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Hyperfine field measurements® at neighboring
sites of nonmagnetic solute atoms in Fe allow,
for the first time, an experimental determination
of the conduction-electron spin susceptibility
function x(g). Analysis indicates that y(¢) has a
large maximum at the wave vector g =2k, and
that indirect exchange interactions between lo-
calized 3d spins via the 4s conduction band are
antiferromagnetic for nearest-neighbor and sec-
ond-neighbor pairs.

The theory of indirect exchange interactions,
Jap(R)S,+Sp, between localized spins S, and Sp
separated by Rina metal, provides an expres-
sion for the numerical coefficient, J,p(R):

J_,R)=const [x@)F (O)F, (@) cosq-Rdq. (1)

The usual derivations? of Jab(R) are equivalent to

using x,(¢) for x(g), where x,(q) is the spin sus-

ceptibility function of a noninteracting electron
1-x2

gas,
xo(q)=xp[%+—4—'-x—ln ], @)

being the Pauli susceptibility and x =q/2kp.

derivation of Eq. (1), which includes the effects
of conduction-electron interactions, has been
given.® One object of this paper is to emphasize
the significant difference between x(g) and x,(q).
They are shown in Fig. 1. The functions F,(q)
and Fp(q) in Eq. (1) are magnetic form factors
which correspond to the finite spatial distribution
of each localized spin. The hyperfine field mea-
surements determine J,;(R) directly, so x(q)
can be obtained by Fourier inversion.

Employment of Eq. (1) to interpret experimental
results in Fe involves, of course, many over-
simplifications. First of all, the result depends
on the validity of perturbation theory, which in
this case requires that s-d exchange interactions
be small relative to the conduction-electron
Fermi energy, h"’sz/Zm *, This ratio is expected
to be ~0.1, which seems sufficiently small. The
observed! additivity of hyperfine fields arising
from several neighbors gives assurance in this
regard, since additivity would not apply to higher
order corrections. The derivation of (1) is under-
stood to be within the framework of effective
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FIG. 1. Spin susceptibility x vs ¢/2kp. The dashed
curve is yg, the susceptibility function of a noninter-
acting electron gas. The solid curve is x(g) according
to Eq. (4) of the text, which provides a best fit to the
hyperfine field deviation data in Fe.

mass theory, and the result is appropriate to a
single spherical, parabolic, unpolarized conduc-
tion band. Finally, the exchange-scattering ma-
trix elements that arise in the theory are func-
tions of k and k’, not merely of ¢=1k’-kl. The
use of the magnetic form factors, e.g., Fy(q), as
a pragmatic approximation is to some extent
justified by the fact that the exchange-scattering
matrix elements reduce to magnetic form factors
for short-range interactions, and also by the fact
that the results described below are insensitive
to Fa(q), reasonably chosen.

The interpretation of the hyperfine field devia-
tions! surrounding a nonmagnetic solute which
we propose is that they arise primarily from the
indirect exchange interaction via the s band be-
tween an (absent) Fe electron spin (S~1) and a
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neighboring Fe nuclear spin. Since the latter
coupling is of the Fermi contact type, F b(q), say,
is independent of ¢, and can be removed from the
integral in (1) and absorbed into the numerical
constant, which includes as well all other unknown
multiplicative factors. The hyperfine field devia-
tion data, proportional to J,;(R), for the Fe-Al
system are shown in Fig. 2, plotted in percent of
the pure Fe hyperfine field, H = -330 kG. It is
very important to determine the value of J,3(R)
for R =0, which is the contribution to H at an Fe
nucleus arising from the conduction-electron
polarization attributable to the electron spin of
that same atom. Fortunately, the allowable
range for the value of Jab(o) is relatively small,
as shown below.

The major contributions* to H in Fe are from
the core polarization, H .~ -400 kG, the un-
quenched 3d orbital contribution, Hj ~+ 70 kG,
and the 4s conduction-band polarization, H 4
~+100 kG. Since they do not sum to the observed
H, one or more of these estimates need revision.
Our present interest is confined to Hys/|H!,
which is accordingly ~30%. The net 4s spin polar-
ization in a given unit cell can be attributed to the
sum of 4s spin-density contributions in that cell
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FIG. 2. Indirect exchange interaction between an Fe

atomic spin and an Fe nuclear spin vs 2kpR. The
points are the experimental values, in percent of the
pure Fe hyperfine field, for the first six nearest-neigh-
bor distances, from Stearns and Wilson. The dashed
curve (abscissa values should be multiplied by 1.2) is
the predicted interaction for x=x,. The solid curve
corresponds to the spin susceptibility function, Eq. (4)
of the text.

arising from the s-d exchange coupling with each
localized Fe spin in the lattice, including the spin
of the cell in question. (Van Vleck® has shown
that interactions arising from the net polarization
of the conduction band are included appropriately
in the theory of indirect exchange interactions.)
The measured hyperfine field deviations arising
from first through sixth nearest neighbors sum

to —70% of |H!, which can be verified from the
data in Fig. 2, taking account of the multiplicity
(8,6,12,24,8,6) of those neighbors. Consequent-
ly, the (unmeasured) contribution of the central
atom must be taken to be

Jab(O)/IH|z+100 %, (3)

in order that the total Hyg/!H| be about 30 %.
The leverage on this estimate is quite favorable,
since the value of (3) would be reduced only to
70 % if the total H, were presumed to be 0.

One may now take any assumed functional form
for x(g), compute J,(R), using (1), normalize
the result in conformity with (3), and adjust the
scale of R to give the best fit to the experimental
data. We have carried out this program for an
extensive set of x(¢), employing the measured®
3d form factor of Fe for F,(g). The computed
Jgap(R) corresponding to the noninteracting elec-
tron gas x,(g), Eq. (2), is shown by the dashed
curve in Fig. 2. The amplitude of this curve at
the observed R is too small by a factor of 7. (Re-
normalizing the curve by such a factor would re-
quire, in accordance with the argument given
above, that Hys=+2%10° G, 20 times larger than
the upper limit quoted above.) Wolff” has shown
that x(¢) for an electron gas with 6-function inter-
actions is given by x,(q)/[1-yx,(¢)], where v is
proportional to the strength of the interaction.
The computed J ab(R) for this functional form,
with values of y between 0 and Xp —!  manifests
an even greater discrepancy with experiment.

It has been shown® that x(g), computed in Har-
tree-Fock approximation, for Coulomb interac-
tions has a sharp maximum at ¢ = ZkF. Conse-
quently, we carried out the above analysis for
X(@) = X,(g) + (a bell-shaped function centered at
x=q/2kp=1). Lorentzian or Gaussian forms did
not permit as good a fit as that given by

X(Q)’”Xo(4)+dxpexp[-ﬁ“(x—1)“]. (4)
The solid curves in Figs. 1 and 2, which fit the
data relatively well, are those given by (4) with
o =17, B=3.25. The Fermi radius, kg, is ac-
curately determined by the scale adjustment in
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R, and is
kF =1.01x10% cm™}, (5)

which yields a value 0.41 for the 4s conduction
electron/atom ratio. The appreciable width of
the bell-shaped term in (4) is surprising, and
may possibly be attributed to the nonsphericity

of the conduction-electron Fermi surface or to
inaccuracies of the underlying theoretical model,
employed in the analysis. A number of other
functional forms for x(q) were tried. We are con-
vinced that the essential features of the solution
presented here are implied by the data.

A striking conclusion that must be drawn from
the form of the derived x(¢) is that indirect ex-
change interactions in Fe via the 4s conduction
band are strongly antiferromagnetic. (This fea-
ture is actually directly apparent from the AH
data for nearest and next-nearest neighbors,
which, being negative, imply a 4s polarization
opposite to that of the central atom. It can be

established quantitatively by employing Eq. (9)
of reference 3.) The origin of ferromagnetism
in Fe must be sought elsewhere. A promising
solution to this puzzle has been found and will be
presented later.
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A basic assumption of most present models of
the weak interaction is that primitive neutral lep-
tonic currents, to first order in the weak coupling
constant, do not exist.! However, some models
propose the existence of neutral nonleptonic cur-
rents in order to explain the |AT| =3 rule.? Re-
cently it has been suggested that primitive neu-
tral leptonic currents of strength comparable to
that of charged currents might exist, but some
reactions where they would appear could be in-
hibited by selection rules among the strongly in-
teracting particles.® Even if primitive neutral
currents do not exist, the combined effects of
weak and electromagnetic interactions can cause
induced neutral currents which may be observ-
able.®5

In order to look for evidence of neutral currents
in strangeness-changing interactions, the possi-
ble decay mode

Kt=n%t+et+e™ (1)
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has been searched for in a sample of 1.7x10°
stopped-K* decays. The K* mesons were stopped
in the Lawrence Radiation Laboratory 30-inch
heavy-liquid chamber filled with C;F,. No unam-
biguous events have been found corresponding to
decay mode (1).

The detection procedure consisted of initially
scanning for three-track decays that were not
examples of the ordinary 7 decay of the K*.
About two thirds of the film was scanned twice.
Each event was then carefully looked at again on
the scanning table and was classified in one of
the following three categories: (a) ordinary
Dalitz pair with obvious missing momentum;

(b) apparent momentum-conserving event;
(c) electron pairs which converted very near the
K* decay.

The events in categories (a) and (b) were used
to compute the absolute scanning efficiency from
the number of Dalitz decays expected. About



