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ABSTRACT 

,. 'j , • ... . •.· .. ·· .,. .A.Lsurvey•is:presented of the observed hy:perfine_ fields at nuclei 

of impurities dis~olved in metallic iron. Estimates are made from atomic 

hfs constants of the contributions to internal fields that might be ex-

pected on the basis of conduction electron polarization. The observed 

fields in several heavy elements are roughly proportional to the fields 

attributed to the outer s electrons in the free atoms. The signs 

and magnitudes, and especially the Z dependence, of these fields are 

compatible with the conduction-electron polarization mechanism. Other 

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

this mechanism further. 

A tentative basis is thus establ.ished for estimating the hyper-

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

-in planning M8ssbauer or nuclear polarization experiments. j. 
! . 
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.I. INTRODUCTION 
. 

During the course of the Work on silver reported.in the pre-

ceding paper we surveyed the .available data on hyperfine fields in 
' . \ . . . . .. .. ~-· --- ~. -· ------~·1 --- ·-· -· --·----·-·- .,_,_ -- ... 

magnetic metals •. Certain systematic trends emerged that. are consistent 

· with interpretation on a very simple picture. This is especially tr~e 

of that part of the internal field that we attribute to conduction

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

metallic impurity in, for example, an iron lattice is polarized by 
. 1 . . 

exchange and creates a hyperfine field at the impurity nucleus via the 

Fermi contact interaction. 
2 

It is not feasible to calculate internal,hyperfine fields from 

first pr~nciples. The calculations' to date have. been based on models 

involving rather substantial approximations. The detailed calculations 

have been based on atomic properties, rather than.refe!,'ring in any 

quantitative way to specifically solid-state properties. In spite of 

these difficulties the theory has followed experiment rather closely, 

and several mechanisms have.been suggested that are ih large part borne 

out by experiment. We do not .p~opose any new'mechanisms here (although·· 

we do give a specific recipe for estimating the contributions from 

CEP), but simply discuss known internal fields in terms of existing 

. mechanisms. 

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 contribution~ of CEP and core-pola,rization (CP) experimentally, 

although we cite some evidence favoring CEP in the heaviest elements .in 

a later section. Surely there is ~ core-polarization in any at.om on 

which the outer electrons are not paired exac~ly to zero, i ' This survey 

/ 
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should.be useful primarily in helping to categorize the known hyperfine 
. . . 

. ' (. ' 

fields for solutes in iron •. These fields have considerable practical 

importance (particularly for nuclear orientation) and a·qualitative 

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

predicting them, is badly needed. A secondary purpose of this paper_ 

is to suggest that the rather sparse data available at present seem . 

to favor CEP as a field-producing mechanism for silver and some of the 

heavier elements in magnetic. , hosts •. 

A tabulation of measured hyperfine fields at nuclei in Fe, Co, 

and Ni lattices is given in Section II, and evidence for an inductive 

mechanism for some of these fields is discussed in Section III. Several 
. ' .· 

mechanisms are reviewed iri Section IV. In Section V a method is given 

for estimating contributions from CEP. This is compared with experiment 

in Section VI, and· Section VII contains several predictions that arise 

from this comparison . 

. II. · THE MEASURED HYPERFINE :FIELDS ·. . 
,; 

We are con~erned-here with hyperfine magnetic fields at nuclei 

of impurit~ atoms d:l,ssol;ed (presumably in very dil:ute, ~ubst.it~tional,. 

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

. Co, and Ni are considered because only for these hosts are enough data 

available to allow a discussion of systematic behavior.· The fields 

are set out in Taqle I, with errors, where available, in parentheses • 

Signs are given for the cases in which they are avai'labl.e .. 

. :·. 

: ~. 

•• 

l· 
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. III. · EVIDENCE FOR INDUCTION 
. •.-! 

In the· 3d transition group ferromagnetism is thought to. aris.e 

from unpaired spins of the 3d· electrons, The hyperfine fields are also· 
\ 

attributable to these spins, albeit for the most part indirectly. From·. 

a strictl~ empirical point of view, evidence that the internal fields 
' ' 

at nuclei o'f normally diamagnetic atom~ dissolved in magnetic lat:t:i.ces 
, I 

' i 

are induced by th.e unpaired 3d spins of host atoms may be derived from · 
. . I 

the approximatel;y ·proportional behavior exhibited in Fig. 1, wher,e these. 
! 

· fields are plotted against .the effective moments o~ the hosts·~ ·after 

Roberts and Thomson,3 who made such a plot for gold; .For Au and Ag,. 

with nominally filled 4d and 5d shells, this proportional behavior is to 

be. expected, but it does not allow one to distinguish between the con-

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 · 

to CP. For Ir in these three hosts the internal fields have been found 

to be approximately proportional to the host moments, and of about the 
' 4 ' 

same magnitude as the fields for gold. TheIr fields· are not yet ac-

curately enough known to be put in Fig. 1. For Ni the field varies . 

almost proportiona~ly with host moment; in this case, however, there 

. · are surely unpaired d-electron spins on Ni. Thus the validity of this 

proportionality. in establishing induction is questionable.· Of rourse · 

Ni is "less" ~gnetic .than the hosts Fe and Co, and. its larger hyper-

fine fields in these lattices do presumably arise from induction. In 

·. Sn, again,. the lack of. proportionality· suggests that the origins of the.:· 

internal fields are more complex. This conclusion is supported by the 
. . . : 

· small magnitudes of these fields.: this case- :Ls discussed in Section VI. 

I,. 
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' . 
For iron itself the hyperfine field is in large part inde-

·pendent of the host's magnetic moment. One WoUld expect an essentially 

constant (with changing host) hyperfine field for each magnetic 4f- arid . 
. 
5f-group element as an impurity because of.the large, unquenched orbital 

contributions, so long as crystal field effects·are negligible. 

DT.. MECHANISMS JJ:OR HYPERFINE FIELD$ 

The various mechanisms that contribute to hyperfine fields·in 
. . . . . . 6 ' 

magnetic metals have been enumerated in. several places5' and we·review 

only the most impo'rt.ant, in terms. of the size of. field produced,· 'very· · ·.· 

briefly here. 

The external," Lorentz, and demagnetizing. fields are relativelY:-. 

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

contributions from the 3d electrons are also.small, ~hough not neces..; 

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

"quenched" and the dipolar (spin) contribution vanishes for ·cubic.· ;. 
'• . . . ' 

symmetry. 5 Th~ maJor contribute;~ ,to hyperfine fields in most ·c~se1s 
. . . . . . ~. i 

. ~re CP and ·cEP. 7 In .both of these the d electrons spin-polari~e the 
i ' '. 

(core or conduction). s electrons, which create large hyperfine fi~lds 
jJ 

·via contact interaction at the nucleus. Core polarization is·generally 

, regarded as the largest. single contri b':ltor. to the 1nte·rnal~field-·in- , .. ,. 

iron and th~ other 3d ma~etic elements. 1 

< ... 
., 

' 
Spin-exchange polarization of the 4s conduction electron of 

. \ ' . 

. . ·~ . 

the magnetic atom results in a positive contribution to the.hyperfine 
. ' 

field (according to the usual sign convention internal :f':telds are pos;t .. 

tive if parallel to the external magnetizing field .. Spin polarization ,. 

•: . 

. . ~· 
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'. 
is· positive if parallel to the 3d spiris; _ which are antiparallel .to the 

external field.') ·, ~t tne nucleus of the ~gnetic atom, but a negative 

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

can exchange-polarize the . s .conduction electrons ori a neighboring 

(nonmagnetic) impurity atom and create a large negative field at the 
·,' '1 8 

. nucleus of that atom. ' . 

V. AN ESTIMATE OF !!'HE CONDUCTION ELECTRON CONTRIBUTION 

_The mechanism su~gested above implies a conduction-electron 

contribution to the h;Ypet:fine field that is-proportional to the polar-. . ' . 
\ 

ization of conduction electrons at the impurity,_p, to the hyperfine 

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

number of such eleGtrons, n} 

.. : .. 

HCEP: =_ np H(O) • --
:- .-

. l 

' ; 
t 
I-

t 1). 

. ' 
. For most metals n is approximately 1. _ . The exact value of n ! that 

' .. , -~ 

is appropriate for any given case could be reliably-estimated only by 
' - . ·. ' . . . ~ 

-.. detailed calculations based on the band structure of that partichlar 
/ 

. host-impurity system .. At present such calculations are not. feasible. 
. 1 - ·_ . . : . 

Watson and Freeman have calculated the spin density o:f the 4s electron ·. 
>_ 

·on iron, finding that the 4s spins are polarized to the extent of a 

· few percent in the outermost regions of the atom, and that this ·_polar

ization is negative with respect to the 3d spins~ . The exact .extent of :. ··· 

polarization of the 4s electrons in iron meta+. is-somewhat tincertain. 

It also changes with distance, and we. are interested in the_polarization 

induced in the ou-t;;er s electrons of, the )mpuri ties (;p in Eq. ( 1)). 
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·This polarization, p, could only be ri·gorously calculated from- the 

exchange integral inv(jlving the 4s electron-of Fe and the outer s 

electron of ·the impurity.· 

Until computational.methods are· developed which make· good 

theoretic-al estimates of n _and p in Eq. (1) possible, the best ..... 

·that we can to is to estimate them. We know from the above discussion . 

. that the product np should be a few percent, and positive if we are 

interested in the direction of the hyperfine field, as in Eq. (1) 

_(this results in a negative HCE; it ~o~lowsfrom spin-polarization of 

. the impurity's s electron- by the .4s 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·. ·We shall find. 

in Secti~n VI that the available data are best fitted by- -np ~ • 07 - - - -_ --- . I 
Finally, 'the field at the impurity-atom nucleus a~ising t;rom 

one ns electron (here n is the p~inciple quantum number). can be 
. I 

estimated from the ~tomic hyperfine structure constant, a .,· together ns - . 

with the nuclear moment, of~ given isotope or simply by using the 
_..,, 

" - -- ' - - ' . 
_ Fermi-Segre formula With appropriate modifications, These procedures 

\ ' . . . "" . 

are thor~ughly discussed by Kopfermarui? r They are too 'involved to 

' ' 

describe in detail here, and Kopfern:-ann's excellent discussion should 
,-....... _;· ' ' ' ' 

be referred to ·for details. ~It should be noted, however, that the 

,. 

· · -- hyperfine field arising from an s 
·' .' 2 - ·-:-

electron isn't simply -(&rr/3)~'1 (0), ------

.... 

... 

but that there is a relativity factor· of up to.2 for heav-Y atoms, in 

addition to several smaller corrections. There has been considerable 
,_ 

criticism of the accuracy of the Fermi-Segre formula for estimating 

internal fields. While there is no a priori reas·on to believe that ' - =----
this formula, which was originally ·applied to alkali atoms, is 

-., ' 
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particularly accurate, in fact its agreement with experiment is on the 

whole quite good. 
.. 10 

This point has been discussed by Breit. Even if 

the hyperfine fields in free 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 interaction, for 

the outer s electrons of several elements. 11 The results are plotted 

in Fig. 2. Several values are Hsted in Table II. 

The. smooth variation of H(O) with atomic numb~r in Fig. 2 is, 

striking.· Of particular interest is the variation between. the alkalies, 

which are connected by a curve, and the Group IB metals, also connect€d 

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 
. . ' 

from l. 23 to 4. 98 megagauss. In the 6s series the change is even more 
i 
i 

pronounced, from 2.06 Mgauss in Cs to _20 Mgauss in Au. These trend,s 

are easily understood physically in terms of incomplete shielding by 

the 4d (5d) shell, as well as relativistic effects. There is a rel-

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

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

from the nucleus by the 4f electrons . 

To compare the induced fields for impurities.d{ssolved in iron 

with the above free-atom fields we adjusted the scale by fi~ting the 

internal field for Au in iron. This is equivalent.to taking np = 0.07 
(.. 

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

curves in Fig. 2 by 0.07. The resulting plots are compared with ex-

periment in Fig. 3. · 
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Before discussing the comparison with experiment in detail it 

is well to consider whether np = 0.07 is reasonable. On the average 

n is about l; thus a polarization of about 7% is implied. This is a 

little higher than might be expected from Watson and Freeman's free 

atom calculations1 on Fe, although the comparison is riot simple. T-vro 

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

are (l) 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 de~sity) takes 

place in alloys. 12 For electronegative metals in Fe these two effects 

will tend to cancel to some extent. For electropositive metals they may 

' tend to decrease the internal fields. It would be very valuable to get 

independent experimental or theoretical evidence about np for even orte 

case, to test the proposed figure of 0.07. 

VI. THE COMPARISON. WITH EXPERIMENT 

In evaluating Fig. 3 we must remember that observed hyperfine 

fields for impurities dissolved in iron are being compared with the 

"expected" contributions from polarized conduction electrons alone. 

The points corresponding to internal fields caused by core polarization, 

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

polarizationi' curves, which should, rather, ·:serve as a baseline from 

l 
which the fields in magnetic atoms would deviate. We have includeq 

i 

magnetic impurity atoms in Fig. 3 for completeness. 
,_ 

It is.for the heavier elements. that conduction-electron polar-

' ization is expected to be a dominant contributor to the induced fields. 

The qualitative agreement of the 65 electron series with CEP e5timates 

• 
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is impressive .. The fields are negative in those cases for which the sign 

i.s known, the- magnitudes are very large, and there is an increase in mag-

nitude by a factor of 2.3 from Re to Au. Th;i,s last point is explained 

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

such a change in fields arising from CP. Accurate measurements of the 

internal fields at nuclei of other 5d metals dissolved in ironwould 

be very useful. 
. .. 

The induced fields in In, Sn, and Sb probably b.ave· complex!origins, 
. I . 

These 
' 

and no single mechanism should be expected to account for them. 
1 

' I 

three elements·have filled 5s shells' and are quite electronegative} so 
i 

they probably do not lose electrons in an iron lattice. It seems Jn_ 
i 

likely that 5s electrons can contribute as fully t_o tl:le internal f~elds 

as.is the case in Ag, for ex9!Tlple, where there is only one 5s electron 

beyond the 4d shell (we note that·a 5s electron on an atom.of In, Sn, 

or Sb creates a much larger hyperfine field than does a 5s electron on 

Ag). It is, then, consistent with the CEP systematics that .the fields 

on these atoms are not large and negative. 

Figure 3 ivas first drawn before the hyperfine field .for Ag in 

Fe was available, and it was used to predict13 an inte;nal field of 

. 11 . 
-400 kgauss, J.n fair agreement with the experimental result o-f 

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

4d shell is closed, with one 5s electron. The internal field for Ru in 

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

polarization in Ru, and possibly in other 4d transition series atoms in 

an iron lattice. v 

It is instructive to examine the iron-group points on Fig. 3. 

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

kgauss or lees, not too far from the CEP curve (here there are several 
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mechanisms that could be as important as CEP, and one cannot infer 

anything from this approximate agreement. .The CEP curve isn't expected 

to be applicable here). The fields.rise andfall dramatically for 

25 ~ Z ~ 29, in a manner very .reminiscent of the Slater-Pauling curve. 

This is, of course, no surprise, because both the effective magnetic 

moment, which is the ordinate in the Slater-Pauling curve, and the· 

.internal field are .caused by unpaired spins in ·the 3d shelL As im-

purities in iron these atoms to some ·extent bring in unpaired spins: 

to some extent their spins are further unpaired by the ferromagnetic 

host. 

VII. CONCLUSIONS 

In this paper we have presented a brief survey of hyperfine 

fields at nuclei of impurities dissolved in iron. Trends were observed 

which may prove of some heuristic value. It is very important, for 

several experimental methods that depend on hyperfine fields in ferro-

magnets, to be able to make reasonable estimates---however empirical---

of the fields that can be expected. . Figure 3 should prove useful in 
y 

this respect. In particular it ma:y be used to make a rough estimate 

of the induced hyperfine fields in an iron lat~ice of many nominally 

nonmagnetic atoms: For example we may make the purely empirical 

observation that internal fields in excess'of over- 0.6 million gauss 

have been found only for elements with Z > 74, for which all the seven 

measured fields are in excess of this figure (the rare earths, which are 

magnetic elements, should provide several exceptions to this observation, 

as discussed below). 

.. 
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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 pr~dicted on this 

-model lends some support to its validity. or' 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 feasible; straight-
, . 

forward experimental technique for distinguishing between these 1two . . i 

mechanisms. Because of the Pauli principle it must be "easier".; for 'the 
I 

. i 

,., ........ 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 higher 'probabilities o,f being .in the nucleus-
.: 2 '. : . 

'±' n~ 0) incre~ses about an orde.r. of. magnitude for each tmi t decrease in n-. 

and can create much larger hyperfine fields th~~ ~~~-th~· 6.s .... eiectrcm. · 

The greater difficulty of polarizing the inner s electrons should 

offset even this factor) •. certainly any·niechanism which enables the Fe 

·electron spins to pol~rize the inner s electrons of Au must also 
. . ' . 

produce substantial CEP via the 6s eieotrons. It should be·noted that 

it is very important whether.or not the impurity's d shell is polarized • 

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

is present, as opposed to the case in whlch only the d shells (bands) of 

_the host are polarized. We note that in the cases for which CP is ex

perimenta:lly well~establish~d (the 3d group and the 4f7 configurations, 

. Eu2+ and Gd3+) this mechanism contributes only 500 kgauss o:r less to 

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

unpaired. We thus feel that it is very unlikely that CP could be the 

·. · .... dominant mechanism for Au in Fe. and that the present ·evidence favors 
. •' 

r ·., 

CEW for the heayy elements discussed above as well as .for Ag in Fe 
. I 

· .. ' 
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(probably CP is also important for Ruin Fe). The relatiyely small fields 

for In, Sn, and Sb in Fe are also consistent with CEP. If this model is 

correct it should be useful in predicting internal fields. The following 

predictions can be made unambiguously: 

l;:·· 

l. 

2. 

Th . t . l f' ld f I d R h ld b t· 14 e ~n erna ~e s or r an e s ou e nega ~ve. · 

The internal fields for alkalies in Fe should be relatively 

small and. pegative. For Cs in Fe, the field should be approx. 

-150 kgauss. It is hard to make a quantitative estimate even 
... 

on this simple model, because the alkalies are very electro-

positive and it is to be expected that the outer s electron 

density of an alkali atom will be considerably lower at that. 

atom in an iron lattice than in the free atom or even in the 

·alkali lattice. The 6s electron of a Cs atom produces a hyper-

fine. field only 10% as large as that of the 6s electron .on a 

gold atom, however, and this effect should be reflected in a 

much smaller hyPerfine field for Cs in Fe than for Au in Fe 

if CEP is an important contributor to the fields. 

3. The hyperfine fields for alkaline earth atoms (Group IIB) in 

iron should be negative and substantially larger in magnitude 

than those of the corresponding alkalies. The alkaline earths 

are also quite electropositive, and the 6s shell (band) of a 

Ba impurityin Fe should not be nearly full, leading to a rela-

tively unshielded Ba nucleus and thus a larger hyperfine field 

at the Ba nucleus. Thus the hyperfine field should increase ,-, 

abruptly, by about a factor of two, from Cs in Fe to Ba in Fe. 

This point is. illustrated in Fig. 4a. A similar situation 

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

.lv 
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.. · .. reason. To obtain the hfs con~tant a6s :for the· Ba atom, it 

is.necessary to observe configurations in.which only. one. 6s electron 

orbital is filled. The other electron outside the xenon core 

must be in a higher orbital, where it ~an provide relatively 

· lit~le .shielding, 

·For the more electronegative Group IB im;ptrrities (Zn, Cd, Hg) 

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

transfer from the host (Fig. ~b), and it is not possible to make an. 

"·-· unambiguous estimate of the CEP field on the simple model des.cribed 
'·· 

above. For the rare .earths and actinides· in iron the 4f (5f) shells 

will probably remain. intact and produce the usual hyperfine fields 

characteristic .of.·rare earths •. If tlle atomic moments of these atoms 

are oriented in an iron lattice. by·spin-exchange polarization15 one 

might expect large negative internal fields.in the first half of the 

.4f ( 5f) · shell and positive fields in the second half. 
( 

We have worked 

out the expected internal fields, using the expression given by Elliott16 

.. (2) 

· These fields are plotted in Fig. 5 •. Also plotted are experimental points 
. . . .· ·. ' ' . 17 ',. 18 ' 

· ·for the hyperf.ine fields at the rare-earth nuclei in ~e2Dy · .. ;·. F.e2Er .. , and 
' 19· . . '' 
Fe2Tm . •. ! •.. Of course these. are intermetallic compounds rather than dilute 

. . . ... '· ,,.. ~. ' . . 
! ' 

. substitutional solid solutions, and thus not quite comparable to the other 

·. 

·, 
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Table I. Hyperfine fields in .Fe,. Co, and Ni hosts• •' . 
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· Table I: ' Hyperfine fields in Fe, Co, and Ni hosts. (Continued) 

Fe·· . Co Ni ··.,. · 
. ·. 

· · :Atom ·· 

. . a 
, Ref. 

: ... 
.,·\ . 

· .. · .. :·~·.Host 

. . ·. --------~-----------------------------------------------------------------------. ~ ... 

:' . ~ : .·. 

;:: 
r'.: 

'· 
. ·, 

.... 

... ,-t ' ... . . . ~ ' 

. ..... . . .·, ~ .. . 
,.:·· .. , 

~ . ~ '•:.: . 

I:r:- -1350(300) 
-840 

. ' '. -1240(220) 

..... 

. '·,· 

'·.· 
. ';.· .y,z 
·· ,-. > aa. 

bb: 
1 i 

.·· ., 

i' ·, 

~ ' ':' . ' .. ' ·. ·• • I ' ' 

. .·.,·. '• . :' ..... ·, 

·,,· 

'. ~· 

.•" I• 

. .. :: .. •·· •.. r .... '. · .. ' 

: ~ ... .' . 
•':' .•· " .•. 

. · .. ·· 

. Hg .hh 
.·.:. 

,. 

•. ; .. •,' .. ~ ~ .. :·, . . :·: 
... • .'.'. _.;.----------,...--:----------,...-----,..--------:----- . -~ . . 

,· :·:··;:: :: aSign~ of hyperfine fields· are given where known.' Err6r.limits are stated ··. ,._ ... · 
' ... .- ·.-··:parenthetically for some cases. For cases in which fields· are known at· severai·· ';·.·. 
· · . .' ) · · temperatures the lowest-temperature values are given. For. some cases in which · .: .'. :, · ·· '. 

. ·· .. · · · ·~ .. ·two or more values are given there is apparent disagreement, but this may not ~
1

· ···: .. ··: 

' ·:. · ·. : .. ·:· be real because samples of different compositions may have been used; . Original ...... , · .. ~ 
· .,·.references should be ·consulted. · · · ·· ·· · · ··· . . . '·::: . 

. . . . • ·: : . . . . . . ~ . ·,· . :: .. · . . . . 
'· ... , . . . . . . b . . . 

. A. V. Kogan, V. D .. · Kul 'kov, L>P.·. Nikitin, N.~ M. Reinov; I;' J\:'; Sokolov; and :;:_·, ':.· '-.!. 
, M. F. Stel 'makh, Soviet Physics JETP :12; 34 ( i96i). · ·· · ·· ·::, >::. ..· 

. . . . .. ~ . / '· 
.·.· ... 

;:j 
~ . ~ . '; .. ··cY. Koi, A. Tsujirri.ura, and T. Hihar·a, ·J. Phys .... Soc.· _J.apan 19, .1493· .(1964). 

·a .... :· ... : ... 
· J. A. Camero:n,··r. A. Campbell, J. P.Comptori, M. :F. G~ant, .R~. w. Hill, a:na· .. 

·:· . · R. A. G. Lines, paper CM 14 given at the Ninth Internat:i.onai Conference ori 
.. ".· Low Temperature Physics~ Columbus; . Ohio, September 1964. .. .. · 

. . ·. . : . ·. . ~. . 

:I 
l 

;·:·:.11 · ... , e ..... , . . . . . . . . . . . . .. . .. .. . · .. · .... 

l 
· B. N. Samoilov., v. V. Sklyarevskii, .·ana E. P .. St.epanov,.'Zhur; Eks~ .Teor .. Fiz 

.

1 

· · .. :· USSR 36, 1944 ( 1959) . , .These authors reported a -y;;.ray anisotropy. o:f.< 0. 51o for· . 
' cr51 in Fe, from which ye have ,calculated this' limit for the field,. ..· .•. : .. 

"1 • ' . •·· ·;< fy. Koi and. A. Tsujimura, J. Phys. Soc. J apan.18, 134 7 (1~64) . ; 

,j . · . gA. ·M. Portis ~d R. H.· Lindq~ist, Chapter .4 ·~f "Magnetism: :. A Treatise: on 
,_Modern Theory and Materials," Volume II (G,:.T. Rado and H• Suhl/ editor~~, · 

. '.•.', 

·.Academic· Press,. New Yo.rk, · 1965). This review ·article· contains· references to ·· . 
. nuclear resonance work on ferromagnetic materials. · · · 

...... l .. 
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Table I. Hyperfine fields in Fe,. Co, a.'ld Ni hosts. (Continued) 

.- .. . ' 

hA. J. Freeman and R. E. vlatson, '"nyperfine Interactions in Magnetic Mat~ri~ls·,.". · ... 
:to be published in "Magnetism: A Treatise on Modern Theory and Materials, 11 

. . .. · .. ·' 

. Volume II (G. T. Rado and H. Suhl, editors, Academic Press, New York, 1965) •. · · . · 
This review article contains references to many papers on hyperfine fields. · · ... , ·· ' ..~ 

'·. 

.... 
·: .· ';· .... •.· 

. ~.iG. A. Westenbarger. and D. A. Shirley,· preceding paper. ~ .. . ,· . 

.. . : jThe sign. of the field for. Co· in Co is inferred from the sign. for Co in Fe 
. · . and the continuous variation of the field for Co in Co-Fe alloys. ··.·We thank 

A. M •. 'Portis for pointing out this argument . 

. . ~-· .. , · .. -k~~ N. S~oilov:, postdeadline paper given at the Ninth International Conference .. _' 
_._:on Low-Temperature Physics, and. private c:,ommunication to G. A:- Westenbarger, · 

.. ·- ·.: :. ·Columbus, Ohio, Septebmer 1964 .. 

,• ,' ' 1H. Bet~uyaku, S. Komura; andY. -Betsuy8ku, J. Phys; Soc •. Japan 19~ 1262 (1964) •...• 

. :_ :.~he first value,;. 50.0 kG, for Ru in Fe was given by. Q. c; Kistner and R: Segnan; ·· 
........ > Bull. Am. Phys .. Soc. 9, 396 (1964) .. The· present value (which is preliminary) 

'. ·: · :-.; :: ·was obtained by comparison of Kistner's data ( Q. C.:: Kistner;· private communi ca.,.; . 
o':·-.· :· tion) with data on the excited-state moment in Ru99 (E •. Matthias, S.,S. Rosen;._:.·····.·.-.· .. 

··:,. ·. blum, and D. A. Shirley, to be published} .. The Ru-in-Ni ':field ·is ;r-eported in :· ,,-. 
· ~~·:this·latterreference .. ·.. ... :. ·· '. '·:·:· .. ·· ·. : .· :.· .... ·· ... · 

.:•;: .. : ..... ' ·· ... ,: -·~·- ',:'.~· .· ... ·.·~·.·.. ''.:',: : ... :: ·.·' · .. ·: . ~-.. 
·" ·. · · nsee ·"note· added in proof),,· f.ootriote i. .. .. , · '· · < :: . ., .. ·· · 
•. · ... _ .. 0 . ' . ' '. _.,·: · .. : '. '. ,'.''.: .: .. :-· .•: ·: .•. :·. : <: '-.:: ·. · .. :-. _:. .. ' .. ' ,.' 
:.;:: ·. ·' E. Matthias, S. S. Rosenblum, arid ·n; A; Shir],.ey, : Phys ... Rev~/Letters. i4, .. 46 ( 1965), '·: -·· 

· . :nd unpublisheq dat~::: .· .. · ::··.:. ·· ·.:. , ... -.,: :·:: ... :>>,\ : .. :.·.· _,;··.· :·.::· ... . :.~·-! .. <:, ·::_;_: ... ·<_:· : .·.::, . -.. -. : ··.. : ,:.·.·. 
·. · .·~B. N. Samoilov, v. V.::. Sklyarevskii-, ··and· .:E •... P.: S~epanov;. Zhur.,..:_Eks_;: .-Teor/ Fiz· ... · ·''·<~.· 

. , . ·USSR 38, 359 (1960),~ ~:.-_ .. j :.· :: . ! ._: ''· .. , ::. .. ·.·>·.· ·.... ,., .. .·,., :;·.,·: 
·.·' .. :•:. ·· ·•·· qA. J.: F.:· Boyle,_.D .. 'st.:·P~· Bunbury, ·aniic. Edw.ards! ._:Phys· .. ·R~v•~·;'Lett.~J?s . .2,';' -553''·.>: .· · 

.·. ' . ' . ( 1960) . . .: .. ~ . . :::- . '· .. ' : ' ' ,. .. . • ..• '. . . " ... 
• ;• • .', '·. '• •. : o',' r .· • ' ' ,' ' - I, • • '• '. ' ' • _,.. • •. :, ,: ; • ~ .. ,, '·.•. 1 • • I ~· .. ~.· .~ ' .-~ • • • : • 

.~··· .. · E. Sloan, Thesis, Harvard (unpublished data -quoted by F~_·M.·.Pipkin,·J: Sander-'.·' :··"·' 
':>>son, and W.·WehymamJ., Phys. Rev. 129; 2626~(1963)):: . .' ::.:·.· .. · .. •' .. · ; :•. · .. ·. · <·: ~; . 
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· ·.''./ ·.: .. >6 A positive sign. for. Sb: i~ Fe. h.as also. been found by A;·,. Stolo'ry;:: (pi-i vate: .. : .. : . . ' · · 

··.:·communication).·· · · •.... ·. .··· <: ..... :-;·;.;. :-':·. ·· ··; ' ,,, 
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· 0. ·v. Lounasmaa,. C. H. Cheng and P. A. Beck, Phys. Rev •. '128,·. 2153 (1962). ' ... --.: ~ ~ . 
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vA. Stolovy (p:r,-ivate 'commtinication); 
,·.·· '·;;. . . ' . ' . . . 

.. 
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_.;.-,-

wE. Kankeleit, Bu{i·. 'Am. Phys.· ·soc. 10, 65 (1965)·~:0(This value is ~ased on a .. ·. 
· · ·· g ·factor of +0.22 .,for the·: first excited· state of wl82, See R·. P. Schorenberg 
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· .:YA>v.-Kogan, v. D. Kul'kov,·L. P. Nikitin, N.·M. ReinovandM. F. Stel'makh, 
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Element 

H 

Li 

Na 

K 

·cu 

Br. : ,··. . 
Kr 

Rb 

Sr 
,_;· 

y 

Zr •' 

Nb 

Mo -' .. •' 

Tc ·:.-_ -.... 
':\_' 

.Ru ';i. 

':. 
-.; 

Rh 
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Table 2~ Hype.rfine fields'; arising from 
.outer s .electrons of free atoms .. 

Electron -H(O), Element El~ctron -H(O), 
Megagauss 

ls.: 

2s· 

·. 4s· 

4s 

5s 

.. _;' 5s 
.-,-·:, 

5s 

•/ ; .. 
··-· .. 

5s 
:;_;:. 

5s. 

5s 

... ·55' 

5s 

5s 

.· 5s 

__ ,_ .. 

: . . 

·.· .•. 

.; .... 
I ~ , ,, 

Megagauss 

0,166 

0.121 

0.394 

0.58o 

' 2,60 

1.12' 

.·, 
•: .. , 

1.23 
,·, 

2~11 
., 

·2.82 

' •:. 2.00 

2 •. 23 
·, .. 

·.:_,. _,· 

3.48 

,4,09 

; .. 
' ~-

'. >·· 

. :. 

·._ .. . ·'•., ,, 

· .. _,. '•':; 

'., 
:-.· 

Ag 

Cd 

In 

I 

Cs 

Ba 

·La-::•.· .. · 

Eu . 

Yb. 
. ; ... \' 

w •. 

Re 

\.: 

Os · 

Ir 
' ,:_ ~-·. 

Pt - . ~ -
· ......... ,. 

5s. 

. >5s. 

5s:· .. · 

6s 

6s 

:.·6s 
. . -~· 

6s 

·_ -~ ' .:· 6s 

6s ., 
··> .. '. 

·:·: · ... 6s 

. •, 

\: . . .. ~ ~ 

6s 

6s 

6s 

6s ... 
·:·1·'. 

; ~:- . 

..... Au 

·. :-.... 

··._, 

:•.-
, ,· 

- ' ~ .. ' . . .· .. 
:·,-.·-... · 

· ... , 
,• 

.. 

4.98··· 

7.14 

9.14 

1.71 

2.12. 

3.91 

2,81 

4.8o 
:,._. 

6.85 ., 

9.33 
·· .. \. 

-10)3. 

:· 12.5 
'.· 

16,6 

19.6 

24.2 . 
'-~ . 

.. • ·. ·'-..<· .. 
.. 
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. . ·' FIGURE C.API'IONS . '.·,. · .. -i·-··. 

·.·. ,· :· . ,·,; :· ·!-· 

.. . Fig~. l .. ·ir~erfine fields ·at nuclei of· atoms dissolved in Fe,_ Co, and_N~ -lat- _. .. 

: ~ .. 

·._;' .· 

····_t 

_: . . - · :··.' .. tices, plotted again~t. the host magnetic mome~ts.. The. signs of. the:'·. 

fields are knmm in most but not all, cases.· (see Table ·1). · Where un..: .. 

·.,. 

known, they have been_p~otted as negative. The upper four atoms are 

·. ·-' .. · .. _ nominally diamagnetic. Except for Sn, the hyperfine .. fields in these .. 
' . 

·., 

-· . 

., ~ 

. . -.. ':·. ' . ; ~- . :; . . . . .atoms are roughly'proportional to the host moments, sugges.ting an in.;.· 
~- :' • %: . 

. '.,. 
. ~ ·'.; 

. ... ·; ;: :·' ·.: . . : ~ 
<'.·: 

:• ·, 

. .-- ·. ductive mechanism due t~ the host 3d electrons.· The lower three atoms· · : .. ·. · 

• • !. 

. ;·.- ·. : ·, .. ~ ~. ' ' ::: ' 

-: . ~~ · ' . , ."_ are nominally magnetic, and their hyperfine fields show some· tendency-' · :, , :· .. 

· ~--;·::::: . '! . .. :to :·be constan·t ... ·: ··-- · · , · .-. · ·:.. ··' 
; .-·· 

: · .. 
:._ ,. ' .. ~,. 

'; ..... : Fig;> ·2. Hyperfine fi~id.s'~ ·ciue'·to outer .s·:.e:Lectrons, in freeatoms~_The.al~ .; .... 
' .. ·:·· ..... ·r .. 

. • . . ;· ; . ,• • • . • ~ *; . . • • . • . . . • . ' • 

·-.'· 

·,I' 

· ..... , kalies:·are·-'coimeeted ~by a dashe·d curve~; as·are.:£he Group IB'_nieta~sCu, 
. · .. ~ '· .; t ••• • 

; :. ·. _:_·;, .·,. :_.. Ag, and Au.· Solid_ curves are drawn .through· the. 5s electron series and 
;· ..... ,. .. . ,._. : :- .... ' ..... 

. ..• . . : _· ;:>J the 6s. electron :~~rie~~ .:· Th~-se field.~- were calculated from atomic. hyper- . · 
'·•' 

· .. ·. '• 

_:.·: . ..... 
' . ~ : 
'.• 

.. fine structure consta.nts. • A ·tabuiation of ref~r-en~es is given by ·a.·· 
· .. 

· .. ~. 

· .. :. Laukian in Handbuch der Physik (Springer;.. Verlag;· Ber~in,' 1957), Vol..· 

38, Part·l, p, 338. · . ; 
. :•.· 

· .. ..... •', _;· .. ·_,,·.-· 

. ' 
·.l, 

'. 

·-. .· ·., . 

.r. :··fig._ :·.'3_~· .. _;· -:~yperfine fields at··. nuclei·._ of 'atqms ¢l.i.ss_o1Ved · in· . .-_.a_p i·ron ·lattice··: 
\,·,, .:· 

·.··: ·.· .. : :·. 
. ~. . .. · ·:·,.: _;,._: 

' . Cases for. which the. sig!l is· kriown are. shown as ·filled. circles .. · Curv~s 
.. · ... 

. ··,•.'· 
,, ,1, 

:,.':,_.-,_," .. 
.·, .. 

·.-.· 

·. ': ;: ...... ·.·.-··, 
. -::.: 

.· from Fig.' ?' multiplied by 0. ~7, are superimposed, , as solid curves, · .:· ~- · 
·~ ·' . 

. . 
. ' for the 3d, 4d, ·and. 5d series.' . We ~egard .these c~;ires as reasonable 

'. ··. ,.• ··' •; 
_.· .. ,- . 

.: .. -~ 

. ' . . =. 

.·.::: .. · . . . 
· estimt?-tes ·of the hyperfine' fields a:r:ising for. c.onduction-electron .(·,' 

'··. ·. 

., .. :, .·l. 

).' 

l ~-
well:..defined Slater-P~~ling type curve in the 3d seri'esand a possible 

.. j'· ... 

'·. 

· c{u.ve in the . 4d s~r:i.es'. · There is only weak evidence for such behavior · 

1 

1 
I 

I 

: J,,, 
· .. ·,·,··.: 

; :·.··· 

'• .... 

····,:'',. 

. ;:/'.·.· .. iri. .the ··5d series, where CP is. relatively less· impo.rtant than CEP. 
. :··~· ;-<:~·-' ' . 

· •. ', '· •. 1.': 

. .. · .... ' 

; . '• "~ . ' . ' 

·.,. , . "~onduction 11 electron polarization is not relevant to the 5p shell ,.l 
-~ 

' : 

·.,, 
'.' :' el~ments'; but. ~h~se points ~re i~clude'~ fo~· completeness': and a solid \:' 

.~ ' . ' ... ' '· ·.. ,. . ·. :: ,.-. ,. ' ~ 

. .l'' 

.. ·· 
·curve is drawn through them to emphasize their .regularity. ' ' ' . ' -~ ·. 
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Fig. 4~.'- Schematic density-of~states plots .for polarized outer s· .electrons 
· .... ·· 

. • . 

·,:·. ·.·· 
_:of (a) el~ctropositive, (b) electronegative Group II atoms dissolved- ·· · 

. ·'. 
,:. 

--in a ·magnetic lattice. For alkaline earths_ (Fig;.4a) the outer: elec. · 
. ' 

. ' l- ' . -:..~ ' 
' -·~ ~. 

. ~ ' 

_,r. 
~---·-;. 

I- . : 

......... 
trans will be ·largely given to the host and the bands not very· full~-

·.·:~ . 
. ·.' - . The nucleus will be· relatively unshielded 'and th~ hyperfine- field con·~-

·.· '•.'. 

siderably larger· than for. the corresponding alkali atom .. This:pre-
. ';-.· ;· 

. : . ~: 
'' 

·. ~ . \' - .. 
diction is comparatively straightforward beqause the internal. field ·. 

., 
·". 

j • 

•.' . '~ ~ :.: >:-':I • 
·. · : ·::' ;;'·:should not vary strongly with the exa.ct location of ·the _Fermi ~urface, 

.. ·,, r •. ·r· .. 

'.'::··· ·: 
-. ··• __ EF. For Group IIB atoms (Fig. 4b), the bands ~hould._be ne.arly. full ani 

.'• , .- ·: .... 
.... ~ 

... ·the internal fields should be quite sensitive to :the' position of the 
.... · ·.,. '.-:. .'· .• i' .,. 

;:.·:, ·Fermi surface. · For the -Fermi ·surface·. at EG,_for; ~xample, .the spiri 
.. :·,:-· 

'. ,·.·:. .i 
. ~ :' . . . . 

''. ~: . 
•. ·.:' .... 

. ; .. ;· polS:X.ization and hence the contact field,. ·is large; for_· EG; both are. 
. : ' '.::. . . . ... ,· . . ;• ',' ' . - ~ ........ ~ .. 

. . ·· 
.,: .. '·.essentially', zero . 

.... ·· ·., . :' t \_ :- .·' 

-_ . .'.~.: •. :·:Fi-g-;., 5·~, _ Estimated internal. fields for- atoms dissolved in_ .~ron,_'. vs .. atomic num-··: 

. ·-~. 

.. ,,_ 

·.· . 1.:·.,. 

. : .·: '. 

·.:-- :::,-· .. ·.:·. ber. This is sil!lilar: to Fig. 3, _but the scale is much'l~ger and th~· 

. :: ·:: 4f and- 5f ·groups' .a.:re inc:luded, -~s- .discus~ed i~ .'text.· _The·clll'v~s are 
·_...,·;_ 

,·.·' 

. : : -~·:_:based on the· 'assumption :.that·- the 3d ele~tro.ns ·o-firon polarize the, .. · :·. : · 

.··,·: .. ,.·. 

. · -:.· 
· .. -·· 

:'· .. :_: . ~·-
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conduction _::· s --·--electrons. Measured fields at· rare-earth nuclei· ·: .. : ~-.. . _:,-: . ·'. ' .. · 

.. . . . 
in the' La ve,s ~phas~ :intermeta~~ic. compounds : Fe2Dy,,' _Fe2Er ,· a:n.d. Fe2Tm . 
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Crystal-fie~d effects' could dec!'ease· the m~gnitudes :·of.>:::·.:: . 
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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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