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In the preceding paper we obtained solute- and host-moment perturbations from hyperfine-field data on dilute

alloys of Fe with 3d and 4d transition atoms. Here we Fourier invert these moment perturbations to compare

them with neutron difFuse-elastic-scattering curves taken on similar alloys. We find that in general the shapes

of the Fourier-inverted curves agree very well with the neutron-scattering curves. In many cases the solute

moments obtained from the hyperfine-field data are quite difFerent from those determined by a previous

analysis of the neutron-scattering data. We show in detail why the latter analysis led to several incorrect

results. The host-moment perturbations are believed to result from the variation in the number of itinerant d

electrons in the vicinity of the solute atom, as discussed in the preceding paper.

I. INTRODUCTION

& two previous papers" {referred to as I and II),
hyperfine field {hff) spectra of dilute aiioVs of Sd

and 4d transition elements in Fe were analyzed to
obtain the solute-moment and host-moment per-
turbations of the Fe atoms surrounding the solute
atom. It mas found that the host-moment per-
turbations can be identif ied as arising from the
polarization induced in the itinerant d electrons by
the localized 4 electrons, mainly via Coulomb
exchange interactions, as discussed in II. Similar
information is contained in data fxom neutron
diffuse-elastic-scattering experiments on these
alloys. ' Since the neutron scattering data are ob-
tained in wave-vector space, they must be Fourier
inverted to obtain the moment distributions. Such
experiments are very difficult because of the small
magnetic disorder cross sections of most of these
alloys and the large magnetic coherent cross
section of the Fe itself. This necessitated using
long-wavelength neutrons {5.3 A) in order to re-
duce multiple Bragg scattering, resulting in the
maximum scattering vector Q being less than

1.5 A '. Because of this and since the neutron
data have appreciable scatter, it was impossible
to Fourier invert the data to obtain unique values
for the moment perturbations. Therefore only
rather general trends were derived from direct
analysis of the neutron data. In particular, the
solute-atom moment values were obtained by
assuming the scattering at the largest Q values to
be due solely to the solute atoms. This value mas
then extrapolated back to the origin using the known
form factor for an atomic 3~-like moment dis-
tribution. We mill show that this procedure is
faulty. Collins and Low (CL) were a~are of these
difficulties and discussed them in Ref. 3, but

apparently often underestimated the erx'ors in their
procedure.

In contrast, the hff data directly give values for
the solute-atom moment and the host-moment per-
turbations, and it is a simple matter to Fourier
transform these for comparison with the neutron
data. We discuss the Four ier-transf ormation
procedure in Sec. II and compare to the neutron
data in Sec. III. We show that all the features of
the neutron data are well produced by the Fourier
transform, thus confirming that the solute-mo-
ment and host-moment perturbations obtained from
the hff data as well as the procedure and inter-
pretation of the analysis are essentially correct.
To the authors' knowledge, there has been no

previous explanation for the origin of the variety
of shapes observed in the neutron scattering data
for Fe. The apparently simplex' shapes obtained for
Ni alloyss'4 have of ten been interpreted in terms of
spin-dependent potentials arising from char ge per-
turbations. ' This approach, however, has many
shortcomings and does not give adequate fits to
much of the data, as discussed in I. The nickel
data are amenable also to the interpretation of
arising from itinerant 4 electrons. However,
because of the location of some of the spin-down
localized states at the Fermi level in Ni, the
moment decreases due to this effect appear to
dominate its magnetic behavior. This is dis-
cussed in II.

II. RELATION BETWEEN NEUTRON CROSS SECTIONS

AND MOMENT PERTURBATIONS

The differential cross section for diffuse elastic
magnetic scattering of unpolarized neutrons from
a dilute binary all, oy in the form of a single-domain
single crystal has been shown" to be
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1- — Nc 1 —c (5)

2
d'rp' r) exp i where

where the integral extends over the volume of the
specimen and the magnetization is in the z direc-
tion. y is the neutron gyromagnetic ratio, m is
the electron mass, and (ye'/2mc')' has the value
0.073 b. N is the number of atoms in the crystal
and c is the fractional concentration of solute
atoms. For elastic scattering, the magnitude of
the scattering vector Q is given by

F(Q) = f (r)e'o ' d'r . (6)

dc y)~o ~p a;a, sin(Q~x, —x, ~)

dQ po)ycryr () Q ~X&
—

X& ~

(7)

If the form factor F(Q) is isotropic as in (4), the
orientation average of (5) yields

Q = (4yy/j). ) sin —,'0, (2)

where A. is the neutron wavelength and 0 is the
scattering angle. The quantity p'(r) represents
the magnetic-moment perturbation distribution
caused by the addition of a single solute atom at
the origin.

The exper iments considered he re were perf or med

by measuring the scattering cross section with a
magnetic field alternately along and perpendicular
to Q, so that the net cross section corresponds to
the condition Q, =0. Further, the use of poly-
crystalline specimens means that the appropriate
cross section is an orientation average of Eq. (1).

As discussed in II and supported by these neutron
experiments, the moment contributions from the
itinerant electrons have a very atomiclike spatial
distribution. We therefore consider p'(r) to be a
superposition of distributions centered at atomic
sites x;, i.e. ,

1=0

=Ps —PFe + (8)

where p. ~ is the solute-atom moment. This is the
same as Eq. (3) of II since we shall assume that
all the atoms in a given shell n have the same per-
turbation A„.

Hence at Q=O we get

(Q =D)=A( —
) .

the quantity A = (ye'/2mc')' Nc(1 —c) being constant
for a given specimen.

The perturbation amplitudes 6; are related to the
change in average moment with solute content
through

I=o
(3)

where 6; is the moment perturbation at the ithatom
surrounding a solute atom at the origin (i =0). We
assume that the alloys are sufficiently dilute that
the effects due to the solute atoms are additive.

f; (r) represents the volume-normalized spatial
distribution of the moment perturbations. We
assume, as discussed in Sec. IV of I, that the
moment distributions, including that of the solute
atom, are all of the same form as that of an Fe
atom. For numerical calculations, their Fourier
transforms can be adequately approximated by

As CL point out, in practically all cases the Q =0
cross-section values inferred by extrapolating
from their measurements agree very well with
the values obtained from Eq. (8) when measured
average saturation magnetization values are used.
This indicates that the spatial distributions of the
moment perturbations are indeed atomiclike. To
obtain a feeling for the validity of various approxi-
mations, we show in Fig. 1 several calculations
based on the ~; values obtained for EeNi from the
hff data in I and II and listed in Table I. The solid
curve is the exact expression obtained from Eq.
(7), namely

F(Q) e Q2/4b 2-
(4) ~ ~ 4;4, sin(Q~x; —x ~)

Qix, -x,
i

(10)

where b' has been obtained from neutron form-
factor measurements' to be 4.7 A '. Thus the last
factor in Eq. (1) becomes

For large Q the terms i 4 j of Eq. (7) tend to can-
cel because of their rapid oscillations, giving
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FIG. 1 . Calculations of the shape of the neutron scat-
tering as a function of scattering vector for Fe Ni from
the solute- and host-moment perturbations obtained from
the hff data analysis. The solid curve is "exact, " Eq.
(10), the dot-dashed curve is the spherical approxima-
tion, Eq. (16), the dashed curve gives the contribution
of the solute moment only, and the dotted curve is the
asymptotic expression, Eq. (11), for Large Q .

G(Q-™)=+(Q)'Q&'; .

TABLE I. Derived»lute moments I z and host-rno-
ment perturbations &„of the nth shell surrounding the
solute moment.

This quantity is shown as the dotted curve in Fig.
1. We see that the magnitude of Q for which this
limit is approached is about 2 .8 A ', cons ider ably
greater than the maximum Q(-1.5 A ') of the
neutron experiments of Ref . 3 ~ CL obtained the
solute moment by assuming the scattering va lue
at their highest Q was given by F(Q)'+. The
dashed curve shows this quantity for the 6, value
obtained from the hff data. We s ee clearly that the
higher b; values are still contributing appreciably
at Q - 1 .5 A ', s o that the value of 6, obtained by
CL is considerably too high. Since ~, = pN, —

IL( F, ,
this then leads to a value of pN; which is too low;
C L obtained 0.9p, ~ as compared to the value
1 ~ 4 JL(~ obtained from the hff data. The node in the
FeNi scattering data clearly comes about because
the sign of the solute -moment perturbation 60 is
opposite to that of the total host- moment perturba-
tio n

+s ~

=I

1p'(r) =— p'(r) sin9 d8 dp,
4n

(12)

the angles being m easured from an arbitrary ref-
erence. With p' (r) given by Eq. (3), this becomes

(13)

Let us use the distribution corresponding to Eq.
(4), namely

f (r ) = a'7r ' ' e (14)

where a is the lattice constant. The fact that
f(0) c 0 as for a true d wave function emphasizes
that this is not a correct form. However it is
close enough, since the scattering results are
relatively insensitive to the behavior of the
electron wave functions very close to the nucleus.
Thus we get

I(r'~ a3+ 3/2 ~ -d &r +Ixil )~;e

x cosh(2b'r ~x, ~ ), ( 15)

so that

&(Q)sA = sin'4vr' dr p'(r)
Qr (16)

The evaluation of this for Fe Ni is shown in Fig. 1
as the dot-dashed curve. It is seen to approximate
the exact expression very well out to Q = 2.0 A ',
beyond which it begins to break down.

Since ~, is always negative, nodes no longer occur
in the neutron scattering data when 6 p, „ is also
negative. All these features are clearly seen.

For further comparison, we reconsider Eq. (1)
in the spherical approximation (SA). In the latter,
an orientation average is performed on p'(r) before
the integration and squaring. This average is
given by

Ni 1.4+ 0.1 0.095
Co 1.9+ 0.1 0.07
Mn 1.0+ 0.1 -0 ~ 05
Cr —0.7 0.11

0.0 0.06
V —0.2 + 0.1 0.24
Rh 1.1+ 0.2 0 ~ 11
Ru 1 .0 + 0.2 —0 ~ 0076
Mo 0.2 + 0.2 —0.11

0.062
0 ~ 045

—0.12
—0.28
—0 ~ 27
—0.38

0.073
-0 ~ 023
—0.11

0 ~ 022
0.016

—0.025
0 ~ 03

—0.11
—0 ~ 15

0.026
0 ~ 002
0.03

0 ~ 013 0 ~ 012
0.01
0.016 0.016
0 ~ 03 0.03
0 ~ 076 0 ~ 076
0.06 0 ~ 06
0.016 0.014
0.043 0.043
0.03 0.03

III. COMPARISON WITH NEUTRON DATA

In order to compare to the neutron data, we
obtained the solute moments p, , and the host-
moment p erturbat ions 6„ for each shell in a
manner similar to that used in II. The variations
consisted of taking into account that afX, was small
in those cases where this information was known.
Further, in the cases where we had obtained only

and 6, = A, =6„we estimated b,, and 6,
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=4, separately by drawing a smooth curve through
the h„values. We then took values for b, , and b, 4

=~, from this curve such that
5

and that of the host moment perturbation,

max

gh =4v P f((r'+ lx; I')' ')

g, =4m 6, (r r'dr,smQr
(17)
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FIG. 2. (a) Host-moment perturbations surrounding
3d transition series solute atoms from hff data. (b)
The corresponding "exact" calculated neutron scattering
curves resulting from the Fourier inversion of the hff
solute and host-moment perturbations. (c) The corres-
ponding measured neutron scattering cross sections.
Note that the neutron scattering data extend only to
Q-1 4A.

where M„ is the number of atomic sites in the nth
shell. The results are not altered perceptibly by
reasonable variations of 4, and 44=b, . We set
~4=~, since their shell radii are very similar and
their values small. The values used are derived
from set A in II and are listed in Table I and shown
in Figs. 2(a) and 3(a). Using these values, we
determined the quantity G(Q) of Eq. (10). The
errors introduced by representing the 4d transition
element moments by a 3d-like form factor are
discussed in Sec. II of II. The results obtained herr
are relatively insensitive to reasonable variations
in the form factor. G(Q) is shown in Figs. 2(b)
and 3(b) and is to be compared to (do/dA)/¹(1-c)
shown in Figs. 2(c) and 3(c). We see that the main
features seen in the neutron scattering data are
reproduced very well. In order to see where the
various features of the neutron scattering data
arise, it is especially instructive to consider the
spherical approximation. The advantage of this is
that we can consider the transform of p'(r) before
squaring, and thus obtain separately the transform
of the solute atom,

&& cosh(2&'r~xI~) r'dr .

We will discuss the features of each alloy individ-
ually. We list in Table II the values of 4p& and p&

obtained from the hff analysis in II. We also list
the measured d p, /dc and in the last column the IIs
value obtained by CL.

Ni

Co

Again we see from Fig. 2 that G(Q) reproduces
the neutron data very well, falling from Q=O to
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FIG. 3. (a) Host-moment perturbations surrounding
4d transition series solute atoms from hff data. (b)
The corresponding "exact" cal.culated neutron scatter-
ing curves resulting from the Fourier inversion of the
hff solute and host-moment perturbations. (c) The cor-
responding measured neutron scattering cross sections.

We see in Fig. 2 that for Ni we reproduce the
node at Q-0. 6 A ' and the shape of the curve ex-
cellently. G(Q) rises slightly beyond 1 A ' to
about the same height as Q =0, just as the neutron
scattering data does. The moment obtained in the
CL analysis, 0.9+0.15',~, is quite different from
that obtained from the hff data, 1.4+ 0.1p»
for the reasons discussed in Sec. II. The value of
0.9pn would incorrectly lead to G(Q) at high Q

rising to a value -70'$ higher than the value at the
origin. We show in Fig. 4 the curves of g, , g„,
and their sum. G(Q) is essentially the square of
their sum for Q ~ 2 A '. We see that the node ap-
pears because ~, = —0.8p, ~ and A p.„=1.8p.~, so
g, + gz passes through zero at about Q-0. 6A '.
Whereas g„decreases rapidly with increasing Q,

g, falls very slowly and, since ~, is an appre-
ciable fraction of 6, + 4 p, „, the curve rises to
almost its value at the origin for higher Q values.
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TABLE II. Summary of various moment quantities (in p, ~).

Solute
hff
+&a

hff

Pg
Neutron

Ni

Co
Mn

Cr
V
Rh
Ru
Mo

1.0
1.04
2 ~ 1
203

-2.69
1.1

0
—2.2

1.8
1.3

—0.9
-0.1 to + 0.6
-0.3

2.2
1.2

-0.2

1.4+ 0.1
1.9+ 0.1
1.0+ 0.2
0.0 to —0.7 (assumed'

-0.2+ 0.1
1.1+ 0.1
1.0+ 0.1
0.2+ 0.2

0.9+ 0.15
2.1 + 0.5

0+ 0.2
—0.7+ 0.4
-0.4+ 0.4

0.5+ 0.3
0.9+ 0.5

-0.1+0.6

See Ref.2
See Ref. 3.

Q-O. V A ' and then remaining rather flat. Since
in this case b, o= —0.3@~ is small and the value at
the origin comes mainly from Ap„(= 1.8p~), G(Q)
stays very small beyond the value of the node.
Incidentally, this behavior is qualitatively similar
to that of all those Ni-based dilute alloys' in which
the solute atom has no moment. In that case 6,
= —0.6p~, whereas in general b.p„ is large (and
negative). Thus the neutron scattering data is
expected to fall from values determined by dg/dc
to near zero within Q=1A ', as observed.

Because the neutron scattering data strongly ap-
pears to favor a negative moment, we have shown
the host-moment perturbations and G(Q) for both

pc, = —0.7 p~ and p&, = Op~. %e see that both show
the general behavior seen in the neutron scattering
data. As seen in Fig. 4 for Mo, the shape of the
g„curve can have a maximum at QW 0 for partic-
ular A„values. The value for p, ~, obtained by CL

G(Q) for Mn is seen from Fig. 2 to decrease
smoothly with no node. This is because both
b, , = —1.2p~ and 6 p.„=-0.9 are negative and thus

g, +g& never approaches zero for @&1.5 A '. This
can be seen in Fig. 4 for the similar situation of
Mo.

This is the same general behavior as seen in the
neutron scattering data, although this was inter-
preted in Ref. 3 to indicate that there was no mo-
ment on the Mn atom and no host perturbation in
the surrounding Fe atoms. A more recent neutron
scattering experiment, ' extending to larger
Q(-2.8 A '), observed a peak in the scattering
at around 2.4 A ', contradicting the CL interpre-
tation. However, CL also had doubts about their
interpretation since they stated that the scattering
from a second Mn alloy showed traces of a maxi-
mum at QcO. The value of p„„=1.0+0.2p~ obtained
from the hff at the solute atom is also in agreement
with that obtained by analyzing the temperature
dependence of the hff at the Mn atom ' and at its
nearest-neighbor Fe atoms. ' %'e conclude that
the neutron data for the EeMn alloys may not be
reliable and should be repeated.

c -I

0 I

SCATTERING VECTOR Q(A )

Cr

The hff at the Qr atom has not been measured
p&~ so p, has not been determined from hff data

FIG. 4. Fourier transforms of the solute- (g~) and
host- (gI, ) moment distributions in the spherical. approx-
imation. The square of the sum, g, + g&, gives very
nearly & (Q j.
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was p, --0.7p, a. However, the two solutions for
the ~„'s proposed by CL in the second part of Ref.
3 lead to pairs of hff shifts for the first and second
Fe shells surrounding a solute atom of 45 and 20
kG for the solution with 6, =4, or 49 and 11 kG for
the other solution. These are incompatible with
the measured values of 34 and 24 kG to about
+ 3 kG. A value of ~„=—0.7 p~ with our b „values
listed in Table I gives a hff at Cr of -- 52 kG; the
values for p.~,

= Op~ give Hc = —110 kG. It is clearly
of interest to determine the Cr hff value experi-
mentally; -52 kG corresponds to a resonance fre-
quency of about 11 MHz and —110 kG to about

25 MHz. This is in a frequency range which is
easily measured so the Cr hff should be attainable.

G(Q) for V is seen to agree fairly well with that
measured in the neutron scattering experiments.
The moment obtained from hff data, (-0.2 +0.1)ps,
agrees with that from the neutron data analysis
(-0.4+0.4)ps. In this case, 6, = —2.4ps and

Ap„= —0.3p~ and the individual g, and g& curves
are generally similar to those shown for Mo in

Fig. 4. Thus the maximum at Q+ 0 comes from the
form of g„.

Rh

The case of Rh is similar to that of Ni and Co
in that 4, = —1.1p, ~ and 6p. „=2.2JLt. ~ are of opposite
signs and thus lead to a node. The shape of G(Q)
is seen to agree very well with that of the neutron
scattering data. Again since b, and b, p& are both
rather large, we have a case, similar to that of
Ni, where the moment determined by CL has a
large error. The value given by CL is (0.5+0.3)p~,
whereas that obtained from the hff fields is
(1.1+ 0.1)ys. As for the case of Ni, np, „ is large
so that g„contributes sufficiently at Q-1.5 A '
that extrapolation from this region yields too large
a value for 6, and, consequently, too small a value
for WRh ~

Ru

The hff shift values for Ru are well determined
and lead to knowing ~» ~» a„and a, = ~, quite
accurately. Since Ru is in the same column as Fe,
we expect relatively small values of 4„and
dp/dc. That this is so can be seen in Tables I
and II. The shape of G(Q) is in good agreement
with that of the neutron scattering curve, except
for the point at smallest Q. However, the latter
is rather questionable since d +dc is known to be
zero with the consequence [see Eq. (9)j that the

neutron scattering curve should approach zero
at Q =0. Since ~, = —1.2~ and 4p„=1.2p~ are of
the same magnitude, the importance of the hp.„
contribution at Q= 1.5 A ' is minor so that the
analysis of CL gives a moment, (0.9 +0.5)ge,
which is in agreement with that from the hff data
(1.0 + 0.1)p~.

Mo

The hff data for this solute atom is very good
and thus the shape of G(Q) is in excellent agree-
ment with the neutron scattering curve. Here we
have ~, = —2.0p~ and Ap.„=—0.2p~. We show the
g» g» and g, + g„curves for Mo in Fig. 4. Notice
that, in spite of b, ~ being very small, the g&
curve can become quite large (e.g. , —0.8 at
Q-0. 7 A ') and contribute appreciably to the total
scattering curve. g„ is also seen to be appreci-
able at Q-1.5 A ' and beyond, so the procedure of
extrapolating back from medium Q values to ob-
tain 6, is very risky. In this case, however, the
moment obtained from the neutron analysis
(-0.1+0.6)gs although very imprecise, is in

agreement with the value from the hff data
(0.2 +0.2)pe. We can see that this occurred be-
cause the maximum Q value measured for EeMo
was about 1.3 A and in this region g„ fortuitously
goes through a node and thus contributes little to

IV. CONCLUSIONS

We have shown that in general the Fourier
transformations of the solute- and host-moment
perturbations in dilute alloys of 3d and 4d

transition elements in Fe agree very well with
the measured neutron scattering data. The solute
moments obtained in the analysis of Collins and
Low are sometimes quite different than those ob-
tained from the hff data. We have discussed the
origin of the errors made in CL's analysis and
have shown that, correctly treated, the neutron
scattering gives moments as obtained from the
hff data.

The observed host-moment perturbations are
believed to arise from the variation in the number
of itinerant d electrons in the vicinity of the solute
atom. These itinerant ~ electrons are polarized by
the localized d electrons via Coulomb exchange and
interband mixing interactions and this polarization,
having a very atomiclike spatial distribution when
near a nucleus, produces the host moment pertur-
bations.
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