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I, - Jlfl'RODUCTION 

Since the discovery in 1958 by Samoilov 1 · et o1.,1 that large· mag .. · 
' . . 

-netic fields are induced at. the ·nuclei of ·diamagnetic tnetal· atoms. dissolved 

in. ferromgnets 1 these fields· have been· the sUbjects· of several. expertnxmtal 

. · ·studies, 2-l ~ The hyperfine fields
1 

are· believed to arise f'rom a contact inter ... 

· act:ton of the impurity nucleus with c::·nduetion a electrons Ul'lpSired via an· ·. 

exchange-polarization· mechanism with neighboring magnetic .. atoms.,,. Oth$r meah- .. · 

an1sms are possible; there are a~.ilable at present· no quantitative ·theoretical 
.:-.. 

( :·. : 

•' 

A thorough understanding of the interactions which induce fields at 

the nuclei of nominally diamagnetic· atoms could provide a .valuable link in . . - . . . 

a theoretical eJQ?lanation of ferromagne~ism •. Some but ··not all of. the mecb,+.· 

anisms responsible for ferromagnetism are present here and it is useful to. 

. study these meclwlisms separately'. In pa1~icular it should be possible to 
. ' 

.. ·study the excb.rulae forces between UJl.Pafred electrons on magnetic at ana .and· 

'conduction eiectrons from the ~~Snetic atoms. 

Until now the theoretical work· in this area .bas been quite qualitat:l.ve 
. . . . 

and the e:xperimental work bas attempted ma:l.nl.y to establish tha mechanism by 

which induced magnetic fields are created. A useful e¥Peri1Dental approach . 

~ ... 

. ' . 
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is to determine the ·mssnttudes ·and signs of the 'indUced. fieldS at nuclei ot 

· diamagnetic impurities in very dilute solutions 1ti iron, cobalt and nickel 
f I • . • 1 

lattices. ·~ ·c~·~te sa~ ~~ .fiel~ ·bas })e~n· ~~~-f~r t1n imp~~tY atoms.l6 
... ' ' ··, • ' ' • ' I ' '' ·, • 

' • 

/ 

We report· ·herein .a complete set· of tteasurements on gold. impurity at~. 

Several of our results ~ve b~~n ob~1ned previously by d1trerent 
' . 

methods. In most cases, as will b'e seen, the asreement between the previous 

measurements and. ours is qui.te satisfactory. Our measurements are based on 
. . .. , . 

. direct comparison of 1h e internal magnetic fields w1 th external fields and 
' I 1 • • ' 

requir'e in principle eotrJeWhat less interpretation than do the other less 
,. . . ' . . . ( 

direct experiments. Still some as.sumptions ~~e· nece~sary, as ind.icated.later~ 

We feel t~t .it is val~ble vhen reportin8. inte~l field measure~nts to · 

state. Clearly the GSSlliilptions ·involved in del•iVinS the results' from the data·~ 
• I • I . ~ . • . . . : . ' . . I' • • 

Inasmucp is this has tlot always been dOne in. the past we haVe deVoted the · 
I ~ ', • ,' ' • I I ' : \ . ~, ' ' ' ,• ,. ' : ' ' • ' • ' • ' • • 'o f 

~~ sectiop t~· d.'l:ac~sion of the various elq?erimental ~hods which·have ··. · 

been ''use~ .:tn ·determinind internal ·fieldo ~·ferromagnetic metals.":· ·: · .. ··. ·. ·: 
,. . ~ ·. " : ·,·: ;·· : :· . . . , .. r . , .. . 

i • ~ 

·' ,• 'I • 

• •• I,', I I o' . '' .. I I 'o' 

' . 
, .. \ 

n. THE V.ARIOUS m'ERIMENTAL lrlETIDDS 
~- . . ., ·. ·: 

.' f •• 

. We discuss,. but do not describe, each met~od separately.· In light 
•• • . • • • • . I,. I., '-. • ' ' . • • ·:~- • • • I<' ••· I 

·of. the present.poor tbearetica.l understanding and the sca~city of data ·on 
o I j ( • o I • o • 0 

' <' 
. induced fields it would be ·me&nitlglea~ .to o.lassify tbe methods in order bt 

' ' I • ' • ' • • \ • '' . : • • ; I ' ' • ' 

merit .•. ou.r.purpose is rather to point .out .the aSSI.lmpt1ons ~licit 1n each 
. .· . . \ ... '., . ·. 
method. , ·... ·. · · ' · · . . · · . 

. . . ·•. ~. 
' 1 ' • 1 t ~ 

1 
/ I, ' I .. 

. ,. 

. ' .( -~ . 

(' 
.... 

\' 
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.,. A~ · Ma.gnetic Resonance 
,. . •· 

Th.is is by far, the most. aCCUrate technique .• ·. It has had limited 
'·.: 

application, especially in studying in4uaed fields, S.~ the extent of its 

applicability here may ·not. be:. ·great in the .. near future. .The. resonant ·a taus 
. 1 

. are those in the domain walls, and the sigrial. is ·;thus extinguished in large 

. appJ.ied fields.. As in all magnetic resonanc~ experiments, one detects only 

those atoms :Which meet the resonance coDditions, and one.is not assured that 
I • • • .-... .,:•, .... :~'lj·,o'i~'o~ 

he is observing. a fair sampling of. the ;entil;-e spec~en (i.e., there may also 

be non-resonant sit~~)~.' in:e.ddition the location~ the resonant atoms in . . . . . ,· . 

the· ·domain valls introch.ices some small doubt in .the f~delity with which the 
• - ' • • ' 4 • • • p • 

'; 

transition frequency reflects t~e internal.field in.an atau ,within: a· domain.·'·· 
•• l .· . • • • . 

.!1;1 practice these two disadvantages do not seem to be very seriouS •. 
· ..... ,.· . . . •' - . ' . . . ·- . .' . ',· 

· .. 

' ... : B. 'Recoil-free· Resonance. ' •' . . . ~. . . ' 

This 'method (the· M8ssbauer effect) '·is,· like· NMR:· essentially spectrC,-
.' ·I'. ~--~i·~ i 

~··.scopic in nature.. Unlike NMR it measures ~d1rectly.);;A~ .hyper.fine structure · 
~- . . 

• • • # • 

'f·'-~ ~ 0 , • 

·· · ot nuclei within dcmains, and it can be used in· th'e'·presence ot large applied 

- . magnetic. fields. Applicability· 'is limited of cours~ ·.to those ri~lei showing 

the M8ssbauer ef.fect:and,.possessing well-resolved hypertin~:strueture. ·Present 

~echniques provide· an accuracy or about l%·:at best,'. although higher precision . 
. \ 

is·attainable. 

I; ·, • , ~ • . ~ . . 
•I •. 

I • .. c. 

·I 

. . 
Nuclear Polarization 

. ' 
I 

··By measuring the variation with temperature ot the angular distribution 

ot ~orr- r8.d.iation from oriented puclei one ce.n.determine the mean strength 

of meanetic interactions causing the orientation. It is· not .feasible in .moat · 

cases to determine the distributions around the means thus 1 Unlike tbe two . . 

9.:. 
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' . .~ 

.. • .... :.·.<: ~ · .... :: ~ 
spectroscopic methods~<~u~lear polarizat~on does not allow one to decide 

. ·. ·, .,:· . . . 
. ·""-· ., 

whether there are·~everal_lattice positions_ with different internal fields, 
• ' . ' .~1 ••. ·~ . : . • . . 

or only one • In 'addition-this method is much less sensitive than the 
• .. . . .. 'l·.\.' .... • '. . . . 

SpectroSCOpiC methodS ~0 'the p~eaence. ~f Other I interactionS (SUCh aS quad• .. 

rupole ~pli tting). snd the. pr~s~tly attainable. a.ccure,c;y is ap~rox1mateiy 
. .!"•' • . ' '! •• •• ' 

lO%. Internal fields:are obtained from nuclear polarization data rather· 

fl!'~'~'indirectly_• ·In practice the ·assumptions which: must be mB.de regarding re­

Orientation and perturbation--in the .intermediate nuclear state are usually 
~· -· J.. . . 

borne out~ The wide applic~Uity of this- method is a distinct advantage 
t:!,•·; . . . • ' . . . • . • ·.· • 
... " • • ~ . ' •• .... , .,.. l},~~ ~ .......... ,~~ • 

and the aoo.urao;y .with w~ioh ft yields internal ~ields is completely sa.tis-

faator,y in view ot ~he·present state of the theory • 

. All three of the above :t~chniques_ can be used to determine the signs 

of internal- fields. · 

. D. Heat Capacity Measurements . 

While it yields·the least information about the details of the nuclear 

·spin HamU ton ian and cannot be used. to determine the sign of the internal mag• -
- . . ' 

netic field,~ the. method of heat capacity measurements at.low temperatures has 
;,/:. . . . '· . . - ~--~·.>-'··-~-::P . 
,.,.~.two distinct advantages: (l) it is general~y a:pplicable except'to:'·extremel.;y ¥l 

. . . ~ 

dUu.te alloys,. and (2) tor a given internal field it provip.es observable re ... , . ~ 
. . . ~ . . ' 

sul.ts at higher temperatures than does nuclear pola;-ization. Like nuclear. 
·. •:' . : ' 

. polarization . this method measures ~~Y' . th~ .·mean internal field and not the . 

internBl. field distribution. '•., 

. ' 
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The first _measurement~ on' inte~l fields at the nuclei of gold atoms 
i ', I · 1 

. .. . . . . . ' . . . .· l .. 
dissolved in iron were reported _by Samoilo\r 1 et al., w~o discovered the effect 

- in n~clea~ .pbl.arizatio~. expe;~~t~ · ~. Au19(3 ~ . 'l'b.ey ~~orled a ·byp~rfine field 

. in exceSf:J' of 1.0 X. lOb ~USB·~ :Kog~n .et _a1.14 deduced a field in excess of 

2.~· x i08, gaus~ ~ ·swia~ ·e~~r~nts\>~ .Au199. -~ un~e~i~ty in the 
.. . . . . . ' ..... 

. ·reported magnitudes, and presumably _.the discrepancy, arises frOm the lack 

of a. reliable thermometer in these' early exper~nts, -which utilized contac_t 

cooling to 0~0'0~. ·stone and. Turrell ~ve r~cently repeated the Au198 exper-. . . ' 

iments in an iron sample in which co60 nuc~i were simultaneously polarized, 
I . 

. thereby acting as a thermometer... They obtained an internal field ·of 

1.6 z o.2 ~ ~06 gauss fo~ Au ~ Fe. . 

. · M8s~bauer absorption e~rL-nent~ on ·Aul97 in Fe, ·c~, and Ni were 

report~d by Roberts and ThomsonB,9 a~d-~y Shirley, Kap~n, and Axel. 5 IJ:h~ 
· excited-state nuclear magnetic' mo~nt, which prOduced most of the splitting,· 

was unknown, and it wa·s not possible to deduce an interml field :fr6m the 
. . 

' ' 

·. early experilrlSnts. ·'!he latter worker~ noted· that an internal field of 

i 

-,0.28 X 106 gauss would be compatible with a magnetic moment of l.6 run, vhich 

is the value of the magnetic moments. of·' several netghborins odd thallium 
. . . . . 

isotopes.· As dis_c,ussed in Section rv the moment of the excited state .ot 

·.··Au197 is much ~ss tban this, and'the internal field is much greater. ·. · 
. . . 18 . 
MOrE! recently Roberts and T4omson have carried out higher-resolu-:: 

t1on M8ssbauer experiments in which they observed. unresolved structure 1n 

the absorption lines. By fittinS the data to a Hamiltonian containing an 

axially-s~tric quadrupole inte;-act1on with symmetry axis parallel· to 

the direction of magnetization, they derived an excited-state magnetic 
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'1460 :1: 160 kgauss·. (~,in h) 1 .ll80 :t: 120 kgauss ·(Au in Co), and. 530 ·:1: 160 
• . . J,;,.,, .•• ' • 

kgauss (Au ~ Ni).·· .: . ··,,. ·. ·::. :: :.. ·.. ,. , .. !.·.! . , . , 

:. ~o1lov et .a:i.~ ·have ~as~e~:~~a~try, from p~rized Aul,~:·;tn··.'.-, .. ">·r;:·· 

Fe and Iii •... , Invokirlg the measured value ·.of .-l.O· :t: 0.-7 for the beta.o.decay .. : :·· 

matrix-1!leme~t. function' '11./ll.' they deduced ~. negati~e·· si~ for ·the· 1nte~l'. :.: ,. 

fields .at.Au nuclei in both Fe end.N1 •. · In ·acld1t1au.they.:f'ound a l'Stio of··:·· ...... 
' ' . ·. '";: 

. . .. . ;. :'. { . 

5.6:1 :f'Ol". the magnitudes. of. these internal fields: . .'.wi~~ the. most:·probab1e .. · :-. ·~ · 

values. ·being ~1.0 X lQ6. ~USS .~nd ~.18 ~ 10~ ·~~~ respectively.· .. ·,, .<·.,< .. : . ... ,. 
. . . . . , . . I . 

· .. ·· 

. . 
; •) ~ '!'' ' ' :• : ' :•: ' '' '• ,: : .. ' ' I ''to ~ 

., 
• '•' 4 ', • ~ ' '" ~ ' I • ' ' ' • ' • ' ' ' : . ·. ( ·., 

' .· .~ 

't I : •• :I·~: _:.; 
I 

: ,. ·IV·,: THE ·H!qH:--FIELD M5~BAUER EXPERD.m:NTS ..... · ·:. · .. 

, I, ' . , , ' .:J . , 
the assUI!lPtions involved' irl 'deducfne internal 'fieldS·~· the data, ·a direct ( 

comparison ot the internai .. fields 'With eXternall.y apPlied nngnetic fields was 

hi~ desirable... ~us a series of: experime~ts :was' 'performed in which' the ' .. ' 

M8sebauer' SpeCtra' or.· the:. 77 kev· :y .rsy;,·oi J.u197 'ih Fe~ 'Co . ( cubie 'and heXago~lh 
, • : 1 ' ' t· ' • i'· ' . 1 • ' • ' ', ' / ' ' ' · • ' ~ ' . 

and tti where obserVed ih applied magnetic fields between o end ·86 · kgaus's. · · · 'I'he 

nper~nts ~ere: all\~erfo~d at ·4.2°1\ \ising ~eey 'dilute solutiOns of ptl97 
• . -. . · .. · • • ....... ,- .... '1-j • 

. --.in the ;fe~~~~t.ic 'b.~~t bttices 'as. the 'sources 'and' an' absorber of 5.:..lo ·mil. 
: . . . J .' .. . . . .. . . 

· ...... ~. metal1·c· gold·~ ··.{"tU.ted-wheel'i 6Pectrome~erl9·wa's ueed tor .the. bigh-fieid 
• '. f' . . . • .. ' ' • • . t • • ' ·~. • .:. • .• 

'ma&eurementa;· .. ··it WaS compared end ilitercaiibrated with. an ·."automatic" sy;)ectrom-
~o :·.· ~! . r • : ...... ~ .•• ••• . • •. .. ,_.;· '":-. • • • ... ' • ' ; ! -. : . ·eter.c;. .· . ·q ·j' ~ _!:.-,..~-- • ;l, . , ·l; .... _' ·-. _-\: .·_.... ··._. '·. •• •• --~- •• ·;.. •• I • 

. . . . J) . . . ~. . ~--.. \. ., - .. , .. 
·:~-~~. ',I',', .~ .. ,' •.J. ~~:.,.• I, ·'{ ' ;,·, • 

,/ . . ' I . • i ·. t ,, •· • . ,..._.: l • : I; ; • • • _, • :(. 

I ', 

I ~ ~ • 

I •• l• 
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!· ~ . 
I 
' 

1. ' • 

I 

·:'lbe_ sources 111ere prepa:eed by Qlloy~ng ;:s l ~tomi.c percent· of ·Pt 

(containing pt1~) ·u~th the·host ~tal. at l6_00°C··in an ar~on.etmospbe~ 
for ._.., brs.·.and then quicklY quenching them-111 w~ter. ·. T1W he:xagonal Co 

' ' ' ' • ' ' ' ' I , 

source was prepared by cold~workins· the alloy- ·a-e :;oom .temperature; an··: .. 

x ... ray analysis . o~ this sour~e ehr.iwad · 95 ± .'?i :k~~onel Co2;. . The ~bic 
.. Co· s~c~ 'WQG :lf~ed by anneai1~ ·tfu.·alloy ~t l300°C for 2-l/2. hrs~, _:, .. 

. . . 
. then slowly ._cooling .to room .temperotm·e· cllier :e. period. Qf about 2 brs." · _.,. ·!.'. 

' . , ... 
;· . . i. t • • • 

. i'he intermediate . grain size 1n th1 a 5all\Ple mcle . it difficult to obtain :. · . : , . .. 

.. a coni'umatory. X-ray analysis . and ·the ~stal structure was Werred from 
't • . ' • • • • . ·•• • 

. . 0 . . 
(l) the· transition t~~ratu;re of' 417 C .. for .th~f·. i',~c.Q .• -h.c.p •. transition · 

' . . . ~· . . . . . 

in pur~ QG_J(the cubic ~tNcture is tbs stable form .. at high temperatures)22 . 

and (2) a ·similar .. procedure. ·to that deacribed above has been used to make 
. ·. . 23 

several ~ilute cobalt alloys (including Ir and Pd) for EMR studies , and · 

in each cas~ the percentage of,cubia Co .was·> 9(:1/,~. : ... · :., . :. . . ·, 

·: · Tn>ical absorption. spectra_ for _J,u197 diss<?lved i~ Fe, cubic Co, 
. . '. ;_ . . ' . . . . : ·. . " . . . ~ 

helll!gonal· C91. Slld N1 are ·shown .. in Fig. 1. ·These spectra ·are. symmetrical 
' ' •.' ' •I • ' '.' ' ' I ' ' • • • • ' ,' • • 

end better resolved than those reported in Ref., 5, and are 1n good agreement 
' . . . . . . . . 

with· (but less well-resolved. than) 'the .high-resolution work ,of Roberts and 
. .· . '18 ·, . . . : ',. I"'. . . . . . ,·' . . . . 

'l'homson • These .latter work-ers used gold .. in-Fe. (Co,Ni) absorbers rather · . 
• •! ..... ' •.• : • • • ' . • • •• : 

than .our Pt .. in~Fe (co,Ni) sources. i. The good· ~sre~nt of our spectra vith .. 
! ,, ' ' ,·,!. I 'I • ' • ' I ,'' ' ' ;I 

theirs indieates that the eqUilibrium .local fields at· -Au nucle·1 in Fe (Co,Ni) 
. ' ' I • • ' • ' 

. .. .· . . . . l .· . 4 
are established. -within the·lifet~ of.. the· isomeric atate of Au 91 (2.7 nsec).2 

.. ',• ' I •o 'o• '• • . ' I' 

~ d.itferences f':rom t~ su:rvey experiments ·reported 1n Ref. 5 may· b(! attributed. 
' . . . . . ··.: ' . ' ~ . ,' . 

to in(tdequate miXing during source p~tion ana. to poor resolution o'E tbe 
f :. , : ~ ' ' • •' '' I • '', ':' : ' " I o ' o • ', ' ' , ,· 

apparatus .in the earlier experi.ments. 

' . . ~ 
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Preliminary experiments showed that the. change in.total hypertine 

splitting on application of an 86 kSaus~ m~eti~ field·waa'small in every 

case. · .F~r Au in Fe this change· was positive and for Au in Ni·it was negative. 

The sign was uncertain·tor ·A~ 'in Co, Because th~ total change .in position 

ot .either main l.ine in the spectrum was ·only' about 'l/20th of a line width, 

a more efficient method of .data. col;le.cti.on \vas adopted.· Rather than re~ 

cording the whole resonant pcrti~. of 'tile spectrum, we concentrated on the 

··points. of maximum slope (indica~ed by arrows in Fig. l) ·ror the Fe and .Co 
. . . . . . 6· .. . .. 
specimens •. : For each sample. an averfi8e of · 3 x 10 · events were recordeel at 

. . 

ea.Qh of the· selected veloc.~ties· and at several values of· the applied magnetic 
.. ' . '·. .·. . . ' .. 6 . . ' 

field. The data.were·collected in 3 seta of 10 counts apiece arid checked 

·· for consi·sten'c~ 'and. reproduciblli ty. .··For Au. in Ni' ... thijs prOcedure wc.s not 

' '. f~a~ible ·because of the much poorer·· r~solution of the two . main lines • We 

reverted. to. the ·less aocur~te' technique·· of recording the e~tire spectrum 

for eaoh of four values of· ~pplied· magnetic: field. The accuracy attained· 

. ··in this way Was poorer than for the other~three Blloys (Au in Fe 1 hex. Co, . ' . . 

· .. :;,: and oub.ic Co) ~d the deis. were. us·ed only· for ·obtaining the sign of the 

'internal: field' rather than -its ilu;ignitude or the magnitude ot' the excited 
. I ' • 

state .magnetic moment.. , . 

· ... · In Fig. 2 the change· in the excited state splittiilg for ee.ch specimen 
. \ - . 

·' . 
. ' 

.r'~c' is plotted against ·the e.ffea:tive appl'ied m~etia field'/~Wbich is Just the· l:i, 
. . ' . . 

. ; · ditf'erence/ between the applied field at the source and that at the absorber · 

~(this ce.,n e~sUy b~ shown by using the .. selection· rules for a longitudinal. . 
Zeem~ effect experiment).' A common charac~r1st1c of ati'the.curvea in 

Fig. 2 is an· initial increase of the total splitting with field at small 

fields and a linear decrease for effective applied ~ields above~ 15 kgauss. 

IJ:'he initial behavior is ascribed to ma.gnetostriation and other ettects 

1nv0lved 1n the initial orientation of the internal fields parallel to the 
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applied field (sec. V), and 1s not quantitatively understood •.. Such effects 

(including Joule.~etostr1c1;1on). saturate With the magnetization in ferro• 

f<--::··~ets 25 J thus . ihe field rea ion· above rv. 15 kgauss . should be eas~ntiell:y 
' ;.. • I • • ' ' I 

. free of these effects.-.·. We ~heretore .. ha.ve·based Ollr·1nterpreta.tion ot tho 
' '• • • . ' ' , I ' 

. ' : l . 
. ') excited state magnetic moment of Au 97_an,d the signs and mesnitudes of the 

' • ''r ·. ~ 

' . 
internal tields only on t~e data. above. 15 kgeusa. ,A stringent test of the 

validity of this ·interpretation is .the requirement that the. slope.s·in Fig. 2 
. ' . 

. tor all the alloys be equal.. ~is requirement is born. out by: ·the constancy 
~{(·-·· • ~ • • • . 

1 
-·.,·.~i,.¢.~-~~)\1' . 

. , . I 

. ot th~, z:n~etic m~nts deri~ed from the Fe. and. Co data (Table II).·''.;: . . ... 

· .. 'r- . In all four alloys the high-field elopes are negative; thus the . · 
• i ' ~. • • • • . • . •. 

internal _fields at·. ~ualei ot .gold _atoms -~1s'solved .in Fe, cubic Co1 hexa.gonal 
' ' . 

. Co, and Ni are negative. ·The magnitudes of the internal. fields .ere· derived . . . . . ' .. . . 

from the splitting: observed in. the full absorption spectra taken in ,2;ero field. · 
-~~'~ ' . ·. . ' ' . .. . ' . . ........ -~:"-:.'·i~:it~~ 

Using th: statisticall~ avefage~.value tor the excited state magnetic moment, 
. 24 

~ a 0.37 .t. o.04l.lill, and .the measured groun4 state moment of + o.l4nm, ex .. ·. · . 
: .,• \ 

the magnitudes of the _internal. fields were calcul.at~ .and· are shown .in Table II 
. ' 

(along Wi~ several other experimental results). These fields are compared~ 

with.~e results .of other workers, where available, .below •. 

Our value tor ~be magnitude of' the internal field. at Au.nuclei dis• 
. . 

solved in Fe is in good agreement with the values reported in Ref's •. 12 and 
. 4 . \ . . 

18. Samoilov et 6.1 • .' s value of 1()00 kgausa may probably be regarded. as a 

lower limite !l'bis V'Sl.ue ws derived by using 'A/t,J. a -1 .t o. 7 where "/.. and ·j.L. 

are f'~Cti008 Of ~~eCay 'matrix el~mentS and f0~ 6 ValUe Of' A/j.L D ...() •3 the 

internal f~eld could have been. a.s .large. as 4oOO kgauss. , We have used- our 

value of the .'internal field to set much narro~er limits on the ratio 'A/'tl 

tor the 2• ( ~) 2+ beta decay in Au
198 , 

' , . . 
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For .thts ran&~ Ot >../v. the magnitude or 'the internal field detenl'Jined in Ref. 4 

agrees'with our ~resent result. Our aign'determinatio~.agrees with theirs.· 
' ' 18' ' . 

· ·. :. Only Roberts and Thomson have: reported a.val.ue for the internal field 
. . . . . 

• <lo!!•'·· .•. 

. of. Au in Co.· Their value is; iri good .agreement with our~. We find that· the . . . . .. . . 

t'i~lds, in CUbiC .and hexSgonSl· CObalt ··~e the same.to Within five percent, and 

both are··nege.tive. 
;~ ~ : ·,. '' l 

' ' 

;;-,: 5 .. "; .. ,. The r1egc.tive. sign which we :find for the field a.t Au nuclei in Ni is 
. . , . . . . . . . . . . . .. , ; . 4- · .. · "'·1.f:W,'tl~ 

' in e&reement With the determination of Sa.moUo'Y' ·et el·. ' our· value of: '340 kgauss 
' ' ' 

~: :r·or ·the' magnitude· Of·. this~ field· is midway betw~en the: 530 Itga.uss reported by .. . . . ' 

·. Roberts·~ Thomson~8 ana.: the l8o ·k$a.uss of Se.moUov e~ al.. · Roberta:· ·and'i'Th'ofria·ob ·' s . 

i::;,(v~ue' :o: ~30~'ksa.uss was' deduced ·from ,the m~asur~d product of the excited-st~te ... ?.~~JS,$~?,! 

··m&gnetia moment· 1~ Au197 ~d the ··internal field simulte.neously with· a .. rather·_·.)~ · ·'. . ' ' . ' ~ 

·. .~··. . : ... ' . . ' . . . ' 4 
· . low value for the moment 'al'ld is thus probably· too. high •. Samoilov et al. :fouh~ 

.·the internat fields at Au nUclei in Fe end Ni to.be in the· ratio 5.6:1·.. Nuciear 

'polarization e·Xperiments BllOuJ.d giVe thiS ratiO more. acCUrately .than the absolute 

.. values ··or the m88Il.i tUdes of. the internal fields. Thua if we combine this ratio 

with oUr value of 1420 kgauas for the:m~itude of the internal field of Au.in 
' ' I . '·; • ~ 

Fe, rather tna.n· using the nuclear polarize.:tion .. value ot:-1000,. kge.usa, we may 

derive a value 'or 250 kgauss for the ma.gnit.ude ·of. t11e .internal ti~d for Au 
.. 
~ .·, 
. ,·1 ., ~ • 

' ' ... . 

., ·'ill~ li1,. in better BBreement with our reault.~ ~· . . . . . ' ... ; ' 

.. .. . , ·. ·.·The' sign of .the m~etio m.oment ot \he 7.7 keV excited· state ~t Au197 

'" can be deduced from a detaUed comparison ot some of our better resolved 

.·Au-1n.:.F~ sp~atra ·with theoretical curv~s calculated tor positive and negative 

moments. In a iongitudina:l Zeeman experiment the· intensitites of the six 

.·.Zeeman compone~t~·C>f a l/2+ (d1pole3/,2+) transition e.re. in the ratio 1:0:3:3:0:1 

it the two magnetic moments have the same sign, and 3:0:1:1:0:3 if the moments-

... 
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are of opposite· ~1gn, provided that the g factor of the spin 1/2 state is 
': . . . . . :. . ' . .· ... 

, . much larger 't!han tba:t ~f the spin ?J/2 state. We have compared theoretical 
. . . . ~ . . . . ' . . 

Lorentz ~es :Wi~ ,one .~f..' our .f+u:..1f~:Fe spectra ~ Fi~. ;s.. only the ... · . · 
. . . . ~ . ' i ' 

l:O:?J(,:O:l cur\re fits ,the ~~ .. acceptably, thus indicating. tba;t the s.fSn: .· . 
.. , ,.,. ' "' t· 1 ', • ' ' • • 1

1
1, • 1 ,I 

ot thE:\ excited state ma~etic moment is .positive, in agreement with. the:_ ·. 
I o, ' ',, I • ', • .. o o ' : f o ' 

concl~ion of Robe~s ·and Thomson, who carried out unpolarized e~eriments 
, , ,' • , I,, • •' , t , 

. ' 
at considerably higher resolution and "fitted .t~ir data ldth the 1:2:3:3:2:1 . . . ~ .. . .... · ' . ' . . . . .. 

-1ntens.1ty ,ratios.l:'equ12:'ed ,by: t;t p~si'~ive excit~d-state: .~gnetic moment. OUr. 

·best value tor the masnet:Lc .. moment of ,tbe 77 keV. ~somer:Lc states of Au197 is 
' • • • :. ' .. • ~ • 1 • • i ' • • • , ' [ . . ; ~ • • • 

i 1~ 
•, 

I \ • ' I • • • : t' ·. l • ' I ·.· ' f ,• ': • : ... ~ .• ~ .. ,· • i 
1 4 

, I 1 ;"' 1,• , . · ........ . ,. . f ~ . ' ; ... : l 
. . . 

· .1 r ,. .. .. ; '. ~ = + 0.,7: 0~~ = ..... ~ • j ' 

, I ... ' . . . ' 
1 

...... 

. . Exper1men~s. in large external magnetic fields. were p~r:f'qriOOd on 
. . . 

dilute sources ,ot pt~9! · (~l a.tomi~ percent) di~s?lved. :1.n Be ·and .pt in an 

attempt~,~~, measure ~77. directly_ •.. It was hoped that a single line absorption .. 
' . . 

speatrum1 obtained by using these sources, would be split upon the application 
• . ~\. • . • •• • J . • 

of the external magnetic ~ald. and the ehatlge ~ Gbape of the abaorpt~on .. 

line could be related directly to the msgnetia moment. ·Using the Pt source, 

. · essentially no change :was. observed 1n the absorption spectrum bet,.;een 0 and 
, I ~ 

0 
1 

· · 65 kaaUss effective. external. field. With the Be source the absorption dip 

seemed to inarease upon .the application of a 6? kga.usa extarnal field as 

sho~ 1n Fig. 4. ·.If only. a· ~gnetic d;pole interaction were present the. ·. 

·~bs~t1_ori· line should:~how s; decrees~ in tha d1p and for ~7 ·= 0.37 m we 

Shaw .the expected t.heoreti~ result •. as e'&shed etU.ve ~·fis4 4. 'lb~ exper-

~ 1ments usi.ns Au-in-Be. and ~u-in~Pt sources therefore ~dicate a ~re com,pl:l.· 

cated behavior than pure~ mgnet1c dipole interac:tions and mke the extrac-

1 t1on ot e. value for ~ quite difficult. 

' . 
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·· We ·were able to explain the results or these experiments qu.al.it~tivel.y 

on tbe basis of a mixed magnetic dipole and electric quadrupole interaction. 
' . . - . . . . 

.,. 
The absorption lines observed in .zero external field are about twice as Wide ' . ' . . 

as . would '!Je. expected from pUrely theoretiaal estimates .tor a 5'·l0 mil Au . 

absorber5 indicating' the posst~1lity of'a· size~le :quadrupole intera~tion. 
A quadrupole interaction is ·not: uncXx>e~ted 1n ·.this case since 'the ground 

. . . ' . .· 26 
state quadrupole moment has been mee.sured e.s · Q a + 0 ~6o .± 0 .o6 bern· • In . i'..: . 

f;~ . . . . . • .- \ .~ . • . ~~;'· ,._ ·"""~·: 

the presence of both· e. magnetic field and 'an el~ctr1c f'i~d ar~ient the·_'. · .. 

' eigenfunctions of -~he nuclear subatates wUl be dependent upon the relative 

strengths. ot the two interactions and the angle between the magnetic field · · , 
. . 

and the electric f'1eld gradient (we will assume that the eleatrio field 
• ~ •• 0 

gradient tensor possesses axial symmetry with re.sp~ot to sane. a.ns, Z' 1 

. . 
which is not necessarily the ~agnetic· field dir~ction). The total inter~ 

.. '· . I . 

· where g a· v./I, I is the nuclear ~pin, P is the quadrupole coupling constant 
,:J . 

!;'.>- •.• 

· .. and z ·is: the direction or the magrietia f'Ued H. 

Caloul.ations were performed using· the eigenvalues of mixed electric. 

quadrupole and magnetic dipole 1nteract1ons···.·for I "' 3/2 given 'in Ref·. 28. 
I ' i • I" 

. . ~ . 

~· !Ole non-vanishing metrix elements ot,· the above ·Hamilt.onian are expr.essed in. 

a general form in· Ref. 27. Using these matrix. ~lements, secular det7rm1na.nts 

. were obtained from. 'Which the eigenvectors c.orresponding to the eigenvalues of . 

· Ret~ 28 were calculated. From the eigenvalues and eigenvectors the transition 

·energies. and intensities (weighted by the proper Zeeman intensities) were·· 

calculated· and, after considering the purely magnetic splitting in the absorber, 

the spectrum of absorption lines was obtained. In the general case there will 

be 32 absorption lines. By choosing appropriate parameters consista.nt with 



,-

I I .. 

' .. 

I ·_·. 
' 

i 
I 
j 
~ 

l. 

I. 
j' 

I 

I 

'' . I 

'I 

' 
1 

I 

.. J.; ... UCRL-10847 

·the experimental conditions,· it 't·7as poss~ble to match the expe:d:mental results. ,. . . . 

of ~g. 4. It was not possible to derive quantitative coupling constants by 
'• 

: -this.procedure since the .1n11;1a~ state of tho source was. not· well know. 'llle . . : 

most Straight•forward vay. tq·. investigate this problem quantitatively would be 
, 1 • • '

1 
,•" I, • •. • 0 , . 1 • 

to ~e a . single crystal:. so~ :wbere the orientations of the electric· field . . . . : :. , . ' 

· 61"8dient and magnetic field. cauld be determined. .. , · ·~ . : . · 
• • o • • ' o I • o • o • I, :\ ': 

'I ,•.; :I : j . ' ... ~ ... . : '• ~ '. ~ 

'·. 
;• • 1 ' 

' . ~ '... . ' .. : '·.. . 
' :· ·. · · ,. Y •. ,- MAGNETOSTRIC'l'ION EFFEcTs · · 

' l . ' '• 

. ' 

· · ·· ~e low-~ield behav1ol- of the excited ;state .epl1tt1ns for Au is Fe, · · 

Co· and Ni (FiS." ~) ~as un~~cted ·and ·is ·~ot "su8c~pt:lb~~-to ~ s1ln!>J.$. q\ian ...... · . 
:. ,.' :-

titative explanatiOn.· ·'We·tiave termed this a magnetostrictive effect because 

. it .satm..atee at·la;e;e. fi.ei~ :(io-15. ~-uss) .as.vC..ild be ~xpected for rm~e-·. 
tostrictio~~ ~h1~ :f'oll~s ··the ·~gnert.ization in ·.:ferr~~ts. 2' It is not ., 

,' ,• o I' o • '. I • f, • 

surprising .that the induced field at. Au nuclei .dissolved in Fe depends sen~ . 

. ··s~t1veq on small· chanees in the distance~ 'polarization, 'or orientation of 

nei~o~inS :Fe atoms. ~~uae·,.the.Au atoms (~tomic diameter. 2 •. 80R)29 ~ro .. 
' 

· q\JJ.te ~d,ejd in an Fe .(atomic diameter 2.48~)29 .. J.Attic~: and. the outer: 
I . ' 'I : • • • • • • 

electrons of sold must :cwerlap considerably 'With the polarized·· outer · · 
' -'~ 

, . . ~ · .. · 

. . . . . 
"ot ~enetostr1ction1 tbe behllvior is at least qualitat.ive.ly cons1stant.with · 

.th1B meebaniei:ri; The size of the inittal increase in Fig, 2 is in the o:rd.er 
~- ; ' . 

. Fe ·~ Co -~· Ni. . It is expected tbB.t the . un~ail'Gd sPin density 1n the ruter· 

a~oznic··reg1ons is in' the order Fe > co >. Ni. : Tb.erei'Oi'e if' the .change 'in· 

· ·eleCtroriic overlap betileen Au and· tie Fe, Co· end. N'i. 'a to~ is· ~ the 

. ·'. ': 
. . ~.. ' . . . ' , . r: • • . 

·i· .·. 

' .. 
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- tiii's _would. ~c~ount tor ·the relLltiv~ ~iZes of the. observed ei'£ec·cs. _ 

. · JoUJ.e ma~tostrictiori 1rl .Fe~ . C6, and lifi saturates in. the .. a~e direationj 
. . . . . . 

I 
1 

'. ~ , .. : I I • • o , • 

0

- • • \ ' 

0 

o j 
0 

o ' , • • l 0 
0 

I 

0 

which cor~le.tes iWith the fact :that ·we ;observe ari 1riitial increaBt). in. 

sPittt;~ ~-:~ef.y baa~·-·in FlS~ )~·: ·· .- .. ·: ·. · '· · , .. ,_ 
.·~ \ \.} .. :' '. : • • ·l ' . ·: . ,· • .". 

.: ' ': •, • ! '·. ,._ 

:• .. ' .l 

. -. 

. ' ~~tein a~d de--Soolit'0 ha~e proposed· 'a ~o~~xc1~t1cn m~~ to. 

- exp~in 'the· ~ectro~~Op1c pr0p~rt1ea of. Au._197 · '\-l~- di~~~s 1n detail below 

the relationship -Of the_ l;I~$-sbtiuer resonance experiments. to thiS model. . ' -' -

:;: · · - ~e ~~s:to ~rends~-· ill--~~ c~re~ic1tat1o~. ~o~l ·is tha~ -an odd-A ·--

nucleUs may-be-exc1ted:e1ther·by'promo~ion of the:unpaired:odd_particle_: · 

to a· h1gbe·r:'spe:ctro~c~1c --~~~--of ~Y excitation. ot--the -paired even ... eve~' ._-
. . ' . ' 

• T ' • ·, ' • ' • 

core~·-vhich, ~ouples. in·-'ite exc_ited state with 'the --odd .particle. The exact 

na't~~',.ot this excitstion is -unspecified--in the ·m:Odel1 which is as yet._;_ ·_ 

Orili :-phen~n~logical •. • In ·.Aul:97 ~he· ·odd -(79th) . pr~ton -is thought ~~- be 

in ·a: 2d;i2 "shell·~d.el state,' ·-~hich acco~t~- fo~ the spiJ:?. and m~~etic -
' .. . . . . ' ·.· -· ' . 

moment of the ground ·state~ . In the 'core~xcitation process-. the ev-en-even 

co~--a~uires th~ spin and ·pel'itY 2+, ·which is.-ob~er\red .as the first e:xcited . 

~tate' an· almost ~ll even...twen nuclei. This excited ·core then couples with· 

. . the c1;12~ prpton:'to· form· states· ~1-th --spin and ph:rity' assignments l/2+, ,.!J/2+; 
' ' ' . 

_r:;/2~;: ·and 7/2+~ nraunstei.U 'and de-8balit have identified these levels among 
. . . . .. ·. "'· . 

the .lOil·.:.~ng 'excited states ·i%1 Au19!~ . In ~rticular -the first ,excited state 
' • • • • ' ·;·~·:· ' • # • • 

at' 71·kev-\sas given the assignnWnt ·:fj ~- 3i2; j ... ~ = 2,- J= l/2), -where th~' 
. p . ~ 

J_.*·s· denote·,· respect1-v~l.Y 1 . ·the· pa1~1c1e,. cor.e ~ · ahd ·total. angular momentum • 
. ' 

; "': 

·., 

-., 
• 1 

'.: . ' .• ... · . "'·, 
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I • . 

. . From expor:tmentsl transition probabilities these a~thors estimated the g 
' ,. • ' ' I • 'o I,'' • • 

,· factor.of the co~·as sc·ll:ll· .. + 0 .. 64 it·.o.olt,·anQ.' the estimated magnetic moment 
: l•, 'I •'' ,. ' • _t ; 'II 

0 
, 

0 0 
'; f ',. l 1 •; , 

·: ot· the 71·keV excited ·etate was'+ ~.60 : o.o4 ~~ ·1n tair agreement with the 
• ' 

0 
, •• , 1 

0 
o I .' I, • 

0 

° 0 
' ' 

0 ~ '' t , 
0 

• o O , t 

',··prelirrlnaey el!;le'rimental va~6: o:(0.4 ·=·o.l nm but well outside tm limits'. 
• 't : ,'•' I 

of error ~ our prc;;scant ~alue of' ..... 0.}7 :t o.o4 ~~ In fairness to the model 

-w~ should malte ~·o points: ·(l) Th1s . .m0del is ~ue in predicti~ a mag .. · 
. . ., . ~··. ·.... . . 

netic moment consid.e~biy. below: l.o nm ·iri .a· stratsht·-:f~rwaro. -way. Art:/ single-
particle shell mode.l caicUJ.ation woultl .give ·a magnetic momcmt . between the 

~irac line (+1~0 nm ·~ w.~. case) ~nd .the Scbnd~t ... ~e·.<~·79 .nm). for' ~ri· sl/2 ' 
I • \' ' • I 0 ' ' ' .. '; • o ',; '• ~ 0 ' o • • o • 

pro~on. ·Even 1f canfigUnition mixing ·is. 111Vo~ed it .1s 'not 'practicable, , 

l1Sin8' reasonable ~tic~ ·p~riunetera' and.fev 'cbnrie;urations, 'to' calCulate a . . . 
. •· ' • ' . •' , . . } I' . ' . '•'' • . I' 

. magnetic. moment as small'· as· tbe eXperim.ental wlue~· Of ·course it 1s always, . , 

:" possible 1n p:rincipie··~o · ~l~te aey tyPe· o:f'' ~ol.le~tive '.'beb8vio~· using p~ 
t ' ' • ' ' • ' • ' •. '. ~ ' ' ' • ' • I ' • , l •' ' ' 

J .. J couplin:g (or. any. other poorly chosen basis) it' enoUsh. cenfiSuratio~ are 

:J.nciUd.ed.. ···This· 1s · a :f'lmdarnonw· i'~ature of qi.tanlium ··mechanics and. 1n ·nb -way 
' ' • _.I • :· • ' • • • • : '.. • ' '., • • • .... • • • ~ ' ' 

· . does it reflect· credit ·on 'the single particle mode~: :tn 'many cases, iilc~uding 
. . . ·.· . . 

. . • I ·. ' . . . . , ' , · .. 

this one, ~e. believe, ·it' is.' more enlightening .t'o think of' tbe 'excitation. as 

. a collective effect •. :'(2) 'B.raunatei~. and ~~lit shdWeci'.tbat''tlie magne~1c 
. '·. , , I . : . : . , . • .' . 

; .. moment ot··tbe·TI keV state is .S1ven, in. the core-exci~tion model, by.: . · 
~ ' ' I • o ' 

. ' . ···-
.. '•!.: 

'.• .. 
... . . -· 

. · .. 

' . ' . ,. 

I . ~· 

. - ''. ·' ; . .. . "' ·. ' .. \ 
·. · ·. · . : . ll-1/2 = 8c ... ~/2 sp 

' ~ •. 

. . ... . ' . . 

. _,..:: 

. . " I . ; 

' (2) 
:,I._' . i_ . ' . 

where H. ·and~ are the g factors of the excited core and the odd proton · ' oc ' • 
' . . . . . 

· respectively. The quantity·~ ·1s Jus~ the.g-~ctor of the same odd. proton 

.' fo~d. ~ .. th~ ground.state (Sp. a.+ 0.~9~) and tb~~ ·:s_~ little leewa~ in·. 

, choosinS' a value for.~· Sever~.~}lpproaches are possible in estimating g0 • 
I . I . • • • •. 
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\'' · . 
. The authors ·1n Re:f' ~. 301 1~ an effort. to tes~ quarriitatively the internal 

• :·! . .• • i-i· 

consistency' of .their mod.el, estimated g frOm measurea' Ml. tre.nsit.'ion 
. . . . ~· . . ::. . . . .. ·, . c . . . ·. . . · .. . : .... · .~:... . . ;. . . ' 
·prob~b1l1t1es. · 1'b1s procedure. he.s the ~vantage ~t ~equlring no adjustable' 

parameterp. 
1' . . . . • . • . . : • : ~ • f f •. I_. • ' . • ' • ' 

A d 1s¢ventage is·. that the. a.ccuraoy of. e. g :f'e.ctor estimated 

in tb.is way is not high. ;: some~~a~ 'more ·.empirical ~ternat:ive 1s ·to ~~t·. 

g
0 
~ Z/A ~~ was. done in the earlie;- -~~t~t~s O:t. ~be c~r~ · ·s :f'actor ot 

d~t~rmed -~~cleL· Th~ pro~~~e yields ·lJ-
1

/
2 

~-~ ·o.315 ~-in ~xcellent 
. . ,. . . ., . , 

agreement vi tb exper1l:nent. . 

:~/A more :trui tful. approach would invol V:~ · using·. the M8ssbe.uer resonance · 
t , • I '1 ~.:f.o{,ofi~:!\':l~l • 

'data on. Au197 to d·er~~e 1~orm~ti~n ab~ut .the core excitation.)· Since the 
:. .:. 

theory is still. essentially phenomenological, further. understanding' of this 
... 

excitation mode will dep~rld cons~derably. on new ~mee.aure~ents ~ Hith certain 
• ' 'I 

assumptions we can derive from the excited-state ~agnetic moment and the 
"0 J .. ; l .. . . . . : . . ; / : .:·~ .:. ;·11.~~ 

chemical shifts in .Au 97 the .deformation paramet~r and magnetic moment ot· tne'·;·~~ .. :-,..:-~,. 

excited core. The assumptions ere reasonabl.e but·may·easily be wrong, and 
" . . .. 

the ValUes derived ther.eby ... should ·be regarded with appropriate skepticism. ,._;,·,,~·,.rfH•.'t•t 
.,j 

If Wt: assume that Eq •. (2) is the co~rect relationship ·~ong. all the 

.ta~tors which contribute-to the excited-state moment,: and that~ 1~: unchanged 

~or th~ oeld d:J/~ proton ·from th~· ground. st~te,· ·it foll.ws fr~m .. Eq. · (2) and th_; .... <-~~~~·.,~ll:-~ 
·, ' . . • . . ; . . . ·r•· ·.· _, ..... ,.,?:/.!•~( 

experiment~ :~ue of~~l/2 t~t. ·~ 
. •: 

·:s = + o.4i ~ o.o4 • 0 . . . . '• 

A detailed 1nterpreta.ti.~n ot isomeric ·chemical shifts .. for .. Au197 ··in 

several metai.lic lat~ices. bD.s been mad~ ela~~~re. 3l .With some assumptions 

(3) 

. . . 
/' of· a chemical natUl·c tl:-.a.t are too involved to repeat here, a value 
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(4) 

vas ·derived~ Here X is the reduce.-d oharse. ra.di~~ 'r/R , where.· r is the . 
. ' . 8 

· . · ·,.distance from· the ~enter of the nuclewi· ·of an· 'element of· charge and· R · is ' ' . . . ' ' ' ' s 

'/ 

.J the average. nuclear :redi~s. (7 .o 'F .in the c.e.s~·· of· Au197) .' This q~ti~y, 
A(r·~4)·;· i~ tt~e. "directly. m~a~ur~l~ 11 ~~~lear· factor in isomeric chemical 

. . .. 
shift experiments. Under ·the assUlllptions. of constant nuclear charge' density 

and equSl nUclear volumes· in the two ·isomeric states, an estimate'ot the 
...... ',1,.·~.-:- ... ·. -1 

' • ' I 

.d.ifference. between· the nuclear c;leforinations of t~e two. states mey be made •.. 

Wilet~~ Hill .B.nd ~ord3~ first. c~culated. explicitly the optical isotope 

·shUts associ.S.ted with nuclear detormat.ion •. Their resUlts ~ere ext~nded · 

to· optical isomeric shifts by Lard1noi~.33 Barrett and ·Shirley34. ~a.pted 
' . 

the· rCl.ations' to treat· isomeric chemical sh1:f'ts in MBssbauer . spectra. They 
~ ' 1 • ~ 

obtained the approxiWate ·ekpression · 
, • / • t 

.... 
'' ' I • :·' I i ; • ' ~ • . . • • ~ • • 

'·· _N.. r.ze2 ··2;+~:·~~!.~E~··~(0) 2.l A(<i[l+· ~l(2p+3) +•.• .... ]):•. 
·l• 

2 2)1/2 . \ Here p is the relativistic-electron parameter (l-a Z , "{here a is the 

·:-
.;_· 
'. 

• . • t- ! ~:· :- ··~-~· ,' ·; ";·r:~·. 

tine structure constant, the sum is over atomic ·electrons within the nucleus, · .· 
• • • ' '· • •• . ' •.• ,"1.'~-~~t .. :!. 

' the first A represents tbe dif'ferenc_~ taken betwecin .the source and absorber, : · 

the second A mean~ the dittere~ce betvee~ isameric states, ·and a is a deform-
. . 

a~ion parameter. The nuclear surface is approximated by e.n ellipsoid having 

th~. equation· R(e) a R
8
[l + QP2(cos ~)J:···. ~ere. 8 is the p~a.r angle from the·s:0mnet."ry 

, .... 
' . 

axis of the ellipsoid. 

By comparison of Eq. (5) with observed isomeric shifts, a value of 

0.0023 < t:il2 < 0.004? (6) 
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was derived 3l for Au197, with '1:. ::>a
0

: At t}lis point we mus~ estimate a
0 

1n 
. . 

o~der to evaluate'\' the excited-core deformat~~n. To. do this rigorously, 
. !4"!"',·\·.h·-1'~ ' . ~ ~.···~"'" .• • • . * " 

we woUld have to assign" to the ground-state. ~ore the c·orrect traction of· 
.· . . . I : ... · .. '; ",• . . . .· . . 

sro\mq-sta.te deformatio~-: {as measured by the. known .. quadrupole moment of 
. - ' . . . . 

' ~ . . . . : 

f-"'";-+Q.6o(6) b~ '.). ·or course 'this. would r~uire' a rathe~ complete· knowledge' .,.,._,_~,,~ 
. . . ., ' . . ' 

~'-:'~i. ·the 
1 
nw:lear str~ture · or the ground :state 1 which is ·Unavailable. \ole . 

. ~ s~l.:essentially .iSnore the contribution ot the. Qdd proton,_ on the. grounds '·-·... .. . .· . ... . ,; 

·. ~h~t a single shell. model.. hole ~n .a dsi2 .. pr~ton sheil would produce a .much 

~:~- smSller quadrupole moment ("'()-.1. barn).,··~d·estimate a ,for the'whol~ nuoleus·, .. ,.,Yt'"·f-! 
: . . ' . . . . . . '•· . 0 . 1 .• • .·• . 

.. tr~ t.he quadrupole ·~ent. The relationship. betw~en the ··me~ured.: .. quadrupole 

.. · mcment -and a .is (to· f~st -ord~r.·in Q) ... _. ... ,.· .. .. . .. ·, 

.. . .. 
' .... 1.~ '· 

. '(7) 
· . ... ~: · ... 

~ . 
:\~ :. ~"- .. 
·This resUlt· 1s derived by combining Eqs. 3.16 and 72.24 of Ref:.·.r-35•--an~r·. •\ 

. noting that ·o:=(2/3)£, 'l-There £ __ is a deformation parameter. We thus obtain : 
'· 

··a ,.. -t<>.o65 (7). Combining this with :Eq. (6) we find~ a·+0.087 (13). This. 
'. 0 . ·. . . . 

-~corresponds to a value of +-13 ·for the· more customary deformation parameter i •· ... A,;"l~.~,~., 

e, and thus a substantial _nuclear deformation •. 
• . -r ...... · ..... ·, .•.. 

This analysis must be regarded as semiquantitative at best. In view, .; :.~.~·-~""' .. :;t 
' . • ~-. • ; ... • • .• ' '> -~ • 

. -~: .· .. ; 

. . 
ot the _assumptions involved it ~s appropria~e to say that the calculated de- . 

_.formation 11is consistent .with", but not· that it "follows directly :from", ~he,· . 

· · data. · If the assumptions· are wrong, some. new _type o:f shift in charge die-·. . . ' .:. ··. 

tributions· would. have to be taking plaee between the tWo states. It thfs 
... t ~. .. 

should be the case the derived numerical value of e would be meaningless. 

. . This parameter was derived, however, simply to assign the observed shifts a 

position on a familiar. "collective effects" scale, and the main conclusion 

tO- be drawn - that the observed shifts arise from a substantial collective 

e:f:feot and thus support the core-excitation model. - would be lett unchanged. 
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VII. CONDUCTION .. .El.ECTRON P6LARizATION · . · ... ~, . 

The .signs an~ magnitudes of the internal 'fields· derived in Section IV 

strongly· support· the idee. that t~ey e.ri~;~e ·through· polarization of the 6s · 
~~~;-?.~·.~··i!~• . . . :_.· : . . . . .. - --~~·.:;;:::.jt·~~ 

· . "conduction" electrons or· Au dissolved .in terromagnetia 3d transition metals. · · · 

by' exchange 'intera~tion with electrons on.the transition ~·metal at6ms. Tnis 
. ' ' . . ' . ' . '. \ ' 

conclusion follows from thr~e types of evidence, discussed s~pare.tely below: 
~-~1- ... , .• ~ , . • • . . .. . -~- .,.. '~ 

':·,,' 
'""!t -~·'-. . '. ' .. l~ The byperfine fields are all negative •. '.l'his is ~eated from th~h(;!.~;t~l0~~~ 

i • • 

' ' . . 
conduction • electron ·polarization mechanism if 1 tor example~ the 6s electrons 

.. 
• , ' I ' ' o I 

. ot gold are polarized by a positive exchange intere.otion With 'the spin-polar- , ·. · 
• . ' . ' ' . . ' ... · .• '\•.;,).c ,.:.,.t 

¥ ' I ' t • • •' 

ized outer electrons on the'neigbborin~ m8,b~et1c atoms, provided that these. 

; outer electrons have ~·negative spin density .relat*ve to the 3d electron sp·1~E;_•: .. ---=-• .;,, 

Fre~e.n and Watson36 have. done exchans~. polari~ed B~tree-Fock calculations 
~ lo , 

-~ • • ' ' ' ' ' • •' :. ' <' ·,. "';•:'• I ' • ,• /•'/ ~ ~-~' ~~-!,.·~~ 
· . ..:for Fe atoms which inclicate that the outer~el.ectron spin density is negative. 

. . ~ . . . . . ' . 

. It is WEill knoWn that. this bel~vior j,s generally expected.. for transition metals ·. . . . . . 

because the 4s electron eigenstate. With positive. spin sh9uld cont.ract re.c;~e.lly .. 
. . ~ . . 

. . 
·:~.~.hrough. an a~1or~tive interaction with t~e 3d shell, allowing. the :r:"adie.lly !-!A.:~i'f.·~'Jt£~{~ 

·larger nesative spin 4s,eigenstate to dominate th~ outer portion,ot the 
. . . . . . . 

~ .. ;.._transition-metal ·:~•atom. 
?•. ;~ . • . ~ • •• ' .. i~ ., 

. ;, ...... ~·I" .. "'• .. ,... 

·au; m~asurements do not, of course, establish which electrons on Fe 

directly polarize. the 6s gold electron. The above mechanism is the principle 
. . ' t·-. t. 

l 

one whiah.-has been discussed iJil the literature, bU:t eXchange. pol~ization with : 

the ·core el.ectrons end 3d .e1ectronf3 on the transition-metal .atoms must surelY. 

contribute terms to the 6s Au electron·polarization. Perhaps the best way ·· . . . ' , . ' 

to decide the relative importanc~ ot such ~ecta is to study the pressure 
.i 

dependence of the internal field in.these.systems. The amount of overlap of 

the Au 6s electrons. with transition-metal outer. electrons should vary quite 



' . ' . 
'• . 
' 

I , 

I' 
I·· 

I . 
' 

I 
I • 

j .• 

I 

·. ' 

~ . ' ' . . 
I ; 
i .. 
I • 

1 
i 

··~. 

I· 

.. . 

•., 

·sensitively with sample .. volume. ·An indirect .indication that this polarization 

. mechanism is. important in the large. effect· attributed to "magnetostriation" 
I ' ' ' ... : 

· 1il Section V. . 
,•' 

·: 
. ·, , ,' 

f I,· 
c• •.' :, 2 ~· Th,e in~rnal field megni tudes. in Au are approximately. proportional 

; . . . ' 
' ,, ·~ .. . . 

, • • I , . 

:tp ·the effective: magnetic .moments· of the host metals (Fig. 5) .• Thua,:irrespect• 

~.ive ·or~ the· poiarize;~ion. mechanism· details,. the eXI>eri.menta.l. internal fields ..•.. ., ... : .... , 
•' : , ~. ' ·: • I ' • • ' . • • • ' ' ; , • ' , • ; . . ' 

·::·~an be: under~tood as being caused · __ by. one type ,of···interaation which is pro.• l•';~·;;_;, .~~:r, ·! 

!port,onai 't~·; .and· ~bus :probabl~: c~use,((al.beit.fnciirea.:tly) by th~ ·.unpaired 

' ~. . ~. . . . 
· ·to ,.be· sensitive. to the host crystal structure.; 

. . . 
' ,. • ,, ' • '• • ~ '' •· I •' : • ' ' ' • •: • ' 'f • ' ' ' : ' : ' . '• ' • ~'> • ,•,,J;, '', 

· We note that ~Ue Roberts a.nd Thomson found the internal. fields at · 
. ' . ', , .:. ; I , ·. • .' . , . . 

Au 1n ·Fe, Co and Ni to be proportional, within experimental error., to the 
.,:... . ··.. .. . . ·. .. .. . . .· 18 .· ·. . ' .. · . . .. . .' ·: . •·.... . .. 
·effective host magnetic momenta , we find a small deviation. from linearity;.::->_:::~:'':.<,;·~ .. :. 
•·. • , . . : , • . ·. . • . r . , : .. ~ . . ! . • .. 

·:1n: Fig· •. 5· ·'If this jieviation is real- there may be··a compete.t1ve mechanism i"+'':,<'::.-:.,./i-#l 

.,~~·~rit~ib·u~1nS .. to the induced .ti'eid, .th~eby·
1

~1nG ~h~ :~ftuation aome\-ll:iat :t¥:~.r!ijr~~~~~ 
;·. ,I, ;, • 0 , o I o 

more complicated than indicated above. The s'1niple l'tnear relationship was 
. .. . . . . . . . . . . . . . ,• . . .. ·16 . < . . 
· not observed for the case of Sn dissolved in· Fe1 Co and Ni1 and. the internal 

o I • o ' 

f'1etd.in Sn is probably.c8Used by a. more complicated. set Or. competi~g inter-
;'. 

.; ~ ... 
·~tiona. ·. Again~ the internal. fields at Cu atoms dissolved in Fe and Co 

·.• '. 

'(~2.7 and 157.5, ;e-spective~y)15 ar~ not exa.ctl~ propOrti~naJ.· to. the··~ost ~·~····;t\\'•,. . .o::Q~ 
"', .. t'·,. • .-. 

In all three case~ ( C~, . Sn, . Au) t~.e ratio ~f:. (tna.gn1 tud~ of ', moments. 
~~-~: :: ' ' . . : • • • . ' : ., . ' .•· ~·r ~ • • • ' : • . 

. ··induced field) to (e.ff'ect1ve atomia .. magnet1o moment of host) is smaller 
.. .. . ' . . .· . 

tor C<;~ than. for Fe hoots, and. for Sn and .Au. the. n_iekel data are also con-

'sistent with this .trend. These observations. may indicate the .existence' of 
\ . ... . ·. 

~ c~peting 12ositive contribution to th~ ·induced hyperfine f'1eld of the .. 
···: 

impurity atom which is not proportional to the ·di8.masnetio ·:s.mpurity atom •,s 
. . .. . . . . . . 
. ': · .. !(:::~·.:~ ~:-·~{ ,.,. ) ~, \. 

' .~ . .:.·, .:·' I 
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conduction-electron polarization. ~liS contribution ~ornpet~s most effectively 

in Sn where the "conduction-electron" term is smal.l, a.c:t~ly changing the ·· 
. . . 

sign of the resultant field .for Sn in ~li~ and· least e.ff~'ctively in Au, where 
•• # ' 

' ' -
the 1'conduction-electron'i term is ·very i~ge. 

... 
j: The magnitudes ot the induced· internaf·ti-elds seet, to follow th~ 

• .~ • • ,. ... ,, '• T :", ··: .... 

. llle8nitudes ·.of the 'tcy-p~rfine f'ieids created in the £!='ee atoms by the ou't'e!-'7'~:: .. ·. . 
(conduction) .electrons. Tin is an exception probably because ot'its complicatud ., . 

' . 
el.:Jctronic· struct~e and. th.e cumplex1 ty ·Of .the induced field, discussed above.· 

The ~ery larse induced :fields in Au· and Re17 dissolved in Fe are probably 

pru-ticularly significant, as bot:r. ~eroents · have 6s electrons with associated 

. , large fields •. Tne internal field in atomic copper in the 4s7~h;2· state .is 

· 2.6 x 106 ga~s ·an~ th:at of atOmic_ go~d in. the ·6s2s112 statd is 21 x 106:·g~h6'~. 
· These fields can. be· derived by using Eq. 15·5 'in Referenc·e 35 and' appropriate . ' -. . 

data. .rrom·,stomic spe~troscopy.37-38 · Thus the internal fiel~s of Cu and Au in 
. . 

Fe .would correspond. to '·8%' e.nd 1fo polorization .or the conduction electrons, 

· respectively. The 
. . . . ' ·2 ' -, 

internal :fiel,.d in e.tomic :Agr.in ·the 5s Sl/2.. state is· < .. : 6 .· . . 3 
.4.9 x .'10 · gauss. 9 It ... :\rould be 1nteresting to determine the induced field-:··'·~· 'f> . ' 

. • t~ 

at. Ag atoms cUssolv~-d .. ,1n Fe~· .which. l:ihould be ...;400 .kgauss by analogy with ...... :--:,, .. ~:-. , .. ~' 

Cu tmd Au. 
' . . 

·' 

. ,·,,' 

,. 

,· 

\ . 
\' . 

. "f1: •.•. · 
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Table I. Hypertine fields at .Au nuclei 1n kil.ogaussa 

Impurity. : · 
Atan Fe.·, · 

Aul97 

Au1c}:j'':·•····. ' 

l98 .. ' 
Au 

: , -1420. (180) 

:-lOCO 

l6oo (200) 

"> 2000 

I 

• ~ ,r. ·• ~·' Hosts 
Co N1 ·. 

' .. hex.: -9So · (l20) ·340 (6o) 

. .. cubic -· 990 (120) ,.· 

. I 

uao C·l20) 53o (l6o) 
. - ...... · ~~ .. : 

. ' -180 

• J ~. ' • 

~ 
{ 
";;, 

. Ref'ere~re 

i 
I 

l8 I 

l2 

l4 

~e signs ot' the byper:f'ine fields were not determined except whe.re noted. 

\ 

' i 

,,,.· 
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Table II~ ExperimEmtal Results 

Source · 

,;a.<-.ln'··' 't· :;• ' . 

:.=. 

Fe-Pt (1,;) _ 
~- .. 

Excited 
State 

J.fagnetic 
l<lomenta . 

(n.m~) 

+0~34. {9) 

Cub. C~-Pt (1~) +0.3(). {6) _ 
.. ~ 

Hex. Co-Pt {1%) + 9··39 {6). 

Ni-Pt (1~) 

Excited 
State 

Splitting 
2 ·14· H 

~;; ex 
(em/sec) 

1.29 (2) 

o.~ (2) 

0.89 (2) 

0.3]. (2) 

~erived.·from Slopes of lines in Fig. 2. 

GroUnd 
State 

Splitting 
. 2 14. H­

g 
{em/sec~·-

0.36· (2) 

0.24 (2) 

0.22 {2) 

-:·. 

0.09 (2) 

_Hyperf1ne 
- Field 
. (kg) 

··!"'~,..-: .... ~ 

Ratio of 
Hypert~e · 
Fields ·. 

r,;.:. -.-; .... ""t;.:t!~~~ -~ 

:-1420 (180) l 

r;r~.;;.~~~~ 

-990 (120) 0.70 (2) 

-980 (120)., 0.69 (2) 

·340 (6o) 0.24 (.2} . " 

I 

· Chemical 
· Shittsc 

(em/sec). 

·. -o.54 (2) 

. .. 
'-<>·54 (2) 

~-· 

-Q•53 ( 2) 

.-o.47 (2) 
.... ~_:._ .. _,~_··~~-- ... .:·.t.·~--- ----~-- ------ ... J 

----~--- -----, ------- ------------- ----, 

~ 

b ' .. ' . 
Ratio is defined relative to hyperfine field at Au nuclei dissolved in Fe. 

c . . ' 
Chemical shift is defined relative to pure Au absorber~ 

Errors in the last place are given parenthetically. 
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UCRL-10847 

FIGURE CAPl'IONS 
' 
\, 

Fig. ·1 •. ·Absorption~ sp.ectra ot Au197' 1n Fe,' cubic Co, b(.x·. Co and Ni 

, :·taken in zero ext~m~ magnetic field.· Solid lines are· the sums 
I 

of six Lorentz curves with posit+ons e.nd intensities shown. · 
l ·. 

' . 
' 

Fig •. ~· Chacge in the excited state. splitting I! the difference tn. 

·the. eXter~al. ·magnetic :field at soUrce end absorber tor Au19~ 

1n Fe, ·cubic Coj.· hex. Co and Ni. 
. '!·· '· 

. \ 

l . : . . .' ' " 
Fig.· 3·· .f'.u 97 in. F~ absorpti~n spectrum 1n an E!4-"ternal magnetic field 

~ ·, . 

(H -it .,. 65 ke;auss). ·Solid line is ''best" fit assuming m~etic : 
... ~ -..a . . \ ~-. . ' 

· manents have the same sisn; dashed line is "best" fit assumina 

m~et1c moments have opposite. signs. 

Fig. 4. ~sorption spectra for Au197 dis.solved in Be at 0 and 65 ks;auss 

,. 

. '· 
I 

~;:--

. - ...L .. 

· .. _ e~ernal magnetic fields (H
8 

- Ha). The .solid line is ~he ·~Jbest~' fit·. 

-~ :· t 'I .,. 
~ · ... 

' 

• :1 

:,. ~ • .,. ." t r : 

·~·to .the data in 0 field using a single Loreptz curve. The daah_ed line · 
,. '· H.,; •. "~~·'!.{l\tt·f.f.l;'i,.: 

,. o I, 

1~ t~ the.oret1c~y exp~cted abs~tion curve at· 65 kie,uss for. ~77. • +0. 37nm 

1n the absence ot any qua4rupole effects. 
,. 
~ 

Fig. ·5. Splitting ot the 77 keV isomeric state 1n Au797!! the atomic 

' magnetic moment ot the ferromagnetic host metal. 

. ~-- :"•· 
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This report was prepared as an account of Government 
sp~nsored work. Neither the United States, nor the Com• 
mission, nor any person acting on beha]f of the Commission: 

' ' 

A. Makes any warran~y o~ representation, express~d or 
impJied, with respect to the accuracy, compJeteness, 
or usefuJness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process discJosed in this report 
may not infringe private]y owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process, discJosed In 
this report. 

As used in the above, "person acting on behaJ f of the 
Commission" includes any employee or contractor of the Com­
mission, or empJoyee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any informatio~ pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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