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' flelds in several heavy elements are roughly proportional to the fields
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_ ABSTRACT

A survey is presented of the observed hyperfine fields at nuclei

attributed to the outer s electrOns in_the free atoms, The signs
and magnitudes, and'e5pecially the Z dependence,'of these fields are

- compatible with the conduction electron polarization mechanism

- this mechanism further.

A tentative basis is thus established for estimating the hyper- l» g

.in planning Mdssbauer or nuclear polarization experiments

’of impurities dissolved in metallic iron. Estimates are made from atomic .

‘pected on the basis of conduction electron polarization ' The observed

‘ Other

, internal fields, particularly.for Cs and Ba in Fe, are predicted to test

fine fields at: impurities in iron. These estimates should be useful




we do give a speclfic recipe for estimating the contributions from

vfj_a later section. Surely there is some core-polarization in any atOm on

- i
which the outer electrons are not paired exaotly to Zero. This survey
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/I INTRODUCTION
During thewcourse'of the work on silver reported.in the pre-

ceding paper we surveyed the avellable data on hyperfine fields in

e —— v oy

magnetic metals.’ Certain systematic trends emerged that are conSistent

' with interpretation on a very simple picturev This 1is especially,true
| of that part of the internal fleld that we attribute to conduction- .

. electron polarization (CEP), in vhich the outer s electron of a

metallle impurity in, for example, an iron lattice is polarized by

- exchangel eand creates a hyperfine field at the impurity nucleus via the o

Fermi contact interaction.?

It is not feasible to calculate internal hyperfine fields from }

;first principles The_calculations to date have been based on models

1involving rather substantiallapproxim'ations.' The detailed caleulations
"'have been based on atgmig propertie g, rather than referring in any

Aquantitative way to specifically solid~state pr0perties In sPite of

- these difficulties the theory has followed experiment rather closely,

and several mechanisms have been suggested that are in large part borne_

out by experiment. We do not‘propose anyvnew'mechanisms here (although= -

~

IHLCEP), but simply.discusslkn0wn internal fields in terms of existing

. mechanisms,

k4

It should be emphasized that the interpretation of induced fields ‘

’ in terms of CEP is not unique. It is very difficult to establish the

'relative contributions of CEP and core-polarization (CP) experimentally,_

!

1‘although we cite some evidence favoring CEP in the heaviest elements in R

“

1
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" should. be useful primarily in helping to categorize the known hyperfine
fields for solutes in iron. . These Iields have considerable practical
importance (particularly for nuclear orientation) and a qualitative_ _

“understanding of their origins, or at least a systematic method of

If predicting them, is badly needed A secondary purpose of this paper

is to suggest that the rather _sparse data avallable at present seem
| to favor CEP as a field-producing mechanism for s1lver and some of the
‘ heavier elements in magnetic hosts. | |
| -i A tabulation of measured hyperfine fields at nuclei in Fe, Co,A:
and Ni lattices is given in Section IT, and evidence for an inductive
” mechanism for some of these- fields is discussed in Section III Several
mechanisms are reviewed in'Section IV. In Section»V.a method is given“

- for estimating contributions from CEP This isvcompared vithiexperiment o
" in Section VI, and Section VII contains several predictions that arise ‘

from this comparison.

:

'II; THE MEASURED HYPERFINE FIELDS

.~

i We are concerned here with hyperfine magnetic fields at nuclei

:'J:f of impurity ‘atoms dissolved (presumably in very dilute, substitutional,

primary solid solutions) in ferromagnetic metals.‘ Only the hosts Fe,

4Co, and N1 are considered'because only'for these hosts are_enough data -

’~:'available to allow a'discussion of systematic behavior ’ The fields :

' t3 are set out in Table I, with errors, where. available, in parentheses.

e Signs are given for the cases in which they are available. E

«
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f”'E'ﬁfﬁ”internal fields are more complex. This conclusion is supported by the
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"¥{’i1 EVIDENCE FOR INDUCTION

In the 3d trans1tion group ferromagnetism is thought to arise ’

| from unpaired spins of the 3d electrons. The hyperfine fields are also
AV attributable to these spins, albeit for the most part indirectly Froma_f;
V'f'a strictly empirical point of view, evidence that the internal fields’hll
T:yat nuclei of normally diamagnetio atoms dissolved in magnetic lattices.f:'fh

_are induced by the unpaired 5d spins of host atoms may be derived from

}

Jﬁthe approximately pr0portional‘behavior exhibited'in Fig. l' where these;_:
v*p'fields are plotted against the effective moments of the hosts, afterij
‘-y,Roberts and Thomson,3 who made such a plot for gold For Au’ and Ag,i

| .with nominally filled'hd and.5d shells, this prOportional behavior is to
.';benexpected, but it does notvallow one to'distinguish'between.the con- - i

o tributions from CEP and CP. For Cu induction is also indicated but

here there may also be unpaired d-electron spins on the Cu atoms leading_

%o CP. For Ir in these three hosts the internal fields have been found ,
i to be approximately proportional to the: host mOments, and of about the

‘j'lsame magnitude as the fields for gold.ud The Ir fields are not yet ac- - -
- curately enough known t0 be put in Fig. 1,"Fdr Ny the field varies o

"_almost proporticnally with host moment, in this case, however, there
Vl’;are surely unpaired d—electron spins on- Ni. Thus the validity of this
I proportionality in establishing induction is questionable. Of murse -
g Ni is "less magnetic ‘than the ‘hosts Fe and Co, and . its larger hyper-
3 ;;fine fields in these lattices do presumably arise from induction. In

“3fSn, again, the lack of proportionality suggests that ‘the origins of the

"Jsmall magnitudes of these fields- this case-is discussed in Section VI



”‘ magnetic metals have been enumerated in several places

symmetry > The major contributors to hyperfine fields in most case

o .are CP and CEP 7 In both of these the d electrons spin-polarize the

e UCRL-1166k Rev.

o For iron itself the hyperfine field is in large part inde-v”"

' fpendent of the host 5 magnetic mOment One would expect an essentially
'constant (with changing host) hyperfine field for each magnetic hf— and

L 5f-group element as an impurity because of the large, unquenched orbital

g contributions, 50 long as crystal field effects ‘are. negligible

- Iv MECHANISMS FOR HYPERFINE FIELDS

"_ The various mechanisms that contribute to hyperfine fields in
5,6

. only the most important in terms of the size of field produced, very .

_1 briefly here._

. The external Lorentz, and demagnetizing fields are. relatively

small and known ' we assume that they can be accounted for., Direct

‘t contributions from the 3d electrons are also small, though not neces- jif

sarily negligible, in most cases. The orbital angular momentum is

quenched" and the dipolar (spin) contribution vanishes for cubic

i

- (core or conduction)_'s electrons, which create large hyperfine fields

M

' 'via contact interaction at the nucleus. Core polarization 1s’ generally

v'}regarded as the 1argest single contributor to the internal field in—vmeE~?

1

px iron and the other 5d magnetic elements. .;~‘3

Spin-exchange polarization of the hs conduction electron of

"“.‘:'the magnetic atom results in a positive contribution to the hyperfine‘"
' field (according to the usual sign cOnvention internal fields are posi—;

o tive if narallel to the external magnetizing field Spin polarization .

and we review R




o nucleus of that atom.
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rvis positive if parallel to the 3d spins,,which are antiparallel to the_

external field ) at the nucleus of the magnetic atom, but a negative'

spin density on the outside of the atom. This negative spin density

can exchange-polarize the -8 conduction electrons on a neighboring

S (nonmagnetic) 1mpurity atom and create a: large negative field at the

1,8

V AN ESTIMA”E OF THE CONDUCTION ELECTRON CONTRIBUTION

‘w';: The mechanism suggested above implies a conduction electron |

";:contribution to the hyperfine field that is proportional to the polar-_

i'f‘{ization of conduction electrons at the impurity, p, to the hyperfine ‘ '

'field created via contact interaction by one electron, H(O), and to. thet

1
[

number of such electrons, n, hm

i e

'gv"i-v.". shoj';,HCEPi=t?p ﬂ(o)ej:pgi'v: 1){:

f',For most metals n is approximately l._ The exact value of n that

'"”vis appropriate for any given case could be reliably estimated only by

,-detailed calculations based on the band structure of that particular -

“.f polarization of the hs electrons in iron metal is somewhat uncertain."“‘

*ihost impurity system At present such calculations are not feasible."

. Watson and Freeman:L have calculated the spin density of the hs electron}p;fﬁ"

>

“-'on 1ron, finding that the hs spins are polarized to the extent of a
‘ ':few percent in the outermost regions of the atom, and that this polar--fiilqﬁf

' ization is negative with respect to the 3d spins. The exact extent Of;y;s;}

¢

yfIt also changes with distance, and we are interested in the polarization

" induced in the outer 5 electrons of the impurities (p in Eq (l))

[



. eriticism of the accuracy of the Fermi-Segré formula for estimating

' l internal fields. While there is no a priori‘reason to believe that
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This polarization, p, could only be rigorously calculated from the

' exchange integral involving the hs electron of Fe and the outer-;

electron of the impurity

Until computational methods are developed which make good

theoretical estimates of n and p in Eq. . (l) possible, the best
- ,that we can to 1s’ to estimate them We know from the above discussion f

- thatdthe product ,np should be a. few percent land pos1tive if we are

interested in the direction of the hyperfine field as in Eq. (l)

( this results in a negative H it follows from spin-polarization of

CE’

. the impurity s' s' electron by the hs electrons of Fe). It is reason;

~able to expect that in first approximation the np product will be

: nearly constant for most heavy metal atoms in iron wé shall find

: in Section: VI that the available data are best fitted by np .07

Finally, the field at the impurity atOm nucleus arising from '

. one dns ‘electron (here ‘n is the principle quantum number) can be .

| estimated from the atomic hyperfine structure constant, ané, together B '

with the nuclear moment, of a given isotope or simply by using the

Fermi Segre formula with appropriate modifications.- These procedures 7?‘3-;

-

 are thoroughly discussed by Kopfermmmun9 They are too involved to

describe in detall here, and KOpfermann 8 excellent discussion should :

. be referred to for details It should be noted however, that the _
: hyperfinelfield arising from an 's:'electron isn t simply _-(8n/5)BY (O),3; :

'1.Q but that there is a relativity factor of up to 2 for heavy atoms, in

addition to several smaller corrections.. There has been considerable

e

, this formula, which was orlginally applied to alkali atoms, -1s
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.particulerly gccurate, in fact its agreement with experiment isvon‘the

whole quite good. This point has been discussed by Breit. 0 Even if

" the hyperfine fields-inAfree atoms that are attributed to the ns

electrons do arise in part from core polairzation, this effect should

also be present in metals, and we are only comparing internal fields

“in metals with those in atoms. Using atomic spectroscopy data, we have

calculated the hyperfine fields, -arising from contact interactlon, for
the outer s electrons of-several‘elements. The results l'ar-.ev plotted
in Fig 2. Several values are listed in Table II.

The. smooth variation of H(O) with atomic number in Fig 2 is‘

“striking. Of particular interest is the variation between,the alkaliles,

“which are connected by a curve, and the Group IB metals, also connected

with a curve. The series of atoms having outer 5s_(6s)'electrons are

~also connected with curves. In going across the 5s series from Rb to

Ag the internal field due to the 5s electron inCreases in:magnitude

, , , _ ‘ o
from 1.23 to 4.98 megagauss. In the 6s series the change is even more
. TS v ]

v . _ R
pronounced, from 2.06 Mgauss in Cs to 20 Mgauss in Au. These trends

are easlly understood physically in terms of incomplete shielding by_'

the La (5d) shell, as well as relativistic effects. 'There is a rel-

- atively flat portion in the 6s electron curve in the rare earth region. .

This presumably arises from the more complete shielding of the 6S electrons

-~ from the nucleus by the Uf electrons.

Tovcompare the ihduced fields for impurities. dissolved in iron

© with the above free-atom fields we adjusted the scale by fitting the
internal field for Au in iron. This is equivalent to taking np = 0.07

in Eq. (1), which has the effect of multiplying the ordinates of the

curves in Fig. 2 by 0.07. The resulting ploté afe compared with ex-

periment in Flg. 3.
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Before discussing the comparison withveXperimenttin defail it
is well to consider‘whéthef np = 0.07 is reaéonable. On the averagé”'

n is about 1; thus a polarizationvof about‘7% is implied. This is a

little higher than mighﬁ be expected from Watson and Freeman's free' .;

" atom Calculation'sl on Fe, although the comparison is not simple. Two

factors that have not been taken into account in our estimates of np

are (1) the difference between the probability of being at the nucleus

 of the outer s electron in the free atom and in the metal, and (2)

the fact that electron transfer (or a change in electron density) takes
place in allbys.le»'For electronegative metals in' Fe these two'effects
will tendlto cancel.to some extent. For eiéctropositi?e metals they may |
tend to décrease thé intefnal fields.r-It would.be very valuable:to‘geﬁ

independent experimental or fheoretiéalrevidenée about np for efen onelj'

case, to test the proposed figuﬁe of 0.07.

VI. THE COMPARISON WITH EXPERIMENT
In evaluating Fig. 3 we must'rememﬁer that.obéervéd hyperfine
fields for impurities diésolved in iron are being compared with the
"expected” contributions from polarized conduction electrons alone..
The points éorresponding fo intefnal fields caﬁéed by cdre.polariéaﬁion,

orbital contributions, etc., should not lie on the "conduction electron’

polarization" curves, which should, rather,iserve as a baseline from =

which the fields in magnetic atoms would deviate. We have include

SO © TN

magnetic impurity atomsvin Fig. B'fof'chpletenéss}il

[

It is for the heavier eléﬁehté:that conductidn-electron'polar-
ization is expected to be a dominant contributor to the induced fields.

The qualitative agreement of the bs electron serles with CEP estimates



“an iron lattice.
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is impressi#e. - The fields are negative in those cases for which the sign

is known, the magnitudes are very large, and there is~an increase in nag- '

)

nitude by a factor of 2.3 from Re'to Au. Thls last p01nt is explalned

. quite naturally by CEP while there is apparently no reason to expect

such a change in fields erlslng from CP. - Accurate measurements of the
internal‘fields atvnuclei of other 54 metals.dissolved in ironlwould |
be very'usefnl. | | -% .
| The induced fields in.In,‘Sn!'and‘Sb:troteblyvhave'complexgorigins,

and no single mechanism should be:expected to éccount for them. These'
i

three elements have filled 5s shells’ and are qulte electronegatlve, S0

‘
i

they probably do not lose electrons 4in an iron lattlce._ It seems dn-':
llkely that 5s electrons can contrlbute as fully to the 1nternal‘frelds
as.is the case in Ag for example, where there is only orie 5s electron o
beyond the 4d shell (Ve note that‘a 5s electron'on an atom_of In,.Sn;.
or Sb creates a,mnch larger hyperfine field than doesla 5s’electron on
Ag). It is; then, consistent Withithe CEP systematics that the fields
on these atoms are not large end negetive. o
vFigure'B'was first drawnfbefore the‘hyperfine‘field for Ag in
13

Fe was avallable, and it was used to predlct an internal.field of

-Loo kgauss,ll in fair_agreement with the experimental result of

-272 £ 19 kgauss. Silver should be a particularly simple case if the

L3 shell is closed, with one 5s electron. The internal field for Ru in -

Fe is larger in magnltude than that of Ag in Fe: this may suggest core-

polarization in Ru, and possibly in other Ld transition;series atoms in

o

Tt is instructive to examine the iron-group pointslon_Fig.tB.

- For the lighter elements the hyperfine fields are of the order of 100

kgauss‘or less, not tOO far from the CEP curve (here there are several
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mechanisms that qould.be as impértéﬁt as CEP,gaﬁd'oné-cannot'infer
anything from this apprbximgté agreement. The CEP cuive.isn't expected
tovbe applicable herej. .The fiel&s,fise and‘féli dramaticaliy for |

25 <2< 29, in a manner very reminiscent of the Slater—Péulingvcurve.
This is, of course, nd surprise,:because both_the effective magnetic
moment, which-is,the ordinate in the.Slater-?auling curve, and the’
internal field are.cauéed by unbéired_sfins in the 5d“shéii; As iﬁ;.:.
pﬁfitieslin iroﬁ these atoms to'somé'exténtvbriné in.unpaired Spins: 
to some extenf thelr spins gfe further unpaired by the ferfomagﬁetic,v

host.

VII. CONCLUSIONS

In_this paper we have presénted a briéf sﬁrVey 6fvﬁypéffiné_” :t
fields_éf nuclei of impurities dissolved in»iron; Tréndé'Weré,obséfved
which may prove of.éome heuristic value. vais'§¢£y'important, for
several gxperimental methods thét depend 6h hyperfine'fields inkfefro-_
magneis, to ﬁe able to make reasonable éstimates-—howé?er empiricgl.—
of tﬁe fieids.that can Be exPectéd.v.Figufé 3 Should prd&evuseful'in
this respectév In pérticular it mgy‘be uséavtb maké a roﬁgh'estimate '
of the induced hypeffine fields in an’iron‘lattice of ﬁany hominally '
nonmagnefic étoms; For example we ma& make. the pureiy empiricél
observation that internal fieids in excess’ of over ~ 6;6 ﬁillion gaﬁss
.have been found only for elemenﬁs with Z > 7h? for.whiéh all the seven .
measured fields are in excess of this figure (the rare earths, which are
magneticvelements,vshouid provide several exceptions tb this obsgrvatiﬁn,

as discussed below).
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' 'meohanisms. Because of the Paull principle it must be "easier".

e T RO ' UCRL-11664 Rev:

The CEP estimates proposed here are oversimplified and it would
be wrong to over-emphasize the quantitative aspects of these estimates
The agreement with experiment of the internal fields predicted on this
model lends some support to its validity Of course the agreement may .
be only accidental and the large observed fields that we attribute to
CEP may arise largely from CP. There is at present no feas1ble straigh*Q;"{
forward experimental technique for distinguishing between theseatwo _
ifor the

?

unpaired spins of Fe to polarize, for example, the unfilled 6s shell of

:, Au than to polarize the paired core s electrons (of course the inner
‘; s electrons have much hlgher probabilities of being in the nucleus;-
ujrnéo) increases about an order of\magnitude for each.unit decrease in ni_?v,
| and'canvcreate'muchilarger hyperfine fiéidsfthsﬁ"Eéﬂwéﬁé“éé”eiéetfanym“'*3”’

The greater difficulty of polarizing the inner _ 8 electrons should .

offset even this factor) Certainly any mechanism which enables the Fe )

‘electron spins to polarize the inner s electrons of Au must also

: produce substential CEP via the 6s electrons 'It should'be~noted that

1t 1s very important whether or not the impurity s a. shell is polarized

The expectations of CP. rise substantially if Impurity d-shell polarization |

h is present, as 0pposed to the case in which only the 4 shells (vands) of '

* the host dre polarized We note that in the cases for which CP is ex-

perimentally well- established (the 3d group and the hf7 configurations,
Eu2 and Gd5 ) this mechanism contributes only 500 kgauss or less to

the hyperfine field of the atom in which several d or f electrons are

E unpaired We thus feel that 1t is very unlikely that CP ‘could be the‘.f

dominant mechanism for Au in Fe and that the present evidence favors -

EP for the heavy elements discussed above as well as for Ag in Fe
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(probably CP is als§ importaﬁt for'Ru in Fe)r The felafi&e;y sméfl fielas
for-In; Sn, and Sb in Fe are glso éonsistent Qith CEP.' If this moael is
correct.it should be useful in predicting ihternél‘fields. ’The foilowiné"
predictions can be made unambiguouslyf
1. vThe interrnal fields for Ir and Re should be negative.l
2. The internal fields for alkaliés in;Fe should be rélativeiyl
small and negative. For Cs in Fe, the fiela should be approx.
.—150 kgauss. It is hard to make a qﬁantitative4estimateiévén
on this simple model, because th¢ alkaliesﬂare very'eléctro-
positive and it is tq be expectéd that the outer s"electron'
density of an';lkali atom will be considefably loWer at that
atom in an iron lattice than in the free atom or even‘in ﬂhe
‘alkali lattice. The Gs_electron of a Cs atoﬁ produces a hyper-
fine field only lO% as large as thatAOf the 6s electron on a
| gold atom, however, and this effect should be reflected.in a
ﬁuch smaller hyperfine field for Cs in Fe than for Au in Fe
1f CEP 1s an impbrﬁantAcontribuﬁor to the fiélds.v
3. The hyperfine fields for alkaliﬁe'earth atoﬁé'(Group IIB) in
iron should be negative and substantially larger in magnitude
.than those of the correspoﬁding aikalies. The alkaline earths
are also quite‘electropbsitivé; and the 6s‘shell (band) of é
Ba impurity:in Fe should not be nearly full, leading to a rela-
tively unshielded. Ba nucleus aﬁd thus a laréervhypérfine field
at fhe Ba nucleus. Thus thevhyperfine field shbuld increase =~
abruptly, by about a'factor of two, from Cs in Fe to Ba in.Fé;

This pdint is illustrated in Fig. ba. A similar situation

obtains for the free atoms (Table II), but for a different.
i

I3
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. Fe Tu;

#f&;(z) can e regarded only as upper 11mits

Il:-iB-'flff | n‘UCRL-llséulBév,
‘ j;reason To obtain the hfs constant a6' fOr the Ba.atom, it
’:'l is necessary to observe configurations in which only one. 6s electron 3

.:;orbitel is filled The other electron outside the xenon ‘core l

.i.:‘must be in a higher orbital where it can provide relatively

isﬂi'little shielding‘ | B | L

- 'ffFor the more electronegative Group IB impurities (Zn Ca, Hg)

the CEP hyperfine fields are very sensitive to the amount of electron

"transfer-from the ho st (Fig. hb),'and it is not possible-to make en o
;rfff -unambiguous estimate of the CEP field On the simple model described _
'ﬁp.above. For the rare earths and actinides in iron the kf (Sf) shells .
.f¢~.will probably remain intact and produce the . usual hyperfine fields

i -Vcharacteristic of rare earths.‘ If t1e atomic moments of these atoms -

15

. are oriented in’ an iron lattice by spin exchange polarization one
7,» might expect large negative internal fields n the first half of the

hr (5f) shell and pOSitive fields_in the second half. We have worked

out the expected internal fields, using the expression glven by Elliottl6v‘

e

ﬂ These fields are plotted in Fig 5 Also plotted are experimental points -

18

i . 3lfor the hyperfine fields at the rare-earth nuclei in Fe Dyl7,»Fe Er Dy and’

19,

Of course these are intermetallic compounds rather than dilute

" ?flsubstitutional solid solutions, and thus not quite comparable to ‘the other

i

""7.ydata If cubic crystal field effects are important the flelds given by Eqr
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There is some experimental evidence that this is the case, but the
conclusion is bgéed on assumed hucleér'magnefic moments. See A. V.

Kogan; V. D.:Kul'kov, L. P. Nikitin, N. M. Reinov, M. F, Stel'makh,$"

and M. Schott, Soviet Physics JETP 16, 586 (1963).

Rﬂ.E. Watson and A. J. Freeman, Phys. Rev. Letters 6, 277 (1961).

R. J. Elliott; Rev. Mod. Phys..éé,‘585-(l96h);

E. Bauminger, L. Grodzins, and A. J. Freeman, Rev. Mod: Phys. éé,'392

(1964). -

‘R. L. Cohen and J. H. Wernick, Phys. Rev. lBﬂ;.B505 (1964).

R. L. Cohen, Phys. Rev. 13k, Agh (196k).
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~ Table I. Hyperfine fields in Fe, Co, and Ni hosts. ' -
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i *n“parenthetlcally for some cases. For cases in which fields are known ‘at several

7 bé real because samples of dlfferent compos1t10ns may have been used.w Orlglnal

S PAL Y Kogan, V. D. Kul' kov, TP, leltln, N M. Relnov,a
M. F Stel makh Sov1et Phy81cs JETP 12, 5& (1961)‘9r,. E
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" Table I. ' Hyperfine fields in Fe;ﬂcq,'anchiahasﬁs. V(Continued)5;,;’v.

-

fost Fe- ' ' .Co . . Ni 1.l .  Ref.

"Ir,,.-- f-135o(3oo) ::f‘
et 8ho

©o«12ho(220) - ¢
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‘. .‘ 1390 ,'-f FR ' ' P A
L 16oo(3oo)sf¢1;{ T Y
L A akoo(180) i -980(180) 7 -3k0(60) .. i
S :1180(120) '~ 420(120) -
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- 1460{160) - ‘
e 1350(50) L L S
L ;_-1ooo SR et 2180

_Z:iH5f3} ".;-980(280)f;i5

Slgns of hyperflne flelds are glven where known.' Error llmlts are stated

'fﬁtemperatures the lowest-temperature values are given. : For some cases in whlch
“two or more values are given there is. apparent dlsagreement . but. thls may not:’

VQ references should be consulted
SN

I A??sbkoloi;‘and'

i Cy, Koi A Tsualmura, and T thara, J Phys Soc Japan 19, 1&95 (196&)

.K7dJ A Cameron, I. A Campbell J P Compton, M. F Grant R W. Hlll and
'R. A. G. Lines, paper CM 1L given at the Ninth Internatlonal Conference on
_Low Temperature Phy51cs, Columbus, Ohlo, September l96h T S

®B. N. Sam01lov, V V Sklyarevskll, and E P.. Stepanov, Zhur Eks Téér"Fii

" USSR 36 1944 (1959). . These authors reported a y-ray anisotropy- of .< 0. 5% for
i+ Cr L in Fe, from whlch we have calculated thls 11m1t for the fleld.;,‘_ _

ﬁfr K01 and A Tqulmura, J Phys SOC Japan 18 15&7 (196&)

g'gA M Portls and R H Llndqulst Chapter i of 'Magnetlsm ”}A Treatlse on.
. Modern Theory and Materials," Volume II (G..T.:Rado and H. Suhl, editors. .
.Academic Press,: New York; 11965). This review artlcle contalns references to

}jnuclear resonance work on ferromagnetlc materlals e e R SRS

: ~‘(contlnued) ;afﬂu"b}
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‘Table I. Hyperfine fields in Fe,.Co, and Ni hosts. . (Continued) - .-
S n

"o, “A. J. Freeman and R. E. Watson, "Hyperfine Interactions in Magnetic Materialsy"}zl;jp'
¢ 7. t0 be published in. "Magnetism: A Treatise on Modern Theory and Materials," CeEey

© Volume II (G. T. Rado and H. Suhl, editors, Academic Press, New York, 1965)

This review artlcle contalns references to many papers on hyperflne flelds

\ '_i G. A Westenbarger and D. A. Shlrley, precedlng paper v
LFIJThe sign. of the fleld for Co"in Co is inferred from the 51gn for Co in Fe f}f_
. and the continuous-variation of the field for Co 1n Co-Fe alloys ' We thank W‘ir
PLA. M. Portls for p01n01ng out thls argument ' e
}:kB. N. Sam01lov, postdeadllne paper given: at the Nlnth Internatlonal Conferencej,
:. on Low-Temperature Physics, and private communlcatlon to G. A Westenbarger, L
q,»Columbus, Ohio, Septebmer l96h e SR .

L

H. Betsuyaku, S Komura, and Y. Betsuyaku, J Phys Soc Japan 19, 1262 (196&)

'3}mThe first. value, 500 kG for Ru in Fe was glven by 0. C Klstner and R Segnan,»ﬁ:"

‘Bull. Am. Phys..Soc. 9, 596 (1964). The present value (which is preliminary) 1.

"was obtained by comparison of" Klstner s data (0. C. ‘Kistner, prlvate commun1ca-~- KO

“ tion) with data on the excited-state moment in Ru9 (E. Matthias, S. S. Rosen-. - .

4. .blum, and D. A. Shirley, to be publlshed) . The Ru-1n-N1 fleld is reported 1n'g}
.t this latter reference.. . . L T

:footnote 1

:i nseey'note;addedfin'proefn

:°E. Matthlas, s.’s. Rosenblum, and,D CA: :Shlrley, Phys Rev‘ Letﬁers;lépfyéf(l§65);:
wand] unpubllshed data L L ' R T

“Pp.ow. Samomlov, V V. Sklyarevskli, ‘and E. P, Stepanov, ,».‘~Teor_;5(Fi‘z'..l'

| USSR 38, 359 (1960>

Rev "Lett:éi}"é" ‘g’fi“;é'aa-z

Y, g F Boyle, D St B Bunbury,

: andTC;}E&nards,bPhys;
. (1060) o

TE, Sloan, The31s, ‘Harvard (unpublished'data quoted by, F. M. Pipkln) J Sander—
g-son, and W.. Wehymann, Phys,-Rev 129, 2626 (1963)) : : e

f:communlcatlon)

V-to V. Lounasmaa, c H Cheng and P A Beck Phys Rev. 128.;2153 (1962)

UR.B.. Frankel J. Huntz1cker, E Matthlas, S S Rosenblum,"Dﬁ A Shlrley,r o
i“ﬁ‘and N J. Stone, to be publlshed T ) ‘ ,

Sy, Stolovy (prlvate communicatlon)

‘_.; E.. Kankelelt Bull Am Phys Soc 1o, 65 (1965) Thls value is based ona Coe
: ]1’g factor of +0.22 for the first- exc1ted state of W 182 ‘. See R P Schorenberg_fr-&w
4. et ali, Nuel. Physi 38, 658 (196k). RIS SR

(contlnued)”'
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‘' Table I. 'Hyperfine fields in Fe, Co, and Ni hosts.- (Continued) '

Q,}a'lfblgt;; Prlvate communlcatlon from J M Ho and N. E.{Phllllps (to be publlshed)

,myA V. Kogan, V. D. Kul' kov, L. P. leltln, M. M. Reinov and M. F. ‘Stel'makh, S
TmZhur Eks. Teor. Fiz. u5, 1 (1963) Engllsh “transl.: - Soviet Phys. JETP 18, . .7\ -

[

.:‘See footnote lh in: text

._~. e

X 28y, Stolovy, Bull Am Phys Soc. 10 17 1965)
b

J. Hunt21cker, E Matthlas, S. S Rosenblum, and D. A Shlrley, to be publlshed.”_

g cCy . B, Buryn and L. Grodz1ns, Bull Amer, Phys. Soc. 9, th (l96h) ThlS is fhw
a prellmlnary result - 'We have calculated this fleld from ghe sPllttlng glven
by these authors, they 1nd1cate that the fleld 1s about lO gauss. :

f’ddReference 13

2 L "D, Roberts and J O Thomson, Phys Rev 129, 66)+ (1963) B

S I A Campbell N J JStone and B G Turrell Proc. Roy SOc e to be
;r‘publlshed Cino e st BN } . :

J;QggB N. Sam01lov, V V Sklyarevskll, and V D. Godobchenko, Sov1et Phy31cs
:»JETP 1L, 1267 (1962) The magnltudes represent lower llmlts..~--ff

f;hhThls fleld maX b estlmated by comblnlng the g—factor of +O 55 for the th :
7 keV state in- Hg reported by K8rner et al.. at the Paris. Conference on Nuclear
“wo Structure, July, l96h) with the Larmor frequency for.this state in an’ 1ron

";’lattlce reported by L Kezthe121 et. al Phys Letters 8 195 (196&)
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FIGURE CAPTIONS
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.'“:Hyperflne flelds at nuclel of atoms dlssolved 1n Fe, Co,‘and N1 lat-;ur;jfa :w

VHf'tlces, plotted agalnst the host magnetlc moments. The 51gns of the }7i7u"“i'
."if-flelds are known in most but not all, cases (see Table l) Where'un-'ﬁff~:"
'known, they have been plotted as negatlve. The upper four atoms are

Gl nomlnally dlamagnetlc. Except for Sn, the hyperflne flelds in these j'_j7v

“33_,atoms are roughly proportlonal to the host moments, suggestlng an in<

?‘ductlve mechanlsm due to the host 3d electrons.' The lower three atoms iﬁplilf;

‘dﬂ‘are nomlnally magnetlc, and thelr hyperfine flelds show some tendency

€ .

J:E%to be constant

. v{thyperflne flelds, due to outer ,s:xélectronsg in free'atomsL:'Thenal; f?iiii'“

'“’;:kalles are connected by a dashed curve, as are the Group IB metals Cu,'.f

Eng, and Au SOlld curves are drawn through the 5s electron serles and

g;the 6s electron serles.i These flelds were calculated from atomlc hyper-;z'd

a*flne structure constants CA tabulatlon of references 1s glven by G

T;Lauklan in Handbuch der Phys1k (Sprlnger—Verlag, Berlln, 1957), Vol

| §

'.'.';7_.-1'1"‘.38 Part-1, p. 558

i ;fz;j%Hyperflne flelds at nucle1 of atoms dlssolved 1n an 1ron lattlce.q:ﬂf77“

ifCases for Wthh the.slgn 1s.knownvare shown as fllled clrcles;-.Curves
:fromuFlg lé .multlplled by O 07, are.superlmposed ‘aSVSOlld curves,hlw
:for the 5d hd and 5d serles.u We regard these curves as reasonablel?i.c
nlestlmates of - the hyperflne flelds ari31ng for conductlondelectron :t:“
polarlzatlon 1n the more metalllclelements Dashedvlrnes emphas1ze the
iwell deflneduSlater Taullngrtype‘curve 1n the 3d serles and a poss1ble

lfcurve in the hd serles.‘ There is only weak ev1dence for such behav1or.fihiu“‘

;1n the 5d serles, where CP is relatlvely less 1mportant than CEP

_{1 Conductlon electron polarizatlon is not relevant to the 5p shell o

B ff*felements, but these points are included for completeness, and a SOlld S

‘f{curve 1s drawn through them to empha51ze thelr regularlty.‘ 4
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- Fig.'hﬁf Schematic density-of-states nlots for polarlzed outervd electrons fﬂ*

»EOf'(a),electr0positive, (b) electronegatlve Group T atoms dlssolved('

‘{n:ln a magnetlc lattlce.’,For alkallne earths (Flg ha) the outer elec-”;?

trons w1ll be largely glven to the host and the bands not very full.A

..The nucleus’ w1ll be relatlvely unshlelded and the hyperflne fleld con—

;1-51derably larger than for the correspondlng alka11 atom. ThlS pre- L

ctlon 1s COmparatlvely stralghtforward because the 1nternal fleld

st gy et

“should not vary strongly w1th the exact locatlon of the Ferml surface,vfi:'.

- EF; For. Group IIB atoms (Flg hb), the bands should be nearly full ani

:fdxthe 1nternal flelds should be qulte senS1tive to the p051t10n of the»ie'w

+

'*_tFerml surface.' For the Ferml surface at E. - for example, the spln ,j”

both arei

fifpolarlzatlon and hence the contact fleld 1s large: for EGQ

'.A;Fig;;5:¢.Est1mated 1nternal flelds for atoms dlssolved 1n 1ron, Vs, atomlc num--A4

’.:

7ber. ThlS is. 51m11ar to Flg 3, but the scale 1s much larger and the'fif

f‘hf and 5f groups are 1ncluded, as dlscussed 1n text

" sTm

-are shown Crystal fleld effects could decrease the magnltudes of

i . . -

“1n the Laves-phase 1ntermetalllc compounds FeeDy, Fe Er, and Fe
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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

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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