and bqilt by
the group.from thevUnivgrsiﬁy of Tokyo. If-épnsisted4of a rec-
tangulér prism of single crystal Ni 1/2 x' 1 i/Z x 2 1/2" sur-
roundéd“on the four thin edges by four.peices of porous céréhic
tile. The crystal was secured inside the squafe_of tiies by
smail ceréhic‘standoffs at four points. The tiles were held

togethér by a non-inductive winding of non-magnetic nichrome

heater wire which passed through long holes drilledllengthwise“ '

through the tiles. Molybdenum shields fit into grooves in the_

tiles and covered the two open faces of the sémplé. Then the.
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entire aségﬁbly was fit into a polisﬁed stainless’sfeéi b;x;

- This box, ‘in turn, was tied to a stainless steel béf; whith
supported the box in a vacuum can. A mechanic§l pum§'ﬁaintained
a ﬁre83ur¢ §f gBoUt 40 microns, and 2 amps'of‘d;'cﬁrfent was |
passed througﬁ the nichroée heater wire. The ﬁemperature‘was
meésured at_two points via Pt-Pt/Rh 13% thermocoqﬁiesvsecurély
.bolted to:the érystal, and'the heater curfent was pontrolled

by aﬁ70hk§ré'E1ectric Co. model ECf7:teﬁperéture controller.

o The idea of this design:was to minimize the cénauétibn of
heat tb‘the sample (via the éefamic.standoffs),»the éon§ection
of heat‘fo the sample (via the vacuum), and the radiation losses
from thé sample to thé vacuum cén (via the molybdenum and éfain—
lesé.steel radiation shields). Tﬁe heating of the sample was to
occuf principaily via’rﬁdiatioh from the hot céramicvtiles..
With this oVén; the témperaturé-inhomogeniety,néaf iC was afopt.
1.5K acro#s the sample.v The drift with time of the temperatﬁré'
was less than 0.5 K duriﬁg ;he couréeIOf‘a run;. :

It waé éiscovered‘thﬁt due to conductionbloséés QIOng'the‘;v
stainless étgei bar,.ong of the'ceramic tiles was significantly
colder than fhe other three.  This produced uﬁeveﬁ radiatiohw‘v_l
'heéting of'the.crystal. It was.also decideduthat the_ﬁacuuﬁ_'
shpul& be improved. | |

Thé next mo&el of the oven used the same cryétal and heater
.aésembly,‘but this time it was moﬁnted 6n.1on2'thinvstainiessvi
standoffs. Also, a 2" diffusion puﬁp was-édded which'géve a-v
vacuum of iess'than 1 micron. 'The temperature ﬁqniforiné and
control was the same as for.the previous model, Thé:measﬁrea

temperaturevinhomogeniety,was about 1 K.



‘These two ovens were used for the relaxation rate vs. tem--
perature studies above TC' The fraction of muons stoppiﬁg in

the parts of these ovens was about 10%.

The third oven also used the 2" diffusiénfpump and basically

the_saﬁe;temperature measuring and_cohtrolling syétem. But in
this désign,'the Ni crystai (this time an ellipsoid of dimensions
1/2 # 1_1/2 x 2 1/2", to‘ﬁigimize demagnetiéiné field inhomo-
génié;iéé) was suspended inside a éopper box (whose walls ﬁeré
1/16" thick) by fouf fine stainless steel,wi:es andlﬁiniature
egg‘insuiators. The box was in turn.suspeﬁéed by étainless.
.wifeévihv;he center of avnoh—induCtivevwinding:of nichrome wi}e¢
This aésémbly was then surfounded by four stainless_radiétiom
shieldS'and the vacuum can.

Thé idea waé to ﬁeat the coppér.ﬁok via:;adiation from the
heater Qife. The box had a faifly uﬁifbrm teﬁperature bécauéé
it,was.made of copper. The-box‘then'heafed.tﬁé crystal by radia-
tion. :Itiwas found necéssary"fo mount a the:mocoupleign the
“éopper box so thé temperature ofvthe box, not”the cfystal, cquid
be contrblled. This wasrto avoid peréiétént.temgerature ésﬁillaf
_fions.betWeen the box and ﬁhe crystal. The meaéﬁrea temperature‘
.inhomoéenietybgcrbss the sampié was 0.4 K.a |

This pvén was used at two températurés jﬁgt belo& Te #nd7”

for a study of the relaxation time vs. externally'épplied field

ét a fixed température above Te- 'Roughly 40% of the‘mudns stqppéd.

_in parté of this oven.

2. Results -—- T ,s'rc_;

“Precession was obsépvéd in a single crystal sample‘of_Ni_

at the temperatures TC -2 (+1) K and TC -5 LK in an exter4.

s

Ty
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nal fiel&.of 30 gauss, and the local fieldé'were determined to
be 246 * 10 and 340 * 10 gauss respectivel&. ‘

If 6ne assumes Bu « MS(T),Va rough estimate for the:c;iticglA
exboneht B.may be made: 8 = 0.35 + 0.2. This:vaiﬁe,valthouéﬁ
poorly defined, is 1in agreement ﬁith that found83 wi;h other
prbbes in Ni and thaﬁ predictedvtheoreticallyaa{_ |

The méasﬁred,ﬁ+vrelaxatioﬁ times at these two témperatures
‘are éﬁbut 2 usec. This reléxation rate can be accbﬁnted for by
the 0.4 K'temperature inhomogeniety in the sample (see Fig. 9).
Becéuse B- hasisuch é steep temperature depeﬁdence; the true -
relaxation raﬁe (due perhaps to critical spin fluctuations) is

difficult.to determine in this temperature region.

3. Results -— T > TC
We have measured T2 in single_crystaeri ihbvarious_external

fields in the température range Tr + 3 to TC + 300 X, and have

found the témperature and field dependence shown in Figures 13

and 14. Notice that T, rises rapidly with temperature just above

2
TC’ then remains.faifly constant aboye TC + 70 K. The gffect‘of
increasing the external field is to.éhorﬁen T,. |

A sophiéticatedyfittihg.progrgm was used to extract T2 from
the experimental hiétogrgm.' In the analysis of the éarly d#ﬁa'-
(Fig. 13), the fraction of muons étopping in thévpérté of the
oven (10%).was ignored, and a straightforward 6 ﬁarameter fit
(one precession component) was performed. Data takéq using'the
third oven (Fig. 14) required a more complicated'analysis proce-

dure. ' Since 40% of the muons stopped in parts of,the-bven, the

fitting program had to take accoﬁnt of two precession components:
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Figure 13. The experimental dependence of T on temperature and

2

external field for muons in Ni near the Curie-teﬁperature TC.
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Figure 14, The experimental dependence of the p relaxation

rate in Ni on external field at 4 K above the Curie temperature.
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one Short—lived one (in the Ni) and one long-lived one (in the
oven.pafts). It was assumed that the preceésién frequenéies and
initiél’phases of these components weré the same, and the com-
puted ratio between the two asymmetries was kept fixed. At Flrst
the relayation time of the oven component was left as a free
parameter, but it was found that fixin9 it at an 1nf1n1te value
was satisFactory. !

.There is a question as to the reliability of the longer T2
measured (14 usec) Since the u lifetime_is only 2.2 usec,
relaxation times this long are indeed" fairly difflcult to deter-
mine. The mathematical criteria involved in fixlny such a long
T2 with.a fitting procedure are investigated_in'the Appendix.
More careful measurements with better statistics should undoubt-
edly be carried oﬁt iﬁ‘the high temperature region, but from the

experimental evidence and from theoretical arguments, I believe

the stated relaxation times are'justifiéd.



C. INTERPRETATION

1. Temperature Dependence of the Correlation Time

The strong temperature dependence found for the relaxa-
tion rate near TC is good evidence that we are 56613? theveffect
of critical'épin fluctuations.

Figuré l5 compares the USR data with existinggo perturbed
angular correlation and neutron scattering data. From each ex-
periment; # spin corrglation time T, is extracted and plotted
versus (T-TC)/TC., For the PAC and uUSR techniques, T. 1s deriQedv

from T via'the'relation l/T2 G'MZTC. The known (hyperfine)

2
interaction strength is used for the PAC data, and for purposes -
of illustration, the dipolar field (without pseudo-dipolar en-
hancement) is used for the muon data. It shOuld be noted that
an uncertainty in w implies an uncertainty in Te in only a multi-
plicative constant. With the pseudo—dipolar correction to w
mentioned earlier, the LSR data points join nicélonnto those
taken with PAC. The extraction of Te from the neutron data is
more involved and requires fairly restrictive assumﬁtions .

We see that for all three probes, és the tgmpeféture is
c’
the power lgw: T, «'[T%TCJ'_H where n is 0.7 for

lowered toward T,, the correlation time increases according to

T
c

PAC and uSR and is 1.4 for neutrons. The fact that the neutron
data disagree with both the PAC and the uSR data may be due to a
failure of the assumptions made in extracting Tc from the neutron

data, or it may be inherent in the manner in which the different

probes sample the momentum spectrum of the critical fluctuationms.
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As T approaches T, several things happen: (1) the:prodnct

c
wr is no longer small compared to one, and the correlation time
treatment breaks down. This will only happen in a temperatura

c* (2) The nearest neighbors to the

region extremely close to T
muén begin to correlate. Vhen this occurs, the dipolar (and
pseudo-dipolar) fields will tend to cancel bf s&mmetry, and the
éontéct term will géin in importancé. |

As‘séen in Figure 15, ;he effect of an exﬁernal field is
to increase the correlation time. - This is the anticipated de-
pendence sincé an external field is expectéd to stabilize the
ordered st#fe and hence to increase spin correlaﬁion. Since the
PAC and neutron scattering experiments were perfbrmed in iero

external field, a quantitative comparison with-nSR measurements

requires_an'extension of this work to zero field.

2, The Scattering Function Approach

The teﬁperature dependent transition from a dipolar inter-
action to a éontact interactién mentioned above occurs perhabs'
only for an interstitial probe such as the'u+. Its existence re-
quires (1) a weak contact interéction,:(Z) a strong dipolar intgr—
action and (3) a site with cubic symmetry. It is.inAhopes of
clarifying this effect that the scattering function approach to
ﬂ+ critical relaxation is presented. |

The scattéring function approach is based on the formalism
developed by Moriya85 for NMR relaxation near T_. According to

C

this formalism, for a muon spin-Ni spin interaction Hamiltonian
f the f n,=1-F 3,
o e form: - 3 = . . >
, ' 8] [P U B

the relaxation rate becomes:
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> >
e« 1 % T (k) s(k,0)

N
T oR )
g > th
Here, Iu»and Sj are the muon and j  Ni spins. N is the number

. , N .
of spins, and S(k,0) is the "scattering function" for zero fre-
quency. F(E) is a form factor which contains only information
about the geometry of the muon site and the strength and symmetry
of the muon-Ni interaction: '

A ik (ﬁ R ) <«

Loe R

Trif .- fle']

Fk) =
33" ‘ Wl

Here, Ei is a vectoxr from the u+ to the jth Ni spin (assumed to
be 1/2),-‘Because we only consider nearest-neighbor hyperfine and
dipolar interactions and because of the symmetry of the octa-
’ <>
hedral site, f
uj
Brillouin zone.
S(E,w), the scattering function, can in principle be direct-
ly measured using neutron scattériﬁgsé. Moriya uses an approxi-
85 _ > . > o >
mation for S(k,0), expressing it as x(k)/FE, where x(k) is the
momentum-dependent susceptability, and FE is the decay rate for
: > .
a fluctuation of wavevector k. It should be noted that through
the quantity I'*, account is taken of the different correlation
times for fluctuations with differeﬁt wavelengths.
> ; . :
S(k,0) has a maximum at k = O which grows to a singularity
at T = TC. This enhancement of low wavevecfor fluctuations is
known as the diffusive mode. Moriya's approximate form for
S(K,O) includes only these diffusive modes.

87

It has recently been established”® that propagating\spin.

-Although these

wave modes called paramagnons exlst above TC.

modes have maximum strength at non-zero frequencies, they probably

> L
is diagonal. The sum over k is over the first
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pive a subétantial contribution to S(E,O) at non—iero E'values.
Because of the temperature dependence of the pdpulation of these
modes, the spin wave contribution to S(K,O) will vary with tem-
perature. The form of the spin wave contribution to fhe.gcat—
tering function is much more poorly underétood than that of the
diffusive mode. |

Normalized_fo?m factors calculafed for the u+ in the oéta-
hedral site for the case of a nearest—neighborvisétroﬁic hyper-
fine interaction and for a nearest-neighbor dipolar interaction
are plotted.in Figure 16. The important point to n§te is tﬁat
the dipélaf form factor peaks at high i,bwhile the hyperfine
form factor has a maximum at k = 0. This behavior may be under-
stood as foilows: since long wavelength spin fluctuations tend
to maintain the correlation of the nearest neighbdrs of the ﬁ+,
and because the dipolar fielﬁ at tﬁe center of an octahedron of
ordered spins is zero, the dipolar field from low:wavévector
fluctuations will be small. On the other hand, the hypérfiﬁe
field is greatést when the octaﬁedral'neighbors are cdrrelated.
Hiph wavevector fluctuations destfoy this order‘and.decreﬁse the
hyperfine field at the u+. |

Moriya has used the calculations of Mori and Kawésa’ki88 as
the basis for approximate mathematical forms for.X(E) and Fﬁf He
then used these expressions85 to compute the relaxation rate for
 the case,where:F(i) =1 (i.e., for the case of a nucleus inter-
acting with a single fluctuating electron spin via an isotropic
hyperfine interaction). |

I have numerically performed an integration over the first

Brillouin zone of the product of Moriya's scattering function for
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a fce lattiée and the form factor for the muon in the bétaw
hedral site. In this calculation, the hyperfiné and dipolar
interactions were inpluded in the proportion suggested by the
correlation time theory presented earlier. 'The.fesulting de—b
pendence»of'relaxation rate on temperature is shown in Figure
17. Notiéevthat the dipolar contribution to the relaxation
r#te is f#irly constant, decreasing by half As the Curie point
is approached. The hyperfine:term, on the oﬁher hénd, starts
small but rapidly becomes the dominant contributibn. This is
because the hyperfine form facfor weights tﬁe low k region of
: S(E,O) where the diffusive peak begins to divefge near TC.

The general form of the temperature dependence agrees with
the experimental data (Fig. 13). There is disagreement regard-
ing ;he temperature at which the relaxation rate begiﬁs to rise
and the vaiue of the critical exponént. The data shdws the rise

beginning at a value of the reduced temperature (T—TC)/TC = 1051,

3. The measured critical exponent

while the theory predicts 10~
is 0.7, while the theoretical value ié 3/2. To some extent,
these disagreements afe certainly due to the apptoximatiops made
within thé framewéfk of the diffusive model. Another soﬁrce of
disagreement may lie in the failure of the theory to accouht for
spin waves.

It is interesting at this point to coﬁpare the uSR technique
of observihg éfitical fluctuations with those teéhniqhes which
use a nuclear probe strongly coupied to a single_fluctuéting spin
(PAC, NMR, Mbssbauer effect). These probes have a K-independent

+ .
form factor F(k), which implies that their relaxation rate will

reflect some undetermined mixture of the effects of the k =~ 0
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diffusive:mddés and the high K propagating modes. According

to the theory presented for the muon, these two effects con-
tribute to the u+ relaxa;ion rate in different'femperature
ranges, so ideally, these two effects may be independently
studied. Indeed, because the critical rise in.the'u+ relaxa-
tion rate near TC is almost strictly due td the well understood

diffusive'mode, the u+ may prove to be the ideal ﬁrobe of dif-

fusive spin excitations near TC.

3. Field Dependence of the Relaxation

Moriya also shows85 how the effect of an externél field
on the relaxation rate may be taken into account. He finds
that the principal effect of the field is to wash out the diver-

- .
gence in S(k,0) at T, and to decrease the diffusive peak at

C
higher temperatures. This decrease in_S(ﬁ,O) cauées_a corres-
ponding decrease in the relaxation rate Qith increasing field,
which is opposite to the effect found experimentaily (see Fig.
14). o

_ Hdwever; Moriya assumes that the transition temperature
remains unchanged in the presence of an‘external fiéld. It h;s
been found e‘xperiment:ally89 that in a field, thevtransitioh
temperature shifts upwards. This is due to the stébilization'of
the ordered state (i.e., enhancement of the exchange energy) by
the field.

I have performed a calculation of the field effect on the

u+ relaxation rate using Moriyais theory, taking account of the

field dependent shift of the transition temperature. A linear

dependence of the shift on field with a slope89 of 10/9000 K/gauss



was assumed. The resulting curves show the cérrect field de—_
pendéhce (i.e., 1/T2 increases with increasing field) over a
limited range of temperature and field. Theée_results are veryb
dependent on the exact relation between t;ansition temperature
and field. _ ,

The theory of relaxation by critical fluctuations thus
becomes'very_complicated in the présence of an external magnetic
'field}‘ Tﬁis is why the ofher techniques which have been used in
the study of critical fluctuations (neutron scattering and PAC)
have'conéentratéd on the zero field case. Our USR experiments

must be extended to zero field in order to permit a satisfactory

comparison with these other techniques.

4, Effect of ﬁ+ Diffusion‘on the Relaxation Rate .

A potential complication of the above picture would arise
if the p+ were rapidly diffusing through'the Ni lattice at tem-

peratures near T For sufficiently rapid diffusion, one might

c
think that the u+ would "wash out" the effect of a Ni spin fluc;
tuation. :This is ‘analagous to the case bf motional narrowing of
a static dipolar linewidth. But in order to wash out a flucéué—
tion of wavevector E, the u+ nmust diffuse a'distaﬁce'of the order
of-the.fluétuatiqn wavelength (Zﬂ/k)'in a time'sﬁort compared to;
the decay time of the fluctuation (Fi_l). If this criteridn is

+ )
not met, the Yy samples this fluctuation as if at rest.

It is a fortunate coincidence that those fluctuations with

‘the shortest wavelengths also have the shortest decay times.  This

is statedgo in the "slowing down hypothesis'': Tila'x(i); Con-

versely, those fluctuations which live a long time (i.e., which
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remain intact during many u+ hops) are aiso those ﬁitﬁ‘the long-
est wavelenpfhs (requiring the u+ to diffuse a long &éy to wash
out the effect). |

If the‘u+ were diffusing raﬁidly enough, it could of course
wash out.ahy fluctuation. But barring a fqrtuitous relation‘be-
tween the diffusion and fluctuation decay rates, this washing
out would have to occur at all temperatures, contrary to experi-
ment. This question should certainly be investigated more fully,

but it appears that u+ motion may be ignored.

"
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V. SUMMARY AND CONCLUSIONS

A.  Summarv A s

The etudy of ferromagnets with uSR is a rich field. . In
the otdeted state, fat below the Curie temperature, the p+
can be used as a microscopic magnetic probe to measure‘the local
field due to neighboring edres and polarize& screening electrons.
In ferromagnetic nickel, the dipolar fields froe eeigﬁbOring
cores vanish because of the cubic symmetty of the u+_stopping
site. However, the hyperfiee field;Afrom the contact interaction
of the'u+ with the polarized séreening'electrone, is sienificant.

The measured value of B -0.66 kG, can be explained using

hf’
neutron diffraction data from pure Ni and a theory which assumes
_.that only the 4s—electrons’screen the u+.

In the paramagnetic phase, above the Curie temperature the
local field at the u is equal to the externally applied field.
But close'to the transition, remnant’ferromagnetlsm exists in the
form of'eritical spin fluctuations.

| Critical spin fluctuations in Ni near TC':apidly relax the
p+ spin; .The relaxation rate decreases at higher temperatures.
A theory based on work by Moriyass,‘which clearly shows the role
of the hyperfine and dlpolar interactlons,'ls in qualitative
agreement with the observed temperature dependence of the u
relaxatioﬁ rate.

The stage 1is set for a new generatien of:céreful,vsyStematic

applications of LSR to ferromagnetic materials.
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B. Future Experiments

A

A variety qf fascinating uSR experimenFs in magnetic
materials remain to be done. Itvis oniy a matter of time until
most or all of the following experimeﬂts will be performed by
one of the several groups working in this field.

1) | Observation of the dipolar fields in a strained Ni
crystal. A direct confirmation of the u+ stoppihg site in Ni
could perhapé bg most easily accomplished by obserﬁing the
appearence of these fields. The end of the elastic limit for
stress along the [111] direction in single crystal Ni.is about -
200 ustraingl. Thg classical dipolar fields produced at:the
octahedral and tetrahedral sites for this straiﬂ afe about -2
and +1 gauss.respectivelj. FEstablishing the sign of the local
field shifﬁlupon straining would be sufficient‘to determine the
site. Pseudo-dipolar enhancement of the classicai diﬁblar fieids
will increase the shift, and a careful measurement of the en-
hancement would be both useful for critical spin flucfﬁation,
studies and interesting in its own right.

2) Observation of two-component precession in cold single
crystal irqﬁ._ If the u+ caﬁvbé frozen into two electrostatically
equivalent but magnetically inequivalent face-centered sites in
beec iron, two precession components will be visible, their fré-
quencies spiit by dipolar fields. Tﬁis would yield information
analagous ﬁo.that from a strained Ni experimenf.

3) Magnetic alloys in the dilute limit and ‘near the
critical concentration. The addition of a sﬁali amouﬁt of well_

distributed impurities to pure Ni would allow the study of,ﬁ+
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diffusion via the observation of motional narrowing of the

resulting static linewidth. In addition, a stﬁdyvof how the
muon local field in a magnetic alloy decré;ses as the magneti-
(
zation Qanishes92 at the "critical concent;atibn" should be
undertakcn.
.45 A precision investigation of thg tempéfature depen—
denCe of‘the u hyperfine f;eld in a ferromégnet. One should

look for déviations.from perfect pr:oport;ionalityg3 with the

magnetization.

5) A careful investigation of the temperature dependence

of BU(T) and TZ(T) near thé Curie tempefatu;e._ Meésurehents
in this'temperature region should be made more complete and
extended.to zero external field.

6) Determination of-the ﬁ+ hyperfine field in the
oraerea phase of other magnetic materials &ncluding ferromag—
netic alloys, antiferromagnets, and ferrim;gnets.

7)_ UMR, or muon magnétic resonance. An éxperiment in
which thé_u+ spin was resonantly reoriented by application of
a radid—ffequeﬁcy.magnetic fielq has been perfofmed94. It is
difficult, however, to produce a sufficiently lgrge rf field
to flip tﬁe u+ spin on the time scale of the u+ decay. The
existence of the hyperfine enhancemeht95 in ferrbmagnets could
alieviéte this difficulty, and one could even_imégine perform-
ing a Spiﬁ-echb type experimentg6 on the u+ in a fe£romagnetic

host.

C. Closing Remarks

In this dissertation I have attempted to present the
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HSR technique from a solid state point of view. It is clear
that uSRvis a valuable solid state tool, and the advances in .
its application made in the future will be thé'reéult of the
interest aﬁd.involvement of members of the solid éfate commun-
ity, both expérimental and theoretical.

It is toward the.end of fostering this interest and in-
volvement that my colleagues and I have directed our efforts
over tﬁe past few years. We have_met with somé depressing
failures, but also with some spectacular successes. Due largely
to these successes, the future existenée and blossbming of this
beautiful technique is guaranteed. |

At the time of fhis writing one of the qriginal focii of
USR physiés, the 184—inph Cyclotron of the Léwréhce Berkeley
Laboratory, is on its financial deathbed, a Victim~of the mun-
dane pre33uresvof American economic recession. Thé.ne#t genera~
tion of USR experiments will be performed at the héw highly
efficient "mesén factories'". 1t is the hope of the author that
the lines of communication with the solid state community
established through Berkeley will be maintained, stfengthened '
and extended to ﬁhe new expérimeﬁtal facilities. o

Finally, in closing, I want to express my admifatiép of
the human investment, both material and spiritual, in the realm
of basic scientific research. lIn an era of human hunger, strife,
and suffering,'it is sometimes difficult to justify'to anothef
party, the expenditure this ipvestment-represents. Buf the just-=
ification to myself is obvious and immediate. The hunger; strife,
and suffering on our planet are temporary. It is.the'curiosi£y

of the human mind which is basic to human existence and which must

be preserved.



) ' VI. APPENDIX

'In}this appendix, I discuss several topics of'interest
regardisg the two principal data reductién techniques we have
used:i the discrete Fourier transform and the maximum likeli-
hood fit. Included in the discussion is'avtreatment of how
statistical fluctuations in the experimental histogram manifest

themselves in the two techniques.

- A, Discrete Fourier Analysis

foﬁrier analysis is an elegant method of extracting the
frequency spectrum from experimenfal data which is a function
of time. In our case, the time function is the experimental
histogramﬁ Significant peaks in the frequency spectrum of this
histogram represent u+ pfecession components. The moderate size
of our histogram (12,000 bins), the existence of the Fast Fourier
Transform algorithmso and the availability of é highvspeed
digitgl computer make the Fourier transform technique an attrac-
tive datasanalysis procedure.

We.stgrt with a collestion of numbers xi,_which-represent
.successive'time'bins‘of our histogram. j is the time index.

We hope to be able to express x, as a sum of sinusoidal frequency

3

components :

N .
K = -(u-1) |

where a, is the amplitude of the component'with frequency index k.

Experience with continuous Fourier transforms prOmpts us to-

guess, for a :

xj' exp~i—"-§j-' ( -(N-1)< kg N),
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Ve see that this is the correct expression by inserting it

into the expression for x, and making use of the discrete

J
Fourier orthoponality relation:
N 3 .
1y expl‘nk(l-—j')
N N = § gt
k = -(N-1) S

It is of interest to investigate the form of a, forva-simple

form of x,, namely a damped sinusoidal oécillatioh:

h|
t/

x(t) = Ae T cos(w°t+¢), 0g £<1AT,

2

or, in discrete notation:

x5 = %_[exp{i¢ + 1%1 (k°+ia)} + exp{-i¢ - Eﬁl (ko—ic)}]

where

y =28t k =uw AT, and a= AT

&=, o o S
AT o 2ty

We adopt the notation: kO =n+¢§, (06 <1) énd
k=n+k, (-(N-1)-n £ k <N-n). n gives the number of complete
oscillationé in éhe.time AT. K is the fregﬁency index measured
from n.

A simple calculation yields:

Lo (ei¢ 1_82ﬂi(6+ia) . o l_é—Zwi(G-ia) }
A 1¥ex5§£(K—6—ia) 1'€m5%E(2n+6+K—id) .

The second term in this expression is a so-called "non-secular"
term. It can usually be ignored for values of n not too close

to 0 or 2N. If we assume'K,S,a<’< N, we find:

o =4 o? 1-2MEHO) s < W)
4mi (k-8-io)
IaK|22 2 1—e_2“a(2cos2nﬁ)+e-4"a
161r2 (K—6)2_+‘a2

The real quantity laKl2 is the Fourier power level. 1In the limit-

38
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of small &, this becomes:

|a ,2: /\_2 sinzTTG y (o<< 1;5?"5))

4n2 (K—6)2+a2

Y

= A y» (0o<<1, 6 =20),
3

4[§% +1]
 vThus; the Fourier power level has a maximum aﬁ a frequency
sﬁchtthat K = 8, |
Although it is true that the maximum bower level is a
function of 6, the area under the Fourier power peak is inde-

pendent of §, as can be seen by a direct calculation (ignoring

the non-secular term):

z laKIZ = Az [ l_e—4na} (any d)
1 . .

1

K 8N _ 'zﬂﬁ
e¥r ¥
-2 @=0)
4 3

- B. Statistical Noise in a Discréte Transform -

The ﬁopuiation of each bin of the.expérimental histograﬁ
has a statistical uncertainty describable bf'a Poissqn distri£u—
tion. This statistical uncertainty shows itself in the discrete
Fourier transform as noise peaks. |

We can calculate tﬁe ;verage noise level'iﬁ a Fourier trans-
form. Remember that the form of the noise free.histogram is:
| x, = Noefj/ju 1+ yj]

J
4 : .
e t/TZ‘ cos(wit+¢i). Here t = j X Ty and

e 1 B3
>

where y(t) = 4

3

u ) Tu/Tb’

Tb ‘being the time bin width and Tu the'u+ lifetime

(2.2 usec). The number of bins is 2N. Any time-independent



background is assumed negligible here.

We are interested in the Fourier transform of:

_ i

yj fi. e u .
N

(o]

No may be determined via an approximate least squares fit to

the histogram. The average Fourier power spectrum of yj is:
5 = l—;'l‘.'z‘ 1 21;:1—1 21;:1—1 :
k k= - —ink(j,-
@07 gm0 gm0 T3y R 12
1 2 12 '

Since the histogram bins have uncorrelated populations:
)

—_— 2__
lesz le sz + Gjljz (le le
=%, x, +86 X,
jl j2 jljz jl

because the second moment of the Poisson distribution is equal

to the mean.' Thus:

Yy, =5 4+ 8 u
V371, T 78, T 0, ¢ kR
| 7
(o]
and: | N4 |
| P =P, +_1 SIS LS TR
(2N)2 j =0 N02

where pg is.the Foufier power in the absence of stgfistical
noise. Thé second ferm is the average noise level.

A quantity often of iﬁterest is the signal to noise ratio
P /pn. The Fourier power of a signal with asymmétry A was shown

8

to be P, = A2/4. The average Fourier power level of pure noise

is: .
| IN-1 — , 2N-1
p, = _1 S | 2y 1 5 Iy |
em? 3 =o0 N02 (2N)2No j=0

for small A. The signal to noise ratio thus has the form:
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ps/pn « AZNO. An experiment shouldvbe designed to maximize
the product AzNo.

The probability distribution of the transform noise peaks
can also be determined97. The effect of raﬁ&om fluctuaﬁions'%n

the bin‘populations x, will be an uncertainty in a, which re-

3
sembles.é random walk in the complex pléne ¢f‘ak. This will be
rigorous as 2N approacheéwinfinity. The distribution of'ak fér
pure noise is then a two-dimensional gauséian in the complex
plane centered on the origin:
P(x) ‘=e-rz/2.cr2 ;orsal,
We can now calculate the probability distribution of

Fourier power peak heights:

P(eHar” = p(r)dr
P(x?) = _1 p(x)
2r
| P(pk) = 2an(r2) = 7P(x) .
Tﬁus: :  'P(pk) = C e—pk/c)

The constants C and cvare determined by normalizing the
distribution and computing its mean value:
C .
1= P(pk)dpk = Cc
)
[+

—_ _ 2 —' o
Py i pP(p)dp, = Cc” =c |

For pure noise, Ek = ;'is independent of k. We thus find:

- 2N-1 =

- —— . 2.
P(p,) = e PP 5= 1 , I xzj 2373,

P . (ZN) j = Q‘NO ' s

- When calculating ;; it is avgbod apprdximatioh to use xj

.1ﬁstead of x,. Then, with the value of‘No determined previously

3

(e.g., by an approximate least squares fit),»the'éxpected noise
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peak distribution may be determined. A cohereht'signal appears

in tﬁe‘disfribution of Fourier power peaks as a significanﬁ de-
viation ffom the expected noise peak ;istributiOn. .Iﬁ Figure 18,
I plot the experimental distribution of Fourier poﬁer peaks of
'two actuél spectra along with the distribution expgcted for pure

noise. The isolated point in the righﬁ—hand fipure indicates

the presence of a significant signal.

C. A Theory of Noise in the Maximum Likelihood Fitting Procedure

Consider the negative log maximum likelihood__'function51
for a histogram % and a theoretical average form §i:
F=- i in w(xi,Ei). |
w(xi,;i) describes'the'probability distribution of the popula-
tion in ‘the ith bir (assumed here, for ease of calculation to

be gaussian, as would be the case for a "compressed" histogram,

ie, many neiphboring bins summed into a single new bin):

o 9
w(x,,x,) = 1 ~(x, - x
(%) (x; - %)
W — 1/2 exo
Qm x,) o
i ._xi

Note that the width of the distribution is taken: to be (;i)llz
as is the case for a compressed histogram with initially Poisson

statistics.

We find that F is minimized if ;i = ;g is chosen such that

it most closeiy approximates Xy

—o

( i = F = ._.
F (minimum) L I 2n w(*i,xi)
i .
_ —0 0.2 Y
F_ - f[% (21X + (x ) ]

—0
2x,
i

Consider now a second theoretical average form xi corres-
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Figure 18 The experimental Fourier power peak dlstributlon
(bar graphs) and the expected distribution for pure noise
(straight lines) for two actual 2048—point transforms.' The
isolated bar in the right—hand figure demonstrates the exist—

ence of . a statistlcally sipnificant signal,
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ponding to values of the fitting parameters different'from'the

optimal case X . We wish to determine under what conditions we

-
can discriminate the form xi from the form §?.

We first calculate the expectation value of the difference

f=7F" - FO, finding easily: , _ ':

s G -%p? & - X
=1 3 ——— 4 — + in = -
2 4 x:{ xi x4 N
_ (x5 - xi')2 _
f z'_j__ I : xi > 1
2 1 ;, .
i

i i

The cdndition that x' can be distinguishéd_from ;O_is that
— S 2
1/2. We calculate (Af)~ assuming the

T o> Az {(f - D)2}

statistical independence of neighboring bins:

X.X, = ;';5 s (14 3)

i*5 i
(Af)2 =1 Z [(‘.icj - EiEj] =1 I [:33_-— Ei] H
| L o1j i i
- -2 _ 0,2
C; = (xp —x)7 = Oy - x)) ‘
x! %0
i i

_After a faifly tedious calculation, we find:

w2 =1 @GP +1) &L -2
) PO 17 %
2§!2
1
@n’ = X OG- x>
1 w2
1
If we let: x; = ?E;’ (1 +68) s E‘; > 1, 8, <<1,
we find: Ff =1 I X°§ 2
E i i 71



95
'iThc condition required to be able to stétistically dis-
criminate between the two forms is: f > Af, or ?'> 2.

FPor the case of our histogram, if ;; differs from ;g in any
inte;eéting parameter (i.e., aﬁy but the ndrmalization No of.phe
.backgr‘oun'd B), f x&ill, in the limit of small asymmetry A, be
proportional to the product NOAZ. Thus, we again see the im—
portaﬁcé of maximizing this product.. In Figures 19 ahd ZO I
present the results of céiculations of the‘ﬁihimum number of
evenfs required to 1) measure the precession'frequency to a

specified precision and to 2) differentiate between a finite

relaxation time and an infinite relaxation ‘time.
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Figure 19. The number of events required to statistically dis-
criminate a precession frequency v from a frequency v + Av. An
infinite relaxation time and an asymmetry of 0.2 are assumed. It

is also assumed that the histogram covers three u+ lifetimes.
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Figure 20 The number of events required in order to statistical]y
discriminate between a finite value of '1‘2 and an 1nf1nite value.
A is the asymmetry, and Tu is the lifetime of the u (2.2 useC)

This plot assumes a histogram which covers three u lifetimes.
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