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The internal fields at various Fe" sites in sev-
eral ferromagnetic alloy series have been mea-
sured by Mossbauer-type experiments. These
fields are proportional to the electronic spin den-
sity at an Fe~ nucleus. This spin density at the
nucleus is composed of two contributions: one
from the core s electrons, the other from the
conduction s electrons. If we can choose an alloy
system where the core contribution remains con-
stant with variations of composition, then any
changes in the internal field will be due to the
changes in the conduction-electron spin density.
Thus by observing the behavior of the internal
field as a function of solute concentration of such
a system, we can directly measure the radial de-
pendence of the conduction-electron spin density.
In the literature the most widely used forms for
this variation are those derived by Ruderman and
Kittel, and Yosida. ' These measurements give a
spin-density variation which has a magnitude sev-
en times that predicted by the R-K form. Further-
more, the results seem to indicate that the con-
duction-electron spin susceptibility has a maxi-
mum for a wave vector near the Fermi-surface
diameter as predicted by Overhauser. '

Previously we have measured the change in
spin density for a nearest-neighbor (N1) model
for Si and Al atoms in Fe.s These measurements
indicate that in both these systems the core con-
tribution does indeed remain constant over wide
variations of solute concentration. We have now
measured a number of other alloy series and have
extended the computer program to include effects
out to sixth-nearest neighbors (64 surrounding
atoms). All the alloys used were body-centered
cubic and were randomized to as great a degree
as possible by the appropriate heat treatment.
The analysis of the observed Mossbauer spectra
is the following: With the aid of a computer we
unfold the two outer peaks into all their compo-
nents. For an N6 model there are 9 x 7 x 13x 25
x 9 x 7 possible occupational configurations. The
probabilities for these configurations are com-
puted assuming complete randomness of the so-
lute atoms. Each statistically significant compo-
nent is then assigned a shift and shape. We varied
the shape and found that a pure Fe shape was best.
Consequently, shapes corresponding to pure Fe

absorbers of the correct thickness were adopted.
The field shift b,H (relative to pure Fe) at a given
Fe'7 site arising from a specific occupational
configuration of its neighborhood is assumed to
be

where m„ is the number of nth nearest neighbors
occupied by solute atoms, and b,H„ is the contri-
bution to the shift of a single solute atom at an
nth-nearest-neighbor position. The computer
program then determines the six values hH„
bH„~ ~ ~, hH, which minimize the mean-square
deviation g of the observed spectrum with re-
spect to the calculated spectrum which is obtained
by summing over all the components at the posi-
tions given by Eq. (1}. The additivity assumption
implied by Eq. (1}had been strongly evident in
the works of reference 3. It was also checked
here explicitly by separate N2- and N3-type analy-
ses which allowed different shifts for each distinct
configuration of first- and second-nearest neigh-
bors. Additivity was again confirmed to a remark-
able degree. Figure 1 shows a comparison of
some typical experimental and calculated curves.

Table I gives the results for the FeAl series.
For this series the values obtained are seen to
be independent of concentration. From the be-
havior of the mean-square deviation we found
that AH, through hH, are readily and accurately
obtained. b,H„while not as reliably obtained as
the first four shifts, is reasonably accurate and
well represented by the rms error shown. LH„
being near a node and having only six atoms in
its shell, is least accurate. It may also have a
systematic error since it includes the average
effect of all the more distant atoms. We find
that to get reliable values for bH, and AH, at
least four neighbors should be considered; also,
in some systems 6H, is quite concentration de-
pendent. We therefore disagree with the results
of Wertheim et al.' who found that ~, and b H,
were adequate for analysis.

FeAl. —In Fig. 2 are shown the relative internal
field shifts at an Fe atom as a function of the dis-
tance from an Al impurity atom. The right-hand
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FIG. 1. Typical experimental and calculated curves of the outer peaks of the Mossbauer spectra. The experi-
mental points have been omitted when they have the same value as the calculated points.

scale gives the corresponding indirect interaction
energy in units of Mc/sec. Let us note some of
the obvious features of the behavior of the internal
field shifts of the Fehl series. For this alloy
series the internal field shifts are independent of
the Al content and the oscillations in the spin den-
sity seem to be about the pure Fe value. One
would expect some variation of these quantities
in most cases since the band structure and Fer-

mi surface might vary somewhat with concentra-
tion. These results thus indicate that the Al atom
is probably not contributing to the magnetic or
band structure and acts very much like a hole in
the Fe lattice. This confirms earlier conclusions
on the negligible effect of Al on these properties
in Fe alloys from heat-capacity measurements
by Pessall et al.' From the position of the nodes
in the spin-density curve, we find that the value

Table I. Percentage internal field shift for each type nighbor in the FeAl series.

Atomic
% Al

5. 1 Sample No. 1
Sample No. 2

10.6 Sample No. 1
Sample No. 2

13.2
15.2

Av. +rms
error

—7. 0
-7.0
-6.6
-6.9
-7.0
-7.1

-6.9 + 0.2

~H2/HF

-4.0
—4. 1
-3.4
-3.4

3 ~ 7
-3.8

-3.7+ 0.3

4H3/HF

+1.5
+1.8
+1.2
+1» 3
+1.5
+1.4

+1.4 + 0. 1

~H4~HFe

-0.3
-0.4
-0.4
-0.2
-0.3
-0.2

-0.3+ 0. 1

-1.0
-0.2
-0.7
-0. 8
-0.5
—0.6

-0.6 ~0.2

&H6/HF

+0.3
+0. 2
+0 ~ 5
+0. 2
+0»4
+0. 2

+0.3 + 0.2
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able since these alloys are mainly Fe. Excellent
fits were obtained for this system, g' varying
between (0.2 and 0.6) x 10

FeV. —Figure 2 gives the FeV results. In gen-
eral, the fits for this alloy system are poorer
than those for the Al and Mn series. %e believe
this is mainly due to the fact that it seems very
difficult to prepare these alloys in a truly random
array. In general, the behavior of this series is
similar to that of the FeAl system, although some
details are different. The spin-density oscilla-
tions seem to occur about a value different from

gF . The value of kF is again similar to that ob-Fe'
tained for the Al and Mn series.

It thus appears that in the FeAl system the core
contribution to the internal field remains con-
stant and the observed variation is due to the
conduction-electron spin-density behavior. ' This
variation can be compared to similar quantities
given in the literature, and upon transformation
into wave-vector space yields a direct measure-
ment of the spin susceptibility of the s-conduc-
tion electrons. This analysis is discussed in the
following Letter.

Further work is in progress to try to obtain the
spin-density behavior at larger distances and to
obtain more information about the magnetic form
factors for a number of systems.

FIG. 2. Variation of conduction-electron spin densi-
ties in FeAl, FeMn, and FeV alloys as observed from
the internal magnetic field variations as a function of
distance from the solute atom. The scale on the right
gives the interaction energy in units of Mc/sec. Note
that the graph begins at r =0.5@, not at the position of
the impurity atom.

of the wave vector at the Fermi surface, kF, is
2.9ao '. This corresponds to a very reasonable
value of about 0.4 electrons per atom in these
alloys. The experimental and the calculated
curves agree excellently for the FeAl series;
they give a normalized root mean-square error,
g', of (0.2-0.4) x10

FeMn. —Figure 2 gives the change in the inter-
nal field as a function of the distance from a Mn
atom. This curve has some different features
from that of the FeAl curve. The oscillations are
seen to have a variation in phase which probably
corresponds to a change in the Fermi radius and
band structure. Manifestations of such changes
are expected to occur with a solute atom which
has its own magnetic structure, as would a tran-
sition element. One feature that is, however,
similar to the FeA1 series is the value obtained
for kF. The similarity of the kF's is understand-
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8It is worth noting that the magnitude of the indirect
interaction energy measured here seems to correspond
directly to that in nonmagnetic materials. Recently
C. Froidevaux and M. Weger [Phys. Rev. Letters '12,
123 (1964)], using a spin-echo technique with the Knight
shift as a probe, have measured the equivalent quantity
to our N1 model approximation in nonmagnetic materials.
Since our system involves electronic moments where-
as theirs involves nuclear moments, we must multiply
our results by p„/pe to obtain the interaction energy
we would expect for nonmagnetic alloys. We must also
correct for the difference in distance of nearest neigh-
bors in a bcc and a fcc lattice. (Their measurements
were on fcc Pt alloys. ) If we apply these two correc-
tions to our 4H& values, we would expect an interac-
tion energy for nearest neighbors of about 4 kc/sec in
a nonmagnetic fcc system. Their measured values
were 4-5 kc/sec which is excellent agreement.


