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i, - INTRODUCTION
| " Bince ‘thé Aiscovery in 1958 by Bamoilov, - et alA. ’,'1 that Large wage
‘ ~ne‘c1c fields are induced at. the nuelel of aiamagaeuc metal atoms. d1ssolved
in ferromae;nets, these fields have been the subjects of eeveral experimn‘cal
studies.a l? The twperfine i’ielda are believed o arise from a contact inter-
| -action of the inmurif# nucleus with i;::-nduction & electrons wpaired vie én
o excﬁange-polaﬁzatidn' mechanisn with nelphboring megnétic. atoms.. : Other mech-s,:" |
aulsus ai’e' possible; there exe available at present no quéptitative :theor_eti_.cal |
" estimtes of these flelds. = - B | Y . .
N A thorough understending of‘ the- interactione which induce fields at
the nuclei of nominally diamagnetic atoms could provide a valuable link 1n
a theoretical explanaticon of ferromagnetism. 'Some but not all of the mechs
aniems fesbonaible for ferrcuagnetism are present here and it 1s useful to;'
. étu&y these mechaniems separately. In partiéular 1t should be possible to -
: ._'study the exchange forces between unpaired electrons on mgnetic atang and
“conduction électrons from the dlemagnetie atoms, B
Until now the theoretical work 1n this area hag been quite qualitative
apd the experinental work has ettempted mainly to establish the mechaniam by

vhich induced magnetic fie.‘!.da are created. A usefnl experimental approach .
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is to determine the msnitudes and a/.gne of the induced fields at nuclei of
ddemagnetic impurities in very dilute aolutions m 4ron, eobalt end nickel ' |
lattices. A complete sot, of £1¢14s has been meaeured for t1n impurity atoms, 6
We report herein a complete set of masuren.en‘cs on gold 1mpur1ty atoms.

Se'veral of our resulta have 'been obtained previouely by different

methods. In most cases, as will Ye seen, the agrecment betveen the previous
neasurements and curs is quite satisfactory. Our meaeuremente are based on
.direct comparison of ‘the intemal magnetic fields with external field.e and
require 1n principle eomewhat leee interpretation than do the o‘cher less
direct e:cperiments. S‘cill aome aesunmtions are necessary, as indieated later.
We feel tlnt it is @lmbh when reporting intemal field. measurements to :
etate clearly the assmnptione mvolved in deriving the results from the data,
‘Inasnmch 15 this haa not alvays boen done in the past ve have devoted the |
By next eection to diecuesion of the various e:q:erimental methode which- have
’; been used 1n determining internal fielde in ferromagnetic metale. e

r.

| II. THE VARIOUB EDEPERINENTALMETI—DDS

N ‘ . We diacuss, 'but do not describe, each method aeparately In light
'of the present. poor theoretical \mderatanding and the scarcity of deta on
induced fields :lt would be meaningless to elaeaify the methods in order of
_mez-it. . Our. pu.rpoee ia rather to point out the assmptione mplicit in each

hed . "

method. .
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' iiv A;-'Magnctic Resonance :
. Thie ie'by far the most'eccnréte technique.lrlt has hed limited
application, especially in studying induced fields, and the extent of its
applicability here may not be great in the near future. The, resonant atoms
_are those in the domain walls, and the signal ie thus extinguished in lerge
,applied fielda. As in all magnetic resonance experiments, one detects only

. those atoms which meet the resonanoe conditions, and one is not assured that
e

he is observing a fair sampling of. the entire specimen (i.e., there may also
be non-resonant sites) In addition the location of the resonant atoms in
the domain walls introduces some small doubt in the fidelity with which the

_ transition frequency reflects the internal field in an atom within a domain.~w~

In practice these two dieadvanteges do not seem to be very serious.

«

-

B. ‘Recoil-free'Resonance-?3 e

4 .. ' This method (the MSssbauer effect) is, like NMR, essentlally spectro=

Ty

o scopio in nature. ‘Unlike NMR 1t measureszdirectly the hyperfine structure

AT

- of nuclei within domains, and it can be used in the presence of large applied

~

”magnetic,fielda. Applicability‘is limited of_conrse,to.tbose nuclei showing
the MUssbeuer effect{andwposseseing well -resolved hyperfine;strueture."Present

techniques pro&ide'an accuracy of ebout lﬁtat best,’ although higher'precisionl
.\‘. L 4“" ) U ’

1s attaineble. .7 ¢ | Co S

LR ''C. Nuclesr Polarization'

(X

'of.e or v - radistion from oriented nuclei one can determine the mean strength

e

of megnetic interactions causing the orientation. It is not fessible in most = -

cases to determine the distributions around the mean; thns,‘nnlike the two

' By measuring the variation with tempermture of the angular distribution

@

e
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epeotroacOpic methods, nnclear polarization does not allow one to decide
whether there are several lattice positions with different internal fields, coe

or only one. In addition this ‘method is much less sensitive than the

'spectroscopic methods to the presence of other interactions (euch es quad-..

rupole splitting) and the presently attainable accuracy is approximately

s

10%. Internal fields are obtained from nuclear polarization data rather

’indirectly. In practice the assumptions wnich must be mede regarding re-

orientation and perturbation in the intermediate nuclear state ere usually

borne out. The wide applicanility of this method is a distinct advantage

S ’ [

“and the accuracy with which it yields internal fields is completely satis-

factory in view or the’ present state of the theory.
All three of tne above techniqnes can be used to determine the signs .

of internal fields.

L.

.‘D. Heat Cepacity Measuremeits

While it ylelds the least infonmation ebout the details of the nuclear

':spin Hamiltonian and cennot be used to determine the sign of the internal mag--

~ netic ficld, the, method of heat capacity measurements at low temperatures has

L8

“two distinct advantages: (1) it is generally applicable except to extremely _"

5
dilute alloya, and (2) for 8 given internal field it provides dbservable re-'n<

sulta at higher temperatures than does nuclear polarization. Like nuclear

'polarization this method neasures only tbe mean 1nternal field and not the

internel field distribution.
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' III. OTHER WORK
-The first measurements on 1nternal fields at the nuclai of gold atoma
dissolved in 1ron were reported by Samoilcv, et al.,l who discovered ‘che effect

" in nuclear palarization experiments on An” 98. They reﬁofted a .hy'pe-rfine field

:m exccsa of 1 0 % 106 e;ausa. Kogan et al.lh deduceé. a field in excess of

6 gauss from aimilar experiments on Au 99. .‘I'he uncertainty .’m the

2. 0 X .'1.0
: reported magnitudes ’ and presumbly the discrepancy, arises from the lack
- of & reliable thermometer in ‘these early experiments, which utilized contac_t

“¢cooling to O.OBOK. ‘Stone and Turrell have recently 'répeated the Aulgs exper-

iments in an iron sample in which C_osq nuclel vwere simultaneously polarized,
.thereby acting as a thermometer., \They obtained an internal field of

l6t02x106

gauss :E'or Au in Fe. _

Mﬁssbauer absorption experimen‘ce on ‘Au 97 in Fe, Co, and N4 were
reported by Roberts and Thomsons’ 3 and by Shirley, Kaplan, end Am1.5 Thé '
excited-state nuclear magnetic moment » which produced most of the splitting,
was unknown, and it vas not possible to deduce an internal field from the
early experiments. ‘The .‘hztter vorkers noted that an internsl field of

,_0.28-,)( 3.06

gauss would be compatible with a magnetic moment of 1.6 nm, which
is 'tha.value of the magnetic moments’ of ‘several neigh’oor_i_.xig odd thailium
iéotopes.' As discusged in Section IV the moment of the excited state of
An197 18 much less than this, end'the internal fieid is mach greater.

| -Mom recently'Roberts and ‘I‘homsonls have carried out higher-resolu-
tion MBssbeuer experimants $n which they observed unreaolved structure in
the absorption lines. By ﬁtting the data to a Hamiltonian containing an
maxially-syumgtr'ic quadrupole interaction with symmetry axis parallel to

the direction of magnetization, they derived an excited-state magnetic
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‘moment of + 0,38 % 0.08 nm end internal magnetié'fields of magnitudes | |
. 1460 ¢ 160 kgauss. (Au in Fe), 1180 £ 120 kgauss: (Au m Co), and. 530 % 160 o

kpauss (Au in Ni) «,‘. RS E o ST Lo g e e gt

. S8amoilov et al.)f have measured B@Bymetry from polarized Au198 in
Fe and Ni. - Invoking the measured value .of .—1.0j * O.~7 i’oa' .the beta<decay - -
matrix-element function Mii,. they deduced a negative sign for the internal. ::: |
fields at- Au miclei in both Fe end .. In additien they found & ratio of

5.6:1 for the magnitudes. of these :Ln‘ternal fielda vith the most ‘probable AR “{"’. ,

6

values being -l 0 x 10" gduss and -0 18 X 106 gau,ss respectively Coe

Y

(- Al of these results ’ along with those reported herein, are. glven .

~ .

in ‘I‘able Ic . o3 }!iﬁ.:' o Lo b U ST L , S

| g S A
cdre & B o . . - oo s " f .
i’,*,:":':l'r;.,‘ ' D B I A ) ) R T T

e wtew e oo IV, THE HIGH-FIELD MBSSBAUER EXPERDMENTS . . -,

o Y viewof thie' soméwhat indirect rature' 6f 'the:'éléwe"meaeuréxﬂénﬁs and - |
the as‘smp'tions trivolved. in deducing internal Tilelds :fron;the data,' ‘a airect
compaxison of thée 'ixit‘e;-nai ‘flelds with exterpally af&plied magoetic fields was
highly desirable, Thus & seriés‘ of* "experiniénts vasg' ‘p‘e'ri;drmed in which the = B
Missbauer spectra of the 77 keV y 7ayiof Au 197 4n ve, Co -(cubic and hemgonal),
and ri where observed 'tn’ ‘applied ‘magnetic fields between O end 86 k@aues. The
| experimants were all performed at 1:-.2 K using very dilute solutions of Ptl97

'~- 4n the fem'omagnetic host a.attices ss the ‘sources and an absorber of 5-—10 mil
s ‘ metalic gold. A" "t11ted-vheel" spectrometer19 was uged for the M gh-field

measm'ements, ‘1t vas compared and mtercalibrated with en’ automatic spééti-om
V ’j gt DR il """{”" o ’.w".l o Ter f.‘ Dot o
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| vhe sources were prepered by alloying < 1 atomic percent;- of Pt
(containing Pt197) with- the- host netal at 1600 C'in an argon, atmocphere
for ~:3 brs. and then quickly quenching them 1n water. 'ma hexagonal Co
source was pmpared by colduwork,ing the alloy aﬁ room temperature, a'n' ’

21 The eubtc

X-ray analysis of this source showed '95 % 5% hcmgonal Co
. Co source vag prepared by annealing, the alloy at 2300°¢ for 2-1/2 hra., |

| _then slowly cocling to room temperature over a period of about 2 hrs., ‘
.‘.'s?he 1ntemediate grain size in 'thie sauple made it difficult to obtain -, .
2 conﬁrmatory X-rey analysis and. the cxystal. structure was inferred from

(1) the transition temperature of 417°C .for the £:e.co-h,c.p.. transition -

1n pure ¢as(the cuble structure 1s the stable forn'at high temperatures)™

and (2) a 'éimilar.,procedure to fhat deseribed ab&é has been used to make -
| several dilute coﬁalt.ailoys (mclué.ing Izr and Pd) for NMR studiesas, and

in each case the percentage ofacgbi_c Co wag > 90%.. . .. ..

- Typ;ca:_!. e_;bsprp‘c;on_ Spectra. for,fsg]‘g?.diseql,yjed;in Fe', cubic Co, )
_hesmgonal Co, and Ni are shown in g, 1. ‘These Spectra ere aymnetrical .
end better resolvad than thoge reported in Ref.:5, and are in good agreemnt
'with (but less well-renolved than) .the high-resolution work of Roberts and
Thomonlég ‘I.’hese latter workers used gold-in-Fe. (CO ,m) absorbers mther
tha.n our Pt~in-Fe (CO,N:S.) sources. ; The good agreement of owr spectra vith B
theirs Mdicates that the equilibrimn local fielda at Au nuclei in Fe (Co,m)
_:are established within the fetine of, the 1someric state of Au197 (2. 7 nec). 2
| The diff’erences ﬁ-om the survey experiments mported 1n Rei’. 5 may ‘be attributed
.to umdequata mixing during aource prcparation and to poor reaolution of the

‘. apparatus 1n the earlier e:q:eriments.

£ N t



. The sign wes uncertain for Au in Co, Because the total change in position A

- cording the whole resonant pOrtien_of‘the apectium, we'eoncentreted on the
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Preliminary experimentsé showed thet the chanbe in total hyperfine

2 eplitting on applioation of en 86 kgauss magnetic field was small in every

case. - ‘For Au in. Fe this change was positive and for Au in Ni. it was negative.

of either main ;ine in the spectrum waa'only dboux;}/ZOth of & line width,

& more efficient'method'of:dexa.coilectipn was adopted. Rether than res

'f‘points.of'maximum slope (indicaxed by arrows in Fig. 1) for the Fe and Co

»specimens. For each sample an average of 3 X lO6 events were recorded at

" each of the‘selected veloc;ties‘and at several velues of the epplied magnetic

. £ield. The date.were collected in 3 seta of 106 counts apiece and checked
. for consis%enby’ahd.reproducibility."f?ér Au in Niﬁthie procedure was not -
" feasible because 6f‘tﬁe much poorer resolution of the two main lines. We

"reverted‘to.the'leés eccurete technique of recording the entire spectrum

for eaah of four values of epplied’ megnetic field. The eccuracy attained: '

7a7in this vay was poorer than for the other ‘three alloye (Au 1n Fe, ‘hex. Co,
% and euble Co) and the data vere used only for obtaining the sign of the

11nternal field rather than 1ts magnitude or the magnitude of the excited

state magnetic moment. )

' f'" In Fig. 2 the change in the excited state splitting for each specimen

'73'18 plotted against the effective _applied magnetic field,”which is Just the _ i
‘”'difference betwveen the applied fiela at the source and that at the absorber g

" (this can essily be shown by usin& the selection’ rules for e longitudinal

- Zeemen effect experiment). A common charscteristic of all'the.ourvee in
' Fig. 2 1 an initisl inerease of the totel splitting with field at small

fields and & lineer decrease for effective applicd fields above ~ 15 kgausa.=

$pe initisl behavior 1s ascribed to megnetostriction and other effects

involved in the initial orientation of the internal fields parallel to the
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" applied field (Sec. V), and is not quentitatively understood.. Such effects
(1nclud1ng Joule'magnetostriotion) saturaxe with the magnetizetionvin ferro=~
ﬂ¢”neeéheta 5; thus the field resion above ~ 15 kgauss should be essentielly |
. free of theee effeots. We therefore heve based our. 1nterpretation of the
™ excited state megnetie moment of Au 197 .and the signs end megnitudes of the
internal fields only on the data ebove 3.5 Kgauss. A stringent test of the
velidity of tnis 1nterpretation 1s the requirement that-the'slopes-in Fig. 2
" for all the alloys be equal . This reqnirement is born out by the constancy

:'n R X s ]

_of the magnetic moments derived from the Fe. end Co data (Table II)'ﬁ‘-i?‘

T Do - In all four alloys the high-field slopes are negative; thus the -

v

internal fields at nunlei of goid atoms dissolved in Fe, cubie Co, hexagonal
Co, and Ni are negative. The magnitudes of the 1nternal fields .ere derived

from the splitting cbserved in the full ebsorption speectra taken in zero field. -

| u iy Lh}
. Using the statistically averaged value for the excited state magnetic omwent,

e. = 0.37 . 0. Olpm, and the measured gromd state momeut of + o.lhnm, y

the magnitudes of the internal fields vere caleulated and are shown in Teble II

1

. (along with eeve:al other.experimental results). These fields are compared;‘

_.with.the results of other workers} where available,.ﬁelow. '
Our value for the magnitude of the 1nternal field at Au nuclel dis-.f

' BOIVed 1n :e ie in good agreement with the values reported in Refs. 12 and .

18, Samoilov et al.’ su value of lOOO kgausa may probably be regarded.as a

Lower 1imit.. This vaJ.ue vas derived by using A./u s 1 x 0.7 where A end @ |
. are functions of f-decay matrix elementa aend for a value of k/h = 0.3 the
1nternal field could have been as large as 4000 kgauss. , We haVe used our

" value of the internal rield to set much narrower limits on the ratio x/h

for the 2= (8) 2+ beta decay in Au198

_}Ju = «0,55 £ 0.15.
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L For:this rehge of A/u the megnitude of the internal field determinea in Ref. &
| a&rees with our present result. Our eign'determinetiqp‘agrees‘with fheirs.'

| Only Rdberte and 'I.'homsonl8 have5reported a. vaiue for the internal field

‘of.Au in Co. Their vaiue‘ie in good agreement with ours. We fied that. the
fielda in cdbic ‘and hexagonal cobalt are the same. to within five perccnt, and |

,Jboth are negative._w, ﬂ ‘,‘.~' L f‘~ S

_.@ﬁggw_‘ ' The negative sign which e find for the field at Au nuclel 1n Ni is-«wwxwwa

} 615 aéreement with the determination of SamoiloV'et ala“ Our’ value of'3h0 Kgauss

qgfor ‘the’ megnitude of this field ig midway between the 530 kgeuss reported by g4%

1Roberts and Thomsonls

and the 180 kgauss of Samoilov et al. Roberts and: Thomson 8
fﬁvalue of 530 kgauss was deduced from the measured product of the excited-state -‘sﬁw#
”magnetic mcment 1n Au 197, and the internal field aimultaneously with a. rather '
T low value for the moment and is thus probably- £oo. high Samoilov et al.u found o
}the internal fields at Au nuclei in Fe and N1 to be in the ratio S 6 l. Nuciear
-"polarization experiments should give this ratio wmore. accurately then the absolute '
-.values ‘of the magnitudes of the internal’ fields. Thus if we combine-this-ratio
:' with our value of 1420 kgaues for the magnitude of the internal field of Au 1n :
Fe, rather tnan ueing the nuclear polarization value of lOOO kgause, we may Trf
-‘dcrive a velue of 25 kgauss for the magnitude or the internal field for Au - ;
5;in Ni, 1n better agreement with our reaulteé . ”'t
e sign of ‘the magnetic moment of ‘the 77 keV excited state of AT
.1“555 be.deduced from a deteiled comparison of some of our,better resolved | _
':iJAﬁoiniﬁé'eﬁectfa*with theoretical eurves caleulated for'positive and negetivel
Tmomente.” In a longitudinal Zeeman experiment the: intensitites ef theve;x o
“Zéeman édﬁpoﬁéﬁtéio'f a 1/2+ (dipole 3/2+) trensition ere in the ratioc 1:0:3:3:0:1

f if.ﬁhe two magnétic wonents have<the same sign, and 3:0:1:1:0:3 if the momeﬁteQ
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are of oppoaite sign, provided that the g factor of the spin 1/2 state ie
much larger than that of the spin 3/2 state. We have compared theoretical
lorentz curves vith one of owr Au-in-Fe spectm in Fig, 3. Only 't;he
1:0:3:35:0; 1 curve fita the data acceptably, thus indicating ‘that the sign
of tha excited state mgnetic moment 1g positive, in agreement with the

~ eonclugion of Roberts and 'fghqmson, who carried out unpolarized experiments
&t consfderably higher 'resoiution end *itted thetr data vith the 1:2: 3:3:2:1
.'mtensity rati.oa required by a positive exclted-state magnetic momnt. Our
“best, value for the magnetic moment of tbe 77, keV. {gomeric states of Au'> ia

ey i, s 1 . . ) P . ; B i
N . . L L S AR PP R P |
: i . * s . N

',‘. ~' “v. . .3";1..’ ' “\.l-( + . A '-'; [ ‘L77= + OCB’?i Ood& m_‘ )

_ Experimenté in large external magnetic fields. vere performed on
dilute sources of Ptl97 (~1 atomic percent) dissolved in Be and J?t in an

E at‘cemptrtc meagure “77 directly., It was hoped that & single l:lne absorption

spectrum, obtained by using these sources, would be split upon the application
of the axtemal magnetic field and the change 1n :shape of the a‘bsorption . .
'line could be related directly to the xnagnetic momenﬁ. Using the Pt source, o
. essentinlly no change was. obsemd 1n the absorp‘cion spectrum betveen 0 and
65 kgauss effective exbernal field. With the Be source the absorption dip
seemed to increase upon the application of & 65 kgauss exbemal field as

ehom in Fig. 1&. If only a m@e‘bic dipole mteraction vere prcsent the o

ebaorption line should show 8 deerease in the dip and for p.77 = 0.37 on we

ghow the e:qaeoted theoretical result.as e dashed eurve in Fig. 4, %e exper-

1ments using Au-in-Pe and Au-in-Pt sources therefore indicate a more compli-

cated behavior than purely mgnetic dipole in‘beraetions and make the extrac-
* tion of & valus fg: u77 quite difficult. '
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i . .+ We were able to explain the results of these experiments qualitatively
| ) on the basis of a mixed magnetic dipole and electric quadrupole interaction.

' The sbsorption lines observed in zero external field are about twice as wide

e i

g aé,wogld‘pe.expeeted-from phrely theoretical estimates for a 5;10 mil Au -
5 v :

ORI

S v dﬁéorber 1n¢icat1ng'the possibility of'a'gizeable:qnadrupole_;nteraétion.
A quadrupcle intersction 1s not uncxpected in this case sinde ‘the ground

' state quadrupole mcment haa been meesured aé’Q = 4 0'60 t 0.06 Barngs. In 1;,

VIS et

the. presence of both a magnetic f£ield and an electric f£1eld gradient the

v eigenfunotions of ‘the nuclear substates will be dependent upon the relative

i e e e i e ——— b =

. strengths of the two inferactions and.the angle between the magnetic field - v
and the clectric field gradient (ve will assume that the electric field
gradient tensor possesses axial symmetry with respect to same axis, Z'

which is not necesaarily the magnetio field direction) The total intere

e T s A o~ i

| action Hamiltonian can then be- written &827{28. S A ;

f’:‘f‘;. ot e . S . . . . . h -‘—‘15.. i ,. oo L PR
T ' R N . R “ . y _-? ) 'A. . L

o Y ) ) R - . ' e - -

e el e sI R+ P[ :2 o (/) I(BRL)]y L ()

meg . el =

- wherévgxa'g/f; I is the nuclear spin, P 1s the qugdrupo;g couplinglconstant
and Z 13 the direction of the magnetic filed H. o '-‘iﬁunftiﬁ; | - -yﬁﬁ%ﬁﬁﬁ
.;‘  © ' Caleulations were performed using the eigenvaluea of mixed electric ’
| quadrupole and magnetic dipole interactions’ for I = 3/2 given in Ref. 28.
; The non-vanianing mat;ix elements o: the above‘Hamiltonian are exprgssgd in

o a 3enéfal form in Ref. 27; Using these matrii,qlements, secular-defgrminants

e o e be et = g ——— v =

. were obtained from which the eigenvectors corrésponding.to the eigenvalues of

- ._ : - " -Ref, 28 were calculated. From the eigenvalues and eigenvectorslthe transition
| -energles and intensities (weighted by the proper Zeemaﬁ inteﬁsities) vere °
'ﬁ)f - calculated and, after consldering the purely ﬁagnetic.aplitting in thg ebsorber,
; | : 'tgg spectrum of absorption lines was obtained. In the general case there will

i © be 32 sbsorption lines. By choosing appropriate parameters cousistant with

———
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“the e:@erimental conditiona, ’ it vas possible to mateh the experimental results

of Fig; h. Tt wag not. possible to éherive quantitative coupling constants by

“this procedure aince the mitial state of tho BoUrce was. not Well known., Tha

mogt etmightaforward vay, tq investiga‘ce this problem quantitatively would ba

to use a aingle crystal seurce wvhere the orientationa of the electric field

)

BRI

v.:MAGrmmSmcmomm'Ecms' ,

!I‘he lcw-ﬁeld behavior of the excited s‘cate eplitting for Au is Fe,

Co: and Ny (Fig 2) was unexyectea and is not suscepuble to a simple quan-'
titative explanation. We have termed “chis a magne‘tos‘brietive ef’fect 'because

11'. saturatea at lare;e fielda (10-1) kgauss) ag. wculd be expected for mgze-

tos riction, which f‘ollows the mgneuization in- i‘errcmagneta. 3 It is not

' surprismg that the indnced field at Au nuclei diasolved in Fe depends sen- '

J'sitively on small changea in the dismncc, po:tari...a’cion, or orienta‘bion of

neighboring Fe atoms becausef the Au. atoms (atomic diameter 2. 80.3)29

N quite crwded in an Fe. (atomic diameter 2. 1483)29 lattice and ‘che outer

electrons of eold st mrnap considera’o!y with the polarized outer e

"electrons of irom o

While we are unsble ta show" uniqucly that this effect. 1s the reeult

"ot‘ mgmetoatricuion, the behavior is a¢ least qualitatively consistan’c with o
. this mechaniem. The size of the initial increaae in FPig. 2 15 4in the order

Fe> Cod M. It s expected that the. unpaired spin density in the ke

atomic regions is in’ the order Fe > Co > Ni. 'Ihereforg ir the .c'hange in

“eleétronic overlap beteen Au and tie Fe, Co and Ni-'éto:ﬁ_s 18 rcughlythe

el
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same this would account for 'the relative sizes of the ooserved effects..

- Joule magnetostriction in re, Co, and M. saturates in the seme direction;

which ccrmlates mith the fact +that we: obsewe an in:«.tial increase in

| "' VI. THE NUCLEAR MODEL FOR Auld"
" Braunstein and dea-smli'&;50 haire prop’osec"i a core-excitation model to

' exp.‘!.ain the apectroscopic properties o;(’ Ax.t."l‘g7 We discuss in detail below

| the relationship of the Mﬂssbauex- resonance erperimcnts to thie moclel.. R

g me baslc premiae in the core-excitation moonl ie that an odd-A

nuoleus znay be excited ei'bher by promotion oi’ the' unpaired odd particle

tO' a higher ape'ctroscopic atate of by excitation of-.the paired even«even: : .

Ve

Do ‘cora, which couples in ‘ite excited state wi’ch the -odd particle. The emct

nature of this excitction 18 unspccii‘ied in the model, which 19 as yet

oy phenomenelogical. In A 197 the odd (791«11) proton-1s thought ‘°° be '~

in'a’ 463 /2 shell-model at&té, which accou.n’cs for the spin. and magnetic

moment of the ground state. In tbs core-excimtion procees the e:'Ven-«even 3

: core acquires the spin and. pari.ty 2+, which 1s. obeerved a8 the i‘irst excited
gtate: an almost all even-@ven nu.clei. ‘I'his exci'ted coz-e then couples with

the d3 /2 proton o’ fo:rm statel with £pin and psrity aseigments l/2+, 3/,

,5/24», and 7/2+. Braunstein and. da—Shali‘b have identified these levels among

the low-lying ‘excited states in A 197. In particular the first excited state

' at T7 'keV was given “the aésié;nmant [ :j = 3/2, T== 2y J= 1/2), where-the_

J ) dex;ote, respectively, ‘the particle,‘ coz;e, ane_. toﬁl',enguiarimomezitmn.

¥
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' FrOm emerimntal transition probabilitiea these authcra es‘cimatcd the g
factor of the co:.'e ‘as gc @ + m@t £ 0, 01& and. the eatimted magnetic moment
" of the 77 ‘keV excited state waa + 0.60 % 0. 0& nm, in fair ag-eement vith the

R

of error on our present value of 0. 31 % o ou mn. In fairnese to the model

ve shouwld make tio points' (1) Thi.s model is unique in predicting a mag-'

_ neti.c moment considerably below 1 O nmin a straight-forward way Any single-

' particle shell model calculation woula give a magnetic moment 'between tha
. pirse line (+1 0 rm in this case) and the Sehmidt line (+2.79 nm) for an 91/2 '

: ,protcm. Even if cmfiguration mixing ia invol.ed it is not practicable, o

using reaaonable nucleer parametera and few ccnﬁe;wations » to calcu]ate a |

: magnetic mmnt as small ag the experimental valu:a. ot course 1t 1g alvays,

0 -possibla in yrinciple to calcula'ce any type of’ collsctive ’behavior uaing pm .
. 4-.1 couplinz (or any other poorly choeen ‘baais) if' enough configumtions are
frincluded. This is a fxmdamntal i'cature cf quanwm mchanics ancl in no way . o

" does 1t reflect credit on 'che single particle model. In many cases, including

this one, we believe, 1t 15 more enlightening to think of the exeitation as

- & collective effact. (2) Braunstein and de-Shalit showea tbat the magnetic

:-.moment of tha- 77 keV state is given, in, the core-excitation moael, ‘by

| o "'-'.""ui/'é_'?,“‘c.'%./agé~ I

.

where gc and gp are the g factcrs of the excited core end the odd pro‘con s

- respectively. The quantity’ g, 18 Just the. g-factor of the same odd proton
; found 1n the ground state (gp &+ 0. 093) and. there 13 little leeway in -

choosing a value for ap Several approaches are possible in estimating g o

pe
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The suthors in Ref. 30, in en effort to test qusntitstively the internal
consistency “of their model, estimated g from messured Ml trsnsition
probabilities. This procedure hes the advantsgs of requiring no adjustahle
parameters. A disadVantsge is that the accuracy of e g factor estimated
'in tnin wsy is not higb. A sonewhnt more empirieal alternstive is 40 set
c Z/A as wss done in the earlier estimates of the core g factor of )
deformed nuclei. Tnis procedure yields “1/2 o % 0. 36 am in excellent
agreement ‘with experiment. ' B

1

A A more fruitful approach would involve using the Mﬁssbauer resonance‘bd
data on Au 197 1o derive information about the core excitation. Since the
theory is still essentially pnenomcnological, further understending of ‘this
excitation mode will depsnd considerably on new measurements. With certain‘i.

assumptions we csn derive from the excited-state mngnetic moment and the

-

chemical shifts 1n A7 the deformation parameter and msgnetic moment of - the W

excited core. The assumptions are rcnsonsble but may easily be wrong, and

the values derived thereby snould be regarded witn appropriate skepticism. g

} l If we assume that Eq. (2) 1is the correct relationship smons all the

factors vhich contribute to the excitcd-state moment, and thst Ep is unchanged

for the odd d3/2 proton from the around stste, it follows from Eq. (2) and the “;‘“w‘

cxperimsntel wslue of “1/2 that | ; ) f"\ ' ‘ f i
. '-'gc=+o.'hz'j:-o.oh.'. | T »)

-

A detailed interpretation of isomeric chemical shifts for Au 197" in

several metallic lattices hes been made elsewhere.3l Witn some . assumptions

- 3

/

" of a chemicsl nature that are too involved to repest here, a valus

P

iy

*}u
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A(Xl'éh)u0.0939'§0.0013 P (&)

was derived. Here X ia the reduced oharse radius, r/R » vhere r is the .

i

‘ 'distance from the ccnter of the nucleus of an element of: cherge and R is

the average nuclear radius (7 0 'F.in the caae "of Au 97). This quantity,

A(X} 6“), is the "directly measurable" nuclear factor in isomeric chemical

shift experiments.‘ Under ‘the assumptions of constant nuclear charge density

e Ehgeme 4

and equal nuclear volumes in the two isomeric atates, an estimate of the -

difference between the nuclear deformations of the two states may be made.,

32

Wilets, Hill end Ford first calculated explicitly the optical isotope

shifts associated with nuclear deformation., Their results vere extended. . -

to optical isOmeric shifta by Lardinoia.33 Barrett and'Shirloy3u adapted

L safan

the rclationa to treat isomeric chemical shifts in Musabauer spectra. Théj:f”"

obtained tbe approximate expreaeion i _'?',.

: A}«, - £ _‘Zez 2§+l R A[S’ W(o) ] A[Cx [1+ 21(29+3)_ 5«."'-'.‘13-" : C (5

A

Here p is the relativistic~electron parameter (l-a 2)l/2 where & 1s the oo

fine atructure constent, the sum is over atomic electrons within the nucleus,'

the first A.represents the difference taken between.thc gource and absorber,.-"n
the second A.meana the difference between iaomeric atates, and & 18 a deform—v
ation parameter._ The nuclear surfece 1s spproximated by an ellipsold hawing .~/f
the. equation ‘R(@) = R SlL + P (coaGO} Hercte is the poler engle from the’ syﬁaéiry
exts of the ellipsoid. a o |

A

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

0.0023 <a® < 0.0086 . ) S (6)
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[
3R 197 At thic it e
. was derived for Au™7!, with o >a « At this point we must estimate @, in
order to evaluate al, the excited-core deformation. To do this rigorously,
gt bonens .

- we. would have to assign to the ground-state core the correct fraction of "

ground-state deformation (as measured by the known quadrupole moment of |

v‘w*0060(6) barn ) 0f course this would require a rather complete: knowledge’*“”*“

.{._._,?

. of the nuelear structure of the ground state, which 15 unEVailable. Ve .

~shall'eesentially ignore the contribution of the odd proton, on tbe grounds . ..

that a single shell. model hole in.a dS/Z proton shell. would produce a much

smaller quadrupole moment (~0.1. barn), and estimate a .for .the’ whole nucleuerfm" A

.from the quadrupole moment. The relationship between the’ measured quadrupole )

moment e.nd a. is (to first order 1n a) .

< "

This resultlis derived by eombining Eqs. 3.16 and T2.24 of Refur35cand’ uix

noting that’ a=(2/3)e, where € is a deformation parameter. We thus obtain

= +0. 065 (7). Combining this with Eq_. (6) we find @, = +0.087 (13) This

v corresponds to a value of +.13 for the more’ cuetomery defonmation parameter B e

e, and thus a substantial nuclear deformation.A :

.

of the assumptione 1nvolved it 18 approPriate to say that tbe calculated de- 3
formation "is oonsistent with", but not that it "follows direotly £rom” s the S

date. If the assumptions eare wrong, some new type of ahift in charge die-’ a

tributiona would heve to be taking place between the two states. If this f
‘should be the case the derived numerical value of e would be meaningless.
This parameter wvas 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 cbserved shifts arise from a substantisl collective

‘effect and thus support the core-excitation model -~ would be left unchanged.

, a=5/6. 9_2 .I.i]:. _?Ej_ﬁ' (7)

At

Thie analyeis must be regarded as semiquentitative et best. In view u, S
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VIiI. CGNDUCTION»ELECTRON POLARIZATION a
o

The signs end.magnitudee of the internal fieldc derived in Section Iv

\

4 strongly ‘support- the idea that they arise through polarization of the 6e

*'t‘a’(ﬂh "5 2o e e

oy
conduction electrons of An dieeolved in ferromagnetic 34 treneition metale T
by exchange interaction with electrone on the transition - metal atcms. Thie

iwconclueicn follows from’ three types of evidence, discussed separately below:

g ot

Y.

w#il L ... 1e The hyperfine fields are all negetive.. This is expected from the,mr

Ty

conduction - electron polarization mechanism if, ror example, the 68 electrons ‘

*of gold are polarized by a poeitive exchange interaction with the Spin~9018§:‘ i« Jrrnd

ized outer electrone onh the neighboring magnetic atoms, provided that these.

' ~cuter electrone have a negative spin density relative to the 3d electron spins.
36

R )

Freeman and Watson have done exchange polarized Hantree~Foek calculatione

3,
3 Ty 5‘

for Fe atoms which indicate that the outer-electron spin deneity is negative.

It is well known thet . this behavior ie generally expected for traneition netals

because the he electron elgenstate with positive spin should contract radially
lw”through an attractive interaction with the 38 ahell, .allowing the radielly ‘Agujwpg

lerger negative spin bg eigenstate to dominate the outer portion of. the

w traneition-metal;atom.

g, K . vy -,‘r;‘:.j“ﬂ?

- Our meaeuremente do not, of course, establish which electrons on Fe
| directly polarize the 6s gold electron. The above mechaniem is the principle .
one which has been discussed in the literature, but exchange polerization with-:
the core electrons end 34. electrone on the transiticn-metal atoms must surely i

contribute terms to the 68 Au electron polarization. Perhaps ‘the best way

o to'deeide the relative importance of such effects is to study the_preesure'

dependence of the internal field inhtheee.eystems. The amount of overlap of'“'

the Au 68 electrons with transition-metal outer electrons should vary quite

t
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'aensitively with sample. volume. -An indirect 1nd1cation that this polarization
v_mechanism is 1mportant in the large effect attributed to "magnetostriction
- in Section V.-

. f3lni..r» The 1nterna1 field magnitudes in Au are approximately proportional

i
. ‘10

e m—

T E fto the effective magnetic moments of the host metals (Fige 5). Thus,;irrespect-

'lb,; ~ive of the-polarization mechenien details, the experimental internal fields : '-éhq

H

N , Tean be understood &8s being caused by- one type of'” interaction which is pro= ipﬂdfﬁ;ﬁ

portéonal to, and thus probebly caused (albeit indireotly) by the unpaired

e 3d electron moment on the transition atoms.‘ The induced fields do not seem

e e e
. v

to be sensitive to the host crystal structure. : |
o We note that while Roberts and Tnomson found the internal fields at

Au in Fe, Co and Ni to be proportional, within experimental error, to the

a¥ ,T.\':_i.'; A“

| effective host magnetic moments 8, we find a small deviation rrom linearity

"in Fis. 5. If this deviation is reel’ there may be a competative mechenism et
‘if !

} ; : fcontrfnuting to the 1nduced field thereby maxing the situation somewhat B

.more complicated than 1nd1catou above. The simple linear relationship vas |

_Pnot observed for the case of Sn dlssolved in’ Fe, Co end Ni,l6 and. the internal

.field 1n Sn is prdbably caused by a more complicated set of. competirg inter- :f;
7aotions. Agein, the internal fields at Cu atoms dissolved in Fe and Co 3 o
(212 T and 157. 5, respeotively) 15 are not exactly proportional to the host ~"““WNW

momenta. In all three cases (Cu, Sn, Au) the ratio of (magnitude of N ﬁﬁ s B4 gy

e .
TR It

N . A

*induced field) to (effective atomic magnetio moment of host) is smaller

g ':. : for Co than for Fe hoets, ‘and for 5n and Au the nickel data are also con- 11":

’*sistent with this trend. Thcse observations may 1ndicate the existenoe of
. a competing Eositive contribution to the induced hyperfine field of tne

1mpur1ty atom which 19 not proportional to ‘the diamagnetio impurity atom,s

Ii:. "y>l.q¢ - B A
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. conduction-electron polarization. This contribution acmpetes most effectively

in Sn where the ' ¢onduction electron" term is small, actually changing the -

\

the ' conduotion-clectron term is: very 1arge.

3 Tbe magnitudes of the 1nduced 1nternal ;inlds seem to follow thg

.magnitudes of the hyperfine fields crcated in the free atoms by the sutar

W(conduction) .electrons. Tin is an cxception probably beceuse of ‘its complicatud

electronic_structgre and . the cumplexity-of the induced field, discussed abOVe.:

The fery iérge induced fields in Au and Re17 dissolved in Fe are prcbably

particulafly signifioant, as both clements have Gs electrons with associated

<

largelfields, . The internel field in atomic copper in the hs?&l/ziatateJis

2.6 x 106 gauss.énd that of atomic gold in the'ésas state 1s 21 X ldsfééﬁgé.

1/2

" These fields can be dLrived by using Eq. 15.5 1n Reference 35 and’ appropriate

data from'atomic spectroscopy 37-33 < Thus the internsl fields of Cu and Au in

-,-Fe would correspond to 8”'end 7% polarization‘of the conduction'électrons,

'Tfrespectively ?he 1nternal fieid in etomic ‘Agrin the 55281/2 stete 1g-

'*:#59 x,lO? gauss.39' It.would be interesting to determine the induced £ield

" au Ag stoms dissolved in Fe, which should be ~400 kgauss by analoéj.with.;wwaw :

Cu end Au. I T B

[
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g Table I. Hyperfine fields at Au nuclei in kil_ogaussa
) , .

. r . t
Impurity. & i Y Hosts . T b

Atom | . Fel , Co , _ Ny , Refere’%:?e

&

a7 420, (180) - i, hex. =980 (120) -3%0 (60) s work
' Lo .. eubie - 990 (120) - o - ¥

{

sio (160) - 18 !

-t

ad97 T ko (160)0 1180 (1%0)

g % N

AP 000 : - T 280 b sy

a7 1600 (200) T - - o1z

A% > 2000 - T 1

a‘I’he signs of the hyperfine fields were not determined except where noted.




a‘Derivec}-from slopes of lines in Fig. 2.

b

CChemical shift is defined relative to‘ pure Au absorber.

Errors in the last place are given parenthetically.

-

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

P

L s

S

v s

e N
o , . Teble II. Experimental Results _ , _
* Source ° . Excited -  Excited Ground’ _Byperfine Ratio of * Chemfcal
- State State State . Field Hyperfipe . Shifts®
_ Magnetic Splitting Splitting {kg) Fields® - - :
ERPIA Moment? . 2u B 2 g B ) . e _
(n.m:) " (en/fsec) . (em/sec) . ' i 7 (cm/sec)
Fe-Pt (1%) . +0.34 (9) 1.29 (2) 0.36 (2) ~1420 (180) 1 T —.f-o.su (2)
Cub. Co-Pt (1%) +0.36.(6) 0.90 (2) 0.24 (2) -990 (120) 0.70 (2) =0.54 (2)
Hex. Co-Pt (%) + p..39_(6) . 0.89 (2) 0.22 (2) 980 (120)., . 0.69 (2) T .0.53 (2)
Ni-Pt (%) @ o~ 0.31 (2) 0.09 (2) -340 (60) 0.24 (2) . 0.47 (2) &
: - - . ’ hist ) ) S s AL i o f 1

L¥80T1-THON
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I - FIGURE CAPTIONS

Fig. S. Splitting of the TT7 keV isomeric state in AU
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Fig.'l. - Absorption spectra of Au 197 in Fe, cubic Co, hex. Co and Ni. b‘ ‘
taken in zero external magnetic :t‘ield.- Solid lines are the sums . ) o

-oef si.x Lorentz surves with positions e.nd intensities shown.

e . . E [ CAN “y

‘-Fig. 2.' Change' in the excited state splitting ¥s the difference ixi, -

the external magnetic field at source and absorber for Au 97

1n I-‘e, cuble’ Co, hex. Co and Ni.

Fig.’3. Au 97 in Fea absorption spectrum in an external magnetic field i

(ﬂ - H = 65 kga.uss) 'Solid line is "best" f£it assuming magnetic :
iy :

moments have the seme sign; Gashed line is ”best" f£it assuming

ma.gnetic moments have opposite signs. 3

4

Fig. be Ab.éorption spectre for Ad97 qissorved m Be”at 0 and 65 kgauss
R S I

g external megnetic flelds (H - ﬁa). The solid line is the u‘best" it

«to toe data in O field using & single Lorentz curve., ‘I'he dashed line "" sin

4h%r {

is the theoretically expected sbsorption curve at- 65 kga.uss for p.n : +0 3Tnm

1n the absence of any quadrupole effccts.

‘J

197 ¥s the atomic

magnetic momwent of the ferrcmagnetic host metal.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-

. ratus, method, or process disclosed in this report
may not infringe privately 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. disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee 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 information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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